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Preface 

 

The thesis is mainly focused on the better understanding of carbon dots (C-dots) formation in 

bottom-up syntheses, by identifying the key chemical processes and correlating them to the observed 

fluorescence. Therefore, several types of C-dots were studied, by systematically varying the used 

(molecular) precursor ratios and reaction times. Selected samples were surface functionalized by 

organosilanes to reveal the role of the C-dots surface functional groups in the overall 

photoluminescence. As better understanding of the ongoing processes finally achieved, the 

synthesized C-dots were applied in photocatalysis experiments by combining them with titania and 

an appropriate C-dot was tested as a nitrite ion sensor. 

 

Chapter 1 gives an introduction of syntheses, purification, properties and applications of C-dots, and 

summarizes the aims of the present thesis. 

Chapter 2 details the analytical methods used through the thesis. 

Chapter 3. As a starting point of the experimental work, the common laboratory scale bottom-up 

synthesis methods for obtaining C-dots were compared, to find optimal procedures for the following 

experiments. 

Chapter 4.1. Pyrolysis of pure citric acid was investigated, the key intermediates identified and 

surface functionalization with APTES was performed, resulting a blue shift in the PL emission. These 

findings serve as a base for the following N-doped citric acid based C-dots. 

Chapter 4.2. Reaction of citric acid and tris(hydroxymethyl)aminomethane (Tris) yielded strongly 

fluorescent products in 10-20 minutes reaction times via a polymerization process. APTES 

functionalization did not result a blue shift, while significant increase in the PL was observed. 

Chapter 4.3 was devoted to the peculiar C-dots formed upon reaction of citric acid and urea. The 

observed dual emission was tuned by investigating the effect of precursor ratios on the reaction and 

on the PL emission spectra. Effects of APTES functionalization was also investigated. 

Chapter 4.4 describes the synthesis and the application of citric acid based C-dots in co-precipitated 

titania/C-dots hybrids for photocatalytic degradation of Rhodamine B. 

Chapter 5.1. Synthesis of C-dots from p-phenylenediamine in solvothermal reactions were 

performed, and the crude products exhibited PL emission at 600 nm in ethanol. The mixture was 

successfully stabilized in acidic water, which greatly influenced the PL properties. Surface 



5 

 

functionalization with 3-(triethoxysilyl)propyl isocyanate was successful, as their reaction was 

confirmed by slowly changing PL emission. 

Chapter 5.2 utilizes the p-phenylenediamine derived C-dots in acidic aqueous media as a selective 

nitrite ion sensor in natural water samples. 

The final paragraphs are dedicated to conclusions, list of acronyms, list of publications, 

acknowledgements and bibliography. 

 

1. Introduction to carbon dots 

 

 

Carbon dots (C-dots, CDs) are just teenagers in the family of carbonaceous materials as they 

were discovered in 2004 during the purification of single wall carbon nanotubes (SWCNTs)1 and  

emerged into the spotlight of nanoscience due to their optimal properties for several applications. C-

dots are carbon-made or carbon-rich nanosized (generally spherical) objects with an average diameter 

around or below 10 nm2,3 and known for their relatively strong fluorescence characteristics. C-dots 

are often derived from non-toxic organic compounds and appear stable in aqueous media which is an 

important factor in terms of biological applications.4 Surface engineering through chemical processes 

plays a significant role for C-dots in diverse applications like chemical sensing (e.g. explosive 

detection), food safety, drug delivery, bioimaging, energy conversion and photocatalysis.  

Chemical and photophysical properties of the C-dots vary by tuning their shapes and sizes and 

also by doping with heteroatoms such as oxygen, nitrogen, phosphorus, sulfur, and boron.5 

Furthermore, the high quantum yields, photostability, biocompatibility, low toxicity, good 

conductivity, water solubility, and environmental friendliness of C-dots gives advantage over other 

types of the well-recognized quantum dots (QDs) like graphene quantum dots (GQDs), metal oxides 

(TiO2, ZnO), and inorganic quantum dots (CdSe, ZnO-PbS, CuInS/ZnS). In fact, noncarbon QDs are 

not so much universal in their applications fields, compared to C-dots, mainly because of their serious 

environmental and health issues.6,7 C-dots may be synthesized from (cheap and abundant) natural and 

synthetic organic precursors, and even from waste materials and renewable biomass. The frequently 

used synthesis approaches are hydrothermal/solvothermal, ultrasonic and microwave irradiation, 

laser ablation, electrochemical, arc discharge, and pyrolysis.8 
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Structure and properties 

C-dots are the youngest members in the family of nanoworld. They are  usually spherically 

shaped with an average diameter less than 10 nm.4 GQDs have exquisitely sp2-hybridized carbons, 

while C-dots are composed of the mixture of sp2 and sp3 carbon networks.9 Moreover, they can be 

easily functionalized as carboxyl, hydroxyl, carbonyl, amino, and epoxy groups on their surfaces offer  

various possibilities for chemically binding both inorganic and organic moieties.10 These 

functionalities allow the surface of C-dots to expose either hydrophobic or hydrophilic character, 

which provide their stability in different solvents, most importantly in water.11 While pure carbon 

nanoparticles do not exhibit photoluminescent activities, their surface modification may lead to a 

strong emission.8 Surface engineering of C-dots by different functionalities or passivating agents and 

their interaction with solvents provide simple methods for changing their optical properties.12 

 

 

1.1. Preparation 

 

Numerous synthetic methodologies have been developed for obtaining C-dots with various 

functionalities and photophysical properties. Synthesis of C-dots are generally categorized as (a) 

“bottom-up” and (b) “top-down” approaches (figure 11.1). 

 

Figure 11.1. Synthetic methods for the preparation of C-dots. Reproduced from reference13 (open 

access). 

 

 

https://www.hindawi.com/journals/jnm/2019/3451307/fig2/
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Bottom-up approach 

In the “bottom-up” methodology, C-dots are synthesized from molecules through chemical 

reactions such as condensation, polymerization, decarboxylation, dehydration etc. typically by using 

microwave irradiation, hydrothermal synthesis or pyrolysis. 

 

Microwave irradiation 

Microwave- (MW-) assisted syntheses are widely used due to their time-saving, energy-

efficient, and eco-friendly nature. The carbonization of organic molecules usually occur through 

microwave heating in very short reaction times. In 2009, the first reported C-dots obtained with MW 

assistance from carbohydrates and excellent photophysical properties have been achieved in a short 

reaction.14 Another photoluminescent C-dots were obtained from glycerol and a diamine derivative 

by MW irradiation, providing a moderately high quantum yield (QY) due to the introduction of amino 

groups (-NH2) on the surface of C-dots.15 C-dots with QY of 46% were produced by MW assistance 

from silkworm chrysalis16 and used for bioimaging due to their low toxicity. Recently, MW assisted 

reaction of citric acid and tris(hydroxymethyl)aminomethane yielded C-dots with exceptionally high 

99% QY.17 The synthesized particles were used for staining E. coli cells.  

 

Hydrothermal/solvothermal method 

One of the most promising method in recent years for the synthesis of C-dots due to their easy 

operational technique. In a typical procedure, a solution of organic precursors (in water or organic 

solvents) are sealed in the reactor and heated to high temperature and pressure. The first reported 

synthesis used a one-pot hydrothermal reaction to make C-dots from ascorbic acid in ethanol. A QY 

of 6.79% and an average particle sizes of ~2 nm were obtained.18 Nitrogen and sulfur co-doped C-

dots obtained by the reaction of methionine in a hydrothermal reactor19 and exhibited selective 

detection of heavy metal ions in water. C-dots from sweet potato, as a natural source of carbon, was 

also used by a hydrothermal method, resulting high QY and utilized for detection of Fe3+ ions.20 C-

dots from hyaluronic acid with surface-modification by polyethylenimine yielded a higher QY of 

26% and used for tumor targeting and gene delivery.21 

 

Pyrolysis (thermal decomposition, carbonization) 

It is a facile method to obtain C-dots from organic precursors, as chemical reactions carried 

out at very high temperature. C-dots of average diameter ~6 nm were obtained by the pyrolysis of 

citric acid at 180°C.22 C-dots were also prepared from hair (keratin) by a pyrolysis method at 200°C 
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for 24 hours and used in the detection of Hg2+ with high sensitivity and selectivity.23 Highly 

photoluminescent nitrogen-doped C-dots synthesized from guanidinium chloride and citric acid by 

pyrolysis and fluorescence quenching observed in the presence of Fe3+.24 

 

Top-down approach 

As an opposite of the bottom-up method, C-dots or GQDs are synthesized by breaking down 

bigger carbon rich structures such as nanodiamonds,25 graphite,26 carbon nanotubes,27 carbon soot,28 

or activated carbon,29 typically by the use of laser ablation, (electro)chemical oxidation, arc discharge 

method or ultrasonication .4,30  

 

Electrochemical method 

The electrochemical method is used for the preparation of ultrapure C-dots from larger 

substances like carbon nanotubes, graphite or carbon fibers in an electrolytic process. The first 

reported C-dots were obtained from multi-walled carbon nanotubes in the presence of 

tetrabutylammonium perchlorate.27 Water soluble pure C-dots were synthesized by an 

electrochemical method using graphite as electrode in the presence of a phosphate buffer at neutral 

pH and applied as a potential biosensor. Crystalline C-dots made by an electrochemical method from 

graphite exhibited size-dependent upconversion photoluminescence (PL).31  

 

Laser ablation 

This technique has been widely used for preparing C-dots of different sizes. In the laser 

ablation route, the organic macromolecules or carbon rich materials exposed to laser radiation in 

continuous wave or in pulsed mode, while nanosized carbon(ized) particles detach from the larger 

molecule. Application of this method was first reported in 2006, by using graphite powder as 

precursor26 as they synthesized C-dots upon excitation from a Nd:YAG (1064 nm, 10 Hz) laser in 

argon at 900°C. Photoluminescent C-dots of 3 nm size have been obtained by a laser irradiation of 

carbon glassy particles in the presence of polyethylene glycol and applied for bioimaging.32 

 

Arc discharge 

Electrical discharge between two graphite electrodes results the formation of small carbon 

fragments or C-dots. C-dots were derived from SWCNTs by arc discharge method with bright PL in 

the blue-green region.33 Boron- and nitrogen-doped C-dots were also synthesized from graphite while 

B2H6 was used for doping boron and NH3 for nitrogen.34 



9 

 

 

Ultrasonication 

 Ultrasonic treatment is also a convenient method as the large carbon materials can be broken 

down by high energy ultrasound. White light emitting fluorescent C-dots were fabricated from 

oligomer-polyamide resin by ultrasonic treatment. The as-prepared C-dots were well dispersed, had 

low crystallinity, and abundant functional groups on the surface.35 

 

Currently, as a wide range of synthetic methods are available to obtain fluorescent C-dots, we 

can finally turn our attention to their reliable and environmentally friendly production. The 

conventional synthetic approaches often require toxic or expensive reagents as precursors and 

abundant (organic) solvents or sophisticated equipment. Hydrothermal/solvothermal synthesis, even 

though one of the most commonly reported method, requires a large amount of heat energy since the 

reaction temperature is usually around or above 200°C for prolonged reaction times, and additionally, 

the heavy, pressure-resisting equipment (pressure tube, autoclave) has to be simultaneously heated 

up to high temperatures. The electrochemical methods use electric energy in prolonged syntheses to 

obtain C-dots, usually in very small amounts. Chemical oxidation, as a common synthesis approach, 

requires the use of a strong oxidizing agents (strong alkali or acid) during the synthesis,36 which raises 

environmental issues as it is difficult to thoroughly neutralize. Consequently, these conventional 

approaches should not be favored for scaled-up or mass production of C-dots as they do not meet the 

requirements of green chemistry.37  

Even though, the top-bottom approach provides better control of the C-dots composition and 

morphology38 as often pure carbon (e.g. carbon nanotubes) used as precursors, the fast and simple 

bottom-up synthesis methods yield much more fluorescent C-dots in (very) short reaction times, 

which makes their production energy efficient even in large scale syntheses. Both synthetic 

approaches can make use of renewable biomass or even waste materials to lower the environmental 

footprint, but to be able to follow the formation of C-dots by various analytical techniques in fast, 

economical and preferably high volume syntheses, which can also provide a variety of surface 

functional groups for further surface modifications, we finally turned our focus on the bottom-up 

synthesis methods, starting from commercial, abundant and environmentally friendly pure chemicals. 

As a starting point of experiments, chapter 3 was devoted to the comparison of common synthetic 

methods by simply focusing on the archived fluorescence properties, especially on its PL intensity / 

mass unit values upon varying the synthesis methods, the precursor ratios and the reaction time in a 

model system, made of citric acid and Tris, while the reaction temperature was standardized at the 

moderate 180oC (even tough temperature is an important reaction parameter, and its change can have 
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a great influence on the products’ properties). Moreover, this reaction temperature also seemed 

optimal to follow the gradual reaction process (slow or moderate carbonization) in chapter 4. Such a 

systematic comparison of methods and parameters of the same reaction for building up C-dots is 

hardly found in the literature. 

 

1.2. Purification 

 

Generally, the purity (size- and chemical homogeneity) is a pivotal question in the case of C-dots, 

and often neglected in relevant articles. The crude C-dots obtained by different methods usually 

coupled with an immediate separation/purification step in most studies and usually capillary 

electrophoresis or chromatographic techniques (e.g. TLC, normal or reverse phase HPLC, column 

chromatography, size exclusion chromatography), centrifugation, extraction and dialysis39 alone or 

in combination used for this purpose. The degree of purification, and the consequent loss of (still 

molecular, or on the contrary, oversized aggregated, or tar-like) materials greatly influence the final 

product’s properties, while exact reproduction of the conditions of purification is difficult, which can 

undoubtedly influences the conclusions of the experiments. To exclude this uncertainty, and to have 

the whole picture of the ongoing chemical processes of building up the C-dots, we decided to always 

analyze the crude products and we intentionally avoided any purification step after a few preliminary 

work-up attempt by column chromatography (see TLC as its 2D imitation – figure 12.1) and dialysis. 

Both method proved to be very inconvenient and ineffective, therefore, instead, we focused on the 

possible applications of the crude C-dots in chapters 4.4 and 5.2. 

 

 

Figure 12.1. TLC (Merck Silica gel 60 F254, eluent: EtOAc/acetic acid 100/1 volume/volume) of 

crude products described in chapter 3. Photographed under different wavelengths. 
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1.3. Optical properties 

 

UV-Vis absorption 

C-dots typically exhibit broad optical absorption maxima in the UV region (250-350 nm) and 

a weaker absorption tail in the visible region.40 The absorption peaks appear at around ~240 nm are 

due to π-π* transition of C=C bonds, and peaks at ~340-360 nm are due to n-π* transition from C=O 

bonds of surface functional groups.41 Surface tailoring can modify the absorption spectra of C-dots 

and alter their emission spectra too.42 Doping with heteroatoms also influences the absorption spectra 

of C-dots due to their alteration in the π-π* energy levels.43 The surface defects in C-dots are 

responsible for broad spectral signals in their absorption spectra.44 Furthermore, carbonyl and amino 

functionalities promote red shifts of the absorption band maxima in the UV-Vis spectra due to their 

influence on HOMO-LUMO energy levels of C-dots.45 

Photoluminescence spectroscopy 

C-dots show excellent PL properties. The PL maximum for C-dots usually appears in the blue 

and green region.46 PL behavior of C-dots can be tuned by varying the initial precursors and synthetic 

methods and by surface functionalization.47 A reported C-dot with an average particle size of 1.5 nm, 

exhibited PL with maxima at ~460 nm, 540 nm, and 620 nm upon excitations with 380 nm, 460 nm, 

and 540 nm light, respectively.48 C-dots derived from m-aminobenzoic acid with intense PL at 

415 nm were synthesized and used as biosensors for the sensing of Fe3+ and pH.49 C-dots passivated 

with oligomeric ethylene glycol diamine (PEG1500N) exhibited photoinduced electron transfer 

(PET) reactions, and its PL was quenched in the presence of various chemicals:  Ag+, 2,4-

dinitrotoluene, 4-nitrotoluene, and N,N-diethylaniline.50 

Photoluminescence quantum yield (QY) 

QY is a very important parameter for light-emitting systems and defined as the ratio of the 

number of photons emitted and the number of photons absorbed in the photoluminescence 

process. High QY can be achieved by surface functionalization on C-dots.51,52 C-dots obtained from 

precursors with electron-withdrawing groups like carboxylic and epoxy decrease electron density in 

C-dots and produce relatively low QY.53 Surface engineering can convert electron-withdrawing 

groups to electron-donating groups by chemical conversion without altering the shape of the carbon 

particles.54 Doping the C-dots with heteroatoms is another approach that can generate C-dots with 

high QY by altering the bandgap and electron densities.55,56 
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1.4. Applications of carbon dots 

 

 Due to the C-dots simple synthesis methods and its easy surface modification, which allows 

us to finely tune its properties (e.g. heteroatom content, hydrophilic – hydrophobic transformation, 

increasing stability/solubility, PL emission bands and intensities), it is widely used in the field of 

nanoscience. 

 

Detection of Toxic Chemicals  

Toxic materials like heavy metal ions,57 pesticides,58 antibiotics,59 and non-biodegradable 

chemicals over their allowed concentrations may lead to serious health issues. C-dots based sensors 

working by PL quenching effects are successfully employed for detections of heavy and (highly) 

poisonous metal ions like Hg2+,57,60 Cr6+,61 Pb2+ 62 and Cu2+. 63 The interaction of metal ions and the 

surface functional groups of C-dots leads to the formation of new electron-hole recombination, and 

results in the change of the fluorescence nature of the particles.30 In most of the cases, linear 

relationships between the quenched PL intensity and the concentration of metal ions have been 

observed.64,65 Besides metal ions, anions like F-,66 PO4
3-,67 and I- 68 can  be detected by utilizing the 

C-dots-based sensors. 

The present thesis discusses the possibility of using crude C-dots as a nitrite ion (NO2
-, see 

chapter 5.2) sensor for aqueous samples, acting through a diazotization/decomposition process, which 

replaces the surface amino functionalities (as remnants of the precursor p-phenylenediamine) to 

diazonium- then hydroxyl groups, and as a result, fluorescence quenching occurs, which successfully 

utilized for nitite ion quantification, while the possible interference of naturally occurring metal ions 

was also explored. 

 

Detection of explosives 

Detection and monitoring of explosives have great worldwide attention, concerning national 

and international security.69 Picric acid, trinitrotoluene (TNT), and dinitrotoluene (DNT) are common 

explosives whose presence even in trace amounts may be life threatening.70  Therefore, the detection 

of such chemicals is a common task, but the current methods are usually very expensive. Interestingly, 

C-dots or C-dots-based composites are proved to be useful for their detections. There are reports of 

C-dots utilized for sensitive detection of explosives with good efficiency at low-cost.71,72 
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Drug delivery, bioimaging and biosensing 

C-dots are used in medicinal chemistry for drug delivery, bioimaging and for development of 

biosensors11 due to their excellent nontoxic properties. Most of the drug carrier nanomaterials have 

not shown any PL activities, while C-dots having PL properties, may act as an advanced drug carrier 

as their emission helps in tracing drugs in healthy and abnormal cells. A C-dot modified with 

oxaliplatin was used as an efficient cancer drug.73 The composite C-dots released oxaliplatin within 

the malignant cells, then, free C-dots assisted to carry out analysis of the cancer cell. A recently 

synthesized composite of curcumin with ionic liquid-based C-dots showed its efficacy as anticancer 

drug, exhibiting excellent drug-carrying potential and high cell-penetration power. The composite 

exhibited 69% drug loading and 88% cell viability on HeLa cells.74 

In vitro and in vivo bioimaging studies are essential tools for clinical purposes in the detection 

of disease-affected cells. C-dots synthesized from arginine have been successfully utilized in 

vitro cytotoxicity tests on different cells with very high cell viability (above 90%).75  

 

Solar energy conversion 

Doped C-dots12 greatly contributed for the development of solar cells by utilizing the C-

dots.76,77 Development of eco-friendly solar cells, free from toxic chemicals is of much importance. 

A reported N-rich C-dots-perovskite-based composite exhibited better efficiency in comparison with 

the normal perovskite solar cells.78 Another unique C-dots based solar cell was operating at very low 

light intensities, even during the night.79 

  

Photocatalysis 

C-dots play an important role in photocatalytic water treatment and chemical degradation. In 

the photocatalytic process, electrons (e-) of the photocatalyst are excited by light and promoted from 

the valence band to the conduction band. Simultaneously, the holes (h+) generated in the valence bond 

migrate to the surface of photocatalysts, specifically, to the attached C-dots which acting as an 

acceptor of the photogenerated holes and prevent the electron-hole recombination during the 

photocatalytic processes.80 

The electrons at the surface initiate reduction reactions, forming superoxide radicals (˙O2
−) 

with a reductive potential between +0.5 and −1.5 V vs. NHE (normal or standard hydrogen electrode), 

while the holes initiate oxidation reactions and produce hydroxyl radicals (˙OH) with an oxidative 

potential between +1.0 and +3.5 V vs. NHE.81 
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The photoreduction of methylene blue under visible light was reported and the process was 

catalyzed by C-dots and other nanoparticle-based materials, such as SiO2/C-dots, TiO2/C-dots, SiO2 

and TiO2 nanoparticles. The degradation of methylene blue was observed in the presence of SiO2/C-

dots and TiO2/C-dots, while SiO2 and TiO2 nanoparticles, and the C-dots had no effect on dye 

degradation. Therefore, C-dots proved their essential role in photodegradation under visible-light (as 

pure SiO2 and TiO2 were found inactive).31 Upon photoillumination of the TiO2/C-dots or SiO2/C-

dots photocatalyst, the C-dots absorb visible light, and then emit at shorter wavelengths (325 to 425 

nm), which excites TiO2 or SiO2 to form electron/hole (e-/h+) pairs, which react with the adsorbed 

oxidants/reducers (usually O2/OH-) to produce active oxygen radicals like .O2
-, .OH, which finally 

cause the degradation of methylene blue. Promising photocatalytic activity for Rhodamine B 

degradation was also achieved by sulfur and nitrogen co-doped C-dots(/TiO2 composites under 

excitation at 420–520 nm.82 

 

This function of C-dots is discussed in chapter 4.4 in which citric acid based crude C-dots 

with different characteristic PL excitation-emission wavelengths (chapters 4.1-4.2-4.3) were co-

precipitated with TiO2 and their photocatalytic activities towards Rhodamine B were tested under 

natural light irradiation.  

