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RESUMEN 

La parte principal de esta tesis se centra en la producción y caracterización de 
los nanopuntos de carbono. En cuanto a los métodos de producción de los CNDs 
elegidos en este trabajo, se han estudiado en detalle los CNDs producidos por dos 
métodos ascendentes claramente diferentes. 

Por un lado, se ha utilizado el método solvotérmico. Este método consiste en 
calentar un líquido, en un recipiente cerrado, por encima de su punto de ebullición, 
generando una presión superior a la atmosférica, e induciendo así la condensación de 
los CNDs. Las ventajas evidentes de este método sintético son: es fácil, barato y 
respetuoso con el medio ambiente (siempre que el disolvente utilizado en el método 
solvotérmico sea un disolvente respetuoso con el medio ambiente, en nuestro caso 
hemos utilizado agua y etanol). Todas estas ventajas proporcionaron una gran 
oportunidad para preparar e investigar fácilmente los CNDs, los cuales, al ser 
preparados por este método, resultaron tener propiedades prometedoras como la 
solubilidad en medios acuosos, la biocompatibilidad, la actividad fotocatalítica en 
heteroestructuras con TiO2 y propiedades biocidas que pueden ser empleadas para 
preparar superficies poliméricas biocidas. La combinación de las ventajas propuestas 
por el método sintético y las prometedoras propiedades de los productos obtenidos 
han hecho de este método el procedimiento sintético más común para la producción 
de CNDs. 

Lo más habitual en este método de síntesis es trabajar a temperaturas 
relativamente bajas (< 250 °C), y aunque esto se consideró inicialmente una ventaja 
respecto al coste energético, pronto se demostró que el rendimiento de producción 
de los CNDs en sí era muy bajo y que el principal producto de la reacción eran pequeñas 
moléculas u oligómeros que ocultaban parcialmente las verdaderas propiedades de 
los nanodots de carbono. 

Resaltando los aspectos más relevantes de la caracterización estructural de los 
nanodots de carbono sintetizados solvotérmicamente, es fundamental destacar la 
espectrometría de masas acoplada a la cromatografía líquida como técnica clave para 
entender los resultados de las otras técnicas de caracterización utilizadas, así como las 
propiedades fotofísicas observadas. La espectrometría de masas nos permitió 
identificar las pequeñas moléculas orgánicas conjugadas que se producen 
mayoritariamente durante la síntesis solvotérmica de los nanodots de carbono y que 
permanecen siempre unidas a las pequeñas estructuras grafíticas que también se 
producen durante la síntesis, aunque en un rendimiento mucho menor. La formación 
de estructuras grafíticas en la síntesis solvotérmica no es observable por 
espectrometría de masas. Sin embargo, hemos demostrado su existencia mediante 
HR-TEM, GI-WAXS y SERS, además se utilizaron FTIR y XPS para completar la 
caracterización estructural y dilucidar los grupos funcionales en la superficie.  
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Las propiedades fotofísicas de las CNDs sintetizadas hidrotermalmente sólo 
pueden entenderse tras identificar los subproductos moleculares formados, y tras 
caracterizar las propiedades fotofísicas de estas moléculas de forma aislada y 
compararlas con las de las CNDs. Hemos demostrado que el rendimiento de 
producción de las CNDs bajo las condiciones sintéticas típicas empleadas aquí es 
extremadamente bajo y que el rendimiento cuántico de las CNDs, después de la 
purificación, es también muy bajo, en contraste con muchos informes en la literatura. 
La absorción UV-Vis, la fluorescencia y los tiempos de vida de fluorescencia de las CNDs 
siguen estando dominados por las pequeñas moléculas formadas en la síntesis, así 
como por sus fotoproductos formados inherentemente (por la exposición a la luz 
ambiental, en presencia de oxígeno atmosférico a temperatura ambiente). Las 
pequeñas diferencias entre las propiedades fotofísicas de los CNDs y los productos 
moleculares aislados pueden atribuirse al hecho de que el entorno de los productos 
moleculares unidos al núcleo grafítico provoca ligeros desplazamientos en la absorción 
y la fluorescencia y una pequeña desviación en el tiempo de vida del singlete excitado 
que causa la fluorescencia. Uno de los principales resultados de la presente tesis es 
que no hay indicios experimentales de un efecto de tamaño cuántico en los CND 
estudiados aquí. En cambio, se ha demostrado que la dependencia de la longitud de 
onda de excitación de la emisión deriva de los fotoproductos producidos por la 
exposición a la luz y al oxígeno durante la diálisis. Sin embargo, a pesar del bajo 
rendimiento de producción del pequeño núcleo grafítico, se ha demostrado que son 
responsables casi exclusivamente de la formación de oxígeno singlete, e incluso se ha 
demostrado que los subproductos moleculares actúan como barredores de oxígeno 
singlete, lo que limita el tiempo de vida del singlete. 

Por otro lado, también se ha utilizado la síntesis por láser pulsado para la 
preparación de nanopartículas de carbono. Mientras que la ablación por láser ha sido 
un enfoque descendente ampliamente explorado para la producción de 
nanopartículas, el uso de la luz láser para producir CNDs mediante un enfoque 
ascendente ha sido un método mucho menos explorado. En este caso, la energía láser 
es parcialmente absorbida por el material y puede reaccionar con él mediante 
procesos fototérmicos y fotoquímicos. Los procesos fototérmicos suelen predominar 
cuando el rayo láser está enfocado, donde se pueden superar saltos térmicos de 109 
K/s; en caso contrario, predominan los procesos fotoquímicos, donde los fotones son 
lo suficientemente fuertes como para romper enlaces y generar radicales cuya 
recombinación conduce a la formación de nanoestructuras de carbono. 

La principal ventaja de este método es su gran versatilidad, tanto en lo que 
respecta a las condiciones experimentales (longitud de onda de la irradiación láser, 
haz láser enfocado o desenfocado, energía por pulso, ...), como en lo que respecta a 
los precursores potencialmente utilizables (casi cualquier compuesto orgánico, que 
puede ser disuelto o fundido). Además, el proceso puede llevarse a cabo en presencia 
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de micropartículas inorgánicas que pueden desempeñar un papel catalizador, de 
dopaje o actuar como agentes funcionalizadores. En comparación con el método 
solvotérmico, éste puede ser un método más caro y menos respetuoso con el medio 
ambiente, pero como hemos mencionado, es versátil y novedoso, permite un control 
estricto de la composición de las nanopartículas y se pueden conseguir mayores 
rendimientos de producción de nanopartículas de carbono utilizando reactores de 
flujo fotoquímicos. Es importante destacar que no se detecta la formación de 
subproductos moleculares importantes. 

Los resultados más destacables de la caracterización estructural de los 
nanodots de carbono sintetizados por láser pulsado se han obtenido gracias a la 
microscopía STEM, que ha permitido distinguir dos tipos de familias de CNPs 
producidos: los de estructura grafítica y los de estructura amorfa. Gracias a la 
espectroscopia EELS acoplada a STEM, se puede cuantificar la relación Csp2/Csp3 (esta 
información también se ha podido extraer de las áreas bajo la curva de las bandas D y 
G, características de este tipo de nanoestructuras en sus espectros Raman), así como 
cuantificar la presencia relativa de otros heteroátomos; y es con esta técnica que se 
pueden extraer dos conclusiones bastante sorprendentes sobre la síntesis con láser 
pulsado: la capacidad de modificar la hibridación Csp2 del precursor para obtener CNPs 
con proporciones relevantes de Csp3, así como la ausencia casi total de heteroátomos 
en las CNPs obtenidos a partir de precursores como la anilina o el clorobenceno. 
Finalmente, respecto a la estructura conocida de las CNPs sintetizadas por láser 
pulsado, se han identificado diferentes grupos funcionales superficiales gracias a la 
espectroscopia infrarroja. 

Para discutir las propiedades fotofísicas de las CNPs preparadas con láser 
pulsado, es necesario considerar la gran variedad de muestras estudiadas, pero a pesar 
de ello, la mayoría de las propiedades son comunes. Todas ellas muestran una 
absorción muy fuerte en la región UV que se extiende hacia la región visible de forma 
decreciente, mostrando en algunos casos una notable absorción incluso a más de 600 
nm. Todos las CNPs tienen una emisión más o menos amplia dependiente de la 
longitud de onda de excitación, es decir, a medida que aumenta la longitud de onda 
de excitación, el máximo de emisión se desplaza hacia el rojo. Sus rendimientos de 
fluorescencia a temperatura ambiente son relativamente bajos, entre el 3 y el 9 %, 
mientras que sus rendimientos de producción de oxígeno singlete a temperatura 
ambiente no son en absoluto despreciables, alcanzando valores del 37 % en algunos 
casos.  

En relación con la posible aplicación de los sistemas estudiados, también se ha 
estudiado la capacidad fotocatalítica de los CNDs combinados con nanopartículas de 
TiO2. Estas heteroestructuras CND@TiO2 se prepararon mezclando mecánicamente B-
CNDs (sintetizadas hidrotermalmente) y nanopartículas comerciales de TiO2 y, tras 
asegurar la formación de estas heteroestructuras mediante la caracterización 
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estructural por diferentes técnicas (HR-TEM, espectroscopia FT-IR o espectroscopia 
UV-Vis), se comprobó su capacidad de fotodegradación de diferentes colorantes con 
diodos LED así como con un láser sintonizable. 

La complejidad de la comprensión de las propiedades fotofísicas de las 
diferentes CNDs radica en que estas propiedades no pueden asociarse a una estructura 
perfectamente definida. Para entender mejor qué propiedades fotofísicas pueden 
asociarse a propiedades estructurales específicas, se han estudiado diferentes 
nanoestructuras de carbono con estructuras perfectamente definidas y de las que se 
deducen complejas relaciones entre las propiedades fotofísicas observadas y las 
particularidades estructurales específicas de estas nanoestructuras. El ejemplo 
relevante que se presenta en esta tesis es el estudio fotofísico de una serie de 
compuestos moleculares con un sistema π extendido con curvatura negativa y positiva 
(CNGs). Se observó que pueden mostrar en algunos casos dos mínimos del estado 
excitado singlete o dos mínimos del estado excitado triplete, lo que les confiere 
emisiones duales; también presentan TADF en un rango muy estrecho de bajas 
temperaturas que requieren la población de un estado triplete no emisor, así como la 
capacidad de producir oxígeno singlete a temperatura ambiente. Lo curioso y 
conceptualmente útil de estos sistemas es que su fluorescencia se encuentra en una 
situación intermedia entre un compuesto orgánico pequeño en el que existe un estado 
básico y un estado excitado perfectamente localizados y los CNDs en los que los 
defectos superficiales, las moléculas adsorbidas o ciertos grupos funcionales pueden 
hacer que existan varios estados excitados con, posiblemente, un cierto grado de 
deslocalización. 
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ABSTRACT 

The main part of this thesis focuses on the production and characterisation of 
carbon nanodots. Regarding the production methods of the CNDs chosen in this work, 
CNDs produced by two clearly different bottom-up methods have been  studied in detail. 

On the one hand, the solvothermal method has been used. This method consists 
of heating a liquid, in a closed container, above its boiling point, generating a pressure 
higher than atmospheric pressure, and thus inducing the condensation of CNDs. The 
obvious advantages of this synthetic method are: it is easy, cheap and environmentally 
friendly (provided that the solvent used in the solvothermal method is an environmentally 
friendly solvent, in our case we used water and ethanol). All these advantages provided a 
great opportunity to easily prepare and investigate CNDs, which, when prepared by this 
method, were found to have promising properties such as solubility in aqueous media, 
biocompatibility, photocatalytic activity in heterostructures with TiO2 and biocidal 
properties that can be employed to prepare biocidal polymer surfaces. The combination 
of the advantages proposed by the synthetic method and the promising properties of the 
products obtained have made this method the most common synthetic procedure for the 
production of CNDs. 

The most common in this method of synthesis is to work at relatively low 
temperatures (< 250 °C), and although this was initially considered an advantage with 
respect to energy cost, it was soon shown that the yield of production of CNDs itself was 
very low and that the main product of the reaction were small molecules or oligomers 
that partially concealed the true properties of the carbon nanodots. 

Highlighting the most relevant aspects of the structural characterisation of the 
solvothermally synthesised carbon nanodots, it is essential to highlight the mass 
spectrometry coupled to liquid chromatography as a key technique to understand the 
results of the other characterisation techniques used, as well as the observed 
photophysical properties. Mass spectrometry allowed us to identify the small conjugated 
organic molecules that are mostly produced during the solvothermal synthesis of the 
carbon nanodots and that always remain attached to the small graphitic structures that 
are also produced during the synthesis, although in a much lower yield. The formation of 
graphitic structures in solvothermal synthesis is not observable by mass spectrometry. 
However, we have demonstrated  their existence by HR-TEM, GI-WAXS and SERS, in 
addition FTIR and XPS were used to complete the structural characterization and elucidate 
the functional groups on the surface.  

The photophysical properties of hydrothermally synthesised CNDs can only be 
understood after identifying the molecular by-products formed, and after characterising the 
photophysical properties of these molecules in isolation and comparing them with those of 
the CNDs. We have shown that the yield of production of CNDs under the typical synthetic 
conditions employed here is extremely low and that the quantum yield of the CNDs, after 
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purification, is also very low, in contrast to many reports in the literature. The UV-Vis 
absorption, fluorescence and fluorescence lifetimes of the CNDs are still dominated by the 
small molecules formed in the synthesis, as well as by their inherently formed 
photoproducts (by exposure to ambient light, in the presence of atmospheric oxygen at 
room temperature). The small differences between the photophysical properties of the 
CNDs and the isolated molecular products could be attributed to the fact that the 
environment of the molecular products bound to the graphitic core causes slight shifts in 
absorption and fluorescence and a small deviation in the lifetime of the excited singlet 
causing the fluorescence. A main result of the present thesis is that there is no experimental 
indication for a quantum-size effect in  the CNDs studied here. Instead the excitation 
wavelength dependence of emission has been shown to derive to photoproducts produced 
by exposure to light and oxygen during dialysis. However, despite the low production yield 
of the small graphitic core, it has been shown that they are almost exclusively responsible 
for singlet oxygen formation, and it has even been shown that the molecular by-products 
act as singlet oxygen  scavengers, which limits the singlet lifetime. 

On the other hand, pulsed laser synthesis has also been used for the preparation 
of carbon nanoparticles. While laser ablation has been a widely explored top-down 
approach for nanoparticle production, the use of laser light to produce CNDs via a bottom-
up approach has been a much less explored method. In this case, the laser energy is partly 
absorbed by the material and can react with it by photothermal and photochemical 
processes. Photothermal processes usually predominate when the laser beam is focused, 
where thermal jumps of 109 K/s can be overcome; otherwise photochemical processes 
predominate, where the photons are strong enough to break bonds and generate radicals 
whose recombination leads to the formation of carbon nanostructures. 

The main advantage of this method is its great versatility, both in terms of 
experimental conditions (wavelength of laser irradiation, focused or unfocused laser 
beam, energy per pulse, ...), and in terms of potentially usable precursors (almost any 
organic compound, that can be dissolved or molten). Furthermore, the process may be 
carried out in the presence of inorganic microparticles that can play catalytic, doping or 
act as functionalizing agents. Compared to the solvothermal method, this can be a more 
expensive and less environmentally friendly method, but as we have mentioned, it is 
versatile and novel, allows strict control of nanoparticle composition and higher 
production yields of carbon nanoparticles can be achieved by using photochemical flow 
reactors. Importantly, no major molecular by-product formation is detected. 

The most remarkable results of the structural characterisation of carbon nanodots 
synthesised by pulsed laser are obtained thanks to STEM microscopy, which has allowed us 
to distinguish two types of CNPs families produced: those with a graphitic structure and 
those with an amorphous structure. Thanks to EELS spectroscopy coupled to STEM, the 
Csp2/Csp3 ratio can be quantified (this information could also be extracted from the areas 
under the curve of the D and G bands, characteristic of this type of nanostructures in their 
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Raman spectra), as well as quantifying the relative presence of other heteroatoms; and it is 
with this technique that two rather surprising conclusions about pulsed laser synthesis can 
be drawn: the ability to change the Csp2 hybridisation of the precursor to obtain CNPs with 
relevant proportions of Csp3, as well as the almost total absence of heteroatoms in the CNPs 
obtained from precursors such as aniline or chlorobenzene. Finally, with respect to the 
known structure of the CNPs synthesized by pulsed laser, different surface functional groups 
have been identified thanks to infrared spectroscopy. 

To discuss the photophysical properties of pulsed laser-prepared CNPs, it is 
necessary to consider the wide variety of samples studied, but despite this, most of the 
properties are common. All of them show a very strong absorption in the UV region that 
extends towards the visible region in a decreasing way, in some cases showing a remarkable 
absorption even at more than 600 nm. All CNPs have more or less broad emission depending 
on the excitation wavelength, i.e. as the excitation wavelength increases, the emission 
maximum shifts towards the red. Their fluorescence yields at room temperature are 
relatively low, between 3 and 9 %, while their singlet oxygen production yields at room 
temperature are not at all negligible, reaching values of 37 % in some cases.  

In relation to the potential application of the studied systems, the photocatalytic 
capacity of CNDs combined with TiO2 nanoparticles has also been studied. These 
CND@TiO2 heterostructures were prepared by mechanically mixing B-CNDs 
(hydrothermally synthesised) and commercial TiO2 nanoparticles and, after ensuring the 
formation of these heterostructures by means of structural characterisation by different 
techniques (HR-TEM, FT-IR spectroscopy or UV-Vis spectroscopy), their capacity of 
photodegradation of different dyes was tested with LEDs as well as a tunable laser.  

The complexity of understanding the photophysical properties of different CNDs is 
that these properties cannot be associated with a perfectly defined structure. In order to 
better understand which photophysical properties can be associated with specific 
structural properties, different carbon nanostructures with perfectly defined structures 
have been studied and from which we can deduce complex relationships between the 
observed photophysical properties and the specific structural particularities of these 
nanostructures. The relevant example reported in this thesis is the photophysical study of 
a series of molecular compounds with an extended π system with negative and positive 
curvature (CNGs). It was observed that they can show in some cases two minima of the 
singlet excited state or two minima of the triplet excited state, which confers them dual 
emissions; they also present TADF in a very narrow range of low temperatures that require 
the population of a non-emitting triplet state, as well as the capacity to produce singlet 
oxygen at room temperature. What is curious and conceptually useful about these 
systems is that their fluorescence is in an intermediate situation between a small organic 
compound where there is a perfectly localised ground state and excited state and CNDs 
where surface defects, adsorbed molecules or certain functional groups can cause several 
excited states to exist with possibly a certain degree of delocalisation. 
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1. GENERAL INTRODUCTION 

Carbon has undoubtedly played important role throughout human history. The 
variety of properties exhibited by this natural element provide multiple benefits and 
biotechnological applications to our society, and the methods for obtaining, 
characterising and using it have evolved significantly up to the present day. 

This consideration of carbon was already evident in prehistoric times, where 
soot and charcoal began to be used as a dye and fuel, playing a very important role in 
the evolution of humanity. Also noteworthy is the remote use of charcoal for medicinal 
purposes to adsorb the odorous vapours of putrefying wounds (recorded in Egyptian 
papyri around 1500 BC). And we cannot ignore that carbon has been a fundamental 
part of written communication, being used by the ancient Egyptians in the form of soot 
for the decoration of their tombs, as a raw material for the production of ink in the 
Chinese civilization and as graphite powder for pencil tips. 

Despite its omnipresence, carbon was not recognised as a chemical element 
until the end of the 17th century and since then it has been put to countless other 
uses. Among the most significant milestones in the use of carbon are its use in the 
production of steel, the process of vulcanising tyres with carbon black, the 
implementation of carbon switches in computer systems in order to make smaller and 
lighter computers, and the development of primary batteries, which over the years 
have evolved into lithium-ion batteries. 

These examples show that the versatile properties of elemental carbon, its low 
cost, its accessibility, the easy processing of various raw materials and the variety of 
structures obtained (powders, fibres, fabrics, ...) have attracted great economic and 
industrial interest. As a result of this constant interest, a large amount of valuable 
research has been carried out in various disciplines. It is essential to mention the works 
that have awakened new trends in the knowledge of the structure and properties of 
carbon materials and that have contributed to the benefit of society; such is the case 
of the discovery and development of conductive polymers (Shirakawa et al. 1977, 
Nobel Prize in Chemistry in 2000),1 the synthesis of fullerenes (Kroto, et al. 1985, Nobel 
Prize in Chemistry in 1996),2 the discovery of carbon nanotubes (Iijima, 1991, Prince 
of Asturias Award for Technical and Scientific Research in 2008),3 or the isolation and 
studies on graphene (Geim and Novoselov 2007, Nobel Prize in Physics in 2010).4 

All the above, together with the exponential growth of nanoscience and 
nanotechnology, mainly in the last decades, has led to a considerable part of scientific 
research being focused on the production of nanostructured carbon materials. The 
structural diversity of these nanomaterials (nanodiamonds, fullerenes, nanotubes, 
nanoclusters, graphene, ...) provide a variety of unique mechanical, electronic, 
magnetic and optical properties, which when combined with their chemical versatility, 
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ease of handling, and biocompatibility make them attractive candidates for application 
in high impact areas.5-8 

There is no agreed classification of carbon nanostructures. A classification could 
be made based on the dimensionality of the structures, distinguishing four types of 
carbon nanostructures: i) zero-dimensional (OD) structures, such as fullerenes, carbon 
nanodots or finite-sized graphenes; ii) one-dimensional (1D) structures, such as carbon 
nanotubes, nanobuds and nanoribbons; iii) two-dimensional (2D) structures, such as 
graphene; and iv) three-dimensional (3D) structures, such as graphite and diamond (Fig. 
1.1).6  

 

Figure 1.1. Classification of carbon nanostructures based on the dimensionality of the 
structures. 

In particular, carbon nanodots (quasi zero-dimensional carbon allotropes with 
pseudo-spherical structures of a few nanometres in diameter) have generated 
significant and growing interest in scientific and technological circles. This interest is 
reflected in the large number of studies that have been carried out on carbon 
nanodots in high-impact journals (Fig. 1.2), in which a variety of synthetic approaches 
have been proposed, their properties have been discussed, and their potential 
applications (in areas of the greatest impact such as biomedicine, photocatalysis, or 
energy conversion) have been deeply debated.9-21 
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Figure 1.2. Number of publications from 2004 to 2022 found by searching for "carbon 

dots", "carbon nanodots" or "graphene quantum dots" in Web of Science. 
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2.1. Carbon materials  
2.1.1. Carbon, the chemical element 

Carbon is the chemical element with symbol C, atomic number six, atomic mass 
12.011 uma and electronic configuration in the fundamental state 1s2 2s2 2p2. It is the 
sixth most abundant element in nature and exists mainly in the form of the 12C isotope 
(98.89 %).22  

In the elemental state, the carbon atom has two unbound electrons, but can 
form excited states by transferring an electron from the 2s orbital to the unoccupied 
2p orbital, leaving four unbound electrons and thus available for bond formation. In 
other words, the electronic configuration of carbon in the ground state is 1s2 2s2 2p2, 
and an excited state 1s2 2s1 2p3  can be obtained.23 

To reduce the energy of the excited state, in solid form of carbon, the carbon 
atom has the ability to modify its atomic orbitals by forming different hybrid orbitals 
(Fig. 2.1):23 

 Combining the 2s orbital of the excited state with one of the three 2p orbitals 
forms two equivalent hybrid orbitals called sp orbitals. These hybrid orbitals 
have a linear arrangement with an angle of 180°, while the remaining two 2p 
orbitals are unperturbed. 

 In the case where the 2s orbital of the excited state is combined with two 2p 
orbitals, three equivalent hybrid orbitals called sp2 orbitals are formed. These 
hybrid orbitals adopt a triangular geometrical arrangement with an angle of 
120°, while the electron remaining in the other 2p orbital is placed 
perpendicular to the plane formed by the sp2 orbitals. 