 

Our aim was to develop a very simple method to obtain a titania/C-dots photocatalysts by a 

simple co-precipitation method, in which we make use of various crude C-dots (synthesized as 

described in chapter 4) exhibiting light absorption in different ranges of UV-Vis light.  This approach 

minimized reaction times and the used solvents were limited to the environmentally friendly water 

and ethanol. Unfortunately, the approach failed, as advanced photocatalytic effects were not 

observed, however some conclusions might be learned from the detailed results in chapter 4.4 for 

possible future modifications. 
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1.5. Research purpose of the thesis 

 

 

       As the title says we wished to make use of “carbon-based nanostructures in hybrid materials for 

detection and removal of water pollutants” therefore, as first approach we decided to use the most 

recent stars of carbonaceous nanomaterials: the carbon dots as our main (later only) group of materials 

to achieve these goals as C-dots have numerous advantageous properties, most importantly their 

strong fluorescence, simple preparation and easy modification of their various functionalities on their 

surface, which are mainly determined by the used synthetic methods and precursors. This variety 

makes them ideal candidates for sensing their environment through a PL-response and provides easy 

surface modification for embedding into hybrid matrices.  

      C-dots can be easily obtained by their bottom up synthesis, which also makes possible to follow 

the ongoing chemical processes, by comparing optical data with the spectra of the pure molecular 

precursors. As formation and optical properties of C-dots are still not perfectly understood, therefore 

we intended to perform a simultaneous study on structure-PL relations to have a better understanding 

of formation of the fluorescent units, to have a better chance to optimize their properties for our 

purposes. 

      Our first goal in chapter 3 was to get handy with the common synthetic methods (hydrothermal, 

MW-assisted, pyrolysis) and to find the most economical, scalable, green and safe approach. For this, 

we used the reportedly very efficient citric acid-Tris system, and found that the simple pyrolysis in 

solvent free reactions can be optimal for our purposes. In parallel, a small study was also conducted 

on the effect of different precursor ratios on the PL intensities, which also helped us to obtain the 

strongest PL / mass unit in short reaction times, As this type of reaction yields C-dots belonging to 

the widely used citric acid family, we decided to use this synthetic approach for various precursors 

reacting with citric acid (chapter 4). Therefore pyrolysis of pure citric acid (chapter 4.1), citric acid 

with Tris (chapter 4.2) and citric acid with urea (chapter 4.3) thoroughly investigated. The obtained 

C-dots’ syntheses were also optimized to finally have fluorescent carbon dots emitting around 410 

nm, 460 nm and 520 nm. The C-dots were analyzed and used in their crude form, further improving 

our time- and resource-saving approach. As the C-dots were analyzed by different optical techniques 

and structure-PL correlations established, we also successfully surface functionalized them with 

appropriate organosilanes, which makes possible their future applications in silica matrices. 

Additionally, we observed an increased stability of C-dots and a shift and intensity change in the PL, 

which result is also useful for tuning C-dots optical properties. Our study revealed the role of several 
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molecular fluorophores along chapter 4. Most importantly the trans-aconitic acid, which may play a 

key role in most of the blue-emitting (N-doped) citric acid based C-dots. 

      Application of citric acid based C-dots in photocatalytic experiments were achieved, by co-

precipitating them with titania precursors. Even though, these experiments were partially 

unsuccessful, important conclusions were obtained, for future modification of experimental settings. 

      Another set of experiments for the synthesis of pPD based C-dots were conducted and the 

obtained crude products exhibited PL emission in the range of 530-600 nm, depending on the used 

solvent. With these particles, we extended up to 600 nm our C-dots PL emission covered visible 

range, giving a way for comparing the effects of C-dots absorbing and emitting in different ranges of 

the UV-Vis light. As finally these feature of the whole set of C-dots was not explored, the synthesized 

pPD based  nanoparticles were successfully surface functionalized by an organosilan, which similarly 

to the previous examples, resulted a shift in the PL, providing a method for tuning its optical 

properties. The application of these amine capped C-dots for nitrite ion sensing in (natural) water 

samples was successfully demonstrated, as PL quenching through a diazotization / decomposition 

reaction was observed. 
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2. Materials and methods 

 

 

As numerous chemicals and solvents were used through the thesis, the relevant ones detailed in 

groups in the experimental part of all chapters, together with the reaction procedures and conditions. 

 

The applied synthesis methods are 

- microwave (MW) assisted reactions (in household MW oven and in laboratory MW reactor), 

- solvothermal reactions (in a stainless steel autoclave equipped with a 50 mL Teflon inlet, 

which makes possible the application of high reaction temperature and pressure) 

- pyrolysis (open-air reactions, the glass-made flasks immersed into a silicone oil bath) 

 

Through the study of syntheses of C-dots, at first we systematically varied the precursor ratios, 

the synthesis methods, the presence or absence of solvents and the reaction times, while due to an 

initial technical difficulty, we used only one reaction temperature (180oC), which was finally 

standardized for most of the experiments. As simple pyrolysis was found the best method for us, 

therefore, most of our later syntheses used that setting. All reactions carried out under ventilation (in 

a laboratory fume hood). 

 

Analytical techniques: 

 

Fluorescence spectroscopy (PL) measurements were performed on a Horiba Jovin Yvon 

Fluoromax-3. Typically, 3D PL maps of aqueous solutions were recorded in the range of 200 nm to 

800 nm (for excitation and emission) and relevant data were extracted. The same spectrofluorimeter 

and identical measurement settings were used in all the cases for simple comparison of the obtained 

data. Various samples measured at different concentrations, therefore, for easy comparison, the 

recorded PL intensities were divided by the concentration, to obtain standardized values: count per 

second (CPS) / (1 mg L-1). Chapters: 3, 4.1, 4.2, 4.3, 4.4, 5.1, 5.2 

PL emission spectra were taken in the range of 565-700 nm upon excitation at 550 nm (optimal 

excitation wavelength for Rh B). All samples were diluted 30x by water, prior to measurements.  

Chapter 4.4. 

 

Photoluminescence quantum yield (QY) measurements has been performed using the quanta-

φ (HORIBA) integrating sphere accessory, attached to the “NanoLog” Horiba Jobin Yvon 
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spectrofluorometer. Measurements were performed on equal amounts of water and C-dots’ aqueous 

solutions in the same quartz cuvette. Samples excited at 335 nm and emission typically recorded from 

300 to 700 nm. Only the most fluorescent samples were analysed. The concentration of C-dots in 

aqueous solution was typically 100 mgL-1. Chapters 3 and 4.2. 

 

Infrared spectra were collected by a Bruker Vertex 70 spectrophotometer in absorbance mode 

in the 4000-400 cm-1 range, with 256 scans and 4 cm-1 resolution, using 2 mg of solid C-dots or pure 

chemicals to prepare KBr pellets (150 mg). The data were processed with OPUS 7.0 software. 

Chapters 4.1, 4.2, 4.3, 5.1 and 5.2. 

 

UV-Vis measurements were performed in absorbance mode, using a Nicolet Evolution 300 

spectrophotometer from 200 to 800 nm, at 500 nm·min-1 scan rate. Each acquisition is the average of 

three different scans collected with a bandwidth of 1.5 nm.  C-dots solutions were typically 50 and 

500 or 1000 mg L-1 for the analysis. The data were processed with ORIGIN Pro 8 software. Chapters 

3, 4.1, 4.2, 4.3, 5.1 and 5.2. 

 

Dynamic light scattering (DLS) measurements were performed in a Horiba LB-550 to obtain 

the C-dots’ hydrodynamic diameter distribution in their aqueous samples. The instrument allows 

measuring the size of particulates dispersed in solution in a range from 1 nm to 6 µm at the laser 

wavelength of λ=650 nm. The allowed concentration ranges from ppm up to 40% in solids. The 

aqueous samples were sonicated for 15 minutes prior to analysis at 25 °C. Chapters 3 and 4.2. 

 

SDT Q600 (TA Instruments) was used for thermal analysis. It provides simultaneous 

measurements of weight change (TGA) and true differential heat flow (DSC) on the same sample 

from ambient temperature to 1500°C. ~10 mg of samples were analysed in constant nitrogen flow 

and fast heating rate (20oC/min) up to 180oC; thereafter the temperature was kept constant to monitor 

the samples’ thermal response. The solids were well powdered in a mortar prior to measurements. 

Chapters 4.1, 4.2 and 4.3. 

 

In cooperation: Elemental  analysis  (EA) was  performed  on  the  dry  samples  by  a  

PerkinElmer  2400  Series  II CHNS analyzer. Chapter 4.1. 
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In cooperation: Raman spectra were collected using a Senterra Raman microscope (Bruker 

Optics, Inc.), irradiating the samples deposited on Si substrates, at the excitation wavelength of 785 

nm. The spectra resolution was < 5 cm-1. Chapter 4.2. 

 

In cooperation: Time Resolved Photoluminescence (TR-PL) spectra in the picosecond–

nanosecond time range were collected by exciting the samples with the 1 kHz ps third harmonic 

emission of a Nd:YAG laser (355 nm Spectra Physics) whose pulse width was less than 300 ps. The 

PL signal was detected with a streak camera (Hamamatsu C5680) coupled with an Arc-Spectra-Pro 

275 monochromator (cumulative time response lower than 500 ps, spectral resolution 1 nm). All the 

PL measurements were gathered by exciting the samples in the front face mode to avoid reabsorption 

effects. Proper optical filters were applied when needed. Chapter 4.1. 

In cooperation: Time-resolved Photoluminescence (TR-PL) spectra were gathered by using 

wavelength-tunable 100-fs-long pulses, delivered by an optical parametric amplifier (TOPAS-800-

fs-UV-1) pumped by a Ti:sapphire amplified laser with 1 kHz repetition rate (Coherent Libra-F-1K-

HE-230, output energy larger than 4mJ/pulse ). The optical emission was dispersed by a spectrometer 

(ARC-SpectraPro 2300i, 50 g/mm grating, 600 nm blaze) coupled to a streak camera (Hamamatsu 

C10910-01). The typical operative system time response was shorter than 50 ps, the spectral 

resolution was 1 nm. Chapter 4.2. 

 

In cooperation: Liquid chromatography / mass spectroscopy (LC/MS) was performed by 

dissolving the samples in LC-MS grade water and diluted to a final concentration of 10 mg L-1. The 

analysis was performed by using a Thermo Fisher Scientific UltiMate 3000 SD UHPLC coupled to a 

Q-Exactive Plus system equipped with a heated electrospray ionization HESI-II source. Mass 

calibration was done prior to analysis according to the manufacturer’s recommendations using 

external mass calibration. Gradient reversed phase elution was performed on a Phenomenex Luna 

C18 column (50 mm × 2.1 mm, 1.6 µm). The mobile phases for gradient elution were water with 

formic acid (0.1%, v/v eluent A) and acetonitrile with formic acid (0.1%, v/v eluent B). The flow rate 

was set to 300 µL min-1 using the following gradient: 0–5.0 min 100% A, 5–8 min to 100% B, 8–

10 min hold 100% B, 10–12 min to 100% A, 12–13 min hold 100% A. The column temperature was 

35 °C. The injection volume was 5 μL. The HESI-II source conditions for every experiment were: 

ionization mode negative; sheath gas, 20 AU; auxiliary gas, 5 AU; sweep gas, 0 AU; spray voltage, 

2.80 kV; heater temperature, 320 °C; ion transfer capillary temperature, 320 °C; and S-lens RF level, 

60.0.; ionization mode positive: sheath gas, 50 AU; auxiliary gas, 13 AU; sweep gas, 3 AU; spray 

voltage, 3.50 kV; heater temperature, 320 °C; ion transfer capillary temperature, 320 °C; and S-lens 
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RF level, 60.0. The settings for alternate full scans data acquisition were: resolution, 70,000 fwhm; 

microscans, 2; automatic gain control (AGC) target, 1 × 106; maximum injection time, 100 ms; scan 

ranges, m/z 50–750 negative and positive and 400-6000 negative and positive. The analysis was 

performed using a sequence of three injections of pure water for apparatus equilibration, followed by 

three injections of each sample. The data were elaborated with Thermo Fisher Xcalibur software 

version 3.1.66.10, extracting the current for each ion in a ±0.01 m/z range. Chapter 4.1. 

 

In cooperation: Transmission electron microscopy (TEM) images were obtained by using a 

FEI TECNAI 200 microscope working with a field emission electron gun operating at 200 kV. 

Sample preparation was done by dispersing the nanoparticles in ethanol by ultrasonication and then 

dropping them onto a carbon-coated copper grid and drying them for observations. The C-dots size 

distribution was calculated from TEM images by using ImageJ programme. Chapter 4.1. 

In cooperation: TEM images were obtained with a JEM 2010 UHR instrument equipped with 

a Gatan Imaging Filter (GIF) with a 15 eV window and a 794 slow scan CCD camera. At first C-dots 

were dispersed in n-octane, then a droplet of the solution was cast on a carbon-coated copper grid and 

let drying before measurement. C-dots size were calculated from 5 TEM images at x 15000 

magnification, using an automated routine working on ImageJ programme.83 Chapter 4.2. 

 

 

The product were typically analysed in their crude forms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

3. Comparison of bottom-up synthesis methods 

 

 

3.1. Introduction 

 

 

Citric acid (CA) and 2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris, figure 3.1) can 

produce highly fluorescent carbon dots (C-dots) in just 5 minutes by using only a domestic microwave 

oven.17 The reaction is very easy to reproduce, but after a few preliminary experiments, the 

uncontrolled reaction temperature, the supposedly inhomogeneous irradiation and the release of 

possible flammable and poisonous vapors in our household microwave oven discouraged us to use 

this method, while the enchantingly intense fluorescence of the desired product called for further 

analysis.  

 

 

Figure 3.1. Structure and properties of citric acid monohydrate and Tris 

 

 

In this chapter we focus on the comparison of common bottom-up synthesis methods to find 

a convenient, fast and simple approach to obtain strongly fluorescent C-dots, by using the CA/Tris 

system as a model. Further analysis of the optimized processes are detailed in chapters 4.1 and 4.2. 

A series of reactions were set to examine the effects on fluorescence intensity by applying different 

synthetic methods (such as open-air pyrolysis, reaction in a laboratory microwave reactor and in a 

hydrothermal reactor, figure 3.2) and by varying the precursor ratios from pure citric acid to pure 

Tris. Fluorescence quantum yields (QY), UV-Vis absorbance and hydrodynamic diameters by DLS 

analysis were also measured for selected samples. 
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Figure 3.2. Applied equipments for C-dots synthesis: household MW oven (a), laboratory 

MW reactor (b), flask in oil bath (c) and hydrothermal reactor (d). 

 

 

 

3.2. Experimental 

 

Typically, five ratios (1:0, 3:1, 1:1, 1:3, 0:1) of citric acid and Tris were investigated by 

varying five synthesis methods and the reaction time. Only the best two sets of parameters were used 

for a hydrothermal synthesis for an extended reaction time (without MW irradiation) due to the 

observed ineffective (slow) reaction course. Temperature was standardized at 180oC (except in the 

case of using the household microwave oven, where temperature was not monitored). Stirring was 

not applied during the hydrothermal and household MW-reactions, while moderate agitation was 

possible in the case of neat reactions and in the laboratory MW reactor.  Due to the observed bubbling 

and fuming during the reactions, all experiments were carried out under appropriate ventilation. 

 

Chemicals and Reagents 

Citric acid monohydrate (CAM)     Fluka, >99.5%  

2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris)   Carlo Erba, >99.5%  

In-site produced Milli-Q water was used for the analysis. 

All chemicals were utilized without further purification.  

None of the precursors showed observable fluorescence under our measurement conditions.  
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Synthesis methods 

Microwave assisted reactions (MW methods)    

 

“MW-A” method – household MW oven – open vessel 

A few attempts were made to reproduce (as close as we were able) the earlier reported17 best 

reaction conditions. 350 mg (1.67 mmol) citric acid monohydrate and 202 mg Tris (1.67 mmol) - 1:1 

molar ratio - were dissolved in 2 ml of water in a 20 mL beaker while sonicated). During the course 

of the reaction, the observed wild boiling/bumping controlled our heating program in the reported 5 

minutes. A power on-off pattern in seconds: 45-5-35-5-30-10-15-10-20-10-25-10-35-10-35 was 

applied in a household MW oven (DPE srl, Italy, “Marte” type, 2450 MHz at medium level which 

applies 480W power (instead of the reported 350W). Colorless dense liquids were obtained. The 

synthesis was repeated by using 350 mg (1.67 mmol) citric acid monohydrate and 67 mg Tris (0.56 

mmol) – 3:1 molar ratio. 

 

“MW-B” method – laboratory MW reactor – closed vessel 

MW irradiation experiments were carried out in a CEM-Discover MW reactor, using the 

standard configuration as delivered. The experiments were executed in 10 mL MW process vials with 

control of the temperature by infrared detection. Typically, 1 mmol starting material(s) were dissolved 

in 1 mL of water, heated to 175±5oC (our reactor operation limit due to a pressure safety limit) in 5 

minutes and kept at that temperature for another 15 or 30 minutes and finally cooled to ca. 50oC in a 

matter of minutes. (Longer reaction times were applied because of the less intense irradiation 

compared to MW-A method). Power limit was set to 300W and pressure safety limit to 200 psi. 

Stirring at medium intensity was applied, and finally, the solvent was evaporated and the obtained 

colourless or yellowish oils were dried in vacuum until constant weight.  

 

Reactions in oil baths (oil methods) 

 

“Oil-C” method, starting from solution 

1 mmol of reactant(s) (table 3.2) were placed in a 10 mL MW process vials and dissolved in 

1 mL of water and immersed into a preheated 180oC oil bath (100 rpm stirring rate). 15 or 30 minutes 

reaction times were measured after evaporation of the solvent (typically took less than 5 minutes). 

Colourless or yellowish oils were obtained and some of them showed signs of crystallization in a 

matter of weeks by storing at room temperature. 
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“Oil-D” method, neat reactions 

1 mmol of reactant(s) (table 3.2) were placed in a 25 or 50 mL round bottomed flask in their 

crystalline form and immersed into a preheated 180oC oil bath (100 rpm stirring was applied with a 

Teflon coated stirring bar). Reaction times were measured from the moment of complete melting of 

crystals. Since the obtained molten liquid cannot homogenize without agitation, so a moderate stirring 

(100 rpm) was applied. (The other methods used aqueous solutions at the start point, which 

guaranteed the homogeneity even after evaporation of the solvent.)   

 

Hydrothermal reactions (HT method, closed vessel) 

 

Only the most promising citric acid:Tris 3:1 and 1:1 molar ratios were tested and monitored 

for several hours since short reaction times cannot be applied in such big equipment. Only the 

warming up and cooling down need tens of minutes, so instead of our typical 15 and 30 minutes, in 

this case 1, 3, 5 and 7 hours long reactions were examined. 

A stainless steel reactor equipped with a 50 mL PTFE inlet was used for the reaction. 1.575 g 

citric acid monohydrate (7.50 mmol) and 0.303 g Tris (2.50 mmol) or 1.050 g citric acid monohydrate 

(5.0 mmol) and 0.606 g Tris (5.0 mmol) were dissolved in 10 mL water and the sealed hydrothermal 

reactor was placed in a preheated oven (120-130oC). The temperature was increased gradually to 

180oC (temperature of the oven) in 30 minutes. Reaction time was measured from the instance of 

reaching 180oC until the removal from the oven (even though natural cooling to room temperature 

typically took place in hours).  

 

All of the products appeared as colourless or yellowish oils after evaporation of the solvent 

(if there was any). In case of simple pyrolysis (oil-D method), as a sign of more advanced 

carbonization, in the lack of initial solvent, even a light brown colorization was observed. 

 

3.3. Results and discussion 

 

Method MW-A is the starting point of our experiments and it is a close reproduction of the 

reported work,17 which resulted, in overall, only weakly fluorescent products (with high QY>90%, 

figure 3.3, table 3.1) and homogenous particle size distribution (figure 3.4), while another set of 

reactions from methods HT, MW-B, Oil-C and D gave us a clearer picture of the role of synthesis 

approaches in increased PL intensities.  
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Figure 3.3: 3D emission (x-axis)-excitation (y-axis)-intensity spectra (false color scaling) of the 

crude product obtained from citric acid:Tris 1:1 (n/n)  (a) and 3:1 (b) by the use of a household 

MW-oven (MW-A method). Samples measured at 1000 mg/L in water. 

 

 

Figure 3.4. DLS results show the hydrodynamic size distribution of aqueous samples obtained by 

the MW-A method (household MW oven for 5 minutes) at the precursor rates of 1:1 (a) and 3:1 (b). 

 

 

Table 3.1. Properties of the crude products obtained by the use of a household MW-oven (MW-A 

method) for 5 minutes by using citric acid:Tris 1:1 and 3:1 molar ratios. (Maximum 

excitation/emission wavelengths, standardized maximum PL intensities, DLS and quantum yields 

results) 
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Pure citric acid, pure Tris and their different mixtures were reacted under defined conditions 

and their PL properties were measured and summarised in table 3.2. Reacting the mixture of citric 

acid:Tris at 1:0 (only citric acid), 3:1, 1:1, 1:3 and 0:1 (only Tris) molar ratios showed that 1:1 and 

especially 3:1 ratios gave the most promising results, with a 500-5000 times more intense emission 

that any pure component can provide in this experiment setting. The obtained data also reveal the 

superiority of methods oil C and D for simple and fast synthesis of C-dots with strong fluorescence. 

Even though the QYs are lower, the overall PL is much stronger in the “oil methods”, indicating a 

faster formation (and possibly simultaneous degradation) of fluorescent species. 
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Table 3.2. 1 mmol of citric acid, Tris or their different mixtures (total quantity: 1 mmol, molar 

ratios indicated) were reacted under the above detailed conditions 3D PL spectra of all products 

were taken and maximum excitation/maximum emission pairs with the concentration of the 

analysed aqueous solutions were recorded. All DLS and some quantum yield results are also listed. 



28 

 

For further analysis, 3:1 and 1:1 molar ratios of citric acid and Tris were reacted in (the 

commonly used) hydrothermal reactor84-86 (HT method). As a consequence of the weight and volume 

(50 mL) of our reactor, only slow heating and cooling processes were applied. It must be also noted, 

that such synthetic method usually requires several hours87 to obtain satisfactory fluorescence 

properties, therefore we analysed the crude products only after 1-3-5-7 h reaction times (table 3.3).  

 

 

Table 3.3. PL properties of the crude products obtained by the hydrothermal reaction of 7.5 mmol 

citric acid and 2.5 mmol Tris or 5 mmol citric acid and 5 mmol Tris at 180oC for the indicated 

reaction time. 

 

All of the different synthetic methods represented by their most fluorescent product in this 

study summarized in figure 3.5a (reported by their standardized PL intensities). The diagram clearly 

shows the inefficiency of the household-MW and hydrothermal methods (at least in our case), while 

simple pyrolysis in open vessels shows superior PL-properties. Additionally, it is also clear that 

reacting citric acid : Tris mixtures in the ratio of 3:1 and 1:1 yield the most fluorescent products 

(figure 3.5b). Since the water solubility of the product from the 3:1 mixture turned out to be better, 

therefore this precursor ratio (chapter 4.2) and the oil-D method (chapters 4.1 - 4.2 - 4.3) were selected 

for further studies. 
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Figure 3.5. Comparison of synthesis methods (household MW-oven, laboratory MW-reactor, Oil-

C: pyrolysis starting from solution, oil-D: pyrolysis starting from crystalline solids and HT: 

hydrothermal reaction) by their products’ most intense PL emission in this study (regardless of 

composition or reaction time) (a) and comparison of different starting citric acid/Tris ratios by their 

products with the most intense PL emission (regardless of synthesis method or reaction time) (b). 

 

 

 The PL emission of the synthesized C-dots are typically in the range of 405-420 nm (violet 

light) for all the Tris containing samples, while >430 nm in the case of using only citric acid as 

precursor, which indicates different fluorophores in these crude C-dots. The phenomena is further 

studied in chapters 4.1 and 4.2.  

 Analysis of the QY results (tables 3.1-3.2-3.3) also reveal, that synthesis methods using (an 

initial) solvent, usually results higher light absorption-emission efficiency (QY), but simultaneously 

a weaker overall PL. This can be explained by the difference in the samples’ carbonization degree. 

An additional solvent seemingly slows the reaction process and also preserve more intact 

fluorophores during the formation of C-dots. These probably still molecule-like PL sources have 

higher QYs, while the advanced carbonization process in the solvent free (oil-D) method gives way 

for faster reactions through condensation and decarboxylation steps (detailed in chapters 4.1 and 4.2) 

alongside with possible decomposition of such fluorescent structures, to finally give a lower average 

QY and at the same time a higher overall PL intensity. By selecting the CA:Tris 3:1 based samples 

with the highest QY (HT, 7h, QY: 91%) and the one with highest overall PL intensity (Oil-C, 30 

min, QY: 62%) and plotting their UV-Vis spectra (figure 3.6), we can see that HT method (as the 

reaction carried out in water) yields a product with minimal absorbance at 340 nm, compared to the 

one obtained by the Oil-C method, where the initial solvent eliminates at the beginning of the 

reaction. 
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Figure 3.6. UV-Vis absorbance spectrum of CA:Tris 3:1 based product synthesized by HT method 

for 7 h, exhibiting very high QY (91%) and low absorbance at 340 nm, (red line), and the UV-Vis 

spectrum of the product obtained by the Oil-C method in 30 minutes exhibiting intense absorbance 

at 340 nm, and only lower, 62% overall QY (black line). The samples measured at 100 mg/L (aq) 

concentration. 

 

 

 The mean hydrodynamic diameter values obtained by DLS measurements (figure 3.4 and 

tables 3.1 – 3.2 – 3.3) vary between 6 and 12 nm and no trends in aspects of reaction times, methods 

or precursor ratios were observed. However these results are well in accordance to the reported data.17 

 

 

 

3.4. Conclusions  

 

 

 

 A thorough investigation of the effects of different C-dots synthesis methods, precursor ratios 

and reaction times on the mixtures of citric acid and Tris was conducted and the results analyzed to 

find the most convenient method for obtaining highly fluorescent C-dots in short reaction times. The 

results clearly show that using the citric acid-Tris model system, the most efficient method is the 

simple pyrolysis of the precursors. This approach can be considered “green” not just for the 

elimination of any solvents from the synthesis, but for the shorter reaction times too. By applying the 

same reaction temperature through the tested methods, pyrolysis turned out to be the fastest, which 
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can greatly reduce the consumed energy during the synthesis. The obtained products, in an optimal 

case, can be easily dissolved in water and analyzed or stored for later applications. 

 While description of different methods for synthesis of C-dots, usually with numerous non-

relating examples, are often reported in literature, but at the same time, testing of the same model 

system by various (bottom-up) synthetic approaches, can hardly be found. Therefore, this chapter can 

be considered as a unique attempt to reveal the chemical behavior of molecular precursors building 

up fluorescent units in common bottom-up synthesis methods. On the other hand, optimization of 

precursors and reaction conditions within one synthetic approach (e.g. only hydrothermal or only 

MW-assisted) is more popular and it was also part of this experimental setup as the series of 

experiments also revealed, that citric acid and Tris, reacting in optimal ratios (1:1 or 3:1) can give 

very intense photoluminescence, possibly even thousands of times stronger, than precursors alone. 

The findings of this chapter encouraged us to use the simple pyrolysis method for most of our 

experiments and to further study the roles of the precursors in the formation of C-dots and their 

contribution in the achieved PL. Therefore, we thoroughly investigated C-dots syntheses in the citric 

acid family (chapter 4), staring with the simplest system, by the pyrolysis of citric acid (chapter 4.1) 

and followed by a more extended study on the citric acid-Tris system in chapter 4.2. 
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4. Syntheses and applications of citric acid based carbon 

dots 

 

4.1. Citric acid based carbon dots 

 

The results and discussion in this chapter were summarized and published in the following article88 : 

 

Ludmerczki R, Mura S, Carbonaro C.M, Mandity I.M, Carraro M, Senes N, Garroni S, Granozzi G, 

Calvillo L, Marras S, Malfatti L, Innocenzi P,  

Carbon Dots from Citric Acid and its Intermediates Formed by Thermal Decomposition,  

Chemistry - A European Journal, 2019, 25, 11963-11974  

DOI: 10.1002/chem.201902497  

Its various contents are reproduced here with permission of the publisher: John Wiley & Sons, Inc. 

 

4.1.1. Introduction 
 

Citric acid (CA) is a common organic acid (figure 41.1) and it is largely employed as a low 

cost precursor, alone89,90 or in combination with other compounds,91,92 to produce fluorescent carbon 

dots (C-dots). C-dots synthesized from CA typically exhibit a blue luminescence in low intensity in 

comparison to C-dots prepared from other precursors (chapter 4.2 and 4.3).93-95 However, CA C-dots 

and other citrate-based fluorescent materials have intrinsic advantages, which are their low toxicity 

and good biocompatibility. They have been, therefore, widely used for developing fluorophores for 

biomedical applications.96-99 

 

Figure 41.1. Structure and properties of citric acid monohydrate 
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The simplest route to synthesize fluorescent C-dots from citric acid is thermal decomposition. 

In the process, it is dehydrated and partially decomposed in the 180-200°C temperature range to 

obtain fluorescent materials. The preparation of C-dots from citric acid (CA) is, however, very 

sensitive to the synthesis conditions, such as reaction temperature, time of thermal treatment100 and 

type of solvent. A study on thermal decomposition of CA has proved that several intermediates may 

be formed during the process.101 Thermal decomposition, in this case, includes dehydration and 

decarboxylation to form methyl-maleic acid; during the process other intermediates are formed as 

products of  dehydration, in particular the cis and trans forms of the aconitic acid (AA) (trans prop-

1-ene-1,2,3-tricarboxylic acid). Decomposition of CA follows a complex reaction pathway because 

the intermediates, such as the cis and trans forms of AA, show different thermal stability.101 

Understanding and controlling thermal decomposition of CA is, therefore, a hard task, 

especially if the process is used for obtaining fluorescent C-dots.102 Some articles have been dedicated 

to this subject, but the degree of the thermal decomposition as a function of fluorescence response 

not have been yet completely explained. In particular, the correlation between emission properties 

and the formation of intermediates during the thermal decomposition has been overlooked because a 

connection between structure and fluorescence is difficult to reveal. We have mainly used FTIR 

method to analyze the structural changes during the thermal decomposition. This method has been 

very effective, in combination with the measure of the optical properties, to understand the complex 

reaction paths behind a very simple bottom-up route to prepare fluorescent C-dots. Some of the 

intermediates may be also considered as potential precursors for the synthesis of fluorescent C-dots, 

however, emissive products and the different routes need to be understood and studied in detail.  

Control of the C-dots’ optical stability by the design of the surface state is another problematic 

task and it requires to link the emission properties with the C-dots structure and surface.103 The surface 

functionalization of the citrate-based C-dots with organosilanes, to stabilize their optical properties 

and to effectively incorporate into sol-gel processed hybrid materials is therefore a very important 

issue.104-106 The optical properties of C-dots can be modified by functionalization with organosilanes, 

but a precise correlation is still far from understood. 

Therefore we thoroughly studied the changes in optical response during the thermal 

decomposition of CA and the product has been modified with an organosilane bearing an 

aminopropyl group, which has been proved to be an effective way to enhance the stability of C-dots.  

The goal of the present work is to get a better insight to the chemical processes, which lead to 

the formation of C-dots starting from CA. 
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4.1.2. Experimental 
 

Chemicals and Reagents 

citric acid monohydrate (CAM)  Fluka, >99.5% 

anhydrous citric acid (ACA)   Alfa Aesar, >99.5% 

trans-aconitic acid (AA)   Alfa Aesar, 98% 

itaconic acid     Alfa Aesar, 99% 

itaconic anhydride    Alfa Aesar, 97% 

citraconic acid     Alfa Aesar, >98%  

citraconic anhydride    Aldrich, 98%  

3-(aminopropyl)triethoxysilane (APTES) Aldrich, 99%  

FTIR grade potassium bromide  Aldrich >99% 

All chemicals were utilized without further purification.  

In-site produced Milli-Q water was used for the analysis. 

Only the trans-aconitic acid showed observable fluorescence under our measurement conditions.  

 

Synthesis of C-dots from CAM 

4200 mg (20 mmol) citric acid monohydrate was placed in a 50 mL round bottomed flask and 

immersed into a preheated 180oC oil bath. (Magnetic stirring at 100 rpm was applied.) Samples were 

taken in every 15 minutes from the moment the citric acid completely melted (2-3 minutes) up to 120 

minutes of reaction time. The colourless liquid turned to light yellow then orange-yellow and red at 

the end of the reaction (figure 41.2). All the taken samples were dense sticky liquids (and later 

solidified at room temperature in one week). 

 

Figure 41.2. Colour change of molten citric acid (a-d) at 180oC at different reaction times and the 

solidified products (e). 
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Synthesis of C-dots from citric acid derivatives 

In a typical procedure, 1.0 g of trans-aconitic acid or itaconic acid or itaconic anhydride or 

citraconic acid or citraconic anhydride was placed in a 25 mL round bottomed flask and immersed 

into a 180oC oil bath (100 rpm stirring rate) for 120 minutes. In the case of trans-aconitic acid, 200oC 

oil bath was used in the first 15 minutes to exceed its melting point (190oC) and then the bath 

temperature was reduced to 180oC. 

 

Functionalization of C-dots with APTES 

The CAM-based C-dots (from the 120 min reaction) were functionalized with APTES. 0.33 

mL APTES was added to 10 mL aqueous solutions with a concentration of 1 mg mL-1 of the C-

dots.107 The solution was left to stir at 25°C for 24 h at 500 rpm in a sealed vessel. The pH of the C-

dots solutions changed from acidic (pH 4.5) to basic (pH 11) after the addition of APTES. 

 

4.1.3. Results and discussion 
 

Citric acid monohydrate (CAM) has been used as precursor to prepare fluorescent C-dots. It 

has been reacted under stirring in an open vessel, using for heating a silicon oil bath at a temperature 

of 180°C. Samples to monitor the progress of the thermal decomposition reactions have been taken 

at different times, from 15 up to 120 min. 

Citric acid monohydrate and anhydrous citric acid (ACA) FTIR absorption spectra, in the 

range 1900-1600 cm-1, are shown in figure 41.3. The infrared spectrum of the molecule, in this 

wavenumber range, is characterized by an overlapped triplet of sharp and intense absorption bands 

assigned to the vibration of the three carboxylic groups, stretching mode of C=O, in citric acid which 

are detected at 1759, 1727 and 1688 cm-1  (Figure 41.3a). 108 On turn, the three C=O stretching bands 

of anhydrous citric acid (ACA), 1754, 1744 (band overlapped to that one at 1754) and 1703 cm-1, 

show a different relative intensity and a shift with respect to CAM (figure 41.3b).   

 

Figure 41.3. FTIR absorption spectra (1900 – 1600 cm-1) of citric acid monohydrate (a) and 

anhydrous citric acid (b). 

a) b)
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The FTIR absorption spectra of the samples upon different reaction times are shown in figure 

41.4 (1900–1600 cm-1). After the first 15 min of reaction, different bands are detected in the C=O 

stretching region, at 1752, 1744 (shoulder), 1715 cm-1 and 1701 (shoulder) while a new absorption 

band of weak intensity is observed at 1622 cm-1 and assigned to the C=C stretching mode. The 

presence of this band, which is not observed in the precursor (figure 41.3), indicates the formation of 

an intermediate during the dehydration of CAM. This intermediate is itaconic acid (one of the 

pyrocitric acids) and the attribution has been done comparing all expected compounds and their FTIR 

signature in this infrared region 96 (figure 41.5), (scheme 41.1).   

 

Figure 41.4. FTIR absorption spectra (1900 – 1600 cm-1) of citric acid after different reaction times 

at 180°C. Reference spectra of itaconic acid (30 min) and citraconic anhydride (120 min) are shown 

as red dotted lines. 
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Scheme 41.1. Formation of intermediates during pyrolysis of citric acid 

 

 

Figure 41.5. FTIR absorption spectra of the citric acid’s thermal decomposition intermediates: 

itaconic acid, trans-aconitic acid, citraconic acid and citraconic anhydride, in the 1900 – 1600 cm-1 

range. 
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After 30 minutes of reaction, two strong bands at 1752 and 1715 cm-1 with two shoulders at 

1744 and 1701 cm-1 and the C=C band at 1622 cm-1 are observed. The shoulder at 1701 cm-1 and the 

increase in relative intensity of the other C=O bands is due to the progressive dehydration of CAM 

which is taking place in the first stage of the reaction.  

After 60 minutes, the dehydration of CAM has almost gone to completion, as shown by the 

FTIR spectrum, which is similar to that one of ACA. At the same time a new band of small intensity 

observed at 1847 cm-1, which is assigned to C=O antisymmetric stretching. Another new band at 1654 

cm-1, which overlaps with that one at 1622 cm-1 and is also assigned to C=C stretching, is detected. 

The 1654 cm-1 band forms after 60 minutes of reaction and increases in intensity with the reaction 

time; the 1622 cm-1 band shows a continuous increase in relative intensity from the beginning of the 

reaction (figure 41.6).  

 

Figure 41.6. FTIR spectra in the 1750 – 1550 cm-1 range, of the CA samples at different reaction 

times. 

 

The spectra from 60 minutes of reaction are also compatible with the formation of other 

intermediates, the citraconic acid and the trans-aconitic acid (figure 41.5). The cis form is also 

another possible by-product but it is degrading at lower temperatures than trans-aconitic acid (around 

130°C) and therefore, the main intermediate that can be detected should be the trans species.  

 

The 1847 and 1654 cm-1 bands are associated with the formation of an anhydride compound 

as by-product of the thermal decomposition of CAM, the citraconic anhydride (scheme 41.1). The 

FTIR spectrum of citraconic anhydride in the 1900-1600 cm-1 range is, in fact, characterized by 

intense absorption bands at 1650 (C=C stretching), 1774 (C=O stretching of anhydride carbonyl) and 
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1844 cm-1 (C=O antisymmetric stretching), as we observed in the CA samples (figure 41.5). At 120 

min the absorption bands at 1774 and 1844 cm-1 become more intense and indicate an increase of the 

amount of the by-product of the reaction. Itaconic anhydride is also a possible product of the reaction, 

but its FTIR spectrum is characterized by a s(C=C) absorption at a higher wavenumber, 1668 cm-1, 

and its presence can be therefore ruled out (figure 41.7). 

 

Figure 41.7. FTIR absorption spectrum of itaconic anhydride (1900 – 1600 cm-1). 

 

The FTIR spectra give a good overview of the CA thermal decomposition process. In the first 

stage, (0-60 min) dehydration of CAM takes place and intermediates start to form as itaconic acid 

and likely also citraconic acid and trans-aconitic acid. After 60 minutes, the formation of another 

intermediate is observed, namely the citraconic anhydride. The large band peaking at 1730 cm-1, 

which is still observed after the end of the process, is attributed to the presence of C=O groups which 

are randomly distributed on the edges of the carbon dots. 

 

Figure 41.8. Change of citric acid (a) and citraconic anhydride (b) as a function of the reaction time 

detected by LC-MS. 
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To support the FTIR findings we have performed LC-MS experiments using the C-dots 

samples prepared at different reaction times (figure 41.8). The amount of citric acid gradually 

decreases with the time of reaction (figure 41.8a); after 90 minutes CA is no more detected. In turn, 

after 45 minutes, the citraconic anhydride begins to be observed (figure 41.8b); its content increases 

at expenses of citric acid with the progress of the reaction and is still detected after 120 min, in 

accordance to the FTIR findings. It was not possible by LC-MS to obtain a resolved measure of the 

intermediates, but the trend observed for citric acid and citraconic anhydride are well in accordance 

with FTIR. 

 

 

Figure 41.9. Elemental analysis results of C-dots at 30-60-90-120 min reaction time in C% (a) and 

H% (b) represented by black lines (guide for the eyes) and for comparison, the elemental 

composition of the expected intermediates: anhydrous citric acid, cis/trans aconitic acid and 

itaconic acid (citraconic acid has the same composition). 

 

Elemental analysis (EA) results (figure 41.9) show a continuous increase in C% and decrease 

in H% due to dehydration and decarboxylation processes (scheme 41.2). In the case of H%, a 

breakpoint at around 60 minutes reaction time is observed, indicating the end of the intensive 

dehydration stage. The overall picture of thermal decomposition in respect of C% also reveals a 

breakpoint at around 60 minutes reaction time, which later found to be an important turning point for 

optical properties too (figure 41.10). The phenomena can be explained by considering that the 

pyrolytic process requires approximately 60 minutes before the luminescent species start to form in 

a dominating chemical process. 



41 

 

 

Scheme 41.2. Pyrolysis of citric acid (pyrocitric acids).101,109 Their anhydrides are also possible 

intermediates and (by)products. 

 

Figure 41.10. Opposite trends of weight loss and measured maximum PL intensities observed 

during the pyrolysis of CA. A change from exponential to linear decrease in weight (black) and a 

change from linear to exponential increase of PL intensity can be observed between 60-75 minutes. 

The lines are only guide for the eyes. 

 

For the TGA analysis, 10 mg powdered CAM was heated to 180oC in 10 minutes and the 

weigh change was monitored up to 120 minutes. The analysis confirmed a change in the material’s 

thermal response at around 60-75 minutes reaction time (figure 41.10). After an initial intensive 

weight loss, a thermally more stable intermediate mixture was formed, which also correlated to the 

findings of EA (figure 41.9). To emphasize the importance of this reaction stage, the maximum PL 

intensities of the intermediate products were also plotted and the details of the PL properties can be 

found in figures 41.13-15. 
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Figure 41.11. Representative TEM images of C-dots obtained from CAM after 30 (a) and 120 

minutes (c) of thermal degradation at 180°C. b) and d) panels show the frequency count of the C-

dots size obtained by the  images a and c, respectively. 

 

The average C-dots dimensions has been measured by TEM and image analysis (figure 

41.11). After 30 minutes of reaction, the C-dots population is between 5 and 15 nm, while at 120 

minutes, the particles show a wider distribution with the growth of C-dots of larger size up to around 

30 nm. 

 

We have then coupled the FTIR, EA and LC-MS data with the changes of optical properties 

of the samples taken at the different reaction times. 
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Figure 41.12. UV-Vis absorption spectra of the C-dots derived from thermal decomposition of citric 

acid at different reaction times and concentrations (left 50 mg L-1 and right 500 mg L-1). 

 

The UV-Vis absorption spectra (figure 41.12) are characterized in the 200 to 400 nm range 

by an absorption maximum around 220 nm that increases in intensity with the reaction time. The 

absorption band is due to the π - π* transition of aromatic sp2 domains110 and the enhancement in 

intensity is attributed to the increase in their number during thermal decomposition reactions. This is 

an indication of the progressive formation of aromatic -conjugated structures. The spectra show a 

second absorption band of weaker intensity, which is detected around 335 nm and assigned to the n - 

π* transition of C=O bonds.110 The UV-Vis spectra have been also recorded using a more 

concentrated solution (500 mg L-1) to observe in detail the change of the 335 nm band as a function 

of thermal processing (figure 41.12). The absorbance increases in intensity with the thermal treatment 

time. 

 

The CA C-dots PL emission as a function of the excitation wavelength and reaction times (60, 

90, 105 and 120 min) is shown by 3D excitation (y-axis) - emission (x-axis) – intensity (false color 

scale) spectra (figure 41.13); the oblique lines are due to scattering effects. Table 41.1 shows the 

maximum excitation/maximum emission wavelength pairs as listed in nm’s and also displayed on 

figure 41.14. The samples reacted up to 75 minutes show only a very weak, but continuously red-

shifting fluorescence: the emission peak shifts from 430 to 485 nm. From 90 to 120 minutes the 

emission intensity increases with a maximum in the green region, at 500 nm, when excited at 390 nm. 

The 3D spectra indicate also the presence of a second component in the blue region, whose 

fluorescence is peaking around 450 nm, upon excitation of 350 nm. This emission also increases in 

intensity with the reaction time and fits to the PL properties of trans-aconitic acid (figure 41.16. and 
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figure 41.18a) with maximum excitation at 350 nm and emission at 460 nm). The fluorescence 

maximum of the components emitting at 500 nm is independent from the excitation wavelength, 

indicating that the fluorescent C-dots have homogeneous and similar size of the sp2 cluster domains. 

 

Figure 41.13. 3D excitation (y-axis)-emission (x-axis)-intensity (false colored) spectra of C-dots at 

different reaction times. The measures have been done at a concentration of 200 mg L-1 (aq). 

 

 
Table 41.1. Standardized PL-intensities of samples taken at different reaction times during the 

thermal treatment of CAM in a 180oC oil bath are calculated for 1 mg L-1 concentration (but 

measured at 200 mg L-1) and the maximum excitation/maximum emission wavelength pairs are 

displayed in nm. The data extracted from the 3D excitation-emission-intensity spectra. 
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Figure 41.14. Maximum excitation/maximum emission wavelength pairs of CAM-based C-dots at 

different reaction times. The measures have been done at a concentration of 200 mg L-1 (aq). The 

lines are guide for the eyes. 

 

 

Figure 41.15. Parallel trends of the normalized maximum PL emission intensity (200 mg L-1 

aqueous solution) and the UV-Vis absorbance intensity at 335 (a) and 220 nm (b) (500 and 50 mg 

L-1 aqueous solutions). The lines are guide for the eyes. 