 When the 2s orbital of the excited state combines with the three 2p orbitals, it 
forms four hybrid orbitals called sp3 orbitals. In this case, the hybrid orbitals 
are oriented in space in a tetrahedral arrangement at an angle of 109.5°. 

 
Figure 2.1. Carbon hybrid orbitals.23 

It is well known that carbon tends to form sigma (σ-type) covalent bonds by 
head-on interaction between two atomic orbitals, since σ bonds are the strongest type 
of covalent chemical bond. On the other hand, pi (π-type) covalent bonds are covalent 
chemical bonds where side-by-side interaction between two p-orbitals occur. A carbon 
atom has the ability to form four σ-type sp3 hybridized bonds with an average  C–C 
bond length of 153 pm and bond-dissociation energy at 298 K between 347–377 kJ 
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mol-1. Carbon atoms are able to form sp2 hybridized double bonds that arise from 
combining a σ-bond and a π-bond, which results from the interaction between the 
electrons in the unhybridised 2p orbitals of two carbon atoms in this configuration. 
This double bond (σ+π) increases the bond strength so that the C=C length is reduced 
to 134 pm while the bond-dissociation energy at 298 K increases up to 710 kJ mol-1. 
Finally, sp-hybridised carbon atoms form triple bonds as a result of combining a σ-
bond and two π-bonds (which come from the two unhybridised 2p orbitals that two 
carbon atoms have in this configuration). This triple bond (σ+2π) is even stronger so 
that the C≡C bond distance decreases to 120 pm and the bond-dissociation energy at 
298 K reaches 960 kJ mol-1.23 

2.1.2. Macroscopic allotropic forms of carbon 

Carbon's ability to modify its atomic orbitals to form different types of hybrid 
orbitals allows the existence of allotropic forms (Fig. 2.2). The literature lists various 
macroscopic and nanoscopic allotropes for elemental carbon, of which cubic diamond 
and graphite are the most common and best known macroscopic structures. 

In graphite, the carbon atoms have sp2 hybridization and are located at the 
vertices of regular hexagons forming sheets which are arranged in parallel layers 
separated by a distance of 0.3354 nm, a value that corresponds to twice the van der 
Waals radius of the carbon atom. Depending on its packing, from a crystallographic 
point of view, graphite can be classified into two structural types: hexagonal and 
rhombohedral, but only hexagonal graphite is thermodynamically stable below 2600 
K and 6 GPa.24 The lattice is made up of very stable layers that are weakly bound 
together, resulting in a large anisotropy in properties. For example, in the case of 
electrical conductivity, electrons can move within each layer (due to the existence of 
an energy band partially occupied by the delocalised electrons of the unhybridised 2p 
orbitals) but cannot move from one layer to another.25 

The tetrahedral arrangement of sp3-hybridised carbon atoms generates the 
three-dimensional structure that gives rise to diamond. In diamond, each carbon atom 
is surrounded by four neighbouring atoms at an equal distance of 0.1544 nm. 
Depending on the packing of the carbon atoms, two structural types can be 
distinguished: cubic and hexagonal.24 Although the hardness of diamond is its most 
characteristic feature, the presence of impurities (such as boron or nitrogen) within 
the structure induces changes in its electrical, optical and thermal properties which 
are of great importance for its industrial applications.26 In contrast to sp2 hybridized 
carbon sp3 hybridized carbon are semiconductors, in the case of diamond with a very 
large bandgap, making it an electric insulator at room temperature. 

Besides graphite and diamond, which are crystalline allotropes of carbon, 
amorphous carbon is the term usually used for carbon lacking any macroscopic 
crystalline structure. However, although there is no long-range pattern concerning the 
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atomic positions, some short-range order can be observed in amorphous carbon, and 
most amorphous carbon actually can contain microscopic crystals of graphite-like or 
even diamond-like carbon. Coal and soot or carbon black are informally called 
amorphous carbon, however, they are formed by the action of heat, which does not 
produce true amorphous carbon under normal conditions. It often contains carbon 
nanodots, fullerenes or carbon nanotubes. 

Finally, the nature of a linear acetylenic carbon chain formed by sp-hybridised 
carbon atoms has been a matter of controversy since its discovery by a group of 
Russian scientists in the 1960s who named it carbyne.27 In these chains of sp-
hybridised carbon atoms, the bonds can be arranged in two possible configurations: 
alternating single and triple bonds (polyyne) and repeating of double bonds 
(polycumulene).28 

 
Figure 2.2. Structural representation of the allotropic forms of graphite, diamond and 

carbyne.24, 28 

2.1.3. Classification of carbon nanostructures 

Carbon nanostructures can be defined as carbon materials that are produced 
in such a way that their size is controlled on the nanometre scale (0.1 -100 nm) in at 
least one dimension. 

Among the possible classifications of carbon nanostructures (see Fig.1.1), the 
type of hybridization present in carbon atoms is one of them.27 According to this 
concept, two main types can be considered:  

 Mixed carbon forms composed of carbon atoms with different states of 
hybridization, for example: diamond-like carbon, glassy carbon, carbon black 
or hypothetical structures such as "superdiamonds". 

 Intermediate forms of carbon with an intermediate order of hybridization (spn). 
The subgroup with 1<n<2 includes monocyclic carbon structures, while for 2<n<3 
it includes closed nanostructures such as fullerenes, nano-onions or nanotubes. 

Figure 2.3 shows a classification of carbon nanostructures based on both the 
type of hybridization and the characteristic size of the nanostructures. In a first group, 
in the inner circle, are molecular fragments (requiring at least some hydrogen 
termination), which by extension give rise to fullerenes, nanotubes, finite-sized 
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graphenes and nanodiamonds, located at a second level. The next structural level 
considers structural units that arise by increasing in size from simple forms, e.g. multi-
walled carbon nanotubes (MWCNTs), nano-onions, or architecturally more 
complicated forms such as carbon black. Finally, at the outermost level, there are 
materials with micro/macroscopic dimensions such as diamond, graphite, fullerite and 
the recently described macroscopically sized single-walled carbon nanotubes 
(SWCNTs).6 

 
Figure 2.3. Mixed classification of carbon nanostructures based on the hybridization of 
the atomic orbitals (integers sp1, sp2, sp3and fractional spn) and the size of the structure 

increasing from the centre to the outside of the rings.6 

2.1.4. Most relevant carbon nanostructures 
2.1.4.1. Graphene 

Graphene is a two-dimensional (2D) one-atom-thick material composed of 
hexagons with sp2-hybridised carbon atoms at the vertices. It can be considered to be 
a single sheet of graphite and also a structural precursor to other carbon structures: it 
can be rolled into a cylindrical shape to form SWCNTs or MWCNTs if several graphenes 
are rolled together. If the graphene is defective in a certain proportion (pentagons 
instead of hexagons), it can be wrapped into a spherical or ellipsoid shape, as is the 
case with fullerenes and nano-onions. Or it can be stacked into the three-dimensional 
shape graphite (Fig. 2.4).4 
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Figure 2.4. Graphene as structural precursor of the various forms of graphitic carbon.4 

Although graphene is the name given to a single sheet of carbon atoms, there 
are single layer graphene (SG), double layer graphene (DG) and few layers graphene 
(FG, with a number of layers ≤ 10).29 

Graphene properties are truly exceptional, in short: the valence and conduction 
bands of graphene overlap slightly, which makes this material a zero-bandgap 
semiconductor with high electronic mobility at room temperature (> 1.5∙104 cm2 V-1 s-

1); its magnetic behaviour is atypical and very interesting, since it exhibits a quantum 
Hall effect even at room temperature; it has a high thermal conductivity (5∙103 W m-1 

K-1); it absorbs a relatively high fraction of light (about 2.3 %) with little dependence 
on its wavelength in the visible spectrum; and it has a high mechanical strength. The 
main limitations of graphene in view of applications are its poor dispersion in solvents 
and its strong trend to self-aggregation.29 

The potential applications of graphene are very interesting due to its 
exceptional properties. Therefore, a large number of applied research studies have 
been initiated in the last few years aiming to the use of graphene in gas sensors, 
transistors, ultracapacitor components, integrated circuit components, etc.29 

Excitons (electron-hole pairs attracted by the electrostatic Coulomb force) in 
graphene have large Bohr diameter, therefore, graphene fragments termed as 
graphene quantum dots, GQDs, can give rise to exciton confinement as well as 
quantum size effects which are still under study. Unlike graphene, graphene fragments 
have a bandgap greater than zero that can be tuned by modifying the size and 
chemistry of their surface, which causes them to luminesce when excited. Their 
properties and peculiarities, as well as the synthesis methods used to prepare these 
GQDs, will be discussed below.30 
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2.1.4.2. Carbon nanotubes 

The discovery of carbon nanotubes is attributed to S. Iijima in 1991, found as a 
by-product of the synthesis of fullerenes.3 Carbon nanotubes can be described as 
cylinders (diameter 0.3-100 nm and length 10 nm-µm) that can be closed at the ends 
by a hemi-fullerene. In carbon nanotubes, the carbon atoms are in an intermediate 
state of hybridization between sp2 and sp3, although they are closer to sp2. 

There are many types of nanotubes and they can be classified according to 
different criteria (Fig. 2.5):31 

 According to the number of nanotube walls, there are single-walled (SWCNTs), 
double-walled (DWCNTs) and multi-walled (MWCNTs) nanotubes. 

 Depending on the way the graphene sheet is bound, if it is connected parallel 
to the tube axis, a "zig-zag" configuration is obtained, if it is attached 
perpendicular to the tube axis, an "armchair" configuration is obtained. A third 
possibility for rolling up a graphene sheet is to rotate it at a certain angle before 
closing it. In this configuration, the carbon atoms are arranged helically around 
the axis of the tube in a chiral configuration. 

 
Figure 2.5. Different types of carbon nanotubes depending on the number of layers and 

the roll-up of the graphene. 

Considering that the properties of carbon nanotubes depend critically on the 
type of nanotube, its dimensions, chirality, etc., its most relevant characteristics are: 
its high mechanical strength (about 1000 times more than in a steel fibre), its high 
chemical stability, and its high conductivity (~106 times more than metallic copper). 
Carbon nanotubes can be electrically conductive or semiconducting depending on 
whether the carbon atoms are in an armchair (metallic), zig-zag or chiral 
(semiconducting) arrangement, respectively.31 

Their exceptional properties have catapulted carbon nanotubes into the field 
of technological applications such as batteries, reinforced materials, electrochemical 
transducers and sensors. Importantly, open-tipped carbon nanotubes have a potential 
application for reversible hydrogen storage, providing an important role in a future 
economy based on harnessing hydrogen as an energy source.32 
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2.1.4.3. Fullerene 

Fullerenes are a family of materials consisting of a hollow cluster formed by a 
number of carbon atoms. The most common of the fullerenes is the C60 structure called 
"buckminster fullerene-C60" (Fig. 2.6).2 It is a very small molecule (van der Waals 
diameter = 10.34 Å) where the sixty carbon atoms are located at the vertices of a 
regular truncated icosahedron (giving it icosahedral symmetry with all carbon atoms 
chemically equivalent). The average distance between the carbon atoms is 0.144 nm, 
although two different bond distances of 0.137 nm and 0.145 nm can be distinguished. 
The truncated icosahedron is formed by twenty regular hexagons and twelve 
pentagons and therefore satisfies Euler's rule. This theorem states that a closed 
structure consisting of hexagons and pentagons must contain twelve pentagons and 
an arbitrary number of hexagons.33 

According to Euler's theorem, the smallest possible fullerene is the C20 
consisting of twelve pentagonal faces, however, this structure is energetically unstable 
according to the isolated pentagon rule (to minimise local curvature the pentagons 
must be separated from each other). The addition of a hexagon brings two carbon 
atoms so that the rest of the Cn fullerene series can be predicted. Other prominent 
members of the fullerene family are C70, C80, C240, C320, or C960.33 

Among the properties of fullerenes, it is necessary to mention that:33 

 Fullerenes are stable, but not totally inert. The carbon atoms must bend to 
form a sphere, which produces an angular tension that enhances reactivity. The 
most characteristic reaction is the electrophilic addition to the double bonds, 
which reduces the angular tension and contributes to the stability of the 
fullerene molecule.  

 The solubility of fullerenes is poor in most solvents. The most commonly used 
solvents are those consisting of aromatic organic compounds such as benzene 
and toluene, and carbon disulphide derivatives. Their solubility in water is 
extremely low (1.3∙10-11 mg/mL).  

 With regard to toxicity, there is little evidence of harmful effects of C60 
fullerene. 

Fullerene molecules have not had a major practical impact but have recently 
started to be used in medicine as antibiotic carriers and as light-activated 
antimicrobiological agents.33. 

Like multi-walled carbon nanotubes, when several layers of fullerenes are 
arranged concentrically, carbon nano-onions emerge (Fig 2.6.). Predictably, carbon 
nano-onions are highly insoluble, and their reactivity is moderately low, which makes 
them similar to graphite concerning its chemical inertness.34 Both MWCNTs and nano-
onions show a larger interplanar distance than graphite (0.3354 nm), which can reach 
up to 0.42 nm.35 
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Figure 2.6. Structure of [60]fullerene (left) and structure of the nano-onions (right). 

2.1.4.4. Carbon materials with disordered structure 

IUPAC suggests the expression carbon materials for those solids with high 
elemental carbon content and structurally in a non-graphitic state. A first classification 
for carbon materials arising from pyrolysis of various organic materials was proposed 
in 1951 (Fig. 2.7):36 

 Graphitizable carbon materials: they arise from precursors with a high 
hydrogen content and consist of small crystallites that have a high tendency to 
be arranged in parallel.  

 Non-graphitizable carbon materials: these come from substances with little 
hydrogen or a lot of oxygen, and consists of small randomly oriented 
crystallites. 

 
Figure 2.7. Schematic representation of the structure of graphitizable (left) and non-

graphitizable (right) carbon materials.36 

Carbon materials with a disordered structure include (Fig. 2.8): 

 Carbon black: has a characteristic morphology in the form of loose, aggregated 
or fused spheres in a size range from 10 nm to 1 µm. Carbon black is a 
combination of disordered carbon units and small concentrically arranged 
graphite-like conglomerates.37 

 Glass-like carbon: the most recent studies suggest that it is formed by small 
curved sheets of carbon, in which the atoms forming pentagons and heptagons 
in the hexagonal lattices produce the curvature.38 

 Carbon fibres: are formed by a weave of carbon filaments (diameter 5 - 10 µm), 
where the carbon atoms are found forming sheets more or less aligned parallel 
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to the longitudinal axis of the fibre. In graphite the sheets are flat and have an 
orderly stacking, whereas in carbon fibres the sheets are bent and randomly 
arranged.39 

 Activated carbon: this is composed of graphene-like sheets called basal planes, 
which are irregularly stacked and are joined together randomly, giving rise to 
highly porous structures.40 

 
Figure 2.8. Structural models of carbon black a), glass-like carbon b), carbon fibre c), 

and activated carbon d).37-40 

2.1.4.5. Carbon nanodots  

First of all, in nanoscience the term "nanodot" refers to structures or particles 
of nanometric size, whose interest lies in the fact that they exhibit properties that 
cannot be observed in either molecules or macroscopic materials. On the other hand, 
the term "quantum dot" refers to nanostructures that confine the motion in all three 
spatial directions of conduction band electrons and valence band holes or excitons 
(electron and electron-hole pair attracted by the electrostatic Coulomb force). The 
term implies the existence of quantum size effects as in semiconductor quantum dots. 

So-called "carbon quantum dots" or "carbon nanodots" refer to carbon 
nanostructures that are typically smaller than 20 nm in size and often exhibit unique 
optical characteristics (excitation wavelength-dependent fluorescence, modulated 
emission and high photostability) that are not observed in other carbon 
nanostructures. In addition, unlike inorganic semiconducting quantum dots (SQDs), 
carbon nanodots generally exhibit low toxicity and good solubility in various solvents 
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(including water), making them much easier to handle and much more desirable for 
many applications. 

The different types of carbon nanodots could be classified into three main 
categories based on their structure and whether or not they exhibit quantum 
confinement (Fig. 2.9):20 

 Carbon NanoDots (CNDs): these are quasi-spherical (< 10 nm) amorphous 
carbon nanodots, consisting mainly of Csp3, which lack quantum confinement. 
They have been given different names in the literature, such as carbon 
nanoclusters, polymer dots, carbon dots or carbogenic dots. 

 Carbon Quantum Dots (CQDs): refers to quasi-spherical carbon nanodots (< 10 
nm) consisting predominantly of graphene nanoflakes combined with 
amorphous carbon, which exhibit quantum confinement. Such carbon 
nanodots have been proposed conceptually by previous authors but the 
evidence that they exist and that the properties attributed to them actually 
correspond to carbon nanodots themselves is a matter of great controversy. 

 Graphene Quantum Dots (GQDs): refers to carbon nanodots based on a 
fragment of a single graphene sheet (< 20 nm) that exhibit quantum 
confinement.30 

 
Figure 2.9. Classification of carbon nanodots: GQDs (Graphene Quantum Dots), CQDs 

(Carbon Quantum Dots) and CNDs (Carbon NanoDots).20 

2.1.4.5.1. Methods for the synthesis of carbon nanodots 

Since the accidental discovery of fluorescent carbon nanoparticles as a by-
product in the synthesis of carbon nanotubes and the realisation that these contained 
novel carbon nanostructures, there has been a growing interest in the development 
of specific synthetic methods for carbon nanodots. 

The first proposed synthesis processes consisted of fragmentation of 
macroscopic carbon sources (top-down methods, Fig. 2.10) where the aim was to 
induce or retain the crystalline organisation of the carbon cores of these fragments 
and to functionalise their surface.  

Shortly after the first methods for the production of carbon nanodots appeared 
in the literature, it was shown that their synthesis could be carried out using readily 
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available precursors (organic solvents, saccharides, amino acids, proteins, ...) that are 
assembled to produce the carbon nanostructure (bottom-up methods, Fig. 2.10). 

 
Figure 2.10. Top-down and bottom-up approaches most relevant to the production of 

carbon nanodots. 

A first representative example of a top-down approach to building carbon 
nanodots is laser ablation (Fig. 2.11). It is well known that the high energy delivered by 
the laser beam causes ablation, or removal of particles from inorganic solid substrates, 
and it has been observed that the substances thus removed appear at the nanoscale. 
This phenomenon also occurred in one of the first demonstrations of carbon nanodots 
production by applying laser ablation (using an Nd-YAG laser) on graphite powder;41 and 
since then this method has been widely explored in the literature using different 
precursors such as amorphous or graphitic carbon or in large carbon nanomaterials such 
as nanotubes, nanoclusters or even molecular entities such as [60]fullerene.42-46  

More recently, it was also shown that laser synthesis could be used in a bottom-
up approach, starting from readily available precursors such as organic solvents. 
Therefore, pulsed laser synthesis has generated endless possibilities since it is possible 
to use laser irradiation of different wavelengths, of different power and with or without 
focusing systems.42, 47-51 

 
Figure 2.11. Schematic illustration of laser ablation experimental setup.43 
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Electrochemical methodologies have also been used for the synthesis of carbon 
nanodots (Fig. 2.12). Generally, electrodes (cathode and/or anode) made of carbon, 
typically graphite, are introduced into an electrolytic solution where the passage of 
current causes the graphite to splinter, generating the nanodots. This method has been 
widely used, as the technique is easy to carry out and the product yield is usually high. 
However, an apparent limitation is the wide distribution of sizes and morphologies of 
the carbon nanodots obtained, necessitating further separation and purification steps.52 

   
Figure 2.12. Production of carbon nanodots through exfoliation of graphite in 

ionic liquids. The photograph shows that the graphite anode is placed in an electrolyte 
solution comprising the ionic liquid. In the illustration of the proposed mechanism, the 
ions penetrate between the graphite sheets, generating carbon nanotubes and carbon 

nanodots.52 

Numerous other synthetic routes have used "wet chemistry" to produce carbon 
nanodots. It was observed that by treating carbon precursors with a strong oxidising acid 
(such as nitric acid), they fragmented and small nanoparticles were produced (Fig. 2.13). 
The oxidation properties of the acid play a crucial role in the production of surface 
defects containing oxygen and nitrogen, thus defining their photoluminescence. These 
methods demonstrated that carbon nanoparticles could be produced in large quantities 
from readily available reagents, by easily applicable synthetic schemes and without the 
need for sophisticated and/or expensive instrumentation.53-55. 

 
Figure 2.13. Synthesis of carbon nanodots from activated carbon.55 

In parallel to the proliferation of chemical oxidation techniques for the 
production of carbon nanodots, methods such as hydrothermal treatment were 
developed (Fig. 2.14). This method has probably become the most common procedure 
for the production of carbon nanodots, due to a series of important advantages such as 
simplicity, versatility, low cost, ecological use of biomass (products or wastes), etc. The 
key of the hydrothermal synthesis of carbon nanodots is that the use of temperatures 
above the boiling point of water in closed systems increases the pressure inside the 



Background 

26 
 

reactor, which induces condensation of the carbonaceous building blocks and 
crystallisation of the graphitic core. Another important feature of hydrothermal 
synthesis schemes has been the observation that synthetic by-products are retained on 
the surface of graphitic cores giving them varied and chemically controllable 
functionalities and optical properties. Numerous carbon precursors have been used in 
hydrothermal methods, such as sugars, proteins, citrates, food residues, biomass, 
human hair, urine, etc. This type of synthesis has been carried out in solvents other than 
water (solvothermal treatment) and microwave-assisted hydrothermal synthetic 
schemes have also been designed, aiming at a faster and more homogeneous heating 
that would lead to much more uniform particle sizes.56-66 

 
Figure 2.14. Hydrothermal synthesis of carbon nanodots using glucose a carbon source. 
A model for nucleation and growth of carbon nanodots induced by microwave heating 

of glucose solution.63 

In general, the methods proposed so far involve a certain high energy, and there 
is no precise control of the morphology of the product obtained or of the size 
distribution. It should be noted that other methods allowing precise control over the 
morphology of carbon nanodots were also explored, either top-down such as electron 
beam nanolithography,67 or bottom-up such as stepwise organic synthesis,68 but these 
processes are often complex or require very specialised equipment, and generally lead 
to very low yields.  

Despite the wide range of synthetic methods proposed to produce carbon 
nanodots, a primary obstacle to progress is insufficient purification. Relatively recent 
studies suggest that fluorescence can originate significantly from organic by-products 
generated alongside carbon nanodots. In the future, standardised purification 
procedures that take these findings into account will have to be implemented, and in 
cases where purification is inadequate, unsubstantiated or non-existent, corresponding 
studies need to be carried out to assess the veracity of proposed claims about the 
structure of carbon nanodots and the origin of their emission.69 This requires at least a 
comparison of the properties of the small molecule fraction (which so far generally has 
been simply discarded) to the properties of the CNDs. 
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2.1.4.5.2. Photophysics of carbon nanodots 

Carbon nanodots typically show absorption in the UV region, with a tail 
extending into the visible region. However, the absorption capacity of carbon 
nanodots could increase and move to a longer wavelength after functionalization 
(passivation) of the surface.10  

Although most authors do not delve into the mechanism of photoluminescence 
(PL) of carbon nanodots, a thorough understanding of the origins of the photoemission 
of these nanomaterials is one of the most important topics in the current debate. So 
far, several mechanisms have been proposed to explain the fluorescence of carbon 
nanodots.18,70-72 We summarise here the three possible origins of photoluminescence, 
highlighting their particular characteristics (Fig. 2.15).20 

In semiconductor quantum dots, photoluminescence arises after absorption of 
a photon (with energy higher than the bandgap energy) which causes an electron in 
the valence band to be promoted to the conduction band. The subsequent 
recombination results in the emission of photons in a narrow spectral range (Full 
Width at Half Maximum (FWHM) < 40 nm) that depends on the size of the quantum 
dot and is independent of the excitation wavelength. This is the origin of the 
photoluminescence of inorganic semiconducting quantum dots (SQDs), regardless of 
their composition and synthetic method. 