 

The fluorescence emission has been correlated with the absorbance of the π - π* and n- π* 

transitions at 220 and 335 nm, respectively (figure 41.15). The increase in absorbance of the 335 nm 

component shows the same trend of the standardized fluorescence emission (figure 41.15a), while 

the 220 nm band exhibits an almost linear change of absorbance as a function of the thermal treatment 

time (figure 41.15b). 

The curves in figure 41.15a show that the process has two different reaction stages. In the 

first one, which ends after around 60 minutes, the reaction proceeds quite slowly and the increase of 

fluorescence and UV absorbance at 335 nm is low; after this time, a quick rise is instead observed. 
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The increase of fluorescence is faster after the first 75 minutes of reaction and is well correlated to 

the change of absorbance at 335 nm, which shows a similar trend. The first stage corresponds to the 

dehydration phase when the formation of fluorescent emitting species is still low. After this stage, 

which is well defined also in the FTIR spectra by the presence of the C=O vibrational modes due to 

the precursor CA (figure 41.4), the thermal decomposition takes place. The FTIR spectra are 

characterized by a wide absorption band peaking around 1730 cm-1 whose shape is due to the 

distribution of C=O bonds on different sites of the C-dots. The data show that there is a strict 

correlation between the increase of emission intensity of the maximum at 500 nm and the absorbance 

due to the carbonyl groups.  

 

Synthesis of C-dots from intermediates  

The thermal decomposition of citric acid has a complex reaction pathway with formation of 

several intermediates that decompose at different temperatures and can be present as residues of the 

process. On the other hand, these compounds can also give rise to the formation of C-dots with 

different fluorescent properties. Not all the intermediates are efficient precursors for C-dots, but at 

least the trans-aconitic acid 111,112 and itaconic acid 113  have been used to synthesize emissive species 

with a blue fluorescence by co-reaction with ethylenediamine. 

We have therefore used the intermediates that we have identified during the thermal decomposition 

of citric acid, i.e. itaconic acid, citraconic acid, trans-aconitic acid and citraconic anhydride, to 

synthesize C-dots in similar conditions (120 min, 180oC). 

 

Figure 41.16. 3D excitation-emission-intensity spectra of the C-dots prepared from itaconic acid, 

citraconic acid, citraconic anhydride (first row) and C-dots from trans-aconitic acid and trans-

aconitic acid itself as the only fluorescent precursor. The measures have been done at a 

concentration of 200 mg L-1 (aq). 
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The citraconic anhydride C-dots result only weak fluorescence (figure 41.16) with an 

emission maximum around 455 nm whose intensity is only 13% of the CA C-dots. The FTIR spectra 

show that the citraconic anhydride has almost not reacted, as confirmed by the comparison with the 

absorption spectrum of the precursor (figures 41.5 and 41.17), which is not surprising considering 

that it is the final pyrocitric acid in the decomposition process. The UV-Vis spectra show that no 

absorption bands are present beside the 220 nm UV band (figure 41.17c).  

 

 

Figure 41.17. a) 3D excitation-emission-intensity spectra of the C-dots prepared from citraconic 

anhydride; b) FTIR absorption spectra (1900 – 1600 cm-1range) of citraconic anhydride (continuous 

line) and C-dots from citraconic anhydride (dotted line); c) UV-Vis spectrum of the C-dots from 

citraconic anhydride (concentration of 50 mg L-1).  

 

 
Figure 41.18. PL emission of trans-aconitic acid (AA) and CAM-based C-dots at different reaction 

times (a). The blue dotted line indicates the emission maximum of trans-aconitic acid around 460 

nm, and the comparison of the PL spectra of AA and AA-derived C-dots (b). All samples measured 

in a 200 mg L-1 aqueous solution and excited at 350 nm. 

 

The other precursors produce instead C-dots with a higher emission, in particular those from 

trans-aconitic acid, exhibiting the typical absorption bands at 220 and 350 nm. The emission 

maximum is centered for the different C-dots around 450 nm, while CA C-dots have a maximum 

around 500 nm. These spectra well explain the origin of the second (weaker) fluorescent component 
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in figures 41.13 and 41.18a. This is, in fact, due to the C-dots, which form upon thermal 

decomposition of the CA intermediates (e.g. AA). The final product of the synthesis via citric acid is 

therefore formed by two families of C-dots; one with a stronger emission in the green, around 500 

nm, and a second one with lower, blue emission at 450 nm, due to the carbonization of the 

intermediates and molecular trans-aconitic acid. Therefore, a particular case is represented by trans-

aconitic acid, which allows forming fluorescent C-dots, but is also highly emissive as precursor. 

Trans-aconitic acid shows, in fact, an intense fluorescence centered at 460 nm (figure 41.16) and the 

derived C-dots have a very similar slightly blue shifted emission (figures 41.16 and 41.18b). The 

emission fingerprint appears more centered around the maximum, suggesting the formation of C-dots 

with a homogeneous structure. 

 

Stability of the C-dots 

The stability of the C-dots has been studied by measuring the emission of aqueous samples as 

freshly prepared and after storing for several days (figure 41.19), which was compared to the PL 

properties of freshly prepared solutions of aged solid samples (figure 41.20). In the solid state, the 

emission remains very stable and after 4 days of the preparation, no changes in the 3D excitation-

emission-intensity spectra have been observed. However, a fresh solution of a one year aged solid 

sample provided a 50 nm blue shifted and 45% weaker fluorescence upon the excitation at 340 nm. 

 

 

Figure 41.19. 3D excitation–emission–intensity spectra of C-dots in water directly after preparation 

and after 1, 4 or 10 days of aging. The concentration of C-dots in water was 200 mgL-1. 
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Figure 41.20. 3D excitation-emission-intensity spectra of aqueous solutions (200 mgL-1) from fresh 

(left) and 4 days old (right) C-dots solid samples.  

 

If the C-dots are instead dissolved in water, the samples show a low hydrolytic stability and a 

70% decrease in intensity of the 500 nm emission band after 1 day of storage is observed (figure 

41.19). After 4 days, the emission intensity decreases to 26% with respect to the as-prepared C-dots 

and at 10 days, it is almost completely quenched. The pH of the C-dots aqueous solution is 4.5. 

The change of emission spectra when the C-dots are dissolved in water is due to the hydrolytic 

reactions of the surface groups. They are a source of the emission of C-dots at 500 nm and their 

reaction with water is reflected in the lowering intensity. Quenching effects due to the formation of 

hydrogen bonds with water on the surface also cannot be ruled out. 

 

We have also tested the stability of the C-dots in basic aqueous solutions (figure 41.21) at pH 

11, by using KOH (aq) and NH3 (aq). In this case, the emission of the C-dots is not quenched with 

time and results more stable emission, which maximum slightly shifts to lower wavelengths, from 

around 500 to 480 nm. 
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Figure 41.21. 3D excitation-emission-intensity spectra of C-dots in KOH aqueous solution, as 

prepared (a) and after 1 day of aging (b) and C-dots in NH3 aqueous solution, as prepared (c) 

and after 1 day of aging (d). 

 

 

Surface modification by APTES 

The chemical modification of C-dots surface, which is of pivotal importance for building C-

dot-based solid-state fluorescent materials,114,115 is generally obtained by one-pot synthesis with 

specific organosilica precursors bearing amino groups. 116,117 This approach, however, changes both 

the inner and outer C-dots structure and it can not be used to really discriminate the influence of the 

surface passivation on the C-dots photoluminescence. On the other hand, the post-functionalization 

of the C-dots surface is rarely reported in the literature,99 and, in some cases, the functionalization 

appears not fully characterized.107 

We have used 3-(aminopropyl)triethoxysilane (APTES) as a surface-modification agent to 

unveil the role of the surface groups on C-dots emission (figure 41.22). The functionalization with 
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APTES produces a strong change in the emission spectra of the C-dots. A new intense violet emission 

band peaking around 410 nm is observed with a second fluorescent component with a maximum 

around 480 nm. It should also be noticed that the APTES functionalization changes the pH of the 

aqueous solution from acid, pH=4.5, to basic, pH=11. The change of the emission spectra is also 

reflected by the UV-Visible absorption (figure 41.23). 

 

 

Figure 41.22. 3D excitation-emission-intensity spectra of C-dots after functionalization with 

APTES. 

 

 

Figure 41.23. UV-Vis absorption spectra of C-dots after preparation (black line), after one day 

aging in water (red line) and after functionalization of as prepared samples (blue line) measured at a 

concentration of 50 mg L-1
 (left) and 500 mg L-1

 (right). 

 

 

The absorption band around 335 nm decreases in intensity with aging and disappears after 

APTES functionalization, while the UV band at 220 increases in intensity. 
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Figure 41.24. FTIR absorption spectra in the 1900 -1500 cm-1 range of as prepared C-dots (black 

line) and C-dots after functionalization with APTES (red line). 

 

The FTIR absorption spectra in the 1900 – 1500 cm-1 range of the APTES functionalized C-

dots (figure 41.24) show that the carbonyl signal (C=O stretching) in the C-dots disappears (red line). 

Besides a long tail at lower wavenumbers, which could be the signature of residual carbonyls, the 

intense absorption band peaking at 1730 cm-1 is no more detected. On the other hand, the detection 

of the band at 1570 cm-1, due to the NH2 scissoring mode of the amine in APTES, confirms that the 

C-dots have reacted with the organosilane. The absorption band at 1650 cm-1, which is observed as 

an intense shoulder, is also in the same range of C=N modes and the relative increase in intensity of 

this band could be correlated to the reaction of primary amines of APTES with the carbonyls on the 

surface of the C-dots. The low emission of the CA C-dots is due to the presence of oxygen containing 

groups, such as C=O, COOH and C-O-C, that act as surface traps. The photoluminescence and optical 

absorption are therefore affected by the reaction of C-dots with APTES, which would be bonded to 

the surface as shown by the presence in the FTIR spectra of Si-O-Si and Si-O-C modes (not shown 

in figures). Silica bonds are also observed due to the reaction of Si-OR groups to form a Si-O-Si 

network. Silica may also form a small passivation layer on the surface of the C-dots, which is also a 

cause of the photoluminescence increase. Another interesting property of APTES functionalized C-

dots is the stability in aqueous solutions; after 10 days (figure 41.25) and 2 months (not shown in 

figures) of storage in water the emission does not change. The formation of a silica shell around the 

C-dots is the most probable explanation, because the surface is no more directly affected by the 

surrounding chemical environment and the C-dots increase their durability in water. 
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Figure 41.25. 3D excitation-emission-intensity spectra of C-dots functionalized with APTES and 

aged for different times: 4 and 10 days. The concentration of C-dots in water is 200 mg L-1. 

 

Lifetime measurements 

Lifetime analysis has been performed on the C-dots prepared by CA (2 hours thermal 

treatment samples) and upon modification with APTES (figure 41.26). In the CA C-dots samples the 

fit has been accomplished using two exponential decays of 0.45 and 3.15 ns; the fast one is within the 

resolution limit of the system. We have analyzed the recorded streak image by extracting the spectrum 

over two different time windows in the 0 - 2.5 and 2.5 - 20 ns ranges (figure 41.26b). The curves 

show a spectral contribution at smaller wavelengths (at about 410 nm) which is characterized by a 

shorter decay. This difference is also pointed out by the decay times of two small spectral windows 

(20 nm in width) centered at 415 and 480 nm. The contribution of the fast decay is larger in the first 

case. The analysis of the two spectra in the energy space by Gaussian deconvolution has also 

confirmed the presence of two different emission bands, at 2.6 (416 nm) and 3.0 (480 nm) eV. 

 

Figure 41.26. a) and d), decay time estimated through the integrated spectrum of CA C-dots and 

APTES C-dots, respectively (the spectrum has been recorded in the 400-515 nm range). b) and c) 

the fit of the two components. 
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The decay curves of CA-APTES samples have been also fit with two exponential decays of 

0.77 and 5.48 ns. However, the analysis of the spectra at different time windows or the decays at a 

specific wavelength has not shown any faster spectral contribution whilst the deconvolution of the 

spectrum with two Gaussian components gives the same bands gathered before (at 2.95 and 2.62 eV). 

If we look at the fractional contribution of the two decays to the steady state emission we obtain that 

the CA-APTES fast decay weights for 59% whilst the slow one for 41% in. In the CA sample the fast 

component contributes for the 88% whilst the slow one for the 12%. This difference can explain why 

we have observed the decrease of the fast component only in the CA sample. We have also tried to 

associate the slow and fast decays to specific emission bands. To achieve such an attribution, we 

would need measurements with a larger time sensitivity, in the present case the fast component is less 

than two times the temporal resolution in the best case (CA-APTES sample). However, the presence 

of the fast decay even in the red tail of the spectrum in both samples, where any possible spectral 

contribution of the 3.0 eV band should be negligible, gives room to a different interpretation. The fast 

decay could be due to some non-radiative de-excitation pathway, which decreases the overall 

emission intensity. This non-radiative pathway could be accessible to any emitting centre within the 

nanoparticle, both to the 2.6 and 3.0 eV bands. This response can be correlated to some core-shell 

system, where the emitting centres are at the surface and the non-radiative channels may lead to de-

excitation through the core of the nanoparticle. 

The fact that the fractional contribution of the fast decay in CA-APTES is lower than in CA 

sample indicates that the functionalization somehow decreases the rate of these non-radiative 

channels. As for the decay times of these two bands can be supposed that they are of the same order 

of magnitude of the slow component in both the samples, thus making difficult any temporal 

discrimination, at least in the present experimental conditions. 
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4.1.4. Conclusions 
 

 

Thermal degradation of citric acid is a complex process involving the formation of several 

intermediates during different dehydration and decarboxylation processes, which was not reportedly 

fitted to the synthesis process of C-dots before. The reaction needs to be carefully controlled to be 

reproducible and reliable as the intermediates, such as itaconic acid or trans-aconitic acid, can also 

form fluorescent C-dots, which emit at lower wavelengths with respect to the CA C-dots. The final 

product of the thermal degradation of citric acid can be, therefore, a combination of C-dots formed 

by citric acid and its intermediates with different emissions from violet to blue. 

The C-dots obtained from trans-aconitic acid, in particular, show a narrower emission, which 

is less sensitive to the excitation wavelength and is correlated with the formation of emitting centers 

with similar structures. As molecular aconitic acid also exhibit fluorescence in the same region, it 

cannot be excluded, that this intermediate responsible (even alone) for the emission band around 450 

nm, which usually present in the PL spectra of citric acid based C-dots. The identification of this 

intermediate in the process probably have a great significance, as its structure closely related to 

numerous reported blue emitters in N-doped C-dots (chapter 4.2 and 4.3). 

The stability of the citric acid C-dots in water is very low, but the functionalization with 3-

aminopropyltriethoxysilane, besides increasing the emission intensity, reduces also the C-dots 

quenching in aqueous solutions. Unveiling the synthesis details has shown to be a mandatory step to 

design a reproducible and reliable process for producing fluorescent C-dots. 
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4.1.5. Additional preliminary data 
 

 

The 120 min CA C-dots’ interaction with APTES resulted an unexpected 90 nm blue shift in 

PL emission (figure 41.22). To investigate the possible effects on PL by introducing an amino group 

(similar to the one of the APTES’), in a preliminary study, small organic amines were added to the 

CA C-dots aqueous samples under the same conditions: 10 mg C-dots / 10 ml water was stirred for 

24h at room temperature with 0.33 mL of the indicated amine. The 3D spectra (figure 41.27.) 

revealed, that addition of only (water miscible) small amines do not result the same 90 nm blue shift 

in PL emission, however a smaller, 30 nm shift was detected in all the cases. This preliminary result 

also confirm the complex role of APTES in C-dots functionalization. 

 

 

Figure 41.27.  3D excitation-emission-intensity spectra of C-dots formed in the 120 minutes 

reaction (a) and 3D PL spectra of its derivatives obtained by functionalization with APTES (b), 

ethylenediamine (c), diethylenetriamine (d) and diethanolamine (e ). All samples measured at 200 

mg C-dots L-1 concentration (by not counting the additional weight of the amines). 
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4.2. Citric acid – Tris based carbon dots 

 

This chapter is an extended study of chapter 3, but the focus is not on the synthesis methods, 

but instead more on the formation of the very fluorescent citric acid-Tris based C-dots (figure 42.1). 

Parts of this chapter were recently submitted to Carbon and it is currently under review. 

 

 

Figure 42.1. Structure and properties of citric acid monohydrate and Tris 

 

 

4.2.1. Introduction 
 

Among numerous possible precursors, citric acid (CA) can be used alone, 88,89 (chapter 4.1.) 

to obtain moderately fluorescent C-dots in their bottom-up syntheses, but for exceptionally high 

fluorescent quantum yields (QY) we must combine with other (very often amino group-bearing) 

chemicals (chapter 3).65,91,102,104,118,119 The addition of other precursor(s) offer various combinations 

of chemical reactions, at first of course on the molecular level, which naturally evolve to 

macromolecular and even nanoparticle/particle degree, making it challenging to generalize formation 

types. 

Since the discovery of C-dots in 2004,1 three different categories have been identified: besides 

the widely used graphene quantum dots (GQDs) and carbon (nano)dots (C-dots, CDs, CNDs), the 

(partially) polymeric fluorescent dots are just recently defined as carbonized polymer dots 

(CPDs)120,121 and joined the growing family of C-dots. This peculiar group, in the aspect of 

fluorescence, lies between the molecular fluorophores and the carbonized nanostructures as a natural 

transition stage in numerous cases. CPDs represents an emerging group of nano-sized and less-

carbonized, aggregated or cross-linked polymers, prepared from simple monomers.120-122 
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The CPDs quantum yield is generally higher than the other (more carbonized) C-dots, 

justifying studies to reveal the origin of their photoluminescence. It is clear that there is not a general 

mechanism responsible for the emission, but rather an interplay of many physical phenomena. Surface 

state, subdomain state, molecular state, and crosslink enhanced emission (CEE) effect have been 

already identified as possible processes determining the photoluminescence. However, the molecular 

states of specific fluorophores formed during the synthesis, and the amplification of their emission, 

induced by the more cross-linked environment around emitting centres, i.e. CEE, appear dominant 

factors in the overall optical properties.91,95,123-125 

Some authors have reported that fluorescent molecules, such as IPCA (5-oxo-1,2,3,5-

tetrahydroimidazo[1,2-a]pyridine-7-carboxylic acid) and related 2-pyridone derivatives  are the main 

source for the C-dots (CPDs) emission if citric acid and various amines applied as precursors. (figure 

42.3.)125 The quantum yield often decreases as the carbonization increases, which indicates that 

carbon-core transitions are less efficient than molecular transitions to produce photoluminescence.123 

Although different works confirm these findings, it is also clear that the confinement of fluorescent 

molecules in a constrained environment is a key factor for achieving those high QY values, which 

are typical of C-dots.126 

One of the highest reported quantum yield of C-dots (99%)17 was obtained by the very fast 

microwave-assisted reaction of CA and 2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris) but its 

formation was not thoroughly studied. The reported enchantingly intensive PL emission in the violet 

range turned our attention to this system (chapter 3). 

Citric acid bears three carboxyl and one hydroxyl groups and it is capable of copolymerization 

without any catalyst with appropriate hydroxyl functionalized precursors127,128 to form 

environmentally friendly, biodegradable polyesters (figure 42.2).  

 

 

Figure 42.2. a) Foamy polymer made by the reaction of citric acid and glycerol at 170oC for 1h. 

Reproduced from reference128 (open source). b) The product of the reaction of citric acid and Tris at 

180oC for 2 h have similar appearance. 
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Tris, as an alkanolamine, bearing multiple hydroxyl and an amine functional groups, is 

similarly able to form the aforementioned (glycerol-like) polymer structure obtained by condensation 

with CA. The formation of OPCA (3,5-dihydro-3,3-bis(hydroxymethyl)-5-oxo-2H-oxazolo[3,2-

a]pyridine-7-carboxylic acid), a molecular fluorophore in CA-Tris C-dots has been already reported 

(figure 42.3c),129 therefore we turned our attention to the possible effects on the fluorophore during 

polymerization.  

 

Figure 42.3. Tautomer forms: 2-pyridone and 2-hydroxypyridine (a), IPCA (b) and OPCA 129 as the 

suspected fluorophore in the CA-Tris-based C-dots (c) 

 

 

In this chapter, we examine the evolution of carbon dots and their photophysical properties 

from the molecular precursors of CA and Tris in a simple pyrolysis process by focusing mainly on 

the early stage of the carbonization process.  Based on a few preliminary experiments we selected the 

optimal 3:1 molar ratio of CA and Tris (chapter 3) due to the achieved very intense fluorescence and 

still satisfying water solubility. The reaction was carried out under open air in a simple solvent free 

pyrolysis process at mild temperature (180°C). Samples were taken at defined reaction times for 

physical and optical examination. 
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4.2.2. Experimental 
 

Chemicals and Reagents 

Citric acid monohydrate (CAM)     Fluka, >99.5%  

2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris)   Carlo Erba, >99.5%  

3-(aminopropyl)triethoxysilane (APTES)    Aldrich, 99%  

FTIR grade potassium bromide     Aldrich >99% 

All chemicals were utilized without further purification.  

In-site produced Milli-Q water was used for the analysis. 

None of the precursors showed observable fluorescence under our measurement conditions.  

 

Synthesis 

1261 mg (6.0 mmol) of citric acid monohydrate (CAM)  and 242 mg of Tris (2.0 mmol) were 

placed in a 50 ml round bottomed flask in their crystalline form and immersed into a preheated 180°C 

oil bath (100 rpm stirring rate was applied with a Teflon coated stirring bar). Reaction times were 

measured from the moment of complete melting of the precursor crystalline material. During the 

course of the reaction, the transparent liquid bubbled, foamed and slowly turned yellowish than light 

brown. Samples were taken at defined reaction times for analysis.  

 

Functionalization of CPDs with APTES 

The CAM/Tris-based CPDs (from 15-60 min reaction) were functionalized by addition of 0.33 

mL APTES to 10 mL aqueous solutions with a concentration of 1 mg mL-1 of the CPDs and stirred 

at room temperature for 24 h at 500 rpm.107 
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4.2.3. Results and discussion 
 

 

The purpose of using the different routes to synthesise C-dots is the control of the PL emission 

properties in terms of range and intensity. It is also important to correlate the optical response with 

the chemical species responsible for the emission even if this represents a very challenging task. 

Therefore, we have studied the products of the synthesis as a function of the reaction time, coupling 

different optical and spectroscopic techniques.  

Figure 42.4a shows the UV-Vis absorption spectra of the CPDs after different reaction times, 

from 5 to 45 min. The spectra are characterized by two main absorption bands peaking at 338 nm and 

at 230 nm. They are assigned to n – * and  –  * transitions, respectively.130 

 
Figure 42.4. a) UV-Vis absorption spectra of CPDs at different reactions times. b) Change of the 

maximum in absorbance of the 230 and 338 nm bands. The concentration of CPDs in aqueous 

solution was 100 mg L-1. 