On the other hand, trap states may arise in the bandgap due to different causes 
such as surface defects, the presence of atomic impurities or functional groups, or 
adsorbed molecules, etc. In this case, the photoexcited electron and/or hole can be 
trapped, and their recombination generates an emission of photons at lower energy. 
The photoluminescence observed in the case of trap states results in broad emission 
bands whose position is systematically shifted towards longer wavelengths as the 
excitation wavelength increases. The photoluminescence of most CQDs and GQDs has 
been conceptually explained by considering both the size of the core and the presence 
of trap states. 

On the other hand, the photoluminescence observed in CNDs cannot be 
explained by quantum confinement and must result from the superposition of several 
individual emitting centres (molecular fluorophores or emitting functional groups 
located on the surface of the nanoparticles). In this case, very broad emission bands 
are observed, the position of the emission maximum depending on which emitting 
centre is being excited most efficiently. 
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Figure 2.15. Diagram of the different photoluminescence mechanisms of carbon 

nanodots and their properties.20 

In many cases, synthetic methods produced carbon nanodots that did not 
exhibit photoluminescence, but passivation of the surface with different molecular 
components such as hydrocarbon chains made them photoluminescent. This indicates 
that, in many cases, the photoluminescent properties of carbon nanodots are inherent 
to the trap states present in the bandgap, like surface defects, functional groups, 
adsorbed molecules, etc. In fact, surface passivation has played a very important role 
in the proliferation of studies of carbon nanodots, as in addition to making them 
luminescent, it could make them water-soluble and available for biological 
applications. 

The fluorescence quantum yield (QY) of carbon nanodots is highly dependent 
on the fabrication method and the passivation of the surface involved. Generally, 
carbon nanodots have low fluorescence quantum yields, which may or may not 
depend on the excitation wavelength. Surface passivation has been reported to 
significantly increase QY, but this is highly questionable and would require extensive 
studies and the application of purification methods to clarify why surface passivation 
has this effect.41, 73-76 Another important feature of carbon nanodots is that they have 
shown high photostability in studies to date.76-79 It has also been observed that the 
fluorescence decay of carbon nanodots is often multi-exponential, suggesting that 
different emission sites are present.79-80 

Various phenomena related to the luminescence of carbon nanodots have been 
investigated. For example, electrochemiluminescence (ECL) processes, in which 
electrochemically generated electrons and holes give rise to excited states that 
subsequently relax to their ground states upon light emission.80-83 They have also been 
used in chemical luminescence (CL) systems, in which excitation of carbon nanodots 
occurs through chemical reactions and the resulting luminescence allows the detection of 
various analytes through their participation in oxidation/reduction reactions (Fig. 2.16).84 
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Figure 2.16. Chemiluminescence of carbon nanodots in strongly alkaline solutions. 

Proposed mechanism of the CL associated with surface states of the carbon nanodots 
generated upon reaction with NaOH. A photoluminescence (PL) generated from the 

carbon cores of the carbon nanodots  is also illustrated.84 

Förster resonance energy transfer (FRET) is a widely studied fluorescence 
phenomenon that has also been reported in carbon nanodots. FRET constitutes a non-
radiative energy transfer between two fluorophores, a fluorescence donor and 
acceptor, which are physically adjacent. Carbon nanodots could in principle be 
excellent candidates to function as donors and acceptors in FRET experiments, as they 
have a wide excitation/emission wavelength range. This property implies that a single 
Carbon-Dot species can serve as energy donor for different acceptors, simply by using 
a different excitation wavelength. Likewise, carbon nanodots can constitute a FRET 
acceptor for different  donors (Fig. 2.17).85-89 

 
Figure 2.17. Carbon nanodots for photodynamic therapy (PDT). The Carbon nanodots 

were coupled to TMPyP (the phtosensitizer). The spectral properties of the Carbon-dots 
and TMPyP reveal overlap between  the carbon nanodots’ emission and TMPyP 

excitation, enabling energy transfer from the carbon nanodots, irradiated with NIR 
light to the TMPyP.88 

Up-conversion fluorescence materials have recently attracted much attention 
for their promising applications, especially in the field of biomedical imaging and 
photocatalysis by visible light. Carbon nanodots capable of absorbing two long 
wavelength photons (near infrared) and emitting one photon of a shorter wavelength 
(visible region) have been reported.77, 90-92 
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2.1.4.5.3. Applications of carbon nanodots 

This section will outline the potential applications for which carbon nanodots have 
been postulated as interesting candidates to date. But in light of our results, and the 
results of many other recent reports, many of the papers cited in this section (which 
attribute to carbon nanodots properties such as high fluorescence quantum yields or 
quantum size effects) would require revision and in some cases may even be invalidated. 

Biological applications 

As carbon nanodots are biocompatible and easily functionalised, they have 
attracted great interest for biological applications, especially in biomarking 
applications due to their remarkable apparent fluorescence properties. 

In this context, carbon nanodots seem to present very promising properties for 
cellular imaging such as high quantum yield and excitation-dependent emission, which 
allows the selection of different excitation wavelengths in fluorescence microscopy 
experiments. Furthermore, carbon nanodots also showed applicability as in vivo 
bioimaging agents, since, in addition to all of the above, they can fluoresce for 
relatively long periods of time in physiological environments and can have a longer 
wavelength (red) emission that is less absorbed by human tissues (Fig. 2.18). Another 
advantage of using carbon nanodots is that their surface is easily functionalised, 
allowing the attachment of different cellular recognition elements. But it has been 
observed that by using the recognition elements as a carbon source in the synthesis of 
carbon nanodots, further functionalisation processes can be avoided as they appear 
to retain their structural and chemical identity, which still allows their use for 
attachment to cellular and tissue targets.60, 62, 85, 89, 93-96  

 
Figure 2.18. Images of cells incubated with carbon nanodots. Brightfield image (a) and 
confocal fluorescence microscopy images with 405 nm excitation (b); 488 nm excitation 

(c); and 561 nm excitation.81 

In addition to biomarking applications, carbon nanodots have been evaluated in 
other biological applications, and although there are still many unresolved unknowns, 
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there are already several reports of their potential application as therapeutic agents for 
different diseases. Their potential as gene and drug carriers has been studied, and it has 
been shown that carbon nanodots could be easily internalised into cells. They have even 
been used for intracellular delivery of small interfering RNA (siRNA, also known as 
silencing RNA), whose transport across the cell membrane is one of the challenges to 
overcome before using siRNA to turn off the expression of target genes. An important 
advantage of carbon nanodots as a cell delivery vehicle is the possibility of luminescence 
imaging, which allows assessment of transport efficiency.97-103 

Photodynamic therapy (PDT) has also been proposed as a potential application 
for carbon nanodots. PDT is based on administering a photosensitiser (PS) that 
releases singlet oxygen through light excitation of the PS, destroying tumour cells or 
bacteria in its environment. The main challenge of PDT is the absorption of light by the 
PS, as human tissues absorb light in the visible region, which restricts the available 
excitation window of the PS. Systems have been developed for PDT where carbon 
nanodots are responsible for absorbing light in the near-IR range and their emission 
coincides with the excitation of the covalently coupled PS (Föster resonance energy 
transfer process, FRET) allowing the release of singlet oxygen. And systems have also 
been developed where carbon nanodots could generate singlet oxygen by themselves 
presumably involving a triplet excited state. Again, their photoluminescent properties 
can be used simultaneously to more effectively target the carbon nanodots to the cells 
and tissues where photodynamic therapy is to be applied (therapeutic and diagnostic 
or theragnostics systems) (Fig. 2.19).88, 104 

 
Figure 2.19. (a) Bright-field image and (b) red-fluorescence image after subcutaneous 
injection of GQDs in different areas. The excitation wavelength was 502–540 nm, and 

the collected fluorescence channel was 695–775 nm. (c) Photographs of mice after 
various treatments on the 1st, 9th, 17th and 25th day. (PDT: GQDs + light irradiation; 

C1: GQDs only; C2: light irradiation only.) (d) Time-dependent tumour growth curves (n 
= 5) after different treatments. P < 0.05 for each group.104 
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It has also been shown that some carbon nanodots can exhibit selective 
antibacterial activities in which their effect is attributed to bacterial wall disruption.105  
Both photodynamic therapy and cell surface disruption are bactericidal treatments 
that provide a viable alternative to antibiotic treatment and thus alleviate one of the 
greatest public health challenges of antibiotic resistance. 

Detection applications 

The properties observed in carbon nanodots, in particular the processes 
involved in their fluorescence, such as energy transfer, fluorescence quenching and 
the sensitivity of fluorescence spectra in molecular environments, point to broad 
applications in biodetection and chemodetection.  

Most sensing applications of carbon nanodots have focused on altering surface 
environments, modulating surface energy states accordingly and thus affecting 
fluorescence emission, either in intensity and/or position.  

One of the most powerful features of carbon nanodots as sensors is the 
possibility of endowing them with molecular recognition elements simply by using 
synthetic building blocks containing such binding units. This approach simplifies the 
process as no post-synthesis docking is required. 

Carbon nanodots have been proposed as sensors for the detection of 
biomolecules, particularly proteins and enzymes, radicals, bacteria or gases, but the 
detection of metal ions has probably been the most widespread detection application 
(Fig. 2.20). The detection of metal ions can have applications in relevant fields such as 
the food industry or environmental monitoring, allowing the quality of water or food 
to be assessed.58, 87, 90, 106-121  

 
Figure 2.20. Hg2+ sensing by carbon nanodots. (a) Scheme showing the synthesis of 

carbon nanodots through electrolysis of sodium citrate/urea mixture and quenching of 
the  carbon nanodots’ fluorescence following binding to Hg2+ ions; (b) selectivity of the  

assay — significantly more pronounced fluorescence quenching induced by mercury 
ions as compared to other metal ions.117 
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Energy-related applications 

The wide excitation/emission range and high quantum yields reported in many 
cases in carbon nanodots have attracted interest for their use in solar energy 
applications. Primarily, carbon nanodots have been proposed as sensitisers in dye-
sensitised solar cells (DSSCs). TiO2 has become the semiconductor of choice in these 
solar cells, the problem is that it has a wide bandgap capable of absorbing only photons 
in the UV region. To overcome this limitation, TiO2 doping has been proposed using 
sensitisers, such as carbon nanodots, with a lower energy bandgap (able to absorb 
light in the visible or infrared regions), capable of transferring the photoexcited 
electrons to the conduction band of TiO2.122-123 

In addition to serving as light converters, as illustrated in the application 
mentioned above, carbon nanodots have also been used as light sources in LED 
configurations (Fig. 2.21). However, these uses have faced significant challenges due 
to the need to employ the carbon nanodots in the solid state, and when immobilised 
or deposited they tend to aggregate and/or lose their luminescence properties. 
Despite this, there are already several reports presenting innovative strategies to 
overcome the quenching/aggregation obstacles.62, 124-128 

 
Figure 2.21. Coloured light-emitting films embedding carbon nanodots prepared from 

phenylenediamine isomers in transparent polymer matrixes. a) The three 
phenylenediamine isomers and corresponding carbon nanodots exhibiting different 

colours (upon excitation at 365 nm); b) photographs of carbon nanodot/polymer films 
comprising carbon nanodots produced from different mixtures of the 

phenylenediamine isomers; c)  light emission coordinates of the films shown on a CIE 
1931 chromaticity map.62 
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Photocatalysis-related applications 

The light absorption properties of carbon nanodots have also been exploited as 
a means to enhance photocatalysis, in particular under visible light illumination. 
Photocatalysis reactions have mostly been studied using metal oxides, such as 
titanium oxide, zinc oxide, or silicon oxide, especially in nanoparticle configuration to 
increase the surface area available. Again, the main impediment to using metal oxides 
as photocatalysts is their large bandgap, which results in inefficient absorption of 
sunlight. Consequently, the usual methods to improve the photocatalytic activity of 
metal oxides have been to couple them with dyes, or carbon nanodots, which either 
absorb visible light by transferring the photoexcited electrons to the semiconducting 
particles, or by accepting the photoexcited electrons from the semiconductor, thus 
minimising electron-hole recombination and broadening the catalytic activity. Several 
reports have shown that carbon nanodots exhibit photocatalytic activity in their own 
right, where the photoexcited electrons and corresponding holes can be harnessed to 
induce various catalytic reactions (Fig. 2.22).19, 77, 91, 129-132    

 
Figure 2.22. The photocatalytic process of CDs-based photocatalysts (the solid circles 

represent CDs-based photocatalysts).132 

2.1.5. Techniques for characterization of carbon nanomaterials 

As new members of carbon nanostructures, carbon nanodots have been 
extensively characterised in order to elucidate their structure and consequently 
elucidate the mechanisms responsible for the photophysical phenomena they exhibit. 
The following sections briefly describe the fundamentals of the study techniques used 
to obtain information on the structure and composition of these materials. 

Electron microscopy: 

Conventional electron microscopy allows direct images to be obtained that 
show the morphology of these materials in detail. It also offers the possibility of 
studying the arrangement of carbon atoms, the degree of hybridization, the degree of 
aggregation and the crystalline organization. In electron microscopy, electrons act as a 
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source of ionising radiation which, when incident on the sample, have the ability to 
produce a series of interactions that produce secondary signals that can be detected and 
subsequently used analytically to provide semi-quantitative chemical information and 
other characteristic features of the sample.133 

The following is a brief description of the electron microscopy and associated 
techniques used for the structural characterization of carbon nanodots presented in this work. 

 High-resolution transmission electron microscopy (HR-TEM): allows the study and 
interpretation of micrographs obtained by electrons passing through the sample 
with an interpretable resolution between 0.1 and 0.2 nm (Fig. 2.23). Recently, the 
resolution of electron microscopes has been improved through the application of 
holography, the use of correctors for the aberrations of the microscope lenses and 
the reconstruction of the phase of the emerging wave.134 

 
Figure 2.23. (a) TEM image of GQDs assembled on Cu grid coated with ultrathin 

amorphous carbon film; (b) the HRTEM image of the GQDs.86  

 Scanning Transmission Electron Microscopy (STEM): the sample is scanned by 
a finely focused electron beam. Imaging by STEM on a high-angle angular  dark 
field detector (HAADF) allows the variations of the intensity of the image to be 
related to the atomic number of the elements in the sample (Fig. 2.24).135 

Since the development of Analytical Electron Microscopy in the late 1970s, information 
on the chemical composition of a sample can be obtained with the implementation of 
techniques associated or coupled to the microscope, the most common being:136 

 X-ray Energy Dispersive Spectroscopy (EDS): when the electron beam is 
incident on a region of the sample, X-rays characteristic of each element are 
produced. With the use of internal standards, it can be quantitative with a 
margin of error of 1-5 % (Fig. 2.24). 

 Electron energy loss spectroscopy (EELS): measures the kinetic energy loss of 
electrons interacting inelastically with the sample, which is characteristic of 
each of the elements present in a study region. The EELS technique can be 
considered complementary to EDS, since it is more sensitive for light elements 
(Z < 10), while EDS is more sensitive for elements with Z > 10 (Fig. 2.24). 
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Figure 2.24. EELS spectra, STEM image and EDS analysis of GQDs. (a) EELS 

spectrum of the GQDs; the insets show the EELS spectra of C K-edge and O K-edge of the 
GQDs; (b) STEM image of the GQDs assembled on Cu grid coated with ultrathin amorphous 

carbon film; (c) Elemental C mapping (in blue) of the image shown in panel b; (d) EDS 
spectrum of the GQDs; (e) elemental O mapping (in red) of the image shown in panel b.86 

X-Ray Diffraction (XRD) / Small and Wide Angle X-ray Scattering  (SAXS-WAXS) 

The fundamental application of this technique is the identification of the 
structure of a crystalline sample. When an X-ray beam is incident on a crystal, some of 
the rays pass through the crystal and some are scattered by the electrons of the atoms 
in the crystal. Of all the scattered electrons, some may exit, in phase, in certain 
directions, which depend on the orientation of the crystal planes relative to the X-ray 
source. As a result, their waves are strengthened and give rise to a diffracted X-ray 
beam. The set of beams diffracted by a crystal constitutes its diffraction pattern. In the 
case of carbon materials, this technique makes it possible to determine the degree of 
crystallinity of the different samples (Fig. 2.25).137 

SAXS is one of the most versatile tools to analyse dimensions and nanoscale 
structures of a variety of sample types (liquids, powders, solids, gels...). Samples can be 
amorphous, crystalline or semi-crystalline. Typical samples that can be investigated with 
SAXS include colloidal dispersions, surfactants, polymers, biomacromolecules, 
membranes, nanocomposites, Nano powders and porous materials. The orientation of 
anisotropic nanoscale structures can be investigated by measuring 2D SAXS patterns.137 

Based on the measured scattering pattern at wide angles (WAXS), the 
crystalline phases present in a given sample can be identified and quantified, and the 
size of nanocrystallites can be calculated. The crystal lattice orientation in anisotropic 
structures, e.g. in polymers, can be deduced from 2D WAXS patterns.137 

Generally speaking, the WAXS technique is used to obtain structural 
information on scales of the order of 1 nm or smaller, whereas SAXS is used for orders 
of 1 to 1000 nm.137 
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Figure 2.25. XRD pattern of octadecyl-functionalised carbon nanodots. The XRD 

peak points to a lattice spacing greater than graphite (0.35 nm), indicating certain 
amorphous character of the synthesised carbon nanodots.138 

Atomic Force Microscope (AFM) 

An atomic force microscopy is a scanning microscope which probes a sample's 
surface. It consists in a tip positioned at the end of a cantilever and an optical system 
using a laser to detect the tip's deflections. When the tips is brought into contact with 
the sample and moved along its surface, the laser deviation allows to measure the 
sample's profile. The AFM allows to visualize the topography of the surface down to 
atomic resolution. One often uses the so-called "tapping mode". Here, the tip is driven 
to oscillate up and down during its displacement and the amplitude of the oscillation 
is detected which will be reduced in vicinity of the sample surface. This technique 
causes less damage during scanning because of fewer and lighter contacts. 
Furthermore, the detection of these periodic oscillations and their modification along 
the surface results in more accurate topographic measurements (Fig. 2.26).139 

 
Figure 2.26. AFM image of carbon nanodots. The AFM specimen was prepared by 

depositing a few drops of a diluted carbon dot solution on a mica surface.140 
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Dynamic Light Scattering  (DLS) 

Dynamic light scattering (DLS) is a physical technique that can be used to 
determine the size distribution of small particles in suspension or polymers in solution.  

DLS measures Brownian motion and relates it to particle size. Brownian motion 
is the random movement of particles due to bombardment by surrounding solvent 
molecules. The larger the particle, the slower the Brownian motion and the smaller 
the particles  the faster they are moving and the further are they “kicked” away by the 
solvent molecules. Particles in a dispersion are in a constant, random, Brownian 
motion causing the intensity of scattered light to fluctuate as a function of time. For a 
large number of monodisperse particles in Brownian motion, the correlation function 
is an exponentially decaying function of the correlator time delay, the pre-exponential 
factor being proportional to the diffusion coefficient of the particles and the refractive 
index of the solvent. From the correlation function using various algorithms, the mean 
hydrodynamic size (z-average diameter) or Stokes radius of the particles and an 
estimate of the width of the distribution (polydispersity index) can be obtained (Fig. 
2.27) employing the Stokes-Einstein relation 𝐷 = 𝑘 𝑇/(6𝜋𝜂𝑟 ) where 𝑘  is the 
Boltzmann constant, T the temperature of the solvent and 𝜂 the dynamic viscosity. 141 
For the derivation of the Stokes radius therefore the refractive index and the viscosity 
of the solvent must be known, which in turn requires the temperature to be stabilized.  

The size distribution obtained is a plot of the relative intensity of light scattered 
by particles in various size intervals and is therefore known as an intensity size 
distribution. If the distribution by intensity is a single fairly smooth peak, then there is 
little point in doing the conversion to a volume distribution using the Mie theory. If 
the optical parameters are correct, this will just provide a slightly different shaped 
peak. However, if the plot shows a substantial tail, or more than one peak, then Mie 
theory can make use of the input parameter of sample refractive index to convert the 
intensity distribution to a volume distribution. This will then give a more realistic view 
of the importance of the tail or second peak present. In general terms it will be seen 
that: d(intensity) > d(volume) > d(number). 
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Figure 2.27.Dynamic light scattering (DLS) size distribution curve of carbon nanodots 

dispersed in water.142 

Fluorescence Correlation Spectroscopy (FCS) 

Fluorescence correlation spectroscopy is, in a sense, the fluorescent 
counterpart of dynamic light scattering (DLS). FCS provides quantitative information 
about fluorescent particles in suspension, in particular their diffusion coefficients, 
hydrodynamic radii or average concentrations, among others.  

The typical FCS configuration consists of a pulsed or continuous wave laser that 
is focused by a high numerical aperture lens to a femtoliter volume into the sample 
containing fluorescent particles in suspension at such a high dilution that only a few 
are within the focal spot. When the particles cross the focal volume, due to Brownian 
motion, they emit fluorescence, which reaches a detector. The fluorescence intensity 
fluctuates as the fluorescent particles move in and out of the focal volume and is 
analysed by temporal autocorrelation. To extract the information, it is necessary to 
calibrate parameters by performing FCS on a species with known diffusion coefficient 
and concentration and then fit the autocorrelation data using appropriate models (Fig. 
2.28).143  

 
Figure 2.28. Normalised FCS curves for different carbon nanodots and Coumarin 153 
(Standard). FCS curves are fitted (solid lines) to the translational diffusion model.144 
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Raman spectroscopy and Surface-Enhanced Raman Spectroscopy (SERS) 

When a beam of monochromatic light is incident on a sample, some of the light 
is transmitted, some is absorbed, and the rest is scattered. Most of the scattered light 
has the same wavelength as the incident beam, however, a small fraction of the 
scattered light is spectrally shifted, by molecular vibrations and rotations (inelastic 
scattering or Raman scattering).145  

Raman spectroscopy plays an important role in the study of carbon materials. It 
provides valuable information such as the size of the existing sp2 domains, the presence 
of sp2 - sp3 hybridization, the presence of chemical impurities, defects, or the degree of 
order and disorder, among others.146 

In the Raman spectrum of carbon materials with sp2 hybridization, two 
characteristic signals can be identified: the G-band located in the range 1540 - 1600 cm-1 
and the D-band located between 1340 - 1400 cm-1. The G-band is associated with the 
elongation of the in-plane C-C bonds and the vibrations arising from the relative motion 
of the sp2-hybridised carbon atoms. As a result of the loss of symmetry in the crystal 
structure of the material, the D band appears. The ratio of intensities between the D and 
G bands (ID/IG) can be used to determine the relative abundance of graphitic carbon atoms 
versus disordered carbon atoms.146 

Surface-enhanced Raman spectroscopy (SERS) is a surface-sensitive technique 
that enhances the Raman scattering of molecules adsorbed on rough metal surfaces or 
metal nanostructures. The enhancement factor in the case of coinage metals like silver 
or gold can be as high as 1010 to 1011, which means that the technique can detect single 
molecules. The exact mechanism of the SERS enhancement effect is still under debate 
in the literature, with the most supported theory stating that the increase in Raman 
signal intensity for adsorbates on certain surfaces occurs due to an increase in the 
electric field caused by surface plasmon polaritons on the metal surface excited by the 
incident light. The increase in intensity is not the same for all frequencies. For those 
frequencies where the Raman signal deviates only slightly from the incident light, both 
the incident laser light and the Raman signal can be close to resonance with the surface 
plasmon resonant frequency, leading to a maximum increase in intensity. When the 
frequency deviation is large, the incident light and the Raman signal cannot 
simultaneously be in resonance with the plasmon frequency, so the total enhancement  
is limited.147-149 
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Figure 2.29. Raman spectra of carbon nanodots, multi-walled carbon nanotubes 

(MWCNTs), highly ordered pyrolytic graphite (HOPG), and microdiamond powder.150 

Fourier-transform infrared spectroscopy (FTIR)  

The infrared region lies between the visible and microwave regions of the 
electromagnetic spectrum and infrared (IR) spectroscopy is one of the best tools for 
solving problems related to molecular structure and chemical identification, because  
polar vibrations  of individual covalent bonds or of functional groups couple to infrared 
light and therefore appear in the infrared spectrum. In this work, the infrared spectra 
of the samples have been measured in the mid-infrared range (400-4000 cm-1), which 
is the range that has the greatest analytical application.151 

Since IR spectroscopy is based on the fact that molecules rotate and vibrate as 
a result of their interaction with IR radiation, the implementation of this technique 
allows, in the case of carbon nanodots, to perform identification of surface functional 
groups such as carboxyl groups, phenols, carbonyls, amines, amides, etc., as well as 
the identification of molecular species. 