 

The absorbance of the two bands changes as the reaction proceeds (figure 42.4b); it increases 

up to 20 minutes, which appears to be a breakpoint of the process.  At longer reaction times, up to 45 

minutes, a 25% decrease in the absorbance is observed. 

Transmission electron microscopy images show that during the synthesis of CPDs, a well-

defined, spherically shaped particles formed. Figure 42.5 is a representative image of round-shaped 

carbon nanoparticle with an average size of 8.4 ± 1.5 nm which formed upon the thermal degradation 

process at 180°C for 15 min. The size of the CPDs appears monodispersed in the 10 nm range, 

although larger impurities also formed during the synthesis (figure 42.6). DLS analysis further 

confirms the dimension of C-dots. Their hydrodynamic diameter is centering around or just below 10 

nm from 5 to 20 minutes reaction time (figure 42.7). Shorter reaction time results an asymmetric 

distribution in favor of smaller particles as they are building up in the reaction, while after 10 minutes 



62 

 

it is symmetrically distributed. At 20 minutes, the size-distribution widens, indicating, that after 

maximum PL emission at 20 minutes, the system start to degrade. 

 
Figure 42.5. a) Representative TEM image of CPDs synthesized from CA/Tris after 15 minutes at 

180°C. b) Distribution of CPDs size calculated from image a). 

 

 

 
Figure 42.6. TEM image showing the presence of larger impurities among the monodisperse 

carbonized polymer dots (15 min) 
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Figure 42.7. Particle size distribution of the C-dots (aq) at different reaction times, obtained by 

DLS method. 

 

Figure 42.8. shows the 3D fluorescence spectra (excitation (y-scale), emission (x-scale), 

intensity (false colour scale)) of the samples after 5, 15 and 30 minutes of synthesis. The spectra 

exhibit an increase in the emission intensity in the first minutes of reaction, while after 30 minutes, 

the 3D-maps reveal a significant reduction of fluorescence intensity, which continues at higher 

reaction times. The emission band is asymmetric with a long tail extended up to around 500 nm, at 

the edge of the green region. The photoluminescence spectra follow a trend similar to the UV-Vis 

data (figure 42.4). Upon excitation at 330 nm, the CPDs show an intense emission peaking at 410 

nm in the violet range. The fluorescence is excitation independent. 
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Figure 42.8. 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false 

colour scale)) at 5 (a), 15 (b) and 30 minutes (c) of reaction time. d) Change in intensity of the 

emission maxima at 410 nm as a function of the reaction time. The line is a guide for eyes. The 

concentration of CPDs in aqueous solution was 1 mg L-1. 

 

FTIR absorption spectroscopy has been employed to investigate the change in the structure 

induced by the thermal treatment. Figure 42.9a shows the spectra in the 1850 - 1600 cm-1 region. 

The full spectra are reported in figure 42.10c. Two new absorption bands are detected in the product 

of CAM and Tris reaction. One band, peaking at 1733 cm-1, is assigned to the stretching mode of 

C=O in esters (-C(=O)O-C-)131  and the second one at 1668 cm-1 is attributed to C=O stretching in 

amides (-C(=O)NH-C-).95,128 These bands are well preserved up to 60 minutes of reaction, showing 

an intensity increase in the first 20 minutes (figure 42.9b). 

The FTIR spectra further confirm the formation of amides (figure 42.10), upon reaction 

between CA and Tris, which are characterized by other vibrational modes, N-H bending around 1550 

cm-1 (figure 42.10b) and N-H stretching at high wavenumbers, around 3500 cm-1 (figure 42.10a). All 

the absorption bands follow a similar trend well supporting the attribution to the amide bond.95,132 
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Figure 42.9. a) FTIR absorption spectra in the 1850 – 1600 cm-1 range as a function of the reaction 

times. b) Change of the 1733 (black line) and 1668 cm-1 (red line) absorbance intensities. The lines 

are a guide for eyes. 

 

 

 
Figure 42.10. FTIR absorption spectra of the CPDs in the a) 3900 – 3000 cm-1 and b) 1650 – 1500 

cm-1 range as a function of the reaction times. Full FTIR spectra of citric acid (CA), Tris and citric 

acid/Tris product after 20 minutes of reaction (c) in the range of 4000 – 400 cm-1. 

 

 

In the higher wavenumber region (figure 42.10a), besides intense N-H stretching95 band 

around 3500 cm-1 and the overtone assigned to N-H bending at 3100 cm-1,132 is characterized by the 

rise of an overlapped absorption band around 3200 cm-1, which is assigned to the formation of H-

bond of amides.133 The band forms after 10 minutes of reaction and disappears after 60 minutes. The 

formation of H-bonds can be correlated with the formation of amides. The amides appear after 10 

minutes, when also secondary bonds form. When the amide structures are degraded by thermal 

reaction, secondary bonds are no longer detected. The formation of esters follow a similar trend 

(figure 42.9) and the attribution is also supported by the disappearance of the Tris’ C-OH,  and 

detection of ester’ C-OC signals at 1037 and 1186 cm-1, respectively (full spectrum: figure 

42.10c).127,131 

These trends are well in agreement with the photoluminescence spectra (figure 42.8), whose 

emission intensity displays a maximum around the same reaction time. Therefore, a direct correlation 
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between the formation of polymeric species containing amide and ester bonds, and the 

photoluminescence properties can be established. 

 
Figure 42.11. Raman spectra of citric acid (black curve), Tris (red curve) and the CPDs (blue 

curve). The reported CPDs Raman spectrum corresponds to the sample after 5 minutes of 

reaction.*The vibrational mode at about 521 cm-1 corresponds to Si substrate. 

 

 

Figure 42.11 shows the Raman spectra of citric acid, Tris and CPDs (after 5 minutes of 

reaction) in the range of 150-1500 cm-1. Citric acid presents two characteristic vibrational modes at 

783 cm-1 and 943 cm-1. The first is attributed to C-C stretching and OH bending in carboxylic groups 

and the second corresponds to -C-C-C- bending and OH bending. The modes at lower wavenumbers 

originate from the twisting and rocking of CH2 group (570 cm-1) and the rocking of -COOH group 

(380 cm-1).108 

Tris displays two main bands at about 800 cm-1 and 520 cm-1 due to C-C stretching and C-

C(N)-C bending, respectively. Moreover, the C-NH2 bending is detectable at 419 cm-1. The main 

vibrations at 1034 cm-1 and 1254 cm-1 are attributed to NH2 twisting and OH bending, respectively.134 

The thermal treatment of citric acid and Tris mixture promotes the formation of new bands 

and a reinforcement of the characteristic precursor’s vibrations. A new mode arises at 240 cm-1, only 

a few minutes after melting. Low wavenumbers modes (< 300 cm-1) are tentatively assigned to 

skeletal motions of long -C-C- chains arising from the condensation of citric acid and Tris.135,136 

Furthermore, the strong vibration at 1223 cm-1 is assigned to amide groups.137 It is worth to underline 

that further vibrational fingerprints of amide group in Raman spectra are in the region between 1550 

and 1650 cm-1, not accessible in our experimental conditions. 
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Figure 42.12. Calorimetric analysis of samples at the reaction temperature (180°C, black line): (a) 

citric acid monohydrate; (b) Tris;  (c) citric acid:Tris (n:n) 3:1. d) Relative weight change under 

synthesis conditions (TGA): citric acid (green), Tris (magenta) and citric acid:Tris (n:n) 3:1 (red). 

 

The DSC results of the reference samples: citric acid monohydrate, Tris, and the combination 

of CAM and Tris and their relative weight changes at 180oC (our reaction temperature) have been 

analyzed (figure 42.12). The endothermic events of melting of CAM (m.p. 135oC, Fluka) and Tris 

(m.p. 167-172oC, Carlo Erba) appeared on the DSC curves (figure 42.12a-b). Weight change (figure 

42.12d) was not observed under ~140oC (for CAM), ~160oC (for CAM/Tris mixture) and ~180oC 

(for Tris) indicating that there was no reaction resulting elimination of materials (H2O or CO2 due to 

dehydration, condensation or decarboxylation) and every DSC signals under these values should be 

assigned to morphological changes. While afterwards, all the samples suffered significant weight 

loss. Tris alone shows a monotonous loss of weight probably due to a slow dehydration process and 

also CAM undergoes an intensive weight loss in the first 75 minutes of the reaction (see chapter 4.1) 

through dehydration and decarboxylation steps, starting at the temperature of 160 oC, while the 

reaction mixture mainly suffers weight loss in the first 10 minutes after reaching the 180oC reaction 

temperature and forms a thermally more stable material (figure 42.12d), however, a slow 

decomposition can be still detected afterwards. The intense weight loss is due to the condensation 

process of the precursors, forming a polymeric structure, while water (and probably some CO2 from 

the decomposition of CAM) eliminates from the system. The end of the intense weight loss also well 

correlates to the maximum PL-intensity observed at 10-15 minutes reaction time (figure 42.8d). 
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Figure 42.13. a) PL decay curves of the samples reacted for 15, 30, 45 and 60 minutes. b) Quantum 

yields and lifetimes calculated at the different reaction times. The lines are only guide for the eyes. 

 

 

The fluorescence lifetime of the samples after different reaction times and the corresponding 

QY are shown in figure 42.13. The decay profile of photoluminescence was analyzed by a two-

exponential law and the average lifetime is calculated as: 

 

  
 

 

After the first five minutes of reaction, the QY exceeds 80%, and an average lifetime of 11 ns 

is measured. With the proceed of the reaction, both the values decrease. In particular, the QY drops 

from 84 to 38% after 30 minutes of reaction; in agreement with the PL intensity (figure 42.8d). After 

45 minutes, τ* falls below 8 ns. This trend is in good accordance with the efficiency loss, which is 

most likely due to the progressive degradation of the system with the reaction time. 

The reaction time is, therefore, a very critical parameter, which controls the emission 

properties. The FTIR and Raman spectra well agree with the optical data to point out that at the first 

stage a fluorescent polymeric species is formed. The copolymerization reaction of the precursors 

involves the formation of amide and ester bonds as shown in figure 42.14. When the fluorescent 

polymers are thermally degrading due to the pyrolysis, a significant decrease in the emission is 

observed.  
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Figure 42.14. Formation of CPDs by reaction of CA and Tris. The green and blue circles show the 

amide and ester bonds, respectively. Possible intramolecular H-bonds indicated by orange dotted 

lines.  

 

 

Surface modification by APTES 

In parallel with the citric acid based C-dots, where we found that post functionalization with 

APTES greatly influence the PL properties (chapter 4.1), we also examined, but less detailed, the 

CAM/Tris 3/1 based CPDs  under the same reaction conditions (1 mg mL-1 aqueous CPDs were mixed 

with 0.33 mL of APTES and stirred for 24h at ambient temperature). We selected the samples 

obtained from the 15, 30, 45 and 60 minutes reactions due to their sufficient solubility for preparation 

of 1 mg mL-1 aqueous solutions prior to addition of APTES. Examination of the obtained PL emission 

spectra upon excitation at the optimal 340 nm wavelength (figure 42.15) revealed that the emission 

maximum did not shift, in contrast to the citric acid C-dots’ emission (chapter 4.1), while great 

enhancement in intensity were observed (figure 42.15 and 14.16). PL originating from APTES was 

excluded, since it was stirred without any additional CPDs in water (as reference) under the same 

reaction conditions and resulted only negligible fluorescence, peaking at 440 nm upon excitation by 

350 nm light. The observed emission is at least 106 times weaker than the fluorescence coming from 

the analyzed CPDs. 
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Figure 42.15 shows the obtained PL emission spectra of the CAM/Tris 3/1 based CPDs at 

different reaction times and the spectra of their APTES functionalized derivatives. All samples 

measured at 1 mg L-1 (aq). The concentration was calculated only by the weight of CPDs (without 

the APTES). 

 

Figure 42.16. 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity 

(false colour scale)) of CAM/Tris 3/1 CPDs obtained after 45 minutes reaction time (a) and its 

APTES functionalized derivative. The same colour scaling and the concentration of 1 mgL-1 (for 

CPDs) were applied for both samples. 

 

Particularly interesting, that despite of the different emission intensities of the CPDs, their 

modified derivatives all exhibited a similarly powerful luminescence. The emission was so intense 

that it might have caused (near) saturation in the light detection device (while every measurement 

settings were identical to the CPDs’ conditions), and therefore might have caused less differentiated 

results among APTES modified specimens.  

Further studies were conducted by using UV-Vis spectrometry. Even though the most 

interesting sample is the functionalized CPDs from the 60 minutes reaction, for its five fold 
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enhancement factor in PL, we selected the CPDs from the 45 minutes reaction for comparison, due 

to the still sufficient solubility in water (figure 42.17). 

 

Figure 42.17. UV-Vis spectra of CPDs (45 min) and CPDs/APTES mixture compared to the 

spectra of APTES. All samples measured after the same dilution (10x) from their reaction 

mixtures/solution and stirred for 24h prior to measurement. 

 

 The UV-Vis absorption spectra revealed a 10 nm blue shift and an increase in the absorbance 

maximum in the 325-340 nm range, which region is associated to the n-* transition.130 As this 

absorption range is strictly connected to the observed PL emission intensity (figures 42.4 and 42.8) 

in the examined CPDs, we further established that this link also applies to their functionalized 

derivatives, however the connection is not linear anymore: 60% increase of the UV-absorption and 

120% growth in the PL were observed by samples of 45 min CPDs.  

 The collected data of APTES modified CPDs in the present paragraph and in chapter 4.1. let 

us assume, that formation of silica shell around the carbon derived particles plays an important role 

in enhancement of fluorescence and similarly causes blue shift, although at a different degree, in the 

absorbance and the PL emission. The possible effect of the additional amino functional groups cannot 

excluded too and further studies needed to clarify the whole mechanism.  
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4.2.4. Effects of the precursor ratio 
 

CA/Tris 3/1 molar ratio was selected as model system in this chapter based on the optimal 

properties of the synthesized C-dots found in chapter 3. Although the product exhibited intense PL 

emission, additional reactions were conducted under the same reaction conditions (solvent free, 

180oC), but varying the molar ratio of the precursors. Samples were taken at different reaction times 

and the obtained PL and UV-Vis data are reported in the following tables and figures. 

 

a) Precursor: only Tris 

Tris gives only very weak and random PL in the aspect of intensity through the reaction, while 

the weak emission always centers at 415-420 nm (table 42.1), which are 10-15 nm higher than 

CAM/Tris C-dots emission.  Based on their UV spectra (figure 42.18), Tris apparently resists to 

thermal treatment: all the reacted samples show low and identical UV absorption, which can be 

explained with a moderate and reversible dehydration process. Therefore, the reaction samples may 

be considered as “concentrated Tris” which can rehydrate as dissolved in water. The obtained 

products also does not show any color change as an indication of carbonization (figure 42.17). This 

result is partially in accordance with the TGA data (figure 42.12d), which plots a continuous, but 

moderate weight loss during the thermal treatment and can be interpreted as the aforementioned slow 

dehydration, but since weight change observed through the whole reaction, therefore Tris should 

gradually “concentrate” and should give increasing UV absorption. Thus another, yet unidentified 

process(es) should also be involved, which does not generate additional UV absorbance, but gives 

rise of weak (and random) PL. The apparent thermal stability of Tris makes it an inadequate precursor 

for synthesis of C-dots under our reaction conditions. 

 

Table 42.1. Maximum excitation / maximum 

emission wavelengths in nm’s and the obtained 

PL-emission intensities calculated for 1 mgL-1 

concentration of pyrolysed Tris. Measured at 

different reaction times at 100 mgL-1 (aq) 

concentration.  

  

Figure 42.17. Appearance of the samples 

from 15 to 180 min reaction of Tris. 

 



  

 

 

Figure 42.18. UV-Vis spectrum of Tris-based products at different reaction times, plotted from 200 

to 400 nm and 200-240 nm (inner box). Samples measured at 500 mgL-1 (aq) and all reacted 

materials exhibit slightly increased and identical UV spectra, in contrast to the UV absorption of 

Tris. 

 

b) Precursor: CAM / Tris 1/1 

Reacting Tris and CAM in 1/1 ratio under our reaction conditions results at least 575x increase in 

PL intensity compared to the only Tris-based products, and minimum 470x growth compared to 

CAM-based C-dots (table 42.1 and table 41.1) in very short reaction times (10-15 min). It must be 

noted that due to different formation mechanisms and fluorophores, the emission wavelengths differ. 

Although this mixture gives very intense PL response in the same violet range (table 42.2 and figure 

42.20a) as our well examined CAM / Tris 3/1 sample (figure 42.8abc), its water solubility falls below 

100 mgL-1 after  only 10 minutes, and under 1 mgL-1 after 20 minutes of reaction (table 42.2), which 

makes impossible to further analyze by our spectrometers in aqueous solutions. This finding also 

supports this chapter’s main idea of formation of polymeric dots in the reaction of CAM and Tris. 

We observed, that moderately increasing the ratio of CAM in the reaction mixture, while does not 

corrupt significantly the final PL intensity, gradually increases the products water solubility as leaves 

space for unreacted hydrophilic –OH and –COOH groups after the polymerization reaction. The color 

of the product turns dark even in short (10 minutes) reaction time (figure 42.19). 
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Table 42.2. Maximum excitation / maximum 

emission wavelengths in nm’s and the obtained 

PL-emission intensities at 1 mgL-1 (aq) 

concentration and characteristic UV-

absorbance at 333nm of CAM/Tris 1/1 samples 

measured at different reaction times at 100 

mgL-1 (aq) concentration.  

 

 

Figure 42.19. Appearance of the CAM/Tris 

1/1 samples from 5 to 180 min reaction 

time. 

 

 

 

 

 

 

 

 

 
 

Figure 42.20. a) shows the 3D fluorescence spectra (excitation (y-scale), emission (x-scale), 

intensity (false colour scale)) at 10 minutes reaction time (1 mgL-1 aq) and b) the UV-Vis spectra of 

the samples obtained after 5 and 10 minutes of the reaction of CAM / Tris 1/1 (100 mgL-1 aq). The 

other samples were not measured due to their poor solubility. 
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c) Precursor: CAM / Tris 3/1 

This composition is well analyzed and relevant data can be found in the present chapter: figure 

42.4 (UV-Vis) and figure 42.8 (PL). This ratio of precursors allows the formation of products with 

good water solubility of >100 mgL-1 up to 45 minutes and >1 mgL-1 until 90 minutes reaction, while 

the product’s color turns darker only at around 60 minutes (figure 42.21) in contrast to the observed 

10 minutes in the case of CAM / Tris 1/1. 

 

Figure 42.21. Appearance of the CAM / Tris 3/1 derived samples from 5 to 120 min reaction time. 

 

d) Precursor: CAM / Tris 5/1 

 

The obtained products’ UV absorption at 338 nm and PL emission intensity trends (table 42.3 

and figure 42.23ab) at 410 nm are in good correlation, while PL intensity remains as high as in the 

case of CAM / Tris 3/1. The water solubility is >100 mgL-1 up to 60 minutes and >1 mgL-1 until at 

least 180 minutes reaction time (table 42.3). Color change of the crude product can be observed on 

figure 42.22. 

 
Table 42.3. Maximum excitation / maximum 

emission wavelengths in nm’s and the obtained 

PL-emission intensities at 1 mgL-1 (aq) 

concentration and characteristic UV-

absorbance at 338 nm of CAM/Tris 5/1 

samples measured at different reaction times at 

100 mgL-1 (aq) concentration.  

Figure 42.22. Appearance of the CAM/Tris 

5/1 samples from 5 to 180 min reaction time. 
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Figure 42.23. a) 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false 

colour scale)) at 10 minutes reaction time (1 mgL-1 aq) and b) the UV-Vis spectra of the samples 

obtained after 5 to 60 minutes of the reaction of CAM / Tris 5/1 (100 mgL-1) 

 

 

e) Precursor: CAM / Tris 10/1 

Our most CAM-rich mixture (figure 42.24) exhibits excellent water solubility through the 

reaction, in accordance with our previous findings of increasing solvability of such materials as initial 

CAM ratio increases (table 42.4).  The observed PL emission intensity falls by 35% compared to the 

best result from CAM/Tris 3/1 samples as the number of intra- and intermolecular interactions and 

the number of formed fluorophores decreases, while the intensity peak remains at 410 nm and in the 

range of 10-20 minutes reaction time (figure 42.25). 

 
 

Table 42.4. Maximum excitation / maximum 

emission wavelengths in nm’s and the obtained 

PL-emission intensities at 1 mgL-1 (aq) 

concentration and characteristic UV-absorbance 

at 337nm of CAM/Tris 10/1 samples measured at 

different reaction times at 100 mgL-1 (aq) 

concentration. 

Figure 42.24. Appearance of the CAM/Tris 

10/1 samples from 5 to 180 min reaction time. 
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Figure 42.25.  a) 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false 

colour scale)) at 10 minutes reaction time (1 mgL-1 aq) and b) the UV-Vis spectra of the samples 

obtained after 5 to 120 minutes of the reaction of CAM / Tris 10/1 (100 mgL-1aq) 

 

 

 

f) Precursor: only CAM  

This precursor is also well analyzed and relevant data can be found in chapter 4.1: figure 41.12 

(UV-Vis) and figure 41.13 (PL). The products exhibit a good water solubility up to 120 minutes of 

reaction, while continuously growing but weak PL is observed, revealing a very different mechanism 

of fluorophore centers in the absence of Tris. 

 

 

After comparing the standardized PL emission intensities of the various CAM/Tris based samples 

at 410 nm, we can observe that varying the initial molar ratio of the precursors by increasing amount 

of the CAM, we can influence the emission properties, especially the intensity through the reaction.  

CAM/Tris 1/1 - 3/1 - 5/1 samples exhibit similar highly intense PL, but as more CAM is present, the 

decomposition rate of the fluorophores decreases, therefore a thermally more stable material forms, 

which can be advantageous in numerous applications. The CAM/Tris 10/1 reaction mixture gives the 

thermally most stable, but less fluorescent products, as its maximum PL intensity is only 2/3 of the 

other mixtures’ while remains almost constant up to 120 minutes reaction time (figure 42.26). 
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Figure 42.26. Comparison of PL intensities through the reaction of CAM and Tris at different 

reaction times and ratios: 1/1 (black square), 3/1 (red circle), 5/1 (blue triangle) and 10/1 (green 

triangle). Samples measured at 1 mgL-1 (aq) concentration. 

 

 

4.2.5. Conclusions 
 

Thermal reaction of citric acid and 2-amino-2-(hydroxymethyl)propane-1,3-diol, as reported 

earlier, produces highly fluorescent materials, but the formation mechanism was not thoroughly 

investigated. Under our pyrolysis synthetic approach, the obtained particles have been identified as 

spherical and monodispersed CPDs with an average dimension of 10 nm. The reaction time at 180°C 

was found to be a crucial parameter, as we monitored the reaction progress up to 1h. Highly 

fluorescent CPDs, with a QY as high as 80%, have been obtained using a very short reaction times. 

The formation of polymeric species with amide and ester bonds is correlated with the fluorescence 

response. These compounds are sensitive to the synthesis conditions and at longer reaction times, 

when they are degraded, a decrease in their emission intensity is observed. Experimental data well 

agree that the formation of fluorescent polymeric species are responsible of the C-dots 

photoluminescence, which can be further enhanced by surface functionalization with APTES. The 

effect of precursors’ ratio was also investigated and revealed that thermally more stable and water 

soluble products can be obtained by increasing the CAM/Tris ratio in the reaction. These findings can 

help to optimize the obtained C-dots properties for future applications, while functionalization with 

APTES gives a way to obtain even more fluorescent species with a view to embed them in silica 

matrices. 
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4.3. Citric acid – urea based carbon dots 

 

 

 

Parts of this chapter were published in, or related to the following articles: 119,138 

 

Carbonaro C.M, Thakkar SV, Ludmerczki R, Olla C, Pinna A, Loche D, Malfatti L, Marincola 

F.C, Casula MF, How porosity affects the emission of fluorescent carbon dot-silica porous 

composites, Microporous and Mesoporous Materials, 2020, 305, 110302 

DOI: 10.1016/j.micromeso.2020.110302 

 

Mura S, Ludmerczki R, Stagi L, Garroni S, Carbonaro C.M, Ricci P.C, Casula M.F, Malfatti L, 

Innocenzi P, Integrating sol-gel and carbon dots chemistry for the fabrication of fluorescent hybrid 

organic-inorganic films, Scientific Reports, 2020, 10, 4770  

DOI: 10.1038/s41598-020-61517-x 

 

 

 

 

4.3.1. Introduction 
 

 

 

 To further study the family of citric acid based C-dots and to cover another part of the visible 

range with our synthesized C-dots (chapters 4.1 – 4.2 – 5.1), we adapted a reported method139 of 

reacting citric acid and urea (figure 43.1) in our solvent free reaction approach and equipment. As 

citric acid usually give highly fluorescent C-dots with nitrogen-containing precursors17,125 (chapter 

4.2), typically in the blue range, it was highly unexpected, that the obtained C-dots from the citric 

acid-urea140 (CU) reaction, reportedly exhibited a unique excitation dependent dual PL emission at 

450 nm (blue) and 520 nm (green). The variation of precursor ratios also revealed, that using more 

urea results more dominant green PL, on the cost of decreasing partition of the blue. It was theorized, 

that the well-known citrazinic acid, a blue light emitting fluorophore, forms during the reaction of 

citric acid and urea, and it was responsible for the emission at 450 nm. Furthermore, it was later 

found, that the green emission cannot be observed if the reaction is performed in water.91  

 



80 

 

 

Figure 43.1. Structure and properties of citric acid monohydrate and urea 

 

 Further tests revealed that citrazinic acid alone or in combination with ammonia did not result 

green emission, but on the contrary a bright green PL was observed if citrazinic acid reacted under 

solvent free conditions with urea.139 The researchers could not give a fully satisfying explanation for 

the source of the green PL, therefore we set up a series of experiments to further investigate the C-

dots formation and the source(s) of the green emission. 

 During our investigations, a Polish research group gave an elegant explanation for the 

phenomena, and reported the missing fluorophore: 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-

1,3,6(2H,5H)-trione (HPPT, figure 43.2)91. A reaction pathway was also proposed for the formation 

of HPPT: citrazinic acid reacts with the ammonia and isocyanic acid (H-N=C=O) released during the 

thermal decomposition of urea.91,141 Our findings also support this explanation. 

 These C-dots, as all of our synthesized particles were subjected to surface functionalization 

with an organosilane (APTES) to integrate them into sol-gel systems.119 The synthesized C-dots were 

also embedded in xero-, cryo- and aerogels.138 (These applications are not part of this thesis.) 

 

 
Figure 43.2. Structures of trans-aconitic acid and anhydride, citrazinic acid and HPPT. 
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 The core structure of citrazinic acid and HPPT are very similar to the trans-aconitic acid and 

its anhydride (figure 43.2), which are molecular fluorophores in the citric acid based C-dots (chapter 

4.1), therefore we suspect that the key intermediate in the formation of both the CA C-dots and the 

CU C-dots are these components, however, it is still subject of future experiments. 

 

 

 

4.3.2. Experimental 
 

 

Chemicals and reagents 

Citric acid monohydrate (CAM)     Fluka, >99.5%  

Urea         Aldrich, 98% 

Citrazinic acid        Aldrich, 97% 

3-(aminopropyl)triethoxysilane (APTES)    Aldrich, 99%  

FTIR grade potassium bromide     Aldrich >99% 

All chemicals were utilized without further purification.  

In-site produced Milli-Q water was used for the analysis. 

 

 

Synthesis 

350 mg (1.67 mmol) of citric acid monohydrate (CAM) and 50 mg (for CU 2/1) or 100 mg 

(for CU 1/1) or 200 mg (for CU 1/2)  or 300 mg (for CU 1/3) or 800 mg (for CU 1/8) urea were placed 

in a 50 ml round bottomed flask in their crystalline form and immersed into a preheated 180°C oil 

bath (100 rpm stirring rate was applied with a Teflon coated stirring bar). Reaction times were 

measured from the moment of complete melting of the precursor crystalline material. During the 

course of the reaction, the transparent liquid bubbled, and turned brown typically in less than 10 

minutes. Samples were taken at 15-30-45-60 minutes reaction times (figure 43.3.) 

 

Figure 43.3. Appearance of citric acid – urea based C-dots at different reaction times 
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Functionalization of C-dots with APTES 

The CU-based C-dots (from 15-60 min reaction) were functionalized by addition of 0.33 mL 

APTES to 10 mL aqueous solutions with a concentration of 1 mg mL-1 of the C-dots and stirred at 

room temperature for 24 h at 500 rpm.107 

 

 

 

4.3.3. Results and discussion 
 

 

 The obtained dark brown solids have excellent water solubility, usually colors the water to 

yellow and exhibit strong fluorescence in just 1 mg L-1 concentrations. The collected 3D-spectra 

confirm the samples dual emission. Upon increasing the urea content, while keeping the reaction 

times constant (rows on figure 43.4), the rise of the green emission band can be observed at 520 nm. 

Analyzing data from the same reaction (columns on figure 43.4), but at different reaction times, also 

confirms that green emission follows the formation of the blue emitting centers. Optimized 

composition for strong blue emission at 450 nm upon excitation at 360 nm is at CU 1/2 ratio, while 

strongest green PL was observed in the CU 1/3 samples, but always in pairs with an equally strong 

blue signal. The two signals are excitation independent and no shifts in emission wavelengths were 

observed by varying the reaction parameters. The characteristics excitation and emission bands are 

most recognizable in the CU 1/3 sample and highlighted by white dashed lines on figure 43.4. 
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Figure 43.4. 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false color 

scale)) of crude C-dots synthesized from citric acid and urea. Starting compositions indicated on top 

of the column and reaction times at the left side of the rows. All samples measured at 1 mg L-1 

concentration and the same color scaling is applied for all the 3D maps. Characteristic excitation 

and emission wavelengths are indicated with white dashed lines. 

 

 

 

 Analysis of the emission intensity data of the samples obtained by varying the precursor ratio 

and plotted as a function time at the two emission peaks at 450 nm and 520 nm (upon excitation at 

360 nm and 420 nm) reveals that the blue band’s intensity usually peaks at 30-45 min, while the 520 

nm band usually shows a constant emission intensity at longer reaction times, or even exhibit a 

continuous growth as the urea content increases (figure 43.5). The most fluorescent samples are the 

CU 1/2 for blue, and the CU 1/3 for green emission. 
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Figure 43.5. PL emission intensity change at 450 nm (a) and at 520 nm (b) upon 360 nm and 420 

nm excitation, respectively, through the reaction course while different precursor ratios were used. 

All samples measured at 1 mg L-1 (aq) concentration. 

 

 

 The ratio of the two emission bands from the CU 2/1, 1/3 and 1/8 samples can be found in 

figure 43.6. The CU 2/1 emit almost exquisitely in the blue, while the CU 1/8 sample gives the 

“cleanest” green emission, especially at 60 minutes reaction time, and the CU 1/3 gives equal 

emissions in the blue range during the whole reaction, which makes this sample particularly 

interesting. 

 

 
 

Figure 43.6. PL emission intensity changes at 450 nm (black) and 520 nm (red) upon 360 nm and 

420 nm excitation, respectively, of the samples of CU 2/1 (a), CU 1/3 (b) and CU 1/8 (c) at different 

reaction times. The same scaling applies. All samples measured at 1 mg L-1 concentration. 
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Figure 43.7. UV-Vis spectra obtained from aqueous samples of crude products at different reaction 

times from the reactions of different citric acid / urea ratios. The diagram “mix” shows a blue- and a 

green- PL emission dominant C-dots’ spectra with a sample exhibiting dual emission. Dashed line 

shows the spectrum of the pure blue fluorophore: citrazinic acid. All samples were measured at 50 

mg L-1 concentration. 

 

 

UV-Vis spectra of the samples from different reaction times and precursor ratios are plotted 

in figure 43.7. CU 2/1 and 1/1 samples give absorbance bands around 230 and 340 nm assigned to 

* and n-* transitions (of citrazinic acid), while increasing initial urea content results a more 

complex spectrum as an emerge of another peaks at 250 and 265 nm (for *) and at 405 nm (for 

n-* of the pyridone ring of the HPPT) observed.91 Displaying the UV-Vis absorbance spectra of 

blue- and green emission dominated C-dots together with the spectrum of C-dots with strong mixed 

emission (CU 1/3) clearly shows (figure 43.7Mix) that it is the sum of the two spectra. Additionally 

the spectrum of citrazinic acid was also plotted to highlight the similarity of its absorption band 

positions with the blue emitting C-dots’ spectrum. 
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Figure 43.8. (a) FTIR spectra of the obtained CU 1/2 C-dots (black line) and its detailed 

comparison (b, c) with the reaction precursors (citric acid monohydrate-blue line, urea-red line) in 

the regions associated to O-H, N-H  and C=O signals. 

 

 

 

The carbon dots were highly hydrophilic due to the abundance of COOH and NH2 surface 

functional groups as detected by FTIR spectroscopy (figure 43.8). Further analysis of the C-dots 

samples (figure 43.8bc) indicates the absence of the characteristic signals of citric acid monohydrate 

and urea in the highlighted regions, confirming a reaction of the chemical species. The dominant 

signals of precursors in the region of 3500-2500 cm-1 are mainly due to the O-H stretching of the 

carboxyl groups of citric acid, peaking89 at 3360 cm-1 and the N-H stretching of urea (two peaks and 

a shoulder142 between 3600-3200 cm-1. The three C=O signals of citric acid monohydrate peak88 

between 1800-1600 cm-1 and the C=O (1677 cm-1) and N-H (1625 cm-1) signals of urea143 dominate 

the region of 1800-1500 cm-1. Thermal decomposition of urea alone144 revealed that the formation of 

ammonia and isocyanic acid at the early stages of decomposition, firstly leading to biuret, cyanuric 

acid and ammelide formation at our reaction temperature and their characteristic infrared signals at 

1324 (biuret), 1058 (cyanuric acid) and 977 cm-1 (ammelide) were also described. In our sample, the 

signal of biuret was missing (probably due to the long reaction time), but a bit shifted signals of the 

other two species were identified at 1053 and 988 cm-1. The pyrolysis of citric acid (carbon dots 

formation) was followed by FTIR method88 and the emerge of the signals of pyrocitric acids were 

monitored. However, in our case the signals of the expected first derivatives (aconitic acid and 

itaconic acid) were not obviously present, which is possible after considering the obvious possibility 

of reaction between the two precursors (citric acid and urea) and/or their pyrolysed byproducts 

(ammonia, isocyanic acid etc). Since urea applied in excess, it is more probable to find some products 

of urea pyrolysis than the ones from citric acid pyrolysis. The synthesis of carbon dots from citric 

acid and urea91 already confirmed a source of fluorescence as citrazinic acid (and its amide).  
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Figure 43.9. Calorimetric analysis of samples at the reaction temperature (180°C, black line): (a) 

citric acid monohydrate; (b) Urea;  (d) citric acid/urea (n/n) 1/1, (e) citric acid/urea (n/n) 1/3, (f) 

citric acid/urea (n/n) 1/8. c) Relative weight change under synthesis conditions (TGA): citric acid 

(blue), urea (red) and citric acid/urea reactions (magenta turquoise, green, yellow). 

 

The DSC results of the reference samples: citric acid monohydrate, urea, and the combination 

of CAM and urea and their relative weight changes at 180oC (our reaction temperature) have been 

analyzed (figure 43.9). The endothermic events of melting of CAM (m.p. 135oC, Fluka) and urea 

(m.p. 133-135oC, Aldrich) appeared on the DSC curves (figure 43.9ab). The peaks observed after 

the melting points of reactants show an increasing complexity as the partition of urea grows, serving 

as an indicator of the additional reaction step of the formation of citrazinic acid and HPPT (figure 

43.9def).  Weight change (figure 43.9c) was not observed under ~160oC (for CAM and urea) and 

~135oC (for CU mixtures) suggesting that there was no reaction resulting elimination of materials 

(H2O, NH3, HNCO or CO2 due to decomposition, dehydration, condensation or decarboxylation), 

while weight loss appeared simultaneously with the melting of the components, therefore, DSC 

signals under those values should be assigned to morphological changes. Urea alone shows a 60% 

weight loss in 30 minutes due to decomposition and also CAM undergoes an intensive weight loss in 

the first 75 minutes of the reaction (see chapter 4.1) through dehydration and decarboxylation steps, 

starting at the temperature of 160oC, while the reaction mixture suffers a 55-65% weight loss mainly 

in the first 10 minutes after reaching the 180oC reaction temperature and forms a thermally more 

stable material (figure 43.9c) than CAM, however, a slow decomposition can be still detected 

afterwards.  
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Functionalization of C-dots with APTES 

We have used, similarly to the previous chapters the 3-(aminopropyl)triethoxysilane (APTES) 

as a surface-modification agent to inspect the role of the surface groups on C-dots emission (figures 

43.10-13) on four selected samples, exhibiting different optical properties. The functionalization with 

APTES greatly influence the emission spectra of the C-dots. While the blue emission remains 

unshifted, and its intensity decrease by 10-50% upon addition of APTES (figures 43.10-12), in 

contrast, the green emission switches off. The CU 1/8 sample, as emitting dominantly in the green 

region, shows a different response to APTES. Even though the green emission decreased, an intense 

blue emission formed instead. The changes of the PL emission also reflected on the UV-Vis spectra 

(figures 43.10-13) by decreased absorbance in the 400-420 nm range (responsible for green PL) and 

decrease in the range of 330-350 nm (responsible for blue PL), with the exception of the CU 1/8 

sample which exhibited a great enhancement in light absorption at 330 nm (figure 43.13c) correlating 

to the change in the PL. The UV-Vis spectra of the blank solutions were also plotted, and obtained 

by mixing APTES in water at the same concentration and for the same reaction time as for the C-

dots-APTES mixtures and measuring it after the same dilution. 

 

 

 
Figure 43.10. shows the 3D PL map (excitation/y-axis and emission/x-axis, false color scale) of the 

CU 2/1 (15min) C-dots dissolved in water (a) and after functionalization with APTES (b). 

Concentration of the C-dots are 1 mg L-1. UV-Vis spectra (c) of the CU 2/1 (15 min) C-dots, the C-

dots/APTES mixture and APTES aged in water (blank). Measured at 50 mg L-1. 

 

 

 



89 

 

 
Figure 43.11. shows the 3D PL map (excitation/y-axis and emission/x-axis, false color scale) of the 

CU 1/1 (30min) C-dots dissolved in water (a) and after functionalization with APTES (b). 

Concentration of the C-dots are 1 mg L-1. UV-Vis spectra (c) of the CU 1/1 (30 min) C-dots, the C-

dots/APTES mixture and APTES aged in water (blank). Measured at 50 mg L-1. 

 

 

 
Figure 43.12. shows the 3D PL map (excitation/y-axis and emission/x-axis, false color scale) of the 

CU 1/2 (45min) C-dots dissolved in water (a) and after functionalization with APTES (b). 

Characteristic absorption bands are highlighted by white dashed lines. Concentration of the C-dots 

are 1 mg L-1. UV-Vis spectra (c) of the CU 1/4 (45 min) C-dots, the C-dots/APTES mixture and 

APTES aged in water (blank). Measured at 50 mg L-1. 

 

 

 
Figure 43.13. shows the 3D PL map (excitation/y-axis and emission/x-axis, false color scale) of the 

CU 1/8 (60min) C-dots dissolved in water (a) and after functionalization with APTES (b). 

Characteristic absorption bands are highlighted by white dashed lines. Concentration of the C-dots 

are 1 mg L-1. UV-Vis spectra (c) of the CU 1/8 (60 min) C-dots, the C-dots/APTES mixture and 

APTES aged in water (blank). Measured at 50 mg L-1. 
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4.3.4. Conclusions 
 

 

 

Thermal reaction of citric acid and urea, as reported in the literature, under defined 

circumstances, produces fluorescent materials with dual PL emission at 450 nm and 520 nm. The 

reaction time and the precursor ratio are crucial parameters. Highly fluorescent C-dots have been 

obtained using short reaction times (15-60 min) by our pyrolysis method and fine tuning of the 

obtained optical properties were achieved. The formation of citrazinic acid and HPPT as molecular 

fluorophores responsible for the blue and green PL have been followed by PL spectroscopy and the 

data correlated to the UV-Vis and FTIR spectra and DSC/TGA data. Reaction parameters for the 

maximized emissions for both bands has been optimized and the water soluble, highly fluorescent 

crude C-dots have been surface functionalized by APTES, resulting characteristic changes in the 

optical properties. The addition of APTES switches off the green emission, while most of the cases, 

a simultaneous decrease in the blue emission occurs. These effect prove the interaction of the C-dots 

and APTES, however the findings partially in contrast to our previous results: in chapter 4.1 and 4.2, 

APTES functionalization yielded a silica protective layer on the C-dots, resulting an increased 

fluorescence in the blue or violet range (CA-Tris C-dots) or a decreased emission at higher 

wavelengths (CA C-dots). These CU C-dots, even though respond similarly to APTES, by decreasing 

PL intensity at higher wavelengths, the blue emission usually also decreases.  We assume, that the 

explanation, just as the origin of fluorescence, is on the molecular level and addition of APTES might 

cleave the imide bond of HPPT and form a more citrazinic acid like molecule, exhibiting a weaker, 

but similarly blue emission. However to prove this theory, extended study on the topic is required. 
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4.4. Carbon dots for light-sensitized titania 

 

 

4.4.1. Introduction 
 

 

Titania (TiO2) is a common photocatalyst, used for applications from food coloring to sun 

creams and often used for purification of air and water, deodorization, sterilization etc.145-147 Titania 

is synthesized by several approaches like hydrothermal,148 sol-gel,149,150 sonochemical151 and wet-

chemical methods152 and those products can be used for the removal153,154 of industrial wastes (e.g. 

dye waste) from the environment. Numerous dyes are in everyday use, for example Rhodamine B 

(figure 44.1) as a fluorescent dye applied as a tracer in water to determine the flow rate and flow 

directions to trace other pollutants (like herbicides) transport in natural waters,155 moreover it is used 

in biology as a staining fluorescent dye. 

 

 
Figure 44.1 Structures of titanium tetraisopropoxide and Rhodamine B 

 

TiO2 is a paramount photocatalyst, which was explored by Fujusima et al. in 1972.156 It 

appears as a white solid and belongs to the family of transition metal oxides. It mainly occurs in three 

polymorphs which are rutile, anatase and brookite. Rutile has a tetragonal structure and it is stable at 

most temperatures and pressures, but shows only low activity as a photocatalyst. Anatase TiO2 also 

has a tetragonal structure and good stability. Among the three polymorphs, anatase TiO2 is preferred 

for photocatalytic studies due to its high electron mobility, low dielectric constant and lower density, 

while brookite is rarely used for experimental purpose. TiO2 has large band gaps with 3.02 eV for 

rutile, 3.2 eV for anatase and 2.96 eV for brookite.157 

In TiO2 when exposed to near UV light, the electrons in valence band move to conduction 

band, creating holes,158 which contribute in the formation of radicals, the reactive species to degrade 

organic pollutants. The photocatalytic activity of TiO2 largely determined by the crystalline phase, 

https://en.wikipedia.org/wiki/Staining_(biology)
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size and specific surface area.159 To further enhance the photocatalytic activity of TiO2, various 

methods, like dye sensitization, doping, coupling and capping of TiO2 have been explored.157,158,160  

A recent study161 reported a simple method to prepare an efficient photocatalyst against 

methylene blue, by a simple precipitating method, using titanium tetraisopropoxide (TTIP, figure 

44.1) as precursor in a low temperature (120oC) calcination process. This synthesis method is 

apparently optimal for embedding heat sensitive C-dots into the precipitating TiO2 for forming 

organic-inorganic hybrid particles and test if some sensitization80,162 towards natural sunlight occurs, 

resulting an enhanced photocatalytic activity against Rh B, which used as a model molecular pollutant 

in our study.163 

Therefore we used citric acid, tris(hydroxymethyl)aminomethane (Tris) and urea based C-dots 

and their more stable and often more fluorescent (3-aminopropyl)-triethoxysilane (APTES) 

functionalized derivatives in ethanol (adapted from chapters 4.1-4.2-5.1). Embedding these stabilized 

and protected C-dots (0.3% loading) into a low temperature titania matrix was expected to increase 

its overall photocatalytic efficiency against Rh B under direct sunlight. 

 

 

 

 

4.4.2. Experimental 
 

 

Chemicals and reagents 

citric acid/Tris 3/1 (10 min) C-dots (CT)    from chapter 4.2. 

citric acid/urea 1/2 (45 min) C-dots (CU12)    from chapter 4.3. 

citric acid/urea 1/8 (60 min) C-dots (CU18)    from chapter 4.3. 

titanium tetraisopropoxide (TTIP)     Aldrich, 97% 

3-(aminopropyl)triethoxysilane (APTES)    Aldrich, 99%  

Rhodamine B (RhB)       Aldrich, >95% 

P25 (TiO2, nanopowder, <21nm) – commercial photocatalyst Aldrich, >99.5% 

ethanol (EtOH)       Carlo Erba, 99.9% 

In-site produced Milli-Q water was used for the analysis. 