The particular technique of infrared spectroscopy called Fourier transform 
spectroscopy registers the intensity modulations at the output of a scanning 
Michelson interferometer after passing the infrared light through the sample. The 
technique has significant advantages over dispersive infrared spectroscopy in terms of 
light-gathering efficiency. The spectral resolution is determined by the travel of the 
scanning interferometer. 
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Figure 2.30. Fourier-transform infrared (FTIR) spectrum of carbon-dot sample. Distinct 

vibration bands corresponding to carbon nanodots’ surface units are indicated.21 

X-ray Photoelectron Spectroscopy (XPS) 

X-ray spectroscopy is a technique with low spatial resolution and sensitive to 
the surface (up to a depth of  6-8 nm) that allows the identification of the chemical 
elements present, as well as the elements to which they are bound.  

The technique basically consists of the excitation by an X-ray beam of the 
innermost levels of atoms, causing the emission of photoelectrons, and since the 
energy of the X-ray photon beam used is known and the kinetic energies of the emitted 
electrons are measured, the characteristic binding energy (BE) of each element can be 
determined thanks to the principle of conservation of energy. A typical XPS spectrum 
is a plot of the number of electrons detected at a specific binding energy. Each element 
produces a set of XPS peaks corresponding to the electronic configuration, e.g. 1s, 2s, 
2p, etc. In addition, the number of electrons detected in each peak is directly related 
to the amount of that element in the sample.152 
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Figure 2.31. X-ray photoelectron spectra (XPS) of carbon nanodots. The spectra reveals 
distinct functional groups corresponding to different atoms present upon the carbon 

nanodots’ surface.21 

Mass  Spectrometry (MS) 

However, all the techniques mentioned above are unable to determine the 
chemical structure of the sample. In order to identify possible by-products of synthesis 
such as small organic molecules or oligomers generated with the carbon nanodots, 
mass spectrometry (MS) can be used.153-154 

In mass spectrometry, basically, the sample is ionised, which can cause the 
sample molecules to break into charged fragments or simply become charged without 
fragmenting. These ions are separated according to their mass-to-charge ratio by 
subjecting them to a magnetic or electric field. The results are shown as signal intensity 
spectra of the detected ions as a function of mass-to-charge ratio.155 

Ionisation techniques have been key in determining which types of samples can 
be analysed by mass spectrometry. Several ion sources are available and could be 
divided into hard and soft ionisation techniques. The most common example of hard 
ionisation is electron ionisation (EI) which gives a high degree of fragmentation, 
however it is not suitable for coupling to high performance liquid chromatography 
(HPLC), as at atmospheric pressure, the filaments used to generate electrons burn 
quickly. On the other hand, soft ionisation refers to processes that involve little 
residual energy to the molecule and result in little fragmentation. Representative 
examples could be: electrospray ionisation (ESI), chemical ionisation (CI) or matrix 
assisted laser desorption/ionisation (MALDI).155 

Of particular note is the possibility of using tandem mass spectrometry capable 
of performing multiple rounds of mass spectrometry, usually separated by some form 
of molecule fragmentation. Another important improvement in the resolving power 
of mass spectrometry is its use in conjunction with chromatography that separates 
compounds before they are introduced into the ion source.155 
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2.1.6. Future perspectives  

In this introduction, recent advances in carbon nanodots research have been 
described so far. It is clear that carbon nanodots have attracted enormous attention 
due to their apparent attractive properties, including biocompatibility, unique optical 
properties (excitation-dependent emission, high photostability or modulatable 
emission) and relative ease of functionalisation. 

These interesting properties and the abundance and inexpensive availability of 
precursors have promoted a large number of synthetic methods, and this has provided 
immense scope for tailoring the chemical and surface nature of carbon nanodots as 
desired for specific purposes.  

The infinite possibilities of producing different carbon nanodots have led to 
inconsistency in their classification and nomenclature. According to the 
recommendation of Cayuela et al.,20 all carbon nanodots can be classified into three 
subgroups (GQDs, CQDs and CNDs) according to their structure and the mechanism 
that gives rise to their photoluminescence.  

Naturally, research on carbon nanodots continues to face challenges, both 
conceptual and technical, that need to be solved before they can be applied in the 
various proposed fields. One of the main challenges is to synthesize carbon nanodots 
with structural uniformity on a large scale. The precise physical mechanisms responsible 
for the unique spectroscopic properties of carbon nanodots have not sufficiently been 
elucidated yet. Although significant progress has been made, future experimental and 
theoretical work should shed more light on the effect of factors such as size or surface 
and core nature. Other more technical challenges involving optical properties are  the 
optimization of luminescence quantum yield, as well as modulating the excitation range 
of the emission.  

In general, the methods proposed to date are not capable of producing carbon 
nanodots on a large scale and with a well-defined structure and composition. In 
general, methods involving high energy on carbon materials lack control over the 
morphology and size distribution of the resulting nanoparticles. Furthermore, the 
synthetic methods that would allow this control are often inefficient. On the other 
hand, carbon nanodots exhibit interesting optical properties; however, the underlying   
photophysical phenomena still remain a matter of debate and are not yet fully 
rationalised. 
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3. OBJECTIVES 

According to the background and context of the research plan, the aim of this 
work is the synthesis and the structural and photophysical characterisation of 
unprecedented carbon nanostructures, as well as the analysis of their applicability in 
different scientific-technological fields. 

 

Specific objectives of chapter 1 and chapter 2 

 Carbon nanodots will be prepared by solvothermal and pulsed laser synthesis 
and it will be assessed how the relevant chemical and instrumental parameters 
are affected by the synthetic routes 

 

Figure 3.1. Schematic representation of the synthetic methods used in this work to 
prepare CNDs with their main advantages and disadvantages 

 The morphology and structure of the synthesized carbon nanodots will be 
characterized by techniques such as: NMR, FTIR, MS, Raman spectroscopy, 
SERS, ATG, XPS, FCS, TEM, STEM combined with EELS and EDS, DLS, AFM, XRD, 
SAXS and GI-WAXS. 

 The photophysics of the prepared carbon nanodots will be studied by 
absorption and photoluminescence spectroscopy with and without time 
resolution at variable temperature. Photoluminescence quantum yields will be 
determined and charge and/or energy transfer processes will be investigated, 
and their kinetic parameters and quantum yields, will be determined. 

 The role of small molecule by-products of solvothermal synthesis will be 
determined and critically assessed. 

 

Specific objectives of chapter 3 

 The CNDs prepared in chapter 1 will be hybridized with TiO2 nanoparticles 
affording new CND@TiO2 heterostructures whose morphological and 
photophysical properties will be determined. 

 The photocatalytic activity of the CND@TiO2 heterostructures under 
illumination by visible light will be studied, in particular taking into account 
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photocatalytic action spectra and experiments with scavenger of radicals and 
reactive oxygen species. Resonant and non-resonant contributions and 
interactions between the contaminants and TiO2 nanoparticles as well as the 
CND component in the heterostructures will be discussed. 

 The possibility of up-conversion processes taking part in the photocatalytic 
reactions will be determined.  

 

Figure 3.2. Figure composed of: HR-TEM image of the CND@TiO2 heterostructure; the 
excitation wavelength-dependent degradation of RhB in the absence or presence of 

TiO2, CNDs and CNDs@TiO2; and schematic representation of the band alignments of 
the CNDs@TiO2 heterostructure and RhB and the processes taking place in the RhB 

photodegradation mechanism. 

 

Specific objectives of chapter 4 

 A series of structurally well-defined curved molecular nanographenes 
previously synthesized by a bottom-up approach, will be photophysically 
characterized.  

 The photophysics of the nanographenes will be studied by photoluminescence 
spectroscopy at variable temperature with and without time resolution, with 
the intention to obtain detailed information on the emitting electronic states.  

 Temperature-dependent non-radiative decay of the electronically excited 
states will be studied. 

 Quantum chemical calculations by density functional theory (DFT) will provide 
a better understanding of the experimentally observed photophysical 
processes.  
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Figure 3.3. Structure of CNG 7 with the schematic representation of its potential energy 
surface showing two S1 minima, two T1 minima and a non-emitting T3 minimum, 

responsible for fluorescence, phosphorescence and TADF, respectively. 
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S. Ramírez-Barroso, A. Jacobo-Martín, I. Navarro-Baena, J. J. Hernández, C. 

Navio, I. Rodríguez, R. Wannemacher. “On the nature of solvothermally 
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Chapter 1: Solvothermally Synthesized Carbon Nanodots 

4.1.1. Introduction 

Solvothermally synthesized carbon nanodots (CNDs) have received tremendous 
attention because of their significant advantages in terms of their easy, cheap and green 
metal-free synthesis, excellent biocompatibility, low cytotoxicity and apparent 
outstanding photophysical properties, such as high fluorescence quantum yield and high 
photostability.1-8 Such desirable combination of properties suggests opportunities for 
replacing conventional fluorescent materials in various fields of applications, ranging 
from optoelectronics, photovoltaics or photocatalysis to biomedicine.9-20 This interest 
has led to an almost exponential growth in the number of scientific articles published 
on the subject, but, on the other hand, this rapid pace has been accompanied by a host 
of misconceptions that have hindered the elucidation of the true nature of carbon dots. 
The characterization of the structure and photophysics of solvothermally synthesized 
CNDs is complicated by the fact that it is masked by the presence of molecular and 
oligomeric products partially attached to the CNDs. For this reason, it is essential to 
carefully purify the synthesized materials, to know  all the major reaction products 
generated during the synthesis and to compare the properties of the fractions separated 
in the purification step.21-22 Related to this problem, there is still controversy about the 
photophysical properties of CNDs. Part     of the recent studies ascribe the fluorescence 
of one of the CNDs studied in the present work actually to conjugated small molecules, 
such as IPCA (imidazo[1,2,α]pyridine-7-carboxilic acid, 1,2,3,5-tetrahydro-5oxo)23, or 
similar structures24-27. Recent reports on fluorescence or phosphorescence from non-
conjugated polymer dots28-32 also do not appear to fully exclude the presence of small 
conjugated molecules as the origin of   those emissions. In line with the results presented 
below mass spectrometry of the synthesized products at m/z < 1500, extensive dialysis 
and comparison of the PL of dialysate and retentate, respectively, are indispensable for 
this purpose. In general, the published work still does not sufficiently characterize the 
complex products that arise from solvothermal synthesis of CNDs. The present work 
attempts to contribute to this task. To this end we have synthesized solvothermal CNDs 
(a) from citric acid and ethylenediamine as sources of carbon and nitrogen, respectively 
(blue carbon dots, B-CNDs), one of the most frequently studied types of solvothermal 
carbon dots, and (b) from p-phenylenediamine as precursors (red carbon dots, R-
CNDs).33-35 

 

4.1.2. Experimental Section 

Synthesis and purification of CNDs 

Citric acid (Sigma Aldrich, 99 %), ethylenediamine (Fluka Analytical, 99,5 %), p-
phenylenediamine (Sigma Aldrich, 98 %) and absolute ethanol (Merck, 99.5 %) were 
used to synthesize the carbon dots. Its purification was done with dialysis tubing 
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cellulose (Merck) of different pore size (1, 14 and 25 kDa molecular weight cut-off 
MWCO) in the dark, as well as under ambient illumination. Purification was also carried 
out by size exclusion chromatography (SEC) using Sephadex G25-80. 

 

Characterization of CNDs 

Ultra-performance liquid chromatography coupled with electrospray ionization 
quadrupole time-of-flight tandem mass spectrometry (UPLC-ESI-Q-TOF-MS/MS) was 
carried out using an ACQUITY UPLC system coupled with high resolution mass 
spectrometer MAXIX II Bruker. Chromatography was performed using a Waters UPLC 
C18 column (2.1 mm × 5 cm) packed with 1.7 µm octadecyl (C18) bonded silica. The 
mobile phase contains 0.1 % formic acid (FA) in water (pH 2.8) as eluent A and MeOH or 
acetonitrile as eluent B for the B-CNDs or R-CNDs, respectively. The flow rate was 0.1 
mL/min, whose composition by volume was 98 % A and 2 % B. Unless otherwise stated, 
the optimized source conditions were set as follows: capillary voltage, 3.5 kV; 
desolvation temperature, 300 oC; and desolvation gas (N2) flow rate, 8 L/min. The MS 
range was scanned from 20 Da to 3000 Da and centroided during acquisition using an 
internal reference (lock spray). Data processing was carried out with Bruker Compass 
DataAnalysis 4.4 software. 

High-resolution transmission electron microscopy (HR-TEM) was carried out 
using the JEM GRAND ARM300cF with ETA (Expansion Trajectory Aberration Correction) 
consisting of dodeca-poles (JEOL) on the objective lens and a FEG. The electron 
accelerating voltage used was 60 kV. Scanning Transmission Electron Microscopy (STEM) 
was carried out using the JEOL JEM ARM200Cf with CEOS aberration corrector on the 
field effect emission condenser (cold FEG) lens and HAADF imaging with a JEOL detector 
and Gatan ABF and HAADF detectors. In this case, the electron acceleration voltage used 
was 80 kV.  

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements was 
performed at the BL-11 NCD-SWEET beamline of the ALBA synchrotron at Barcelona, 
Spain. The X-ray patterns were recorded with a WAXS LX255-HS detector from Rayonix 
(pixel size 80x80μm2). The norm of the reciprocal space q-vector (q=4πsinθ/λ, where θ 
is the Bragg angle and λ is the wavelength) was calibrated using a chromium oxide 
(Cr2O3) standard. Temperature dependence measurements were performed by using a 
Linkam heating plate coupled to a precision stage with vertical, horizontal and rotational 
motions.  

Atomic force microscopy (AFM) was carried out on a NT-MDT NTEGRA 
instrument in dynamic mode. The hydrodynamic size of the CNDs was measured by 
dynamic light scattering (DLS) from a dilute suspension of the sample in water at pH 7 in 
a standard cuvette, using a Zetasizer NanoZS device (Malvern Instruments).  



Chapter 1: Solvothermally Synthesized Carbon Nanodots 
 

66 
 

Surface-enhanced micro-Raman spectroscopy (SERS) was carried out using an 
inverted Nikon Eclipse Ti microscope (objective lens 100x/0.8 NA) coupled to a 
Shamrock SR303i spectrograph equipped with a Peltier-cooled CCD camera (Andor 
Newton). The home-built set-up allowed excitation of the Raman signals by a helium-
neon laser operating at 632.8 nm. The laser was attenuated in order to avoid 
graphitization of the sample by the excitation. To  produce  the  SERS  effect,  a  
commercial  gold electrode was used, the surface of which was nano-roughened by 
cycling in 0.1 M KCl. Absence of the formation of Au oxides was confirmed by cyclic 
voltammetry. Samples of the B-CDs, R-CNDs and the dialysate, respectively, were drop-
cast on the nano-roughened gold surface and allowed to dry. 

Attenuated total internal reflection Fourier-transform infrared spectroscopy 
(ATR-FTIR) was carried out using a Bruker Alpha spectrometer. XPS (X-ray Photoelectron 
Spectroscopy) measurements were performed under Ultra High Vacuum conditions 
(UHV, with a base pressure of 5 × 10−10 mbar), using a monochromatic Al K α line as 
exciting photon source for core level analysis (hν = 1486.7 eV). The emitted 
photoelectrons were collected in a hemispherical energy analyzer (SPHERA-U7, pass 
energy set to 20 eV for the XPS measurements to have a resolution of 0.6 eV) and to 
compensate the charge built up on the sample surface the use of a Flood Gun (FG-500, 
Specs) was employed, with low energy electrons of 3 eV and 40 μ A. Binding energy was 
corrected using the Si 2p3/2 level at 99.3 eV. 

UV-Vis absorption spectra were recorded on a UV-Vis spectrophotometer 
(Varian Cary 50) using 1 cm quartz cuvette (Suprasil). Room-temperature PL and PLE 
spectra were acquired on a spectrofluorimeter (Horiba FluoroLog 3) equipped with a 
high-pressure Xenon lamp and a Hamamatsu R928P photomultiplier tube; the PLE and 
PL spectra were corrected for the characteristics of the lamp source and of the detection 
system, respectively. The quantum yields of B-CNDs and their dialyzed material were 
obtained by a relative method using quinine sulphate (QY = 55 % in 0.5 M H2SO4), 
adjusting the optical absorbance to 0.1 at 350 nm and integrating the fluorescence 
intensity between 370 and 600 nm. Fluorescence quantum yields of the R-CNDs and 
their dialyzed material were determined by a relative method using rhodamine B (QY = 
56 % in ethanol). To obtain reliable results the optical absorbance was adjusted to 0.1 
at 510 nm and the fluorescence intensity was integrated between 580 and 610 nm. 

PL lifetimes (τF) were measuring via time-correlated single photon counting 
(TCSPC) employing an Acton SP2500 spectrometer equipped with a PMA 06 
photomultiplier (PicoQuant) and a HydraHarp-400 TCSPC event timer with 1 ps time 
resolution. The excitation source was a 405 nm picosecond pulsed diode laser (LDH-D-
C-405, PicoQuant) driven by a PDL828 driver (PicoQuant) with FWHM < 70ps. 
Fluorescence decays were analyzed using PicoQuant Fluofit v4.6.5 data analysis 
software.  
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Time-resolved detection of phosphorescence 1O2 was performed using a 
customized Fluotime 200 fluorescence lifetime system (PicoQuant, Germany) described 
elsewhere. Briefly, for 1O2 phosphorescence measurements, an AO-Z-473 solid state 
AOM Q-switched laser (Changchun New Industries Optoelectronics Technology Co., 
Changchun, China) working at a 4 kHz repetition rate (<1.5 mW average power) was 
used for excitation at 473 nm. In order to remove any residual component of its 
fundamental emission in the NIR region, a 1064-nm rugate notch filter (Edmund Optics, 
U.K.) and an uncoated SKG-5 filter (CVI Laser Corporation) were placed at the exit port 
of the laser. The NIR luminescence exiting from the side of the sample was filtered by a 
long-pass filter of 1000 nm and a narrow bandpass filter at 1270 nm. In this way any 
scattered laser radiation was removed and the NIR emission from singlet oxygen was 
isolated. A thermoelectrically cooled Hamamatsu NIR sensitive photomultiplier tube 
assembly (H9170-45, Hamamatsu, Japan) coupled to a multichannel scaler (Nanoharp 
250, PicoQuant) was used for single photon counting detection. The time-dependent 1O2 
phosphorescence signal S(t) was analyzed using the GraphPad Prism 7 software to fit 
the data to eq 1, in which T and Δ are the lifetimes of the photosensitizer triplet state 
and of 1O2 respectively, and S(0) is a pre-exponential parameter proportional to Δ. 

S (t) =  S (0) ×
τ∆

τ∆ − τ
× e ∆ − e    eq. 1 

The Δ values of the different samples were obtained by comparison of the 
slopes of S(0) vs. absorbed-laser-energy plots obtained at different sample and 
reference concentrations (eq. 2). 

Φ , =  Φ , ×
Slope

Slope
   eq. 2 

Flavin mononucleotide (Chemodex Ltd. Switzerland) was used as reference (φΔ = 
0.56 ± 0.05). 

Fluorescence correlation spectroscopy was performed using an Olympus Ix83 
inverted microscope, coupled to a confocal system Olympus FV1200, with 3 confocal 
detectors (two of them spectral) and one transmitted light, 7 lines of laser, of which 405 
and 458 nm were used. The latter is equipped with a motorized stage, an autofocus 
system (ZDC) and temperature control. The fitting model used was pure diffusion: this 
assumes that exclusively diffusion contributions are present in the FCS curve (as 
opposed to contributions from, e.g., triplet states or blinking). The equations used were:  

G(t) =
ρ[i]

1 +
t

τ [i]
1 +

t
τ [i] κ

.      eq. 3 

N = ρ[i]    eq. 4 
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C =
N

V  N
   eq. 5 

 w =
V

κ
− 0.5   eq. 6 

z = κ w    eq. 7 

D[k] =
w 

4 τ  [k]
   eq. 8 

R =
4 k  T τ

6 π ղ w 
   eq. 9 

 

4.1.3. Results and discussion 

Synthetic procedures of B-CNDs 

Different hydrothermal treatments of citric acid and ethylenediamine were 
explored to synthesize CNDs. The definitive hydrothermal synthesis conditions were 
chosen based on optimum fluorescence quantum yield of the final product and these 
conditions are: citric acid (6,5 mmol) and ethylenediamine (12 mmol) were dissolved in 
30 mL of water in a Teflon liner. The Teflon liner was placed in a stainless-steel autoclave 
and held at 200 °C for 5 hours. 

After the autoclave was cooled to room temperature, the reaction products were 
subjected to dialysis with cellulose dialysis tubing of different pore size (1, 14 and 25 kDa 
molecular weight cut-off, MWCO) for one week, changing the water containing the 
dialysate outside the dialysis bag every day. In case of dialysis with a 1 kDa MWCO 
membrane for one week, the dry mass content of the retained material is approximately 
20 mg, resulting in a mass yield of ≈ 1%. Although this is a low yield, when characterizing 
this retained material, it is observed by the different structural and photophysical 
characterization techniques that there are still a large number of small molecules 
masking the graphitic structures. On the other hand, in the case of dialysis with 25 kDa 
MWCO membranes for the same time span, the retained material was insufficient to be 
fully characterized. Finally, dialysis with 14 kDa MWCO membrane allowed to obtain 
sufficient retained material (labeled in the following as B-CNDs) for analysis (≈ 5 mg, 
mass yield ≈ 0.25%), but minimizing as much as possible by dialysis the interference of 
dissolved molecular and oligomeric compounds. Alternatively, size-exclusion 
chromatography (SEC) was performed to separate fractions. 

 

Morphological and structural characterization of B-CNDs 

The retentate material from the dialysis was separated by UPLC into thirteen 
fractions within 12 min where it should be evident that only small molecules can be 
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detected by this technique, not the CNDs themselves. On the other hand, the dialyzed 
material revealed a very complex mixture with more than 40 kinds of chemical species, 
but, surprisingly, even after prolonged dialysis, small molecules are still observed in the 
B-CNDs and are the same as those found in the dialysate (Fig. 1). The high-accuracy mass 
spectra of the most representative fractions of the B-CNDs sample are displayed in Fig. 
1. Fraction 10 is the main one and contains a compound with a mass of 181.0610, which 
corresponds to a chemical species with formula C8H9N2O3 resulting from the four-fold 
dehydrated product of the union of a molecule of citric acid and a molecule of 
ethylenediamine. This molecule has already been reported as imidazo[1,2,α]pyridine-7-
carboxilic acid, 1,2,3,5-tetrahydro-5oxo, IPCA.23 The next most relevant fraction is 
fraction 8, which reveals a compound with mass of 223.1187, corresponding to a 
chemical formula C10H15N4O2, a molecule arising from the union of a molecule of citric 
acid, two molecules of ethylenediamine and subsequent five-fold dehydration. This 
molecule (N-(2-aminoethyl)-5-oxo- 1,2,3,5 tetrahydroimidazol [1,2,α]pyridine-7-
carboxamide, IPCA-EDA) is another fluorescent molecule found in the B-CNDs. Other 
relevant fractions are fractions 3, 4, 5, 7 and 9, which reveal chemical species with 
formulae C8H13N2O5, C7H13N2O3, C10H17N4O3, C10H19N4O4, and C8H15N2O6, respectively. 
All these molecular formulae correspond to molecules that occur in the scheme of 
synthesis of IPCA and IPCA-EDA, but these are not yet sufficiently conjugated to act as 
molecular fluorophores (compare Scheme 1). Also noteworthy are the fractions 6 and 
13 which reveal the presence of chemical species with the formulae C13H21N2O10 and 
C13H13N2O6. Those molecules result from the union of a molecule of ethylenediamine 
and two molecules of citric acid, once decarboxylated and two or six times dehydrated, 
respectively. The molecule with the highest molecular weight 379.1248 is found in 
fraction 11 and corresponds to a molecular formula of C16H19N4O7. It derives from the 
union of two molecules of citric acid and two molecules of ethylenediamine after seven-
fold dehydration. The mass spectra of fractions 1, 2 and 12 (Fig. 2) arise from the eluent 
and can be seen in the blank (Fig. 3). In addition, the mass spectra of some of the 
minority fractions, besides containing peaks corresponding to molecular products of the 
reaction, also show peaks coming from the eluent or instrument noise. All the identified 
molecules are much smaller than the pore size of dialysis tubes, the only possible 
explanation for finding them in the retentate is that they are bound through non-
covalent forces to the graphitic cores and partially released after the dialysis. 
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Figure 1. Gradient elution of B-CNDs (left-hand side) and dialyzed material (right-
hand side). The chromatograms are monitored with ESI-Q-TOF MS/MS and only the 
mass spectra of the main molecules observed in the B-CNDs are shown. These main 

molecules are identical to those found in the dialysate. 

 

 

Scheme 1. Process of forming the molecules present in B-CNDs from citric acid (CA) 
and ethylene diamine (EDA). Molecules in red are those identified by UPLC-MS. 
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Figure 2. MS spectra of the fractions observed in B-CNDs coming from the blank. 

 

 

Figure 3. Gradient elution of the blank sample. The chromatograms are monitored 
with ESI-Q-TOF MS/MS detection and representative MS spectra. 

AFM images of the B-CNDs deposited on a mica substrate reveal heights of also 
approximately 3 nm, suggesting that the B-CNDs have a near spherical shape and 
typically consist of 8-9 graphene layers (Fig. 4). 
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Figure 4. Representative AFM images and height profiles of B-CNDs. 

HR-TEM images could only be obtained on single layer graphene TEM supports. 
Graphene offers a support that is more conductive and also much thinner than the 
average amorphous carbon supports, and although it is a crystalline support, its 
contribution to signal formation is relatively low (Figure 5). These images show that 
the collected B-CNDs are fairly monodisperse and have a uniform size of about 3 nm 
(Fig. 6). HR-TEM measurements of B-CNDs revealed lattice spacings of 0.12, 0.16, 0.21 
and 0.32 nm, respectively, which is consistent with the (110), (004), (100) and (002) 
diffraction planes of sp2 graphitic carbon and another lattice spacing of 0.26 nm, which 
cannot be assigned to graphitic carbon (Fig. 6). 

 

Figure 5. Representative HR-TEM images and fast Fourier transform (FFT) diffraction 
patterns of graphene TEM Support films. 
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Figure 6. Representative HR-TEM images and fast Fourier transform (FFT) diffractions 
patterns of B-CNDs. 

The HR-TEM images do not show the molecular products identified by mass 
spectrometry, but the 0.26 nm lattice spacings observed in these images that cannot 
be associated with graphitic structures could be due to aggregates of these molecular 
products. To solve this conflict, we resort to grazing incidence wide angle X-ray 
scattering (GI-WAXS). The GI-WAXS spectrum of the B-CNDs at room temperature 
shows many signals corresponding to lattice spacings of 0.36, 0.32, 0.30, 0.22, 0.21, 
0.18, 0.17 nm, respectively, but upon heating to 200 oC in air most of the signals 
disappear or are noticeably reduced leaving only two dominant signals corresponding 
to 0.30 and 0.21 nm (Fig. 7). These results indicate that the majority of the signals 
observed in the GIWAXS spectrum of B-CNDs at room temperature correspond to 
molecular products that degrade at a high temperature, leaving only the signals 
corresponding to the graphitic structures (0.30 and 0.21 nm, associated with the (002) 
and (100) diffraction planes of the sp2 graphitic carbon, respectively), which are stable 
up to at least 200 oC in air. The same experiments were performed also for the dialyzed 
material, resulting in a GIWAXS spectrum at 200 oC showing no remarkable signal. All 
other peaks observed at room temperature for the dialysate therefore likely arise from 
molecular aggregates which are destroyed at 200 oC (Fig. 7). 
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Figure 7. 2D GI-WAXS spectra and radially integrated scattered intensity obtained at 
25 and 200 oC of B-CNDs (left) and dialyzed material (right). Numbers mark lattice 

spacings of the B-CNDs. 

Whereas the AFM and HR-TEM measurements reveal monodisperse graphitic 
cores of about 3 nm in diameter on a dry surface, dynamic light scattering (DLS) 
measurements are able to produce the hydrodynamic size distribution in aqueous 
suspension. DLS in Milli-Q® water at a pH of 7.4 of the B-CNDs (Fig. 8) reveal two main 
populations, one of them with an average size of 42 ± 2 nm (which represents 10% in 
intensity, 54% in volume and 97% in number) and the other population with an 
average size of 133 ± 9 nm (which represents 90% in intensity, 46% in volume and 3% 
in number). This shows that in aqueous suspension the graphitic cores, despite some 
solubility thanks to the presence of functional groups or molecular products on their 
surface, tend to form large aggregates. 
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Figure 8. Correlogram and size distribution analysis by DLS by intensity, volume or 
number of B-CNDs in water at pH 7.4. 

The results presented above were complemented by micro-SERS experiments 
which are able to reveal the chemical identity of the products (Fig. 9). These spectra 
are locally strongly enhanced in “hot spots” due to the electromagnetic fields of the 
nano-roughened gold surface. SERS spectra of the B-CNDs exhibit the well-known D 
and G bands (characteristics of graphitic structures) with a relatively weak, but non-
negligible influence of the bands of functional groups of the molecular compounds. 
SERS spectra of the dialysate, on the other hand, show a series of much narrower 
Raman lines. A calculation of the Raman spectra of the major fraction of the molecular 
products, corresponding to the molecule IPCA, by density functional theory (marked 
in blue in Fig. 9) describes in fact the majority of the Raman lines of the dialysate. 
Comparing the calculated and experimentally observed intensities it must be kept in 
mind that SERS spectra often deviate intensity considerably from conventional Raman 
spectra. 
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Figure 9. Surface-enhanced micro-Raman spectra (SERS) of B-CNDs and dialyzed material 
on nano-rough gold surface and calculated Raman spectrum of IPCA (λexc = 633 nm). 

Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron 
Spectroscopy (XPS) enables the elucidation of the functional groups on the surface of 
B-CNDs. The FTIR spectra (Fig. 10) of the B-CNDs are found to differ from those of the 
dialysate mainly in a significantly higher intensity of the vibration bands corresponding 
to the alkoxy C-O stretch and vibrations of the methyl group. Those are therefore 
ascribed to surface functional groups of the graphitic cores, whereas the otherwise 
almost identical FTIR spectra of B-CNDs and the dialysate, respectively, prove that 
molecular fractions are bound to the B-CNDs, considering also that graphitic cores 
without functional groups cannot produce any signals in the IR spectrum. 

 

Figure 10. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of 
dialyzed material and B-CNDs. Distinct vibration bands corresponding to B-CNDs 

surface groups are indicated. 
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XPS spectroscopy is employed to complement the results of FTIR spectroscopy. 
Comparing the XPS spectra obtained from the dialyzed material and the B-CNDs, 
respectively (Fig. 11), a decrease in signal intensity due to the presence of nitrogen 
and an increase in signal intensity due to the presence of oxygen is observed for B-
CNDs, relative to the dialysate. This higher oxygen content again evidences the 
presence of functional groups such as OH or COOH on the surface of the graphitic 
cores. On the other hand, the enhanced presence of C=C bonds in the fitted spectra of 
the B-CNDs relative to the signals ascribed to C-H and C=O bonds, when compared to 
the dialysate, is in accordance with expectation for the graphitic cores. 

 

Figure 11. XPS spectra of dialyzed material (upper row of figures) and B-CNDs (lower row). 

 

Photophysical characterization of the B-CNDs 

The fluorescence quantum yields differ drastically for the dialysate (84%) and 
the B-CNDs (0.79%), a result relevant for the interpretation of the outcome of the 
fluorescence correlation experiments to be discussed below. It was observed, 
however, that the initially almost colorless aqueous solutions of the dialyzed material 
gradually changed under daylight, at room temperature and in the presence of 
atmospheric oxygen to maroon, then orange and finally becoming practically colorless 
again (Fig. 12a). More quantitatively, the evolution of dialyzed material under ambient 
illumination was monitored through emission-excitation maps and UV-Vis absorption. 
Figures 12b,c,d,e displays the normalized emission-excitation maps, on a logarithmic 
scale, of dialyzed material collected after 5 hours of dialysis in the dark, B-CNDs after 
1 week of dialysis in the dark, dialyzed material after 14 days under ambient 
illumination and B-CNDs after 14 days under ambient illumination, respectively. The 
main features in the maps of Figures 12b and 12c, respectively, are very similar, which 
suggests that the same fluorophores are responsible for the emission of the retentate 
(B-CNDs) and the dialysate. As shown previously23 and confirmed above the large 
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majority of those fluorophores corresponds to IPCA. Small differences in the shapes of 
the main feature in Figures 12b and 12c can be ascribed to the modification of the 
spectra of the fluorophores due to their binding to the graphitic cores. In both, the 
dialysate and the retentate the formation of a satellite is observed after illumination 
(Figures 12d and 12e, respectively). In the case of the dialysate the satellite is centered 
at 538 /450 nm in emission/excitation, respectively. At the same time the intensity of 
the main emission centered at 440 nm is decreasing. In the case of the retentate a 
shoulder appears centered at 496/418 nm in emission/excitation, respectively. Both 
satellites are weakly present already in the maps of Figures 12b and 12c, but, in 
particular in the case of the retentate, their shape is similar to the one observed after 
14 days of illumination, such that their appearance must be ascribed to the dose of 
light received, in particular in the ultraviolet region of the spectrum, during acquisition 
of the maps. The obvious conclusion is that there are photoreactions in both the 
dialysate and the retentate, but they result in photoproducts with red-shifted, but 
somewhat different excitation and emission spectra. Emission spectra dependent on 
the excitation wavelength were extracted from the maps (see Figure 13). In both cases 
the emission spectra depend on the excitation wavelength as already evident from the 
maps, but in the case of the dialysate the emission is bimodal, whereas for the B-CNDs 
the spectra shift more gradually, most likely due to the inhomogeneity of the 
surroundings of the fluorophores bound to the graphitic cores. Interestingly, there is 
also a dark reaction as evidenced by differential emission/excitation maps of material 
kept in the dark (Fig. 14). This dark reaction appears to be different for the dialysate 
and the retentate. 

Fig. 12f shows the ultraviolet-visible (UV-Vis) absorption spectra of dialyzed 
material with and without exposure to ambient light and B-CNDs dialyzed with and 
without ambient light. Aqueous suspensions of B-CNDs dialyzed without light show an 
absorption spectrum virtually identical to the starting dialysate material, which 
demonstrates that the absorption of the B-CNDs is completely dominated by the small 
molecules produced in the synthesis. B-CNDs dialyzed under ambient light, on the 
other hand, show an absorption spectrum more similar to that of the dialysate 
material after exposure to light. This implies again that it is the photoproducts which 
cause the difference in the properties of the retentate and dialysate when the dialysis 
is carried out under ambient illumination. The monotonic development of the UV-VIS 
spectra of the dialysate under ambient illumination is demonstrated in Figure 15. The 
absorption maximum at 240 nm of the pristine material was found to decrease 
progressively until it becomes a shoulder, the minimum of absorption found at 290 nm 
and the absorption tail that extends to the red region of the visible spectrum suffer a 
hyperchromic effect, and finally the maximum absorption found at 350 nm suffer a 
slight bathochromic shift that positions the maximum absorption at 340 nm.  
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The fluorescence of the material outside of the dialysis bag (dialysate), 
containing the molecular by-products, and extracted after 5h of dialysis in the dark, 
exhibits a biexponential PL decay with time constants of 15.6 ns (intensity-weighted 
amplitude 98%) and 3.6 ns (amplitude 2%), which possibly corresponds to two 
different molecular fluorophores, such as IPCA and IPCA-EDA. (Fig. 12g, black line). The 
fluorescence decay of the same dialysate after exposure to ambient light for 14 days 
can be fitted to a tetraexponential function with time constants of 15.4, 3.7, 0.6 and 
0.27 ns with intensity-weighted amplitudes of 38%, 46%, 19% and 7%, respectively 
(Fig. 12g, red line). The fluorescence of B-CNDs dialyzed in the dark, on the other hand, 
exhibit decays that are fitted with a tetraexponential function with time constants of 
12.0, 4.7, 1.5 and 0.29 ns with intensity-weighted amplitudes of 27%, 41%, 26% and 
6%, respectively (Fig. 12g, green line), whereas the fluorescence decays of B-CNDs 
dialyzed under ambient light are fitted to a tetraexponential function with time 
constants of 13.3, 4.0, 0.7 and 31 ns with intensity-weighted amplitudes of 48%, 36%, 
9% and 7%, respectively (Fig. 12g, blue line). Because the fluorescence decays of B-
CNDs dialyzed in the dark and of the dialysate not exposed to ambient light on the one 
hand and of B-CNDs dialyzed in ambient light and of the dialysate exposed to light on 
the other hand are quite similar to each other, we can conclude that it is the creation 
of the photoproduct that causes most of the difference in the decay dynamics of B-
CNDs and the dialysate. 
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Figure 12. Photophysical characterization of dialyzed material and B-CNDs in H2O, (a) 
Evolution of the material dialyzed in the dark under ambient illumination. Normalized 

emission-excitation maps, on a logarithmic intensity scale, of (b) dialyzed material 
collected after 5 hours of dialysis in the dark, (c) B-CNDs immediately after dialysis 
during one week in the dark, (d) dialyzed material after additional 14 days under 

ambient illumination and (e) B-CNDs after additional 14 days under ambient 
illumination, respectively, (f) UV-Vis absorption spectra of dialyzed material after 
dialysis in the dark (black) and after dialysis under ambient light (red) and B-CNDs 

dialyzed in the dark (green) and dialyzed under ambient light (blue), and (g) 
Fluorescence decays (λexc = 405 nm, λdet = 615 nm) of the material outside of the 

dialysis bag (dialysate), dialyzed without (black) and with (red) exposure to ambient 
light and B-CNDs dialyzed in the dark (green) and exposed to ambient light (blue). 
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Figure 13. PL spectra of the B-CNDs (a) and the dialysate after 14 days under ambient 
illumination. Small peaks in the spectra correspond to Raman signals of the water. 

 

 

Figure 14. Differential excitation-emission map of the dialysate Figure a) and the 
retentate (B-CNDs, Figure b) after 14 days in the dark and immediately after 

collection / dialysis in the dark, respectively. 

 

 

Figure 15. Evolution of the UV-Vis absorption of the dialyzed material when exposed 
to ambient light for 120 hours. 
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Fluorescence correlation spectroscopy (FCS) of the B-CNDs was also performed 
and indicates that the emission properties of B-CNDs are strongly dominated neither 
by the graphitic cores nor by molecular species linked to them, but rather by free 
molecules released by them. Fig. 16 shows the normalized FCS curves of the standards 
used (Atto-488 and Alexa-405), B-CNDs and the dialysate material. A fit of the 
correlations of B-CNDs reveals a hydrodynamic radius of (0.98 + 0.08) nm and (0.48 + 
0.04) nm for excitation wavelengths of 405 and 488 nm, respectively, and the dialysate 
material shows a hydrodynamic radius of (1.1 + 0.1) nm, and (0.45 + 0.02) nm for 
excitation wavelengths of 405 and 488 nm, respectively. This difference in the 
hydrodynamic radius observed for excitation wavelengths of 405 and 488 nm can be 
justified by the presence of different molecular fluorophores such as IPCA and IPCA-
EDA, or the photoproducts studied, but in any case, the unexpectedly small 
hydrodynamic radius shows that the emission of the retentate when excited in the 
405-480 nm range is dominated by free molecular entities and not by the graphitic 
cores. This is in agreement with the low QY observed for the retentate. It may be of 
interest to note that no phosphorescence was observed in the case of the B-CNDs even 
after cooling to 1.5 K indicating a very low intersystem crossing yield and/or low 
phosphorescence quantum yield. 

 

 

Figure 16. Normalized FCS curves for the standards used (up), B-CNDs (middle) and the 
dialysate material (down), under 405 and 488 nm excitation (left and right, respectively). 

The capacity of B-CNDs and dialyzed material, respectively, to photosensitize 
1O2 was assessed in D2O by time-resolved detection of the near-infrared 1O2 
phosphorescence at 1275 nm. The luminescence observed is assigned to 1O2 because 
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the transient is completely quenched in presence of sodium azide (NaN3, a well-known 
1O2 quencher; 25 mM). As shown in Fig. 17, B-CNDs indeed generate 1O2 with quantum 
yield ΦΔ = 0.42, but the dialyzed material does not have this capacity. It is noteworthy 
that the lifetime of the singlet oxygen in D2O should be 64 μs, as observed for flavin 
mononucleotide (reference photosensitizer), but in the presence of the CNDs this time 
is shortened to 10 μs, which implies that the B-CNDs also quench 1O2. 

 

Figure 17. Singlet oxygen phosphorescence kinetics at 1275 nm in D2O solutions of B-
CNDs (blue), dialyzed material (green), reference photosensitizers (red) and B-CNDs in 

presence of NaN3 (grey) (λexc = 473 nm). 

In order to evaluate if the quenching of singlet oxygen is related to the 
molecular products, an experiment was made using phenalene-1-one as singlet oxygen 
photosensitizer and 1,3-diphenylisobenzofuran as singlet oxygen trap whose 
bleaching can be monitored by its absorbance at 410 nm and a UV light emitting diode 
was used as the light source (λC = 365 nm) (Fig. 18). The illumination intensity at the 
sample was set to the same value in these experiments (12.9 W/cm2). 

 

Figure 18. UV-Vis absorption spectra of phenalene-1-one as singlet oxygen 
photosensitizer, 1,3-diphenylisobenzofuran as singlet oxygen trap and the emission of 

a UV LED (l c = 365 nm) used for illumination. 
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As can be seen in Fig. 19, the absorption of 1,3-diphenylisobenzofuran 
decreases in the presence of phenalene-1-one under visible light with a constant of 
0.014 min-1 and when a small amount of the dialyzed material solution is added (the 
concentration of dialyzed material was adjusted to an absorbance value 10 times 
lower than that of phenolene-1-one at λexc = 365 nm) the absorption of 1,3-
diphenylisobenzofuran decreases with a time constant of 0.002 min-1, 7 times smaller 
than in the absence of the dialysate. This result shows that the dialysate indeed acts 
as a singlet oxygen deactivator, which limits the lifetime of singlet oxygen generated 
by B-CNDs. This result, of course, should also apply to the same molecular products 
attached to the surface of the B-CNDs. 

 

 

Figure 19. Photodegradation of 1,3-Diphenylisobenzofuran in the presence of 
phenalene-1-one only (left) or in the presence of phenalene-1-one and dialyzed 

material (right) under UV-LED. 

 

Synthetic procedures of R-CNDs 

In order to compare some of the findings discussed above with results obtained 
on a different kind of CNDs we have prepared red-emitting CNDs.33-35 2.8 mmol of p-
phenylenediamine (p-PDA) was first dissolved in 30 mL absolute ethanol and then the 
solution was transferred to a Teflon liner and the latter to a stainless-steel autoclave. 
After heating at 180 °C in an oven for 12 h and allowing to cool down to room 
temperature, a dark-red suspension was obtained. The crude products were subjected 
to dialysis with a membrane MWCO of 14 kDa against an aqueous ethanol solution (15 
% v/v) for one week. After dialysis, approximately 12 mg R-CNDs were obtained, 
representing a 4 % yield by mass. 
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Morphological and structural characterization of the R-CNDs 

By using UPLC separation, the R-CNDs were well separated into approximately 
40 fractions in less than 12 min. For its part, the dialyzed material revealed a very 
similar and complex mixture with more than 50 kinds of chemical species, but the most 
relevant molecules are the same as the one observed in the R-CNDs (Fig. 20). The high-
accuracy MS analyses mass and mass/mass spectra of the most representative 
fractions of the R-CNDs sample are displayed in Fig. 20. 

The first fraction (approx. 3 % of separated material) contains a compound with 
a mass of 321.1818, which revealed a chemical species with formula C18H20N6 resulting 
from the union of three molecules of p-phenylenediamine. To know which structural 
isomer is formed by the union of three p-phenylenediamine molecules and gives rise 
to the chemical species C18H20N6 we use tandem mass spectrometry (Fig. 21); this 
allows us to identify some molecular fragments of a single molecule (Tri-pPDA). The 
following fraction (approx. 48% of separated material) reveals a compound with a 
mass of 369.1819 corresponding to a chemical formula C22H21N6, in this case the 
molecule arises from the union of four molecules of p-phenylenediamine and two 
losses of HCN (Tetra-pPDA), which can result in more than 20 different structural 
isomers practically indistinguishable by mass spectrometry (two of which are shown 
in Fig. 20). The third fraction (approx. 12% of separated materials) reveals a compound 
with mass of 211.0976 corresponding to a chemical formula C12H11N4, in this case the 
molecule arises from the union of two molecules of p-phenylenediamine and an 
additional dehydrogenation (Bi-pPDA-1). The fourth fraction (approx. 6% of separated 
materials) reveals a compound with mass of 419.1729 corresponding to a chemical 
formula C24H19N8 that arises from the union of four molecules of p-phenylenediamine, 
but the tandem mass spectrometry does not allow us to distinguish between two 
possible structural isomers (Tetra-p-PDA). The tenth fraction (approx. 26% of 
separated material) reveals a compound with a mass of 213.1130 corresponding to a 
chemical formula C12H13N4. In this case the molecule arises from the union of two 
molecules of p-phenylenediamine (Bi-pPDA). All these molecules identified by UPLC-
MS appear in the synthetic scheme 2. It should be noted that the fractions separated 
by UPLC for both the dialysate material and the R-CNDs that elute between 7 and 8 
min and at 10 min, at least in part derive from the eluent and can also be seen in the 
blank. (Fig. 22). 
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Figure 20. Gradient elution of R-CNDs (left) and dialyzed material (right). The 
chromatograms are monitored with ESI-Q-TOF MS/MS and the mass spectra of the 
main molecules observed in the R-CNDs are observed, which are the same as those 

identified in the dialysate. 

 

 

Scheme 2. Process of forming the molecules present in R-CNDs from p-
Phenylenediamine. Molecules in red are those identified by UPLC-MS. 
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Figure 21. MS/MS spectrum of fraction 1 of R-CNDs to elucidate the structural isomer 
present. 

 

 

Figure 22. Gradient elution of the blank sample. The chromatograms are monitored 
with ESI-Q-TOF MS/MS detection and representative MS spectra. 

STEM images could only be obtained on TEM graphene support films, these 
images show that the R-CNDs contain two types of particles: particles of an average 
size of 15.5 nm that are polycrystalline or amorphous and particles of an average size 
of 2.9 nm crystalline with lattice spacings of 0.22 nm which coincides with the 
diffraction plane (100) of graphitic carbon sp2 (Fig. 23). Although on the surface we 
could see monodisperse graphitic cores of about 3 nm in size, we were also interested 
in knowing the hydrodynamic size. For this purpose, we carried out dynamic light 
scattering (DLS) measurements in Milli-Q® water at a pH of 7.4 of the R-CNDs. (Fig. 24). 
It can be observed that the R-CNDs show a very broad distribution of hydrodynamic 
diameters with a mean diameter of (260 ± 80) nm. This indicates that R-CNDs have a 
strong tendency to form aggregates of various sizes. 
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Figure 23. Representative STEM images of R-CNDs. The images are characterized by 
small crystalline particles of average size 2.9 nm and larger polycrystalline or 

amorphous particles of average size 15.5 nm. Images (a and d) are representative for 
both fractions, respectively. Images (b and e) show typical examples of the two kinds 

of particles and, in the case of the small crystalline particles, the fast Fourier 
transform of the image. The size distributions of the two fractions, as obtained from 

images covering a large area, are reproduced in figures (c and f). 
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Figure 24. Correlogram and size distribution analysis by DLS of R-CNDs in water at pH 7.4. 