All chemicals were utilized without further purification.  
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Synthesis 

 C-dots were prepared by reproduction of synthesis methods described in chapters 4.2 and 4.3. 

Three fluorescent C-dots were prepared (figure 44.2):  

1. CT: citric acid/Tris 3/1 (10 min reaction, 180oC) C-dots 

PL (CT): max excitation/max emission: 340/410 nm 

2. CU12: citric acid/urea 1/2 (45 min reaction, 180oC) C-dots 

PL (CU12): max excitation/max emission: 360/445 nm 

3. CU18: citric acid/urea 1/8 (60 min reaction, 180oC) C-dots, max excitation/max emission: 

 PL (CU18): max excitation/max emission: 420/520 nm 

 

 
Figure 44.2. Representation of the C-dots syntheses. 

  

The procedure of APTES functionalization of the C-dots adapted from chapters 4.2 and 4.3, but EtOH 

was used as a solvent in the mixture to satisfy the present method’s requirements (dry conditions for 

mixing with TTIP). Briefly, the solution of 10 mg C-dots / 10 mL EtOH was stirred with 0.33 mL 

APTES at room temperature for 24h prior to use. 

 

The titania reference sample was prepared161 by mixing 2.50 mL TTIP in 7.50 mL EtOH and 

dropwise adding 7.50 mL of water to form a white precipitate, which was aged for 24h, filtered 

through a Whatman grade 6 filter paper (pore size 3 m) and washed with 2x10 mL water and 2x10 

mL EtOH. The white solid dried at 60oC for 1h and at 130oC for 24h. 

 

The C-dots or C-dots/APTES loaded titania was prepared by following the steps of preparation 

of titania reference, but the 2.50 mL TTIP was mixed with 7.50 mL of the prepared ethanolic C-dots 

or C-dots/APTES mixtures. 
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Figure 44.3. Preparation of C-dots or C-dots/APTES loaded titania, their appearance as solids, and 

under sunlight during the decomposition of Rh B. 

 

 

Photocatalysis tests 

 5 mg of the dry titania precursor (P25, the reference precipitated titania and the six co-

precipitated samples) were mixed with 5.0 mL of 10 M Rh B (aq) and the eight mixtures were stored 

in the dark for 30 minutes, meanwhile the aliquot lost 35-44% of the measured PL intensity due to 

adsorption on the surface of the photocatalysts. These values were used as a reference for 

decomposition rates during the experiment, while irradiated by sunlight for 2h (figure 44.3). As 

another reference, 10 M RhB (aq) was also stored in the dark for 30 minutes, without any loss of its 

PL. All the samples for photoluminescence were prepared by taking 0.10 mL of the mixed suspension 

and diluted to 3.00 mL by water.  

 

 

4.4.3. Results and discussion 
 

 

 The samples irradiated by sunlight exhibited different oxidizing power against Rh B (figure 

44.4). P25 gave the best result as decomposed 90% of the dye in 30 minutes. Surprisingly, the 

reference pure titania showed the second strongest photocatalytic effect, by decomposing 80% of the 

dye in 2h. While the C-dots “sensitized” catalysts performed differently, and all showed a weaker 

photocatalytic power than pure titania samples under the same conditions. Especially the APTES 

coated C-dots based hybrid titania performed very weakly, as they neutralized less Rh B than the 

reference Rh B natural decomposition under sunlight, practically acting as a protective/deactivating 

additive in the system. 
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One C-dots sample, the CU 1/8, which exhibits light absorbance and PL emission in the visible 

range, at some degree, outperformed the other “sensitizers”, but still could not reach the efficiency of 

pure titania. 

 
Figure 44.4. Decomposition rates of Rh B under sunlight, by applying different titania based 

photocatalysts. 

 

 

4.4.4. Conclusions 
 

 

Carbon dots with strong fluorescence at different wavelengths were embedded into 

precipitating titania to test their photosensitizing effect. Only low temperature (130oC) thermal 

treatment was applied to preserve the C-dots optical properties. These titania-carbon dots (and 

APTES) hybrid materials were tested by decomposing Rhodamine B under direct sunlight and 

showed lower activity than references (blank and P25), but the C-dots with highest 

excitation/emission wavelengths (TTIP+CU18) performed better than the others. One possible 

explanation of the low performance of the APTES-modified samples is a deactivating effect of the 

silica layer, as it separates the C-dots from the titania catalyst. On the other hand, the bare C-dots can 

be also considered as organic molecules (especially the ones from very short reactions) adsorbed on 

the surface of titania particles, which, even if plays a positive role in photosensitization, eventually 

autocatalyzes their own degradation, providing additional material competing with RhB in the 

decomposition process, The CU18 sample is different by two aspects: on one hand, it is the most 

carbonized sample (from the longest reaction), therefore it is probably the less molecule-like product, 

giving less of a target for photodegradation, while on the other hand, it absorbs light at the highest 

wavelengths, giving a way for a different, more efficient interaction with the titania photocatalyst. 

Further study is still needed to optimize C-dots and APTES loading for tuning their optical properties.  
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5. Syntheses and applications of p-phenylenediamine 

based carbon dots 

 

 

5.1. Syntheses and stability 

 
 

5.1.1. Introduction 
 

 

The PL emission wavelengths for most reported C-dots are concentrated in the blue-light 

region, which limits their applications.3 Important milestones in green164, yellow165, orange166 and 

red167 light emissions have been achieved, when the reported C-dots’ quantum yields (QY) have 

surpassed 50%; however, longer wavelength emission still remained less effective.168 

 Some studies were dedicated to understanding the mechanism of red emission in C-dots, but 

it often occurs in combination with a dominant blue-emission, exhibiting excitation-dependent 

emission properties, thus high wavelength emission can be observed only when the excitation is in 

the longer, green, yellow or red region too, where the emission mechanism is usually attributed to the 

surface states transition.169-171 However, truly labeled red-emission C-dots, which show a dominant 

emission around or over 600 nm, have also been reported172-180 and can be divided into two main 

categories: one relates to C-dots prepared via phosphorous acid treatment, while the other associates 

the red-emission of C-dots to the used precursor: p-phenylenediamine (pPD, figure 51.1).  

 

Figure 51.1. Structure and properties of p-phenylenediamine 
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Treatment with phosphoric acid can be considered as a general strategy for preparation of 

longer-wavelength emitting C-dots.172,181 Several bioprecursors have been also reported for red-

emission C-dots through phosphorus acid treatment182 and this method also makes possible the 

formation of C-dots with emissions covering the entire visible spectrum.174 The mechanism is 

attributed to the dehydrogenation reactions occurring during carbonization, resulting the formation 

of the oxygen rich surface states. These C-dots always show excitation-dependent PL properties and 

their quantum yields (QYs) are typically less than 10%. Red-emitting C-dots based on pPD through 

solvothermal reactions were already reported in 2015, with a good QY of 25%.183 Another C-dots 

covering the entire visible range by using only pPD and urea as precursors through a hydrothermal 

method has been reported,184 while synthesis of C-dots from pPD by a microwave-assisted method185 

and solvent-tuned C-dots based on pPD through a hot injection synthesis method with QY of 34%186 

were also published.  

C-dots based on pPD was thoroughly studied based on a series of solvothermal synthesis 

methods, by applying five differently polar solvents: water, ethanol, dimethylformamide, 

cyclohexane and toluene 86 and provided interesting PL emission at around 600 nm, correlating the 

PL maxima with the polarity of the solvent. 

Since these C-dots dominantly (or even exclusively) bear amino functional groups on the 

surface, we selected this method to reproduce the synthesis of the toluene-based, then the EtOH-based 

C-dots86 to further study the role of these surface functional groups in the red emission range. 

Application of various solvents (EtOH, water, diluted mineral acid) revealed different PL-response187 

and hydrodynamic stability of the particles, which gives an insight of the chemistry of the surface 

groups and related emitting transitions, while an organosilane agent acting as a surface passivator 

also greatly influenced the PL properties. These findings might serve well for optimization of 

synthesis conditions for applications such as embedding C-dots in sol-gel systems,104 or PL 

responsive measurements of pollutants in aqueous samples. 
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5.1.2. Experimental 
 

 

Chemicals and Reagents 

p-phenylenediamine (pPD)   Aldrich, 98% 

3-(triethoxysilyl)propyl isocyanate  Aldrich, 95%  

sulfuric acid     Carlo Erba, 96% 

ethanol (EtOH)    Carlo Erba, 99.9% 

toluene     Aldrich, >99.9% 

FTIR grade potassium bromide  Aldrich, >99% 

All chemicals were utilized without further purification.  

In-site produced Milli-Q water was used for the analysis. 

Precursors did not show observable fluorescence under our measurement conditions.  

 

Synthesis of C-dots 

108 mg (1 mmol) p-phenylenediamine (pPD) was placed in an autoclave equipped with a 50 

mL Teflon inlet and mixed for 5 minutes in 10 mL of toluene or ethanol (EtOH). The sealed reactor 

was placed into a preheated 140oC oven and gradually heated to 200oC in 1h and kept at that 

temperature for further 5h, afterwards the mixture was allowed to cool down to ambient temperature 

during the night.86 The reaction in EtOH resulted a red solution, while the one in toluene yielded a 

red sticky solid with toluene as supernatant, which latter mixture was usually dissolved by addition 

of 10-100x volume of EtOH and sonication. 

 

Functionalization of C-dots with 3-(triethoxysilyl)propyl isocyanate 

The C-dots synthesized in toluene was sonicated in its supernatant for 20 min and then 0.50 

mL of the suspension was diluted to 5.00 mL by EtOH and then stirred in a sealed vial. After 1h, 3-

(triethoxysilyl)propyl isocyanate (0.10 mL) was added to the mixture188 and samples were taken at 

different reaction times and further diluted by 10x in EtOH prior to optical measurements (altogether 

100x dilution of the original C-dots sample). The expected reaction occurs between the amino and 

isocyanate functional groups at room temperature in a matter of hours/days to yield a substituted urea 

as formula 51.1 describes. The used solvent (EtOH) could also act as a reactive agent to form an 

urethane with the alkyl isocyanate, but isocyanates are more reactive towards the amine functional 

groups. 
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Formula 51.1 Reaction of a primary amine with an alkyl isocyanate yielding a disubstituted urea. 

 

 

 

5.1.3. Results and discussion 
 

  

Two pPD-based solvothermal experiments were reproduced, one in toluene and one in EtOH. 

The two crude products, without any further purification, give very similar PL properties to the 

reported data.86 The C-dots made in toluene and diluted 100x in EtOH (since it has low solubility in 

toluene) exhibit emission only in the red at 605 nm, while the one synthesized in EtOH has two 

emission bands, one in the violet (400 nm) and one in the red, at 605 nm (figure 51.4). The blue 

emission is due to the increased oxygen content (from EtOH) and related to the defect states of the 

C-dots N-rich graphitic structure, while this effect is absent in the toluene based C-dots, where 

additional oxygen is not present in the reaction system. The red PL emission is associated to the 

nitrogen-containing organic fluorophores present in both systems (figure 51.2).  

 

Figure 51.2. Illustration of the formation process of C-dots based on polymerization of pPD. (a) 

polymerization of pPD, (b) formation of nitrogen containing fluorophores and (c) possible structure 

of C-dots. Reproduced from reference86 with permission from The Royal Society of Chemistry. 
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The UV-Vis data also revealed three characteristic absorbance bands (figure 51.3a): a 

shoulder around 220 nm (-* transition of the aromatic sp2 domains, such as C=C and C=N), 270-

350 nm (n-* transition of oxygenous functional groups: C-O and C=O) and 400-620 nm (assigned 

to surface group transitions).86 The FTIR spectra (figure 51.3b) also displayed the reported 

characteristic peaks of the C-dots: around 3300 cm-1 (primary and secondary amines as -NH2 and -

NH-), 1627 cm-1 (C=N), 1519 cm-1 (C=C), 1263 cm-1 (N-H), and 1163 cm-1 (C-O).86 All data 

confirmed that same products as reported were obtained and further characterization was therefore 

unnecessary. 

 

 

Figure 51.3. a)UV-Vis spectra of pPD and pPD C-dots by synthesis in EtOH and b) IR spectrum of 

the precursor and the C-dots. 

 

 

Both C-dots were further analyzed: the C-dots synthesized in toluene was subject of surface 

functionalization by organosilane precursor, while the C-dots synthesized in ethanol was tested for 

solubility and stability for further use as nitrite ion probes (chapter 5.2). 
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Figure 51.4. 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false color 

scale)) of C-dots prepared in toluene (left) and in EtOH (right). Both samples were 100x diluted by 

EtOH, using the obtained (sonicated) reaction mixture. Same color scaling applies for both spectra. 

 

 The C-dots obtained by the toluene method was nearly impossible to dissolve in any solvent 

except EtOH, while the product synthesized in EtOH was homogenous and easy to handle, therefore, 

only that was subject of stability analysis. It was possible to dilute and obtain homogenous mixtures 

by using EtOH, water and 1% sulfuric acid (aq). 100x diluted solutions of the crude reaction mixture 

were prepared and subjected of stability analysis by monitoring their PL spectra (figure 51.5). The 

sample diluted in EtOH showed excellent, excitation independent emission at 605 nm upon the 

optimal excitation of 510 nm, but aging in solution at room temperature for 4 weeks resulted an 

unshifted, but 70% weakened emission intensity. The sample diluted in water exhibited a similar 605 

nm emission, but upon excitation of 470 nm light and only 11% of the initial intensity of the C-dots 

dissolved in EtOH, which fluorescence was lost in only 4 days upon storing the sample at ambient 

temperature. Most interestingly, the sample diluted in 1% sulfuric acid (aq) resulted a characteristics 

change in the optical response. The PL emission became excitation dependent and observed in the 

range of 400-550 nm (excitation) and 475-650 nm (emission). Moreover, the C-dots in acidic solution 

showed an excellent stability up to 6 weeks, losing only 9% of the initial peak emission at 535 nm 

upon excitation at 470 nm. This must be the consequence of the protonation of the surface amine 

functional groups, which results better solubility in aqueous media and stability due to the repelling 

effect of the positively charged (protonated) particles. While in the case of water, as a less appropriate 

solvent, a slow aggregation occurs. This is due to, except some small derivatives, that amines have 

poor solubility in water in their unprotonated form. The theory is supported by the intensity of the 

scattered light observable on the 3D PL spectra of aqueous solutions (diagonal signals). The four days 
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aged sample showed a more intense scattering, which might be a result of aggregated particles. In the 

case of 1% sulfuric acid, the scattered light intensity apparently did not change, further proving the 

stability of the particles. In contrast, in ethanol, the scattered light intensity decreased, which allows 

us to theorize, that EtOH, as an excellent solvent for amines, might partially disassemble the particles, 

while inactivates some emission centers. Interestingly, this effect only appears in highly diluted 

samples (100x), while the original ethanolic reaction mixture apparently stable for months (in 

accordance to the source literature). 

 

Figure 51.5. 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false color 

scale)) of C-dots prepared and diluted in EtOH by 100x as preparead (upper left) and after aging for 

four weeks in solution (upper right). Same C-dots diluted by water (100x) as prepared (middle left) 

and after four days of aging in solution (middle right) and the C-dots diluted in 1% sulfuric acid 

(aq) as prepared (bottom left) and after six weeks of aging in solution (bottom right). All spectra 

applies the same color/intensity scale. White dashed lines indicate the PL emission dependency: 

emission is excitation independent in EtOH, while dependent in diluted sulfuric acid. 
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Functionalization by 3-(triethoxysilyl)propyl isocyanate  

 
 Similarly to the previously reported C-dots’ surface decoration with an amino functionalized 

organosilane (chapter 4.1-4.3.) for possible further applications, we hereby tested the effects of an 

appropriate isocyanate derivative, which is able to covalently bond to the C-dots’ surface amino 

groups by forming an urea derivative. This reaction runs at room temperature while influences the 

PL properties of the substance (figure 51.6) and reveals a gradual blue shift of 80 nm, which is very 

similar to the observed 90 nm shift of citric acid based C-dots upon functionalization with APTES, 

which let us assume, that a similar protective layer forms on the surface of C-dots in both cases. 

 
Figure 51.6. 3D fluorescence spectra (excitation (y-scale), emission (x-scale), intensity (false color 

scale)) of C-dots synthesized in toluene and reacted with 3-(triethoxysilyl)propyl isocyanate at 

different reaction times. Samples diluted in EtOH by 10x from the reaction mixture. Excitation 

maximum shifts from 520 to 470 nm and the emission maximum shifts from 605 to 525 nm, while 

the intensity increase by 42%, clearly indicating the reaction occurs on the particles surface. 

 

 

5.1.4. Conclusions 
 

Amine capped C-dots made from p-phenylenediamine were synthesized by a reported method 

using solvothermal reactions (toluene and ethanol). The particles show different PL properties. The 

one prepared in toluene exhibit only one emission band at 605 nm, while the other synthesized in 

EtOH has dual emission at 400 and 605 nm. Their optical responses were tested by using different 

solvents (EtOH, water and diluted sulfuric acid), which revealed that protonation of the particles’ 

surface groups results a significant change from excitation independent to dependent PL emission, 

while the hydrolytic stability of the C-dots are greatly enhanced. This finding makes possible to use 

such particles for analysis of aqueous samples (chapter 5.2). Furthermore, the surface reaction with 

an organosilan was also investigated and the reaction progress was monitored by the gradual change 

of its PL-emission. A two days reaction at room temperature revealed that as the surface 

functionalization progressed, an 80 nm blue shift in the emission occurred. This finding is in 

accordance with the earlier (chapter 4.1.) reported blue shift upon APTES functionalization of citric 

acid based C-dots. This organosilane functionalization can help to embed C-dots with such high 

wavelength emission into silica matrices. 
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5.2. Nitrite ion sensing 

 

 

5.2.1. Introduction 
 

 

Nitrite and nitrate are naturally occurring anions and have great importance in the 

environmental samples like water, soil and agriculture products189 simply as intermediates of the 

nitrogen cycle or as remains of commonly used nitrogen fertilizers.190 Their salts’ general high 

solubility give them access to ground- and surface waters, and finally sea- and drinking waters too. 

Nitrate is the more stable191 and therefore typically found in higher concentrations.192,193 However, 

under anaerobic conditions, nitrate may be reduced by microbes to nitrite and the denitrification 

process can go even further to nitrogen gas.194 

Nitrite salts have numerous applications such as corrosion inhibitor195, in dye 

manufacturing196 and food industry,189,197 and plays a role in aquaculture diseases;198 its presence in 

drinking water and foods is harmful to humans and animals as well,199 therefore, careful monitoring 

of these pollutants have paramount importance. Numerous methods, like spectrophotometric (e.g. 

based on the Griess reaction), electrochemical, chromatographic, capillary electrophoretic or 

spectrofluorometric methods etc. have been developed. Since spectroscopy provides excellent 

detection limits and simple protocols, they are still the most common ones for nitrate and nitrite 

determination.189,200 Among the Griess reaction based spectroscopic methods, as low as a 2-40 gL-1 

(0.14-2.85 M) linear range and 1.4 gL-1 (0.10 M) detection limit was reported for NO2
- N by using 

8-12 times concentrated samples and light absorbance detection around 537 nm.189,201 In a more 

sophisticated method, by applying reduced graphene oxide/aggregated triangular plate-type 

nanosilver/Rh 6G nanosensor provided very sensitive determination based on surface enhanced 

Raman scattering. The dye concentration decreased via a nitrosation reaction between the dye and 

nitrite ions. The SERS intensity was linear to the NO2
- ion concentration from 0.7 to 72 nmol L-1, with 

limit of  detection as low as 0.2 nmol/L.202 Another graphene oxide based method reached a detection 

limit of 5 nM nitrate by a light absorption detection at 520 and 620nm.203 Fluorescence-based methods 

typically also very sensitive and used as measurement of the optical response of molecules upon 

reaction with nitrite. By synthesizing the complex molecule of TMABODIPY204 and optimizing the 

reaction conditions, as low as 8-300 nM linear calibration range was achieved for nitrite. 

In order to avoid complex synthesis or purchase of expensive fluorescent molecules, but still 

harvesting the sensitivity of fluorescence methods, we explored the yet less discovered area by using 

carbon dots (C-dots) as NO2
- ion sensors.205-210 Since nitrite ion sensors often bear amino 
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groups189,201,203,204,211 as reactive or responding sites, we focused on the amine-capped C-dots, 

therefore we used the cheap and abundant p-phenylenediamine (pPD) as an amine rich precursor for 

the synthesis of fluorescent C-dots (chapter 5.1). It can be stabilized in acidic water and excited by 

visible blue light, which results a PL emission in the green region. This property also makes possible 

the use of cheap plastic cuvettes instead of the expensive and fragile quartz-made ones (possibly even 

for onsite measurements). Its excitation maxima at 470 nm correlates to the most intense region of a 

xenon lamp and several LED sources altogether with an intense range of sunlight.212  

C-dots often exhibit PL quenching in the present of specific ions, therefore, common ions of 

natural water and some expected problematic contaminant213-215 (heavy metal ions) must have been 

tested for possible effects on PL and their interference have been minimized. 

 

 

5.2.2. Experimental 
 

Chemicals and reagents 

p-phenylenediamine (pPD)   Aldrich, 98% 

sulfuric acid     Carlo Erba, 96% 

sodium nitrite     Alfa Aesar, 98% 

sodium chloride    Aldrich, >99% 

potassium chloride    Aldrich, >99% 

calcium chloride    Molar Chemicals, a.r.  

potassium nitrate    Carlo Erba, >99% 

magnesium sulfate    Molar Chemicals, a.r.  

sodium sulfate     Molar Chemicals, a.r. 

ammonium sulfate    Molar Chemicals, a.r. 

iron(II) sulfate heptahydrate   Aldrich, >99% 

iron(III) sulfate hydrate   Alfa Aesar, 98% 

copper sulfate pentahydrate   Aldrich, >99%  

chromium(III) chloride hexahydrate  Aldrich, 96%  

lead chloride     Aldrich, >99% 

nickel chloride hexahydrate   Aldrich, 99.9%  

ethanol (EtOH)    Carlo Erba, 99.9% 

ethyl acetate (EtOAc)    Alfa Aesar, 99% 

In-site produced Milli-Q water was utilized for aqueous solutions. 

The chemicals were used without further purification. 
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Synthesis of carbon dots 

The ethanolic C-dots reaction mixture reported in chapter 5.1 was used as starting material. 

 

Preparation of stock solutions 

0.50 mL of concentrated sulfuric acid was added to 49.00 mL of stirred water than 0.50 mL 

of crude ethanolic C-dots solution was dropped into it. Upon mixing, a red solution was obtained. 

Alternatively, 14.6 g of sodium chloride (for 50 mL 5M concentration) may also be added during the 

preparation of the 50 mL solution. 