Surface-enhanced micro-Raman spectroscopy of the R-CNDs indicates the 
coexistence of the molecules identified by mass spectrometry and the graphitic cores 
observed by HR-TEM. Raman spectra of the R-CNDs show D and G bands 
(characteristics of the graphitic structures). On the other hand, the Raman spectra of 
the dialyzed material show narrower Raman bands characteristic of molecular 
products. (Fig. 25). 

 

Figure 25. Surface-enhanced micro-Raman spectra (SERS) of R-CNDs, dialyzed 
material on nano-rough gold surface (λexc = 633 nm). 

The functional groups on the surface of R-CNDs are identified by Fourier 
Transform Infrared Spectroscopy (FTIR). The corresponding spectra (Fig. 26) are very 
similar for the dialysate and the R-CNDs confirming that the FTIR spectrum of the R-
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CNDs essentially reveals the molecular products attached to the surface of the R-CDNs. 
Three FTIR bands of the R-CNDs that are not observed in the dialysate occur at 649, 
835 and 1505 cm-1, respectively, and are marked in blue in Fig. 26, whereas a single 
band that is observed in the dialysate, but not in the R-CNDs, is marked in red. The 
former three bands should be ascribed to functional groups of the graphitic cores of 
the R-CNDs, in particular to aromatic azo groups (1505 cm-1), vinyl ether groups (835 
cm-1) and saturated aliphatic nitro compounds (649 cm-1). 

 

Figure 26. Normalized attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectra of dialysate (red, top graph) and R-CNDs (black, bottom graph). 

Vibration bands corresponding to R-CNDs surface groups are indicated as blue-
shaded areas. A single band occurring in the dialysate, but not in the R-CNDs, is 

marked in red. 

 

Photophysical characterization of the R-CNDs 

The ultraviolet-visible (UV-Vis) absorption spectra of R-CNDs, the dialyzed 
material and p-phenylenediamine are shown in Fig. 27C. A solution of p-
phenylenediamine in EtOH is characterized by two intense absorption peaks around 
243 and 309 nm. The dialyzed material approximately maintains one of the absorption 
maxima observed in the synthesis precursor, now at 248 nm, suggesting that it 
contains unreacted p-phenylenediamine. In addition, the UV-Vis absorption spectrum 
of the dialyzed material shows another absorption maximum at 278 nm and a wide 
absorption band ranging from 370 to 740 nm with a maximum at 489 nm. On the other 
hand, R-CNDs, similar to the dialyzed material, show a maximum absorption at 279 nm 
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and a wide absorption band ranging from 388 to 740 nm with a maximum absorption 
at 497 nm. That is, R-CNDs exhibit a UV-Vis absorption spectrum similar to that of the 
dialyzed material, without the absorption corresponding to the presence of unreacted 
p-phenylenediamine. 

The emission-excitation map of dialyzed material (Fig. 27A) reveals an emission 
maximum centered at 394 nm for excitation wavelengths between 300 and 350 nm 
corresponding to the unreacted p-phenylenediamine, and two other emission maxima 
centered at 594 nm for excitation wavelengths between 335 and 375 nm as well as 
between 430 and 580 nm. The emission-excitation map of R-CNDs (Fig. 27B), on the 
other hand, reveals a weak emission centered at 394 nm, corresponding to the p-
phenylenediamine remaining unreacted in the R-CNDs, but shows the other two 
emission maxima in a similar way as the dialyzed material. In this case the emission is 
almost 50 nm wider and is centered at 595 nm for excitation wavelengths between 
360 and 395 nm and between 400 and 590 nm. Similar to the B-CNDs, this seems to 
indicate that the emission of the R-CNDs is related to fluorophores attached to the 
graphitic cores during dialysis and constantly released into the liquid thereafter. In 
contrast to the B-CNDs, however, we did not observe any photoproducts of those 
fluorophores. The PL QYs determined were 28% and 1.6% for the dialyzed material and 
R-CNDs, respectively.  

The fluorescence of the dialyzed material exhibits a triexponential decay with 
time constants of 4.5, 2.3 and 0.31 ns with intensity-weighted amplitudes of 61%, 22% 
and 17%, respectively, which likely corresponds to different molecular fluorophores. 
For R-CNDs the fluorescence decays were fitted with a triexponential function with 
time constants of 7.0, 1.9 and 0.48 ns with amplitudes of 45%, 25% and 30 %, 
respectively. (Fig. 27D). As with the B-CNDs, the PL decay times observed for R-CNDs 
are similar to those of the dialyzed material but show a faster decay at short times, 
which should be attributed to quenching by the graphitic cores to which the molecules 
are attached in the case of the R-CNDs. It may be of interest in this context to note 
that a recent study,36 of red-emitting CNDs produced from citric acid and urea also 
came to the conclusion, but based on a method of orthogonal solvents, that the 
absorption and emission of the reaction product were produced by small conjugated 
molecules, without identifying the latter, however, and without investigating the 
graphitic cores produced in the synthesis. 
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Figure 27. Photophysical characterization of dialyzed material and R-CNDs in EtOH, 
A), B) Normalized emission-excitation maps of dialyzed material and R-CNDs, 

respectively, on a linear intensity scale, C) UV-Vis absorption spectra of dialyzed 
material, R-CNDs and p-phenylenediamine (p-PDA) and D) Time resolved fluorescence 

(TRF) decays (λexc = 405 nm, λdet = 615 nm) of R-CNDs (black) and dialysate (red), 
respectively. 

 

 

Figure 28. Selected normalized PL spectra, corresponding to the maps of Figure 27, of 
(a) R-CNDs and (b) the dialyzed material as a function of the excitation wavelength. 

Sharp peaks correspond to Raman signals from the water. Plateaus are caused by the 
aromatic protection electronics of the photomultiplier in order to avoid saturation 

due to the second order of the excitation. 
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4.1.4. Conclusions 

Hydrothermal or, in general, solvothermal treatments have become the most 
common procedure for production of CNDs due to their environmental friendliness, 
simplicity and versatility, generating CNDs from the condensation of carbonaceous 
blocks and the crystallization of the graphitic cores induced by high temperature 
and/or pressure. We have collected rather convincing evidence, however, that the UV-
VIS, PL and PL excitation spectra and PL decays of the products of solvothermal 
synthesis of the B-CNDs, as well as the R-CNDs studied here are dominated by small 
molecules, some of which we have identified through UPLC-ESI-Q-TOF-MS/MS, and, in 
the case of the B-CNDs, their photoproducts. Comparison and careful analysis of the 
optical and structural properties of the low molecular weight products that are 
dialyzed and of the CNDs proves that the molecular fluorophores observed in the 
dialysate still appear in the retentate, even after prolonged dialysis, suggesting that 
those compounds are attached to the graphitic cores and/or amorphous aggregates 
and constantly being released into the liquid surrounding. This may indeed confer 
varied and chemically controllable functionalities and photo-physical properties useful 
for applications to the CNDs. It demonstrates, however, that even extended dialysis 
cannot guarantee the absence of small conjugated fluorophores. No photophysical 
characteristics of sp2 domains in the graphitic cores have been identified in the present 
work, contrary to previous assignments and contrary to the concept of “carbon 
quantum dots”, which, in analogy to semiconductor quantum dots, suggests optical 
properties dominated by coherent size effects. In the case of our B-CNDs 
photoproducts, previously ignored, have been shown in the present study to dominate 
the photophysical properties of the retentate, when the dialysis is not carried out in 
the dark, and readily explain photophysical differences between dialysate and 
retentate, which were previously ascribed to the sp2 domains of the graphitic cores. A 
recent study37 on the formation of CNDs employing small angle x-ray scattering (SAXS) 
and optical spectroscopy suggests a core-shell structure of their CNDs with aromatic 
groups within the core of the CNDs. This model may also be applicable to the CNDs 
investigated here, explaining the escape of the aromatic molecules from the CNDs on 
an extended time scale, but implying that the aromatic molecules are not covalently 
bound to the cores. 

At the moderate temperatures employed by us in the solvothermal synthesis 
graphitic cores, on the other hand, are produced in a very low yield, but are identified 
by HR-TEM, GI-WAXS and SERS. HR-TEM analysis reveals the presence of amorphous 
aggregates, presumably consisting of non-conjugated molecules, which we detected 
and partially identified via UPLC-ESI-Q-TOF-MS/MS, and non-conjugated polymers. In 
spite of the low yield of graphitic CNDs we have shown that the latter are almost 
exclusively responsible for the generation of singlet oxygen, which we partly ascribe 
to the low intersystem crossing yield of the fluorophores. The exact mechanism of 
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formation of singlet oxygen at the graphitic cores, however, remains to be explored. It 
may also be worth noting that the B-CNDs were previously confirmed to be able to 
anchor nucleic acids,20 in contrast to the dialysate material, constituting another 
example where the graphitic cores confer unique functionalities, in spite of the 
overwhelming presence of small molecules in the product of solvothermal synthesis.  
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Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 

4.2.1. Introduction 
Carbon nanoparticles (CNPs) have recently attracted great interest due to their 

unique structure, high specific surface area and outstanding physicochemical, 
optoelectronic and biological properties,[1] including relatively low toxicity,[2] reasonable 
photochemical and thermal stability,[3] and most importantly, good dispersibility in 
different solvents and functionalization or immobilization capability for the preparation 
of high added-value nanomaterials (e.g., (bio)conjugates, nanocomposites or polymer-
scaffolded supported nanostructures).[4] In addition, their special characteristics in 
terms of electronic and optical properties,[5] as well as some specific features such as 
their size- and excitation wavelength-dependent fluorescence,[6] make them carbon 
nanostructures suitable for a wide variety of applications in different fields such as 
bioimaging and nanomedicine,[7] sensors and probes,[8] energy conversion and 
storage,[9] light emitting devices,[10] microscopy,[11] water treatment,[12] carbon dioxide 
valorization,[13] (photo/electro)catalysis,[14] information encryption,[15] and as 
electromagnetic wave or electrochemical barriers.[16] 

Among the different types of carbon nanoparticles that may de synthesized (e.g., 
graphene quantum dots (GQDs), carbon quantum dots (CQDs), carbon nanodots (CNDs) 
and carbonized polymer dots (CPDs), following one of the most recent classification 
schemes),[17] two main preparation strategies may be used for their synthesis, the so-
called top-down and bottom-up approaches. In general, many of the top-down or 
bottom-up methods have several drawbacks, including the low yield of the target 
product, soot formation, and production of CNPs with heterogeneous composition and 
morphology. Therefore, the search for efficient methods to synthesize and isolate highly 
homogeneous nanoparticles is of great importance.  

In the top-down methods, CNPs are fabricated by oxidation cutting of 
macroscopic carbon substrates such as carbon rods, polymers or raw natural materials, 
carbon black, candle soot; graphite, graphene and their oxides, and even carbon 
nanostructures such as carbon nanotubes. The top-down synthetic approach involves 
the widely used pyrolysis and chemical oxidation of carbon precursors (under acidic 
conditions), and the electrochemical, hydrothermal and solvothermal oxidation 
methods working under strong electric fields, pressures and temperatures, as well as 
the intercalation of metals within graphite. Alternatively, other top-down physical 
procedures such as arc discharge between high purity graphite electrodes, laser ablation 
of macroscopic carbon precursor targets, and nanolithography via reactive ion etching 
have also been used.[1c,1e-i,5c] 

Although the size of the particles does not strictly depend on the synthetic 
approach (top-down or bottom-up), size control of the resulting CNPs in the top-down 
methods is particularly difficult since the fragmentation of the carbon precursor tends 
to occur in a nonuniform way. Therefore, thermal synthesis of carbon nanoparticles 



Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 
 

99 
 

inside the pores of inorganic matrices, that serve as a template to control the size of the 
nanomaterial obtained, has also been explored with porous silica and zeolites as the 
nanoreactors. However, bottom-up methods are commonly believed to be more 
convenient for the synthesis of particles with homogeneous morphology. 

Concerning the bottom-up approach to prepare CNPs starting from a wide 
variety of organic molecular precursors, pyrolysis in inert atmospheres, thermal or 
chemical oxidation, hydrothermal and microwave heating have been the most studied 
methods; whereas electrochemical processes or the irradiation of molecular precursors 
in solution with laser beams have been barely explored.[1c,1e-h,5c18] Additionally,  those 
methods aiming to the preparation of larger carbon nanostructures (nanoparticles and 
nanoobjects) via organic synthesis of molecular nanographene building blocks, by their 
thermolysis or by disruptive on-site methods, are of particular interest, provided they 
are cost-effective, due to the homogeneity of the nanometric-sized building blocks, and 
the uniform chemical composition and morphology of the achieved carbon 
nanomaterials.[19] 

Regarding the laser irradiation methods to synthesize CNPs, following both 
approaches, top-down and bottom-up; pulsed laser ablation has been the most 
successful top-down process, making use of focused laser beams targeting macroscopic 
amorphous/graphitic carbon substrates or, alternatively, carbon powder suspensions 
and even nanomaterials such as carbon nanotubes.[1f,5b,c,20] UV/vis/NIR laser beams with 
pulse durations in the fs–ns range have been employed, and the role played by 
irradiation parameters and experimental conditions as well as the mechanism of 
nanoparticle formation under pulsed laser ablation methods have been described in 
detail.[21] Conversely, bottom-up approaches using laser light and small organic 
molecules as building blocks for the preparation of larger carbon nanostructures have 
been considerably less explored. These methods can be classified according to the 
different experimental conditions used: i) laser excitation at specific wavelengths 
(usually UV) absorbed by the organic substrates, or ii) laser irradiation at wavelengths 
not absorbed by the reaction medium (i.e., organic compounds which are transparent 
to vis-NIR incident light). Furthermore, focused or nonfocused laser beams may be used 
in the latter category, resulting in different configurations of the experimental setup and 
reaction medium. 

In relation to those experiments where the laser light photons have a suitable 
wavelength to be absorbed by the organic substrates, the corresponding photochemical 
processes are triggered (i.e., C–X bond fission) resulting in the formation of radical 
species that collide and, subsequently, self-assemble producing carbon nanoparticles 
(e.g., photodissociation and photochemical stitching).[22] 

Concerning those experimental setups making use of a focusing system for 
concentrating the laser energy in a tiny microvolume inside the bulk solution, the 
extremely high power achieved, regardless of the wavelength used, produces a plasma 
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state causing the fragmentation of the molecular substrates in separated organic 
radicals, ions and electrons, whose recombination leads to the formation of carbon 
nanostructures. Inert inorganic substrates or microparticles can be added to the 
reaction medium, serving as catalysts for the production of CNPs under focused 
irradiation.[21b,23] On the other hand, experiments carried out focusing the laser beam in 
different positions of biphasic liquid systems have also been reported.[24] 

Finally, experiments carried out with nonfocused laser beams and at 
wavelengths where the organic substrates do not absorb the incident radiation are, by 
far, much less common, and only one literature reference reports on this specific 
method for the preparation of carbon nanoparticles.[25] 

We report herein several examples of the until now little explored synthesis, 
purification, structural and photophysical characterization, as well as kinetic studies 
regarding the formation of carbon nanodots by nonfocused pulsed laser synthesis, 
devising some of their potential applications. The role played by the surface of the 
reaction container, medium viscosity, light wavelength and power, and the influence of 
the starting organic substrates are discussed as well. 

 

4.2.2. Experimental Section 

Synthesis and purifications of CNPs 

The organic precursors used in the pulsed laser synthesis experiments are 
benzene (HPLC grade, ≥ 99.8 %, Fisher Chemical), toluene (HPLC grade, ≥ 99.8 %, Fisher 
Chemical), aniline (99 %, PanReac), chlorobenzene (99+ %, Acros) and naphthalene (99 
%, Sigma-Aldrich). aniline was distilled over KOH.[26] The solvents used to purify and 
characterize the carbon nanoparticles were distilled and deionized water, diethyl ether 
(99.7 %, Panreac) and HPLC-grade methanol, 2-propanol (≥ 99.5 %, Carlo Erba), acetone 
and dichloromethane (HPLC grade, ≥ 99.8 %, Fisher Chemical), chloroform (for 
spectroscopy, ≥ 99.0 %, Merck) and dimethyl sulfoxide (≥ 99.7 %, HPLC, Sigma-Aldrich). 

A Nd-YAG (Continuum Surelite, 10 Hz, 6 ns pulse width and 6 mm beam 
diameter) providing laser radiation either of 1064 or 532 nm (2nd harmonic) was used 
in the pulsed laser experiments to synthesize the carbon nanoparticles. The nonfocused 
laser beam was appropriately guided with a suitable combination of mirrors to irradiate 
the air-equilibrated samples from their top side. Some preliminary experiments where 
the kinetics of carbon nanoparticle formation was studied in detail were performed in a 
standard 1  1 cm quartz cell for spectrofluorimetry filled with 3 mL toluene at 25 ± 2 
oC, while the rest of pulsed laser synthesis experiments were carried out with a home-
made photochemical reactor at 25 ± 2 oC or at the melting temperature of naphthalene 
(80 ± 2  oC). Nickel(II) oxide green powder (NiO, 400 mesh, Alfa Aesar, mp 1984 oC) was 
used in a control experiment with toluene,[23a,c] in order to evaluate how its presence 



Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 
 

101 
 

could affect the formation of carbon nanoparticles compared to the experiments 
performed with no additive in the colorless and transparent quartz or borosilicate 3.3 
glass vessels used as the reactant containers (mp 1715 oC and 1648 oC for quartz and 
borosilicate 3.3 glass, respectively). 

The home-made reactor consists of a metal structure that comprises three parts: 
i) a cylinder-shaped aluminum container lined with aluminum foil inside, where a 
borosilicate 3.3 glass vessel (5 cm outer diameter, 4 cm height) is placed; ii) a stainless-
steel lid, with two holes each covered by a rubber septum where a temperature probe, 
gas purge or sampling system can be fitted, and a replaceable pyrex glass window (90% 
transmittance in the range 2000–350 nm) that allows the laser beam to irradiate the 
reaction mixture; and iii) a stainless-steel clamp to fit the container with the lid. The 
mixture was left to reach the desired temperature while magnetically stirred with a 
Teflon-coated magnet (600 rpm for liquid samples or 1200 rpm for NiO experiments) 
and, once the photoreactor was sealed, the system was irradiated for 6 hours with the 
laser beam eccentric to the magnetic stirring axis in order to avoid any damage of the 
magnetic stirrer by the laser beam. Yellowish to brownish reaction crudes were obtained 
from the experiments performed with organic precursors which are liquid at 25 oC, while 
the gray colored reaction crude was obtained in the experiments performed with 
naphthalene. In addition, in the latter experiment with naphthalene, a volatile 
nanoparticle fraction (v-CNPs) recovered from the reactor lid and a non-volatile fraction 
(nv-CNPs) that was isolated from the reaction vessel were obtained. 

As for the purification of the carbon nanoparticles obtained, different 
procedures were implemented depending on the characteristics of the starting organic 
precursors. The nanoparticles from experiments carried out with benzene, toluene and 
chlorobenzene precursors at room temperature were purified by rotavaporation of the 
starting liquid. FTIR analysis evidenced the different nature of the isolated nanomaterial 
and complete removal of the organic precursor. In the control experiment with toluene 
in the presence of NiO, filtration with a 0.2 m pore filter (Fluoropore, Millipore) allowed 
removal of the nickel(II) oxide microparticles (< 37 m diameter) and rotavaporation of 
the organic solvent afforded the corresponding nanomaterial. Nanomaterials prepared 
from aniline at room temperature were purified by rotavaporation of the organic 
precursor to dryness and the solid product was suspended in diethyl ether followed by 
centrifugation (3 10 min., 6000 rpm) to remove any impurity soluble in diethyl ether, 
finally, the nanomaterial was recovered by rotavaporation of the remaining solvent. 
When naphthalene was used as the organic precursor, the carbon nanoparticles were 
isolated by removing the remaining naphthalene by sublimation. Experiments of pulsed 
laser synthesis of carbon nanoparticles were performed by triplicate at least, and 10–
100 mg of isolated nanomaterial was typically obtained. Once purified, the carbon 
nanoparticles were finally dissolved in 2-propanol, toluene, dimethyl sulfoxide or 
chloroform for further characterization. 
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Structural characterization of CNPs 

The hydrodynamic size of the CNPs was measured by dynamic light scattering 
(DLS) from a dilute suspension of the sample in 2-propanol and toluene in a standard 
cuvette, using a Zetasizer NanoZS device (Malvern Instruments).  

Atomic force microscopy (AFM) measurements were carried out in a commercial 
AFM system (Ntegra Prima, NT-MDT) in semicontact (dynamic) mode using scanning by 
sample configuration in ambient conditions. Rectangular aluminium coated cantilevers 
HQ:NSC15/Al BS (Mikromash) were used with a tip radius < 8 nm. Their nominal spring 
constant is 40 N/m and its resonance frequency is around 325 kHz. The samples were 
prepared by spin coating in DMSO:H2O on a mica support.  

Scanning Transmission Electron Microscopy (STEM) combined with electron 
energy loss spectroscopy (EELS spectrometer, Quantum GIF) and energy dispersive X-
ray spectroscopy (EDS spectrometer, Oxford) was carried out using the JEOL JEM 
ARM200Cf with CEOS (Corrected Electron Optical Systems) aberration corrector on the 
field effect emission condenser (cold FEG) lens and HAADF (High-Angle Annular Dark-
Field) imaging with a JEOL detector and Gatan ABF (Annular Bright Field) and HAADF 
detectors. In this case, the electron acceleration voltage used was 80 kV. HR-STEM  
images  were  obtained  using holey carbon grids. Electron microscopy was carried out 
at the ICTS-CNME at the University Complutense of Madrid campus. 

Raman spectroscopy measurements were performed with a Senterra II Raman 
microscope (Bruker), which combines a Raman spectrometer equipped with 532, 633 
and 785 nm laser lines and a confocal microscope module (Olympus BX51). Data analysis 
was done with OPUS software. The Fourier transform infrared (FTIR) spectra were 
obtained using a JASCO FT/IR-410 equipped with an attenuated total reflection (ATR) 
accessory. Acquisition was made either from samples dispersed in volatile organic 
solvents such as methanol or acetone deposited on the ATR prop or, when necessary for 
quality reasons, from KBr pellets. Data analysis was done with OPUS software. 

 

Photophysical characterization of CNPs 

UV-Vis absorption spectra were recorded on UV-Vis spectrophotometers (Varian 
Cary 5000) using 1 cm path length quartz cuvettes (Suprasil). The optical density was 
corrected for Rayleigh scattering due to the tendency of the carbon nanoparticles to 
strongly interact forming aggregates. Correction of the absorption spectra was 
performed with the correction function shown in Equation 1: :[27] 

A = log
1

1 − c λ
   eq. 1 

where, A is the absorbance, c is a proportionality constant (109) and λ is the 
wavelength of light in the UV-vis region used for recording the spectra (200–800 nm, 
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with negligible light absorption by the samples in the 700–800 nm interval). The 
correction function was subtracted from the experimental optical density and this 
spectral correction allowed the determination of several features (peaks or shoulders) 
in the UV end of the spectra below 360 nm. 

Room-temperature photoluminescence (PL) and photoluminescence excitation 
(PLE) spectra were acquired on a spectrofluorometer (Horiba FluoroLog 3) equipped 
with a high-pressure Xenon lamp and a Hamamatsu R928P photomultiplier tube; the 
PLE and PL spectra were corrected for the characteristics of the lamp source and of the 
detection system, respectively.  

The fluorescence quantum yields of the samples (fluo) were determined at room 
temperature (25  2 oC) using different excitation wavelengths (375 and 457 nm) relative 
to quinine sulfate in 0.5 m H2SO4 (fluo = 0.55 ± 0.05)[28] and riboflavin in methanol (fluo 

= 0.30 ± 0.03)[29] respectively. Identical emission wavelength ranges were used for all 
the samples in order to determine the areas under the spectral curves. The optical 
density (≤ 0.1 at exc) of each solution was checked before and after collection of the 
corresponding emission spectrum. In these conditions, the unknown fluo values were 
calculated by using Equation 2: 

Φ = Φ  

I

I

A

A

n

n
   eq. 2 

where  is the integrated area of the emission intensity under the spectral curve, 
A is the absorbance at the excitation wavelength, and n is the refractive index of the 
solvent (1.333 for water, 1.329 for methanol and 1.3756 for 2-propanol),[30] and Ref 
stands for the corresponding values of the reference standard. 

Time-resolved fluorescence experiments (TRF) were performed with a custom-
made PicoQuant Fluotime 200 fluorescence lifetime system. Fluorescence was excited 
at 290, 405, 457 and 502 nm by a pulsed LED, at 375 nm by a pulsed laser working at a 
repetition rate of 10 MHz and at 405 nm picosecond pulsed diode laser (LDH-D-C-405, 
PicoQuant). Emission maxima were observed by keeping the count frequency below 1 
%. In the cases of fluorescence excitation at 375, 405 and 457 nm, measurements were 
made under argon and at different oxygen concentrations (air equilibrated and oxygen 
saturated). For all other excitation wavelengths, measurements were made only under 
air-equilibrated conditions. Fluorescence decays were analyzed using PicoQuant Fluofit 
v4.6.5 data analysis software. The decay of the excited singlet is adjusted by Equation 3. 

I (t) = IRF (t´) A  e
´

 dt´    eq. 3 

where I(t) stands for the fluorescence intensity at time t, IRF(t') is the 
instrumental response time function, t' takes a value of 0.08 due to the instrumental 
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time delay, Ai are the pre-exponential factors, and i are the discrete components of the 
multi-exponential fitting life of the decay curve. 

Triplet state lifetimes were determined for Ar-purged samples by laser flash 
photolysis experiments with a Q-switched Nd-YAG laser (Surelite I-10, Continuum) at 
355 nm for excitation and a Xe lamp (PTI, 75 W) at right-angle geometry for analysis. The 
white-light probe beam passed through a grating monochromator (mod. 101, PTI) 
observing at 600 nm, and was detected by a photomultiplier (R928, Hamamatsu) whose 
output was finally fed to a Lecroy Wavesurfer 454 oscilloscope.  

Time-resolved phosphorescence detection of 1O2 emission at 1270 nm was 
performed using a customized Fluotime 200 fluorescence lifetime system (PicoQuant, 
Germany) described elsewhere.[31] Briefly, a diode-pumped Q-switched Nd-YAG laser 
(FTSS355-Q, Crystal Laser, Berlin, Germany) was used to excite samples at 355 nm (1 kHz 
repetition rate, 0.5 μJ per pulse, 1 ns pulse-width). In order to remove any residual 
component of its fundamental emission in the NIR region, a 1064-nm rugate notch filter 
(Edmund Optics, U.K.) and an uncoated SKG-5 filter (CVI Laser Corporation) were placed 
at the exit port of the laser. The NIR luminescence exiting from the side of the sample 
was filtered by a long-pass filter of 1000 nm and a narrow bandpass filter at 1270 nm. In 
this way any scattered laser radiation was removed and the NIR emission from singlet 
oxygen was isolated. A thermoelectrically-cooled Hamamatsu NIR sensitive 
photomultiplier tube assembly (H9170-45, Hamamatsu, Japan) coupled to a 
multichannel scaler (Nanoharp 250, PicoQuant) was used for single photon counting 
detection. The time-dependent 1O2 phosphorescence signal S(t) was analyzed using the 
GraphPad Prism 7 software to fit the data to Equation 4, in which T and Δ are the 
lifetimes of the photosensitizer triplet state and of 1O2 respectively, and S(0) is the 
phosphorescence signal at zero time, just after pulsed excitation, which is proportional 
to Δ. 

S (t) =  S (0) ×
τ∆

τ∆ − τ
× e ∆ − e    eq. 4 

The Δ values of the different samples were obtained by comparison of the 
slopes of S1270(0) vs. absorbed-laser-energy plots obtained at different sample and 
reference concentrations following Equation 5. 

Φ , =  Φ , ×
Slope

Slope
   eq. 5 

Phenalen-1-one (Δ = 1.00 ± 0.05, in 2-propanol)[32] and Bengal rose (Δ = 0.75 ± 
0.05, in 2-propanol)[32] references were used for the excitation wavelengths of 355 and 
473 nm, respectively. 

In addition, singlet oxygen scavenging experiments with 1,3-
diphenylisobenzofuran (DPBF) were carried out to evaluate singlet oxygen production 
of some carbon nanoparticle batches dispersed in chloroform. A medium-pressure 
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mercury UV lamp (PL-UV, 7 W, 230 V, Mod 60.281 Electro DH) was used as the light 
source (λ = 365 nm). The concentration of each solution was adjusted at an absorbance 
value of ~0.10 at 365 nm in order to ensure that an equal number of photons were 
absorbed per time unit in all experiments. Bleaching of DPBF by singlet oxygen was 
monitored by following the changes in its characteristic absorbance peak at 412 
nm. The observed rate constants (kobs) were obtained by a linear least-squares fit of the 
plot of absorbance vs. time. The values of singlet oxygen quantum yields (ΦΔ) were 
calculated with respect to phenalen-1-one reference standard (ΦΔ = 0.98 ± 0.15 in 
chloroform) by using Equation 6.[34] 

Φ∆ =
Φ∆ k  Abs

k  Abs
   eq. 6 

where Φ∆ is the singlet oxygen production quantum yield of the sample or 
reference, respectively, kobs is the rate constants from the linear least-squares fit of the 
absorbance vs time plot, and A365 is the initial absorbance of each photosensitizer at 365 
nm.[35] 

 

4.2.3. Results and discussion 

Synthesis of CNPs 

To obtain information about the relationship between the generation conditions 
and the nanoparticles obtained and about the chemical kinetics of their generation in 
real time, the configuration shown in Figure 1 was used. In this configuration, 3 mL of 
toluene in quartz cuvette (40 x 10 x 10 mm) were used using a magnetic stirrer and a 
spherical magnet to maintain a homogeneous agitation during irradiation. A Nd-YAG 
non focused pulsed laser beam with a wavelength 1064 and 532 nm and a laser power 
density adjusted to 2.3 and 3.5 W/cm2 was used to irradiate the liquid phase and a 
solution fluorescence monitoring system with real-time detection was used to follow 
the CNPs production, which uses a 443 nm continuous laser as the excitation source, 
and a CCD detector spectrometer focused on the cuvette through a fiber optic cable to 
collect the emission signal. 
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Figure 1. Detailed schematic illustration of the experimental setup for the preparation 
of CNPs. 

The real-time fluorescence detection system allows us to follow the formation of 
CNPs and evaluate parameters such as the wavelength of irradiation and the power 
density of the laser in situ. For this purpose, experiments were performed with 
irradiation wavelengths of 532 and 1064 nm and evaluated at the same laser power 
adjusted to 2.3 W/cm2, similarly, experiments were performed varying the laser power 
at 2.3 and 3.5 W/cm2 and evaluated at the same irradiation with wavelength  532 nm. 
As can be seen in Figure 2, for the same laser power of 2.3 W/cm2, an irradiation 
wavelength of 532 nm causes a CNPs formation in 20 minutes with an emission intensity 
in 510 nm 10 times higher than the emission intensity of the CNPs generated during one 
hour with an irradiation wavelength of 1064 nm. On the other hand, Figure 3 shows the 
dependence of the emission intensity of the nanoparticles on laser power for an 
irradiation wavelength of 532 nm, since it has been seen that for this wavelength CNPs 
with greater intensity of fluorescent emission are produced. In this case, a laser power 
of 3.5 W/cm2 implies almost double the fluorescence intensity of the CNPs obtained at 
510 nm than a laser power of 2.3 W/cm2 for the same time of laser irradiation.  

 

Figure 2. Increased intensity of real-time fluorescent emission of CNPs generated from 
toluene during laser radiation of 532 nm (red) and 1064 nm (black). λexc = 443 nm, λdet = 

510 nm, P = 2.3 W/cm2. 
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Figure 3. Increased intensity of real-time fluorescent emission of CNPs generated from 
toluene during laser radiation of 532 nm at a power of 3.5 W/cm2 (red) and 2.3 W/cm2 

(black). λexc = 443 nm, λdet = 510 nm. 

During the first experiments, it was observed that if the 443 nm diagnostic laser 
of the real-time fluorescence detection system was used continuously, there was a 
decrease in the photoluminescent emission of the CNPs, compared to the samples that 
were not illuminated with the diagnostic laser during the whole experiment, but only 
every 5 min to record the emission spectrum. This novel effect of photochemical 
suppression or slowing down of the CNPs formation reaction can be seen in Figures 4a 
and 4b. Furthermore, when comparing these figures with each other, it can be seen how 
when applying an irradiation wavelength of 532 nm, in the case of Figure 4b, as opposed 
to 1064 nm in the case of Figure 4a, the difference in slope between the lines is less, i.e., 
the slowdown that occurs is less. This effect is attributed to the excitation, by an intense 
laser source, of the intermediate species in the CNPs formation, so that their 
corresponding excited states would have an energy barrier big enough to not allow the 
CNPs formation as a final product. This mechanism is schematized in Figure 5. 

 

Figure 4. Increased intensity of real-time fluorescent emission of CNPs generated from 
toluene during laser radiation of 1064 nm a), and 532 nm b), with the real-time 

fluorescence detection system continuously (black) or every five minutes (red). λexc = 
443 nm, λdet = 510 nm, P = 2.3 W/cm2. 
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Figure 5. Mechanistic scheme of the pulsed laser synthesis of CNPs through the 
successive formation of intermediate species (I1 ... In, where In is the first intermediate 

that absorbs visible light), and the role of the excited states (In)* slowing down the 
formation of CNPs. 

Once the parameters involved in pulsed laser synthesis have been studied, and 
in order to increase production and use different precursors as building blocks, the 
configuration shown in Figure 6 was used. In a generic experiment, 20–50 mL of the 
organic aromatic precursor was put for irradiation into a borosilicate glass reaction 
vessel inside an aluminum container provided with a stainless steel lid with a 
gas/vacuum connection, two septum capped ports for reactants addition/aliquots 
extraction and thermocouple-assisted temperature monitoring, and a pyrex glass 
window. A Nd-YAG non focused pulsed laser beam with a wavelength 532 nm and a laser 
power density adjusted to 3.5 W/cm2 was used to irradiate the liquid phase within the 
reaction vessel through the pyrex glass window. During irradiation (typical period of 5–
6 hours), a magnetic stirrer was used to homogenize the irradiated crude. In addition, 
aliquots were regularly drawn (every 15–30 min) to analyze the fluorescence emission 
spectra of the reaction crude, in order to evaluate the chemical reaction kinetics 
governing the formation of the nanoparticles. Table 1 shows the different CNPs 
produced from the different precursors and how they were purified. 

 

Figure 6. Detailed schematic illustration of the experimental setup for the preparation 
of CNPs. 
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Table 1. CNPs produced from the different precursors. 
Experiment Precursor 

CNPs-1 Toluene 
CNPs-2 Benzene 
CNPs-3 Aniline 
CNPs-4 Chlorobenzene 

CNPs-5* Naphtalene 

CNPs-6 Toluene / NiO 
(0.255 % p/p) 

* two fractions are obtained: volatile fraction (v) and non-volatile (nv). 

Formation of the CNPs was monitored by following the onset of the sample’s 
fluorescence and the increased emission during laser irradiation, as can be seen in Figure 
7, different behaviors are observed when representing the intensity of the emission 
maximum against the reaction time. The formation of CNPs 1, 2, and 3 requires an initial 
induction period of 60-150 min, which could be associated to the formation of 
nonfluorescent reaction intermediates, before the generation of fluorescent 
nanoparticles, after this induction time a linear dependence between fluorescence 
intensity and irradiation time is observed. On the other hand, the formation of CNPs 4 
and 6 shows that no induction time is required, and a linear dependence is always 
observed. In particular, the sample CNPs-4, where the lability of the C–Cl bond could 
favour the fast formation of nanoparticles, shows the highest rate of CNPs formation, 
while in the case of CNPs-6 where the experiment is conducted in the presence of nickel 
oxide microparticles that may behave as a catalyst,20, 21 a similar slope is observed and 
the change of slope suggest a saturation behavior that would justify the kinetic 
slowdown observed at long reaction times. In the case of CNPs obtained from solid 
precursors, fluorescence monitoring is not technically feasible. 

 

Figure 7. Increased intensity of fluorescent emission of different CNPs (exc = 400 nm 
and det = 510 nm ). 
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Assuming that the observed fluorescence in the visible region is proportional to 
the population or concentration of excited states of the CNPs (no self-quenching effect 
or quenching by any reaction intermediate acting as quencher may also be assumed, 
due to high dilution in the reaction crude), regular increments of fluorescence intensity 
against time have been observed in all cases (straight lines in Figures 2, 3, 4 and 7), which 
would point to the existence of zero-order kinetics along the pulsed laser synthesis of 
CNPs. In the case of zero-order kinetics, where the reaction rate is constant, the rate is 
independent of the concentration of reactant so long as some is present and, since in 
these experiments the concentration of organic precursors is always in the 8.5–14.4 M 
interval, and laser radiation with homogeneous fluence is continuously delivered to the 
reaction system, it seems likely that the previous assumptions might hold. Moreover, 
zero-order reactions imply that a small fraction of the reactant is in a location or state 
in which it can react (typical of light-induced reactions), this fraction being continuously 
replenished. Furthermore, zero-order rate laws are typical of heterogeneous reactions 
and, in particular, of surface-catalyzed processes and, therefore, it is plausible that the 
irradiated surface of the reaction vessel (or any solid particles added to the reactor in 
the case of experiments performed in the presence of NiO microparticles) might play a 
role as a catalyst. Therefore, it can be assumed that the pulsed laser synthesis of the 
CNPs follows zero-order kinetics, probably catalyzed by the surface of the reaction 
vessel. 

 

Morphological and structural characterization of CNPs 

The CNPs were morphologically and structurally characterized by dynamic light 
scattering (DLS), atomic force microscopy (AFM), scanning transmission electron 
microscopy (STEM) combined with electron energy loss spectroscopy (EELS) and energy 
dispersive X-ray spectroscopy (EDS), as well as Raman and FTIR spectroscopies. 

DLS measurements allowed the determination of the size distribution profiles of 
the CNPs in suspension. DLS results in 2-propanol show wide distributions and a 
hydrodynamic diameter of hundreds of nm (Figure 8), revealing the strong tendency 
exhibited by these nanoparticles to form aggregates with much larger sizes in a protic 
and relatively polar solvent. On the other hand, when the carbon nanoparticles are 
dispersed in hydrophobic toluene, CNPs display much narrower size distribution (Figure 
9). However, although the hydrodynamic diameter decreases in toluene with respect to 
2-propanol suspensions by 2-5 times, it remains high except for CNPs 6 prepared from 
toluene/NiO where a 1.7 nm size distribution was found (Table 2). Overall, these results 
show that CNPs in toluene also form aggregates but much smaller and with narrower 
distributions than 2-propanol. Time-dependent DLS measurements also evidenced that 
these nanomaterials tend to form larger aggregates and to produce sediments over 
time. 
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Figure 8. Dynamic light-scattering (DLS) spectra of different CNPs in 2-propanol. 

   

 

Figure 9. Dynamic light-scattering (DLS) spectra of different CNPs in toluene. 

 

 

 

 

 

 

 

 

1 10 100 1000 10000
0

10

20

30

  CNDs-3
200±50 nm

P
er

ce
nt

 (
%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30
CNDs-5 VF
260±70 nm

P
e
rc

e
n
t 
(%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30

  CNDs-2
400±100 nm

P
er

ce
n

t (
%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30

  CNDs-4
260±70 nm

P
e

rc
en

t (
%

)

Hydrodynamic diameter (nm)
1 10 100 1000 10000

0

10

20

30
  CNDs-6
100±50 nm

P
er

ce
nt

 (
%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30
   CNDs-1 
270±70 nm

P
e

rc
en

t 
(%

)

Hydrodynamic diameter (nm)

CNPs-1 CNPs-2 CNPs-3

CNPs-4 v-CNPs-5
nv-CNPs-5

CNPs-6

1 10 100 1000 10000
0

10

20

30

40

50

P
e

rc
en

t (
%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30

40

50

60

70

CNDs-3
51±5 nm

P
er

ce
n

t (
%

)

Hydrodynamic diameter (nm)
1 10 100 1000 10000

0

10

20

30

40

50

   CNDs-2
220±30 nm

P
e

rc
en

t 
(%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30
   CNDs-4
120±30 nm

P
er

ce
n

t 
(%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30

40

50
   CNDs-1
160±20 nm

P
e

rc
en

t 
(%

)

Hydrodynamic diameter (nm)

1 10 100 1000 10000
0

10

20

30

40
  CNDs-6
1,7±0,3 nm

P
er

ce
nt

 (
%

)

Hydrodynamic diameter (nm)

CNPs-1 CNPs-2 CNPs-3

CNPs-4 v-CNPs-5
nv-CNPs-5

CNPs-6



Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 
 

112 
 

Table 2. Hydrodynamic diameter of CNPs in 2-propanol and toluene. 
Sample CNPs 1 CNPs 2 CNPs 3 CNPs 4 nv-CNPs 5 v-CNPs 5 CNPs 6 
2-PrOH 

(nm) 
270 ± 

70 
400 ± 
100 

200 ± 
50 

260 ± 
70 290 ±70 260 ± 70 100 ± 

50 
Toluene 

(nm) 
160 ± 

20 220 ± 30 51 ± 5 120 ± 
30 160 ± 40 260 ± 20 1.7 ±0.3 

AFM images allowed us to observe the carbon nanoparticles individually. 
Average heights of between 1.1 and 11.2 nm were observed for populations of between 
350 and 6500 individual nanoobjects (Table 3). In general, narrow population 
distributions were obtained, which explains the excellent agreement between the peak 
of the fitted Gaussian or Lorentzian distribution and the slightly larger mean size values, 
within the experimental error of the technique. Surprisingly, experiments performed 
from naphthalene resulted in volatile fractions with larger CNPs. AFM images of CNPs 
with their size distribution histograms and Gaussian/Lorentzian fittings are shown in 
Figure 10. 
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Figure 10. AFM images of CNPs with their size distribution histograms and 

Gaussian/Lorentzian fits. 

Table 3. Parameters and statistical data obtained from atomic force microscopy images. 
Sample CNPs 1 CNPs 2 CNPs  3 CNPs  4 nv-CNPs 5 v-CNPs 5 CNPs 6 
Model Gauss Lorentz Lorentz Lorentz Gauss Gauss Lorentz 

Fit centre 
(nm) 1.5 2.7 11.2 3.6 1.6 3.1 6.0 

 (nm) 0.3 1.2 5.0 0.7 0.3 1.5 1.0 
FWHM 
(nm) 0.74 2.41 10.1 1.48 0.71 3.57 2.10 

N total 4214 720 354 3338 3468 2327 6484 
Mean (nm) 1.5 2.8 13.3 3.5 1.9 3.6 6.9 
 (nm) 0.4 1.3 4.3 0.7 1.1 2.9 1.9 

Minimum 
(nm) 0.72 0.98 7.9 1.33 1.13 1.43 3.90 

Median 
(nm) 1.50 2.92 12.3 3.56 1.66 3.21 6.40 

Maximum 
(nm) 12.1 12.1 27.7 5.82 20.67 39.03 23.14 

Scanning electron transmission microscopy was performed to observe the CNPs 
with atomic resolution. Figure 11 shows low magnification and high-resolution images 
of the samples. As can be observed in low magnification images, the nanoparticles tend 
to aggregate in globular structures of hundreds of nanometers as a result of the 
deposition process on the carbon grids from sample dispersions in 2-propanol after 5 
min sonication. Interestingly, the presence of CNPs aggregates spanning the edges of 
the carbon grid holes, with no carbon background, allowed a precise determination of 
the amount of Csp2 vs. Csp3 and of the C/O ratio in the CNPs by STEM-EELS technique. 
Table 4 collects results from STEM and EELS data obtained from the electron microscopy 
characterization. 

Strikingly, high-resolution images reveal the presence of graphitic stripes or 
disrupted onion-like fragments forming the carbon matrix in both the volatile and 
nonvolatile fraction of those samples obtained from benzene and naphthalene, (CNPs 
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2, v-CNPs 5 and nv-CNPs 5), precursors which lack Csp3 carbon and do not have Cl or N 
heteroatoms. The interplanar distances of the observed onion-like carbon structures 
were measured from different images. Same mean values were obtained for all the 
samples, with a median value of 3.6 Å (different from the interlayer distance of 3.34 Å 
typically observed in graphite). On the other hand, samples as CNPs 1, CNPs 3, CNPs 4 
and CNPs 6, prepared from toluene, aniline, and chlorobenzene, show a markedly 
different amorphous structure. These nanomaterials were highly sensitive under the 
electron beam and, in addition, were prone to contamination, since EDS results showed 
the presence of undesired impurities which made very difficult their observation and 
analysis. 

Characterization by electron energy loss spectroscopy was used in a GIF 
Quantum Dual EELS system to measure the Csp2 content by the signatures of the π* and 
σ* bonds at 282-288 eV and 290-320 eV, respectively.[35] An important decrease was 
observed in the amount of Csp2 in the CNPs, from 100 % in almost all the organic 
precursors to 40–70 %. In toluene, a variation from 86 % to 67 % Csp2 was also observed. 
EELS technique allowed the semiquantitative analysis of the C/O ratio as well. Some 
oxygen atoms were incorporated to the CNPs, likely from the SiO2 of the reactor walls, 
although less than 7 % O was detected in all the CNPs except those prepared from 
toluene/NiO (18 % O), suggesting that the use of inorganic microparticles such as NiO 
plays a role regarding the elemental composition of the CNPs, via transference of oxygen 
atoms in this case. On the other hand, no significant evidence concerning the 
incorporation of other heteroatoms such as N and Cl (or even Si) was observed by STEM-
EELS or STEM-EDS. 
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Figure 11. Low magnification (left) and high resolution (right) ABF-STEM images of the 
CNPs. 
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Table 4. Characterization of the carbon nanoparticles from STEM and EELS data obtained 
from STEM measurements. Csp2 content was also determined from Raman 
measurements. 

Sample 
Mean intershell 

distance 
(Å) 

N total sp2 fraction 
(Raman) 

Semiquantitative 
C/O 

content 
(at. %) 

CNPs-1 Amorphous 
carbon 

- 67 ± 1  (52 ± 6) 97/3 % 

CNPs-2 3.6 115 68 ± 12 (52 ± 5) 93/7 % 
CNPs-3 Amorphous 

carbon 
- Beam damage (58 

± 6) 
100/0 % 

CNPs-4 Amorphous 
carbon 

- 40 ±3 (49 ± 5) 94/7 % 

nv-CNPs-5 3.5 86 64 ± 20 (46 ± 5) 100/0 % 
v-CNPs-5 3.5 60 50 ± 1 (43 ± 6) 98/2 % 
CNPs-6 Amorphous 

carbon 
- Beam damage (54 

± 6) 
82/18 % 

Raman spectroscopy of the CNPs (Figure 12) reveals the bonded carbon G (≈1550 
cm–1) and D (≈1350 cm–1) bands of Csp2 (graphitic) and Csp3 (defects), respectively. It is 
worth mentioning the almost total absence of vibrations related to hydrogen or hydroxyl 
around 3000 cm–1 that the band appearing below 1000 cm-1 belongs to the silicon 
support. The intensities ratio of the characteristic Raman bands (ID/IG) can be used to 
characterize the degree of disorder in the graphitic structure. To determine this ratio, 
the area under the bands was taken after subtraction of the large background signal, 
therefore, the detected % of Csp2, which is 5–19% below the % Csp2 detected by STEM-
EELS microscopy, can only be considered as the lower limit of % Csp2 (between 58% and 
43 %, depending on the sample). 
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Figure 12. Raman spectra of different CNPs (exc = 633 nm). 