 

Sample preparation 

2.00 mL of nitrite containing aqueous sample was mixed with 0.50 ml stock solution in a 

polystyrene fluorescence cuvette with an optical path of 1.00 cm and analyzed after allowing 15 

minutes reaction time at ambient temperature. Typically, the same sample was used for 

photoluminescence and UV-Vis measurements. 

 

Standard method for nitrite detection (Griess test - in cooperation)  

According to the Italian National Institute of Health’s method, the nitrite ions concentration 

was photometrically determined, staining the samples with a mixture of sulfanilamide and N-(1-

naphthyl)-ethylenediamine (NEDA) in an acidic medium. Thus, 1 mL of sulfanilamide was added to 

50 mL of water sample. Successively (3 minutes elapsed), 1 ml of NEDA was added. After 15 

minutes, the absorbance at 543 nm was measured using a molecular absorption spectrophotometer 

(Perkin-Elmer model 550 S), placing the sample in glass cuvettes with an optical path of 1.00 cm.216  

 

 

5.2.3. Results and discussion 
 

The used C-dots were synthesized by a reported solvothermal method86 (discussed in chapter 

5.1.) by utilizing pPD and different solvents. The reported ethanolic synthesis turned out to be the 

most suitable, since only this crude product was homogenous and miscible with either water or 

acidified water, therefore in this case no further purification was necessary before optical tests. The 

obtained mixture of C-dots and synthesis by-products (altogether: crude C-dots) bear abundant 

aromatic amines (chapter 5.1), which makes possible to use them as nitrite ion sensors via 

diazotization/decomposition steps at room temperature (figure 52.1).217 
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Figure 52.1 displays the expected reaction of (aromatic) amino-capped carbon dots as undergoing 

diazotization and decomposition in acidic aqueous conditions at ambient temperature with 

illustration of losing their fluorescence in the presence of nitrite ions. 

 

 

The stock solution’s sulfuric acid in situ generates the nitrous acid from the added nitrite ions, 

which leads to the formation of diazonium salts. These salts, due to their thermal instability, typically 

synthesized at low temperature and immediately used for azo-coupling, but in our case, room 

temperature reactions were also suitable, since the reaction (and slow decomposition) generally 

changes the PL-properties of the C-dots’ solution, therefore makes optical nitrite quantification 

possible. Because of the simpleness of the analysis, the effect of the possible azo coupling with other 

reagents (eg. Griess test) was not explored. 

 

The ethanolic C-dots solution kept its optical properties at least up to 2 months at room 

temperature, but for our purposes, the acidic aqueous samples were more appropriate for the nitrite 

quantification measurements, as it can also contain all the necessary reagents and additives in one 

stock solution, which at the end, only requires the addition of the water sample to be analyzed. 

Interestingly, the C-dots’ acidic solution (1% sulfuric acid) showed remarkable PL stability up to at 

least 6 weeks at room temperature (chapter 5.1), however, addition of the nitrite ions results 

significant change in appearance as turning the color of the solution from pink to light yellow (figure 

52.2). This effect may be applied for simple colorimetric determination by bare eyes at higher 

concentration, while analysis of the gradual change in UV-Vis (at 353 nm, not investigated further) 

and PL properties lead to more precise determination (figure 52.8). 
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Figure 52.2. shows the color change of C-dots in 1% sulfuric acid upon treating with increasing 

amount of nitrite ions (up) and a more concentrated, acidic C-dots solution before and after treating 

it with excess nitrite (bottom). 

 

 

Photoluminescence 

Comparison of the 3D PL maps of crude C-dots diluted in water, in 1% aqueous  sulfuric acid 

and after reaction with nitrite (figure 52.3) reveals that using diluted sulfuric acid as solvent 

approximately doubles the peak PL-intensity (under same conditions), while the maximum emission 

shifts from 605 nm to 535 nm, which wavelength serves as optimal parameter for detection. The 

addition of excess amount of nitrite switches off the photoluminescence. It must be noted, that pPD 

alone in 1% sulfuric acid and its nitrite treated solution did not show any photoluminescence in the 

examined visible region (while stock solutions’ C-dots and the pPD concentrations were equal: 

starting from 108 mg/10mL ethanolic solutions-not illustrated here). 

 

 
Figure 52.3. shows the 3D PL map (excitation/y-axis and emission/x-axis, false color scale) of the 

crude C-dots solution diluted by water (a) or 1% sulfuric acid (b). Treatment of acidic solution with 

nitrite ions results quenched PL (c). All 3D maps apply the same color scaling (see next to figure). 
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The reaction takes place at room temperature in 10-15 minutes, which can be monitored by a 

spectrofluorimeter at the peak intensity. The curve indicates an exponential decay (figure 52.4). 

 
Figure 52.4. Normalized PL intensity change due to the C-dots’ reaction with nitrite ions (100 M) 

in acidic medium up to 15 minutes (excitation at 470 nm, emission at 535 nm). 

 

 

UV-Vis 

Spectra of pPD, C-dots and nitrite treated C-dots were investigated and plotted in figure 52.5. 

The addition of nitrite significantly changes the main absorption bands in the 200-400 nm region 

(figure 52.5a). While the * and n-* assigned peaks at 220 and 280 nm of the C-dots seem 

unchanged (same dilution of C-dots), the peak around 500 nm, which was assigned to the surface 

groups transition,86 shifted to 480 nm and became more intense. Additionally, two very intense peaks 

appeared at 250 and 350 nm. The latter two peaks may be explained by the reaction of residual 

molecular pPD or relatively small proto C-dots since pure pPD treated with nitrite under the same 

conditions reproduced those absorption bands (figure 52.5b). The obvious difference is the lack of 

absorption over 400 nm in the case of pPD, which clearly indicates, that the examined 

photoluminescence at 535 nm originates from the visual light (>400 nm) absorption of C-dots and 

not from the still molecular impurities. Since this region of absorbance is associated with the C-dots 

surface groups (chapter 5.1) and only those groups are available for a chemical reaction, thus we can 

say this nitrite detection method also revealed that the examined photoluminescence of this type of 

C-dots exclusively originates from the surface groups (amines). 
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Figure 52.5 shows the UV-Vis spectra of the crude C-dots dissolved in 1% aqueous sulfuric acid and 

treated with various amount of nitrite ions (0-100 M). Characteristic bands of C-dots (assigned for 

* and n-* transitions) remain unchanged, while chemical reaction on the C-dots surface leads to 

the emerge of new intense absorption bands (a). To have a clearer picture of the change in optical 

properties, the behavior of molecular pPD under the same acidic condition and its reaction with nitrite 

ions were also analyzed and displayed together with the C-dots (b) to reveal that the different behavior 

restricts to the range of 450-550 nm. The C-dots reaction was also investigated through time up to 12 

min (c) and intensity change of the characteristic absorption bands were also plotted (d). 

 

 

The formation of the new peaks was followed by measuring a sample at different reaction 

times after addition of nitrite up to 12 minutes (figure 52.5cd). Interestingly, the UV-Vis data suggest 

that the reaction completes in 2-3 minutes, while photoluminescence measurements (excitation at 470 

nm, figure 52.4) indicates slower (10-15 min) reaction course (compare with figure 52.5d). 

Additionally, even the relevant absorbance band at 483nm increases and seemingly stabilizes in 2 

minutes reaction time (figure 52.5d), while PL emission quenching (at 535 nm) clearly showing the 

continuous decrease of fluorescence up to 12-15 minutes. More detailed analysis of the absorption 

change at 483nm during the reaction, revealed a sudden jump and a slow decrease in absorption, 
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which correlates well to the PL decay through the reaction (figure 52.5d-blue line and figure 52.6). 

This result associate the PL emission peaking at 535 nm with only a very small decrease in 

absorbance, peaking at 483nm and further confirming the change in the surface groups due a slow 

chemical reaction. 

 

 

Figure 52.6. Parallel trends of PL emission decay observed at 535 nm (black line) and the 

absorbance at 483 nm (blue line) during the reaction of C-dots with nitrites. The data of PL plotted 

from 0 s, while absorbance displayed from 30 s reaction time. The blue line is only guide for the 

eyes. 

 

 

FTIR results 

Three materials were compared in figure 52.7. The dried crude C-dots, pPD as its precursor 

and the nitrite treated sample, which was obtained by using C-dots in acidic aqueous ethanol at high 

concentration and treated with excess nitrite for 1h at room temperature. The obtained dark yellow 

solution (figure 52.2b) was neutralized by gradual addition of solid Na2CO3, then it was 5x diluted 

with water and 5x extracted with ethyl acetate. The united organic phase was dried over MgSO4, 

filtered, concentrated under reduced pressure and kept at 60oC for 24h. 
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Figure 52.7. Selected regions of FTIR spectra of the precursor (pPD/black), the crude (red) and 

nitrite-treated C-dots (blue) in the region of the broad O-H and N-H-signals (a) and some identified 

signals of aromatic amines and phenolic –OH groups confirming the expected reaction of the nitrite 

sensing (b). 

 

 

Characteristic peaks of the pPD’s N-H signals between 3420 and 3350 cm-1 are still noticeable 

on the crude C-dots’ spectrum, while absent on the nitrite treated sample’s spectrum. Instead, a wide, 

but not so intense peak observed between 3400 and 3150 cm-1, which we assigned to phenolic O-H, 

probably overlapping with residual N-H signals. The region between 1400 and 1000 cm-1 also clearly 

indicates the chemical change. Disappearance of the C-N assigned peak218 of the pPD and the C-dots 

at 1265 cm-1 and emerge of C-O (1338 and 1108 cm-1) and O-H (1292 cm-1)219,220 also proves the 

reaction path of nitrite detection. 

 

Calibration for nitrite detection 

Freshly prepared nitrite solutions in the range of 10 mM to 1 nM made from solid NaNO2 by 

dissolution in water and through several dilution. The analyzed samples were prepared in the cuvettes 

by mixing 2.00 ml of nitrite solution with 0.50 ml of acidic C-dots solution and let to react for 15 

minutes. Photoluminescence data were collected at 535 nm upon excitation at 470 nm using always 

the same fluorimeter settings. PL quenching can be detected even in the range of 1-20 nM, followed 

by a slow increase and an inconclusive region up to 5 M where the PL intensity finally fall below 

the value of all the previous samples, therefore only one possible concentration can be identified from 

the calibration curve. Precise detection of nitrite is possible in the range of 5-200 M with a linear 

range within 5-75 M (figure 52.8). Probably the C-dots can offer more reactive sites in limited 

number, which takes another reaction path with nitrous acid and at lower nitrite concentrations as a 

sum of parallel reactions, therefore, first increase of PL intensity occurs, than the main reaction path 

turns dominant and continuous PL quenching may be observed. 
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Figure 52.8 Normalized PL intensity change due to the C-dots reaction with nitrite ions at different 

concentrations (a,b). Linear range highlighted and fitting was applied (c). 

 

Effects of metal ions 

Carbon dots often reported as efficient sensor of different metal ions215 through PL quenching, 

thus it was necessary to test the acidic C-dots solution in such media. Numerous metal ions (and their 

anion pairs) were tested and the data summarized in table 52.1. 

 

Table 52.1 shows the normalized PL intensity (excitation at 470 nm, emission 535 nm) change due 

to the C-dots interaction with common ions in natural water at high concentration (A series) and 

some critical cations (Fe2+, Fe3+, Cu2+ at lower concentration (B series). The quencing effect of 

heavy metal cations was partially suppressed by applying high (1M) concentration of NaCl (C 

series). This method was extended (D series) to other heavy metal cations (Cr3+, Pb2+, Ni2+). 
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Firstly, some frequently occurring ions in natural water were tested at high concentration (1M) 

in the “A series”. Seemingly, those ions have no or only small effect for the PL. Especially NaCl and 

KCl shows excellent inertness, thus these C-dots expected to be accurate for seawater samples. Very 

important to point out that nitrate anions also proved to be completely inert during the analysis. 

However, application of the typical critical cations, such as Fe2+, Fe3+ and Cu2+ resulted significant 

quench on PL even at 5 mM concentration. (“B series”). Because of the earlier proved inertness of 

NaCl and its common occurrence in natural water (seawater), we tried to use it as an “ionic buffer”, 

to limit the effect of other metal ions. For this reason, NaCl (commercial table salt also efficient) was 

added to the acidic C-dots solution up to 5M concentration (so 5x dilution during the sample 

preparation results 1M NaCl). These buffered samples were treated with the same metal ions at the 

same concentration as before and the results listed in the “C series”. Obviously, this approach had a 

positive effect (compare B and C series), so natural water samples, which are not expected to be 

contaminated with heavy metals can be measured by this method, the minimal effect of such ions 

may be masked by simply adding NaCl to the stock solution. Furthermore, even less common cations 

in nature were tested in the presence of sodium chloride and gave satisfactory results at 1 mM 

concentration and under (“D series”). 

 

Removal of heavy metals before analysis 

Since copper(II)-ions have strong effect on PL and still used in agriculture, we decided to try 

an alternative sample preparation with CuSO4 to solve the problem of such contamination. In this 

attempt first we used same volume of two CuSO4 solution (0.01M) one was contaminated with known 

amount of nitrite, the other contained only the metal salt. Both solutions were basified by KOH 

solution and the resulted blue precipitate was filtered and washed (figure 52.9).  

 

 

Figure 52.9. Copper-sulfate solution on the left, blue precipitation by adding drops of aqueous 1M 

KOH (middle) and after filtration by 0.22 m syringe filter (right). 
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Finally, both transparent solutions were acidified by adding drops of 20% sulfuric acid and 

then filled up with water to exactly double the starting volume, therefore initial nitrite concentration 

halved and copper ions were mainly eliminated. The samples were measured for nitrite concentration, 

and compared to pure aqueous nitrite solutions (table 52.2). 

 

 

Table 52.2: Normalized PL intensities (excitation at 470 nm, emission 535 nm) after water samples 

treated for copper ion removal by precipitation under basic conditions, filtered and the supernatant 

washed and acidified. The samples are exactly double diluted as a result of the treatment. All 

samples (with or without nitrite) underwent the same procedure. 

 

 

Similar relative PL intensity results obtained. This method seems suitable for contaminated 

water samples. Other heavy metals also form precipitates in basified water, however fine tuning of 

pH is necessary.221 

 

Testing on natural and urban water samples 

Water samples were collected from Russia and Hungary for this set of experiments. None of 

them showed detectable nitrite by this method, therefore same amount of contaminant was added to 

each sample (and to Milli-Q water as reference). The result (table 52.3) indicates that  different water 

samples (tap-, ground-, river- and seawater) can provide very similar results. 

 

 

Table 52.3 shows the normalized PL intensity (excitation at 470 nm, emission 535 nm) change due 

to the C-dots interaction with natural/urban waters with or without adding same amount of nitrite 

ions. 

 

 

 

 



116 

 

Comparison with a standard method 

A natural water sample was collected from the Bay of Tramariglio (Sardinia, Italy) and half 

of it was contaminated by unknown amount of NaNO2 by our colleague. The samples were analyzed 

by this present method and in a certified laboratory for water analysis at the University of Sassari. 

The results are summarized in table 52.4. 

 
Table 52.4. Measured nitrite ion concentrations in natural seawater by the presented C-dots and 

compared to the standard Griess-method (nitrite was not detected). The measurements were 

repeated after the same sample was contaminated with nitrites. 

 

 

It was not possible to detect nitrite ions by these methods in the pure sample and the 

contaminated sample gave similar results. 

 

 

5.2.4. Conclusions 
 

 

 Amine-capped C-dots, prepared by a solvothermal method from p-phenylenediamine were 

used as obtained (chapter 5.1) for nitrite ion detection at ambient temperature in the visible light 

range. The particles surface (aromatic) amine groups undergo a reaction with nitrite ions in acidic 

aqueous media to form diazonium salts, which results a gradual change in light absorbance and PL 

emission. The relevant absorption band and the PL emission peak successfully associated to the 

surface states and to their chemical modification. Common inorganic contaminants were also added 

in some measurements and their influence on nitrite sensing were either negligible or could be 

minimized by appropriate sample preparation, therefore a linear correlation of PL quenching and the 

nitrite ion concentration was established in the range of 5-75 M (in aqueous samples). The method 

makes use of 470 nm light, therefore plastic cuvettes and even a natural light source may be applied, 

which makes possible a simple on-site detection of nitrites. The detection limit does not exceed other 

C-dots based nitrite ion sensors, but further improvement in sensitivity still could be gained by 

improving the synthetic method in aspect of obtaining stronger fluorescence, as the optical spectra 

(UV-Vis, IR) suggest that non-fluorescent, small molecular precursors are still abundantly present in 

the sample. 



117 

 

Conclusions 

 

 For the present thesis, I have performed experimental work related to three well separated 

topics, which were numbered as chapters 3, 4 and 5.  

 

As a first step (chapter 3), I conducted a set of experiments by using the citric acid – Tris 

model system and reacted them by applying common synthetic approaches, such as microwave 

assisted reactions in a household MW oven and in a laboratory MW reactor, furthermore, the 

pyrolysis of the components were also tested by using an initial solvent to dissolve the precursors, or 

just simply running a reaction in their molten state. Additionally, the common hydrothermal method 

was also tested. The experiments clearly indicated, that the best results (most intense PL in the shortest 

reaction) can be achieved by the simple solvent free pyrolysis method, therefore this approach was 

used for almost all of the later reactions to obtain C-dots. In the same experiment setting, the molar 

ratio of the precursors (citric acid and Tris) was also varied and the products exhibited different PL 

properties (by intensity and emission bands). Therefore, a thorough investigation of citric acid based 

C-dots was performed: pyrolysis of citric acid (chapter 4.1), pyrolysis of citric acid and Tris at its 

optimized ratio (chapter 4.2 as an extension of chapter 3) and the formation of C-dots from citric acid 

and urea (chapter 4.3). 

In chapter 4 I focused on the better understanding of the formation and emission properties of 

fluorescent carbon dots made by using citric acid as least one of the precursors in their bottom-up 

syntheses. The study on purely citric acid based C-dots (chapter 4.1) revealed the correlation of the 

experienced photoluminescence and the appearance of different pyrocitric acids during the thermal 

degradation process, most importantly, the trans-aconitic acid, as an identified possible fluorophore 

in the overall emission of the obtained C-dots. We also proved that the intermediates alone are also 

possible sources of fluorescent C-dots. The main emission band of citric acid C-dots is at 500 nm, 

which, upon surface functionalization with APTES, due to the formation of a silica protective layer, 

exhibits a 90 nm blue shift and its stability in water greatly increases. These findings makes possible 

to use such C-dots in sol-gel methods and extending their storage time in aqueous solutions from days 

to months. 

 Investigation of the citric acid - Tris based C-dots (chapter 4.2), produced at the molar ratio 

of 3/1 revealed the formation of polymeric structures through amide and ester bonds and their 

intensity on the FTIR spectra was in correlation with the experienced PL emission intensity. Very 

intense PL was observed from 1/1 to 5/1 precursor ratios, while its variation significantly influenced 
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the products’ water solubility. Functionalization with APTES did not cause shift in the PL emission, 

however its intensity  was enhanced. 

 Citric-acid urea based C-dots (chapter 4.3) exhibit a peculiar dual emission in the blue and the 

green region. Upon changing the precursor ratio from 2/1 to 1/8 and varying the reaction time, these 

band intensities might be tuned. At extreme precursor ratios (less and most urea in the reaction 

mixture) almost “clean” blue or green emission can be obtained. The formation of citrazinic acid is 

responsible for the blue, and the molecule called HPPT for the green emission. HPPT may be formed 

by the reaction of citrazinic acid with the isocyanic acid released during the decomposition of urea, 

such as citrazinic acid supposedly forms by the reaction of trans-aconitic acid (from the pyrolysis of 

citric acid) with the ammonia released from urea at high reaction temperatures. Functionalization 

with APTES revealed that the blue band does not shift, but simultaneously the interaction with 

APTES switching off the green emission, proving that HPPT mainly positioned on the surface of the 

C-dots (or dissolved as molecules). 

 The citric acid based C-dots (and their APTES modified derivatives) were co-precipitated 

with titanium tetraisopropoxide in a simple procedure (chapter 4.4). The filtered and dried hybrid C-

dots/TiO2 samples were tested in a photocatalytic experiment, by decomposing Rhodamine B under 

direct sunlight. The experiment showed that APTES modified C-dots do not enhance the 

photocatalytic activity of titania, on the contrary, they hinder the process. The bare C-dots performed 

better, but none of them could outperform pure titania. Further optimization is needed to find the 

appropriate way to use the synthesized C-dots as photosensitizers for titania. 

 

To further cover the visible spectrum by emitting C-dots, after obtaining strong emission at 

410, 450 and 520 nm wavelengths by the citric acid based C-dots, I explored the possibility to 

synthetize p-phenylenediamine based particles in solvothermal reactions (chapter 5.1), yielding crude 

products with PL emission at 605 nm in ethanol and at 535 nm in 1% sulfuric acid. The use of acid 

greatly enhances the PL stability of the samples through months, while it is completely lost in a matter 

of days upon storing in water. Functionalization was performed by 3-(triethoxysilyl)propyl 

isocyanate, forming a covalent bond with the surface amino groups, which, similarly to the citric acid 

based C-dots, resulted an 80 nm blue shift in the PL emission. 

 In chapter 5.2 the p-phenylenediamine based amino-capped carbon dots, as exhibiting good 

stability in acidic media, found to be an excellent candidate for nitrite ion sensing via a diazotization 

reaction, which resulted a nitrite ion concentration dependent PL quenching. The method was 

efficient to detect and quantify nitrites in aqueous samples in the range of 5-75 M and was tested on 

natural waters too. 
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List of acronyms 

AA  aconitic acid (cis or trans), prop-1-ene-1,2,3-tricarboxylic acid 

ACA   anhydrous citric acid 

APTES 3-(aminopropyl)triethoxysilane 

CA  citric acid 

CAM  citric acid monohydrate 

CDs  carbon dots 

C-dots  carbon dots 

CNDs  carbon nanodots 

CT  citric acid-Tris 

CU  citric acid-urea 

DLS  dynamic light scattering 

DSC  differential scanning calorimetry 

EA   elemental analysis 

EtOAc  ethyl acetate  

EtOH  ethanol 

FTIR  Fourier-transform infrared spectroscopy 

GQDs  graphene quantum dots 

HPLC  high pressure/performance liquid chromatography 

IR  infrared 

MW  microwave 

NHE  normal (or standard) hydrogen electrode  

PL  photoluminescence 

pPD  p-phenylenediamine 

QY  quantum yield 

TEM   transmission electron microscopy 

TGA  thermogravimetric analysis 

TLC  thin layer chromatography 

Tris  2-amino-2-(hydroxymethyl)propane-1,3-diol 

UV-Vis ultraviolet-visible 
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