FTIR spectroscopy reveals different functional groups on the surfaces of CNPs by 
recording typical vibration bands. It is usual to see, for the different CNPs, O-H or N-H (if 
the precursor used contains nitrogen) stretching bands (3300 – 3400 cm-1). C-H 
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stretching bands can also be observed, being more easily observable the band due to 
Csp3-H stretching (2957, 2924 and 2854 cm-1) than the band due to Csp2-H stretching 
(3030 cm-1), which indicates  that the surface is richer in Csp3 and the Csp2 of the core is 
only appreciable in some cases. C=O stretch bands are also observed, although sometimes 
this band is only revealed as a shoulder in the C=C stretch band (1750 – 1660 cm-1). In the 
region below 1500 cm-1, several bands can be observed that are difficult to assign 
unequivocally, but among them are probably the C-O, C-N or C-Cl stretching bands (if the 
precursor contains nitrogen or chlorine respectively), the C-H bending band or bands due 
to C-Si or Si-O stretching, if this assignment of the bands observed by FTIR spectroscopy is 
correct, the Si must come from the borosilicate container used in the synthesis. 
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Figure 13. Fourier transform infrared spectroscopy (FTIR) spectra of different CNPs. 

 

Photophysical properties of CNPs 

In general, the CNPs studied show strong optical absorption in the UV region of 
the spectrum, a shoulder above 250 nm and a tail extending into the visible range as 
shown in Figure 14. Their corresponding peak/shoulder wavelengths and the 
wavelength they reach with a relative absorption of at least 1 % with respect to the 
absorption maximum are collected in Table 5. The molar absorption coefficients cannot 
be determined, as the molar concentration of the CNPs cannot be known. 

 

Figure 14. Absorption spectra of the different CNPs in 2-propanol. 

 

 

 

 

4000 3500 3000 2500 2000 1500 1000
0.80

0.85

0.90

0.95

1.00

C-Si v

C-O v

C-H d
=CH v

T
ra

ns
m

itt
an

ce
 (

%
)

Wavenumber (cm-1)

CNDs-6

-OH v -CH v

C=C v

C=O v 

CNPs-6

300 400 500 600 700 800
0

0.5

1.0

A
b

so
rb

an
ce

 (
a

. u
.)

Wavelength (nm)

 CNDs-3

300 400 500 600
0

0.5

1.0

A
bs

or
b

an
ce

 (
a.

 u
.)

Wavelength (nm)

 CNDs-6

300 400 500 600 700
0

0.5

1.0

A
b

so
rb

an
ce

 (
a.

 u
.)

Wavelength (nm)

 CNDs-2

300 400 500 600
0

0.5

1.0

A
b

so
rb

an
ce

 (
a

. u
.)

Wavelength (nm)

 CNDs-4

300 400 500 600 700 800
0

0.5

1.0

A
bs

or
ba

nc
e 

(a
. u

.)

Wavelength (nm)

 CNPs-5 CF
 CNPs-5 VF

300 400 500 600
0

0.5

1.0

A
b

so
rb

a
nc

e
 (

a
. u

.)

Wavelength (nm)

 CNDs-1CNPs-1 CNPs-2 CNPs-3

CNPs-4 CNPs-6
nv-CNPs 5
v-CNPs 5

 CNPs-5 CF
 CNPs-5 VF



Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 
 

122 
 

Table 5. Position of the absorption maxima (± 2) of the different CNPs (* relative 
absorption of at least 1 % with respect to the maximum absorption up to this 
wavelength). 

Sample CNPs 1 CNPs 2 CNPs 3 CNPs 4 nv-CNPs 5 v-CNPs 5 CNPs 6 

λabs 
(nm) 

255 
261 
269 

491* 

226 
594* 

247 
707* 525* 272 

511* 642* 

263 
274 
285 
320 
332 

448* 

The emission spectra of the CNPs show broad spectra (typically with FWHM 
values of more than 100 nm), and excitation wavelength-dependent spectra with 
emission peaks between the near-UV region and the blue region but in some cases may 
show significant emission in the red region, as shown in Figure 15. On the other hand, 
tables 6 and 7 show the maximum emission and excitation position, respectively, for the 
different CNPs when excited or detected at a specific wavelength. 
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Figure 15. Emission spectra at 280 nm (grey), 300 nm (red), 320 nm (blue), 350 nm 
(green) and 400 nm (purple) (left column), and excitation spectra at 360 nm (grey), 380 
nm (red ), 400 nm (blue) and 450 nm (green) (right column) of the different CNPs in 2-

propanol. 

Table 6. Position of the emission maxima (± 2 nm) of the different CNPs at different 
excitation wavelength. 

Sample CNPs 1 CNPs 2 CNPs 3 CNPs 4 nv-CNPs 5 v-CNPs 5 CNPs 6 
λexc 

280 nm 365 361 409 356 374 353 386 

λexc 

300 nm 368 369 407 357 374 360 381 

λexc 

320 nm 376 361 427 369 377 353 384 

λexc 

350 nm 411 411 438 390 393 388 432 

λexc 

400 nm 453 453 477 453 457 463 457 
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Table 7. Position of the excitation maxima (± 2 nm) of the different CNPs at different 
emission wavelength. 

Sample CNPs 1 CNPs 2 CNPs 3 CNPs 4 nv- CNPs 5 v- CNPs 5 CNPs 6 

λem 

360 nm <260 

273 
283 
318 
326 

297 
323* 
335* 

289 282 
288* 284 322 

336* 

λexc 

380 nm <260 

273 
282 
318 
330 

296 
335* 290 289 

281* 
285 

340* 
324 
341 

λexc 

400 nm 283 

273 
282 

316* 
330 

296 
338 

312 
293* 

291 
303* 

287 
336* 
353* 

325 
346* 

λexc 

450 nm 
284 

339* 

272* 
285* 
336 
350 
360 

395* 
407 

300 
352 

287 
299* 
308* 
396* 

 

277 
285* 
303* 
345 
358 

396* 

337* 
354* 
394* 

371 
326* 

*shoulder positions 

Table 8 shows the quantum fluorescence yields of the different CNPs for both 
375 and 457 nm excitation wavelengths. In general, low fluorescence yields ranging from 
9 to 2 % are obtained for the different CNPs, with values that do not depend on the 
excitation wavelength used. 

Table 8. Values of the quantum fluorescence yield for the different CNPs in 2-propanol 
(0.05 mg/mL) for λexc = 375 and 475 nm.  

Sample ɸf 

(λ =375 nm) 
ɸf 

(λ =457 nm) 
CNPs-1 0.09 ± 0.01 0.08 ± 0.01 
CNPs-2 0.09 ± 0.01 0.08 ± 0.01 
CNPs-3 0.03 ± 0.01 0.04 ± 0.01 
CNPs-4 0.03 ± 0.01 0.02 ± 0.01 

nv-CNPs 5 0.02 ± 0.01 0.03 ± 0.01 
v-CNPs-5 0.004 ± 0.009 -- 
CNPs-6 0.05 ± 0.01 0.04 ± 0.01 

When fluorescence decays were analyzed, it was observed that tri-exponential 
fits were usually required, except when using an excitation wavelength of 502 nm, 
where a biexponential fit was sufficient. Average amplitude lifetimes ranging from 3.4 
to 1.5 ns and average intensity lifetimes ranging from 7.5 to 2.2 ns were obtained, which 
decreased with dependence on the redshift of the excitation wavelength (mainly 
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because the longest lifetime, τ1, is visibly shortened as the excitation wavelength 
increases) (Fig. 16 and Table 9). This shortening of the half-life in intensity and τ1 also 
occurs with increasing oxygen concentration, which acts as a photophysical 
intermolecular deactivation chemical species (Table 10 and 11). The fluorescence 
lifetime decay could not be obtained for the volatilized fraction of CNPs prepared from 
naphthalene, due to its low fluorescence yield. 

 

Figure 16. Fluorescence decays under air for the different CNPs (CNPs-1 green, CNPs-2 
blue, CNPs-3 magenta, CNPs-4 dark yellow, nv-CNPs-5 Olive, CNPs-6 orange and IRF 

red) (λexc = 290, 375, 405, 457, 502 nm). 
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Table 9. Fluorescence the lifetimes and weighted amplitudes of the excited species, as 
well as the average lifetimes in intensity and amplitude for the different excitation 
wavelengths (λexc = 290, 375, 405, 457, 502 nm) under air for the different CNPs.  

Sample λexc 
(nm) 

𝝉𝟏 
(ns) A1 

𝝉𝟐 
(ns) A2 

𝝉𝟑 
(ns) A3 

𝝉𝑰 
(ns) 

𝝉𝑨 

(ns) 

CNPs-1 

290 15.8 ± 0.6 0.04 4.3 ± 0.1 0.26 1.00 ± 0.05 0.70 6.3 2.4 
375 14.4 ± 0.4 0.05 3.8 ± 0.1 0.28 0.91 ± 0.04 0.67 6.2 2.4 
405 12.5 ± 0.4 0.08 4.3 ± 0.1 0.32 1.30 ± 0.06 0.61 6.1 3.2 
457 10.0 ± 0.5 0.06 3.9 ± 0.2 0.22 1.57 ± 0.06 0.72 4.3 2.6 
502   3.5 ± 0.1 0.21 1.33 ± 0.05 0.79 2.2 1.8 

CNPs-2 

290 16.2 ± 0.7 0.05 4.1 ± 0.1 0.13 0.99 ± 0.03 0.82 7.5 2.4 
375 15.2 ± 0.5 0.06 3.9 ± 0.1 0.27 0.91 ± 0.05 0.67 7.2 2.6 
405 12.6 ± 0.3 0.09 4.2 ± 0.1 0.35 1.23 ± 0.08 0.56 6.5 3.3 
457 9.5 ± 0.4 0.13 3.6 ± 0.1 0.46 1.2 ± 0.1 0.41 5.4 3.4 
502   4.5 ± 0.4 0.49 1.2 ± 0.3 0.51 3.8 2.8 

CNPs-3 

290 15.5 ± 0.6 0.05 4.33 ± 0.09 0.48 1.21 ± 0.09 0.47 6.3 3.4 
375 12.2 ± 0.6 0.03 3.33 ± 0.07 0.32 0.84 ± 0.04 0.66 4.3 2.0 
405 10.3 ± 0.4 0.04 3.21 ± 0.05 0.40 1.11 ± 0.04 0.56 3.9 2.3 
457 8.5 ± 0.5 0.05 3.28 ± 0.08 0.42 1.19 ± 0.07 0.53 3.6 2.4 
502   4.3 ± 0.2 0.36 1.1 ± 0.1 0.64 3.3 2.2 

CNPs-4 

290 15.9 ± 0.7 0.02 4.2 ± 0.2 0.16 0.85 ± 0.02 0.82 5.0 1.7 
375 10.3 ± 0.4 0.04 2.48 ± 0.06 0.21 0.61 ± 0.02 0.75 4.0 1.5 
405 10.0 ± 0.4 0.04 2.93 ± 0.08 0.25 0.91 ± 0.03 0.71 3.8 1.8 
457 9.0 ± 0.6 0.05 3.1 ± 0.1 0.33 1.04 ± 0.07 0.62 3.7 2.1 
502   3.8 ± 0.5 0.33 0.8 ± 0.2 0.67 2.9 1.8 

nv-CNPs 5 

290 14.2 ± 0.4 0.04 4.31 ± 0.08 0.32 1.37 ± 0.04 0.64 5.4 2.8 
375 9.4 ± 0.3 0.07 2.79 ± 0.07 0.36 0.75 ± 0.04 0.57 4.4 2.1 
405 9.1 ± 0.2 0.09 3.48 ± 0.08 0.38 1.05 ± 0.06 0.53 4.7 2.7 
457 8.3 ± 0.2 0.14 3.6 ± 0.1 0.45 1.2 ± 0.1 0.41 4.9 3.3 
502 6.1 ± 0.2 0.40   1.5 ± 0.2 0.60 4.9 3.3 

CNPs-6 

290 15.0 ± 0.5 0.04 4.23 ± 0.08 0.37 1.19 ± 0.06 0.59 5.7 2.9 
375 9.4 ± 0.9 0.03 2.82 ± 0.03 0.68 0.66 ± 0.08 0.29 3.4 2.4 
405 9.6 ± 0.5 0.04 2.87 ± 0.07 0.38 0.92 ± 0.05 0.58 3.6 2.0 
457 7.9 ± 0.6 0.09 2.9 ± 0.1 0.38 0.9 ± 0.1 0.53 4.0 2.3 
502 8 ± 2 0.10   1.3 ± 0.4 0.90 4.3 2.0 
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Table 10. Fluorescence lifetimes and weighted amplitudes of species excited at 375 nm 
under argon, air and oxygen for the different CNPs.  

Sample [O2] 
𝝉𝟏 
(ns) A1 

𝝉𝟐 
(ns) A2 

𝝉𝟑 
(ns) A3 

𝝉𝑰 
(ns) 

𝝉𝑨 

(ns) 

CNPs-1 
0 14.9 ± 0.8 0.05 3.74 ± 0.08 0.17 0.88 ± 0.02 0.78 6.8 2.1 

0.2098 14.4 ± 0.4 0.05 3.8 ± 0.1 0.28 0.91 ± 0.04 0.67 6.2 2.4 
1 13.7 ± 0.8 0.03 3.60 ± 0.08 0.24 0.89 ± 0.02 0.73 4.8 1.9 

CNPs-2 
0 16.8 ± 0.4 0.05 3.8 ± 0.1 0.18 0.84 ± 0.03 0.78 7.9 2.2 

0.2098 15.2 ± 0.5 0.06 3.9 ± 0.1 0.27 0.91 ± 0.05 0.67 7.2 2.6 
1 13.8 ± 0.8 0.04 3.6 ± 0.1 0.30 0.90 ± 0.02 0.65 5.4 2.2 

CNPs-3 
0 12.7 ± 0.4 0.04 3.08 ± 0.07 0.32 0.93 ± 0.04 0.64 4.8 2.1 

0.2098 12.2 ± 0.6 0.03 3.33 ± 0.07 0.32 0.84 ± 0.04 0.65 4.3 2.0 
1 11.7 ± 0.7 0.03 3.05 ± 0.07 0.31 0.96 ± 0.03 0.66 3.9 1.9 

CNPs-4 
0 10.7 ± 0.3 0.04 2.45 ± 0.06 0.16 0.50 ± 0.01 0.80 4.7 1.0 

0.2098 10.3 ± 0.4 0.04 2.48 ± 0.06 0.21 0.61 ± 0.02 0.75 4.2 1.4 
1 8.9 ± 0.5 0.06 2.77 ± 0.08 0.58 0.70 ± 0.02 0.36 3.9 2.4 

nv-CNPs 5 
0 10.1 ± 0.3 0.06 3.1 ± 0.1 0.19 0.92 ± 0.03 0.75 4.6 1.9 

0.2098 9.4 ± 0.3 0.07 2.79 ± 0.07 0.36 0.75 ± 0.04 0.57 4.4 2.1 
1 8,4 ± 0,5 0,07 3,21 ± 0,08 0,57 0,84 ± 0,02 0,36 4 2,7 

CNPs-6 
0 10,0 ± 0,3 0,04 3,1 ± 0,1 0,13 0,94 ± 0,03 0,82 3,8 1,6 

0.2098 9,4 ± 0,9 0,03 2,82 ± 0,03 0,68 0,66 ± 0,08 0,29 3,4 2,4 
1 8,7 ± 0,4 0,04 2,69 ± 0,07 0,18 0,95 ± 0,06 0,78 3,2 1,6 

 

Table 11. Fluorescence lifetimes and weighted amplitudes of species excited at 457 nm 
under argon, air and oxygen for the different CNPs. 

Sample [O2] 
𝝉𝟏 
(ns) A1 𝝉𝟐 

(ns) A2 𝝉𝟑 
(ns) A3 𝝉𝑰 

(ns) 
𝝉𝑨 

(ns) 

CNPs-1 
0 11.3 ± 0.2 0.08 3.88 ± 0.08 0.39 1.07 ± 0.06 0.53 5.6 3.0 

0.2098 10.0 ± 0.5 0.06 3.9 ± 0.2 0.22 1.57 ± 0.06 0.72 4.3 2.6 
1 9.6 ± 0.3 0.02 3.85 ± 0.06 0.24 0.93 ± 0.02 0.73 3.4 1.8 

CNPs-2 
0 10.6 ± 0.2 0.10 3.43 ± 0.07 0.38 0.95 ± 0.05 0.52 5.7 2.9 

0.2098 9.5 ± 0.4 0.13 3.6 ± 0.1 0.46 1.2 ± 0.1 0.41 5.4 3.4 
1 9.0 ± 0.2 0.04 3.50 ± 0.05 0.30 0.96 ± 0.03 0.65 3.7 2.0 

CNPs-3 
0 9.1 ± 0.2 0.05 3.26 ± 0.06 0.33 0.82 ± 0.03 0.62 4.0 2.0 

0.2098 8.5 ± 0.5 0.05 3.28 ± 0.08 0.42 1.19 ± 0.07 0.53 3.6 2.4 
1 7.7 ± 0.2 0.03 3.03 ± 0.04 0.31 0.82 ± 0.02 0.66 3.0 1.7 

CNPs-4 
0 9.4 ± 0.6 0.05 3.2 ± 0.2 0.62 0.8 ± 0.2 0.33 4.0 2.7 

0.2098 9.0 ± 0.6 0.05 3.1 ± 0.1 0.62 1.04 ± 0.07 0.33 3.8 2.7 
1 8.0 ± 0.4 0.05 3.0 ± 0.1 0.58 0.9 ± 0.2 0.37 3.5 2.5 

nv-CNPs 5 
0 9.7 ± 0.3 0.17 4.6 ± 0.2 0.56 1.6 ± 0.4 0.27 6.1 4.7 

0.2098 8.3 ± 0.2 0.14 3.6 ± 0.1 0.45 1.2 ± 0.1 0.41 4.9 3.3 
1 7.2 ± 0.2 0.17 3.4 ± 0.1 0.57 1.1 ± 0.4 0.25 4.6 3.4 

CNPs-6 
0 8.3 ± 0.2 0.08 3.00 ± 0.08 0.21 0.81 ± 0.02 0.71 4.2 1.9 

0.2098 7.9 ± 0.6 0.09 2.9 ± 0.1 0.38 0.9 ± 0.1 0.53 4.0 2.3 
1 7.2 ± 0.2 0.04 2.60 ± 0.05 0.26 0.72 ± 0.02 0.70 2.9 1.5 
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The radiant constant of the excited singlet states can be determined according 
to equation  7 for samples for which the quantum fluorescence performance and the 
fluorescence lifetime have been determined using the same excitation wavelength.  

ɸ𝒆𝒎
𝒔 = 𝒌𝒓

𝒔  𝝉𝒆𝒎
𝒔    eq. 7 

Table 12. Values of the radiant constant of the excited singlet state for the different 
CNPs with excitation wavelengths of 375 and 457 nm. 

Sample 𝒌𝒓
𝒔 (s-1) 

(λ =375 nm) 
𝒌𝒓

𝒔 (s-1) 
(λ =457 nm) 

CNPs-1 1.45 107 1.16 107 
CNPs-2 1.25 107 1.11 107 
CNPs-3 6.98 106 1.11 107 
CNPs-4 7.5 106 5.40 106 

nv-CNPs 5 4.54 106 6.12 106 
CNPs-6 1.47 107 1.0 107 

The oxygen deactivation constant of the excited singlet states can be determined 
from the Stern-Volmer equation by measuring fluorescence intensity (eq. 8) or 
fluorescence lifetime (eq. 9) at different oxygen concentrations (Table 13). 

I

I
= 1 + k  I  [Q]   eq. 8           

τ

τ
= 1 + k  τ  [Q]   eq. 9 

Table 13. Values of the singlet deactivation constant when using an excitation 
wavelength of 375 and 457 nm from the longest lifetime (τ1), from the average time in 
current (τI) and from the emission current (Int). 

 λexc = 375 nm λexc = 457 nm 

Sample 
k  (s-1) 
As of τ1 

k  (s-1) 
As of τI 

k  (s-1) 
As of Int 

k  (s-1) 
As of τ1 

k  (s-1) 
As of τI 

k  (s-1) 
As of Int 

CNPs-1 5.5 106 6.1 107 2.6 108 1.9 107 1.1 108 5.2 108 
CNPs-2 1.4 107 5.9 107 2.4 108 1.6 107 9.8 107 5.2 108 
CNPs-3 7.3 106 5.4 107 2.7 108 3.4 107 8.0 107 6.8 108 
CNPs-4 1.9 107 4.2 107 2.7 108 1.8 107 3.4 107 9.9 107 

nv-CNPs 5 1.9 107 3.1 107 2.3 108 3.4 107 5.9 107 1.1 108 
CNPs-6 1.5 107 4.6 107 5.6 108 1.8 107 1.1 108 4.4 108 

For these CNPs, the quantum yield of singlet oxygen production was also 
determined. Figure 17, and Table 14 shows the lifetimes of singlet oxygen 
phosphorescence and the quantum yield of singlet oxygen production for the different 
CNPSs, both for an excitation wavelength of 355 and 473 nm. The luminescence 
observed is assigned to 1O2 because the transient is completely quenched in presence 
of sodium azide (NaN3, a well-known 1O2 quencher; 25 mM).  
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Figure 17. Singlet oxygen phosphorescence kinetics at 1275 nm in i-PrOH of CNPs and 
reference photosensitizers (PS Ref). Phenalen-1-one and Rose Bengal were used as 

references for excitation wavelength of 355 nm a), and 473 nm b), respectively. 

Table 14. Values of lifetime values of singlet oxygen phosphorescence as well as 
quantum yields of singlet oxygen production for the different CNPs, both for an 
excitation wavelength of 355 and 473 nm.  

 λexc = 355 nm λexc = 473 nm 

Sample τΔ 

(µs) ɸΔ 
τΔ 

(µs) ɸΔ 

CNPs-1 19.3 0.35 18.68 0.02 
CNPs-2 19.6 0.37 20.14 0.04 
CNPs-3 20.3 0.24 19.96 0.04 
CNPs-4 19.7 0.09 8.77 0.01 

nv-CNPs 5 ~ 5 0.04 20.13 0.01 
CNPs-6 17.1 0.28 --- --- 

Phenalen-1-one 19.93 1.00 --- --- 
Rose Bengal --- --- 20.41 0.75 

To obtain the lifetime of the excited triplet state in the absence of oxygen, a flash 
photolysis experiment is required. These lifetimes of the excited triplet state are shown 
in Figure 18 and Table 15. 
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Figure 18. Transient absorption of the triplet excited-state of CNPs in Ar-purged 
deuterated PBS. (exc = 355 nm, obs = 600 nm). 

Table 15. Lifetime values of the triplet state excited at 355 nm and a Xe lamp in right 
angle geometry, observing at 600 nm and under argon. 

Sample τ 
(μs) 

CNPs-1 15.3 ± 0.5 
CNPs-2 5.00 ± 0.05 
CNPs-3 21.4 ± 0.8 
CNPs-4 17.4 ± 0.3 

nv-CNPs 5 3.8 ± 0.2 
v-CNPs 5 29.4 ± 0.8 
CNDs-6 30.6 ± 0.6 

 

4.2.4. Conclusions 

A novel method for the preparation of CNPs has been studied using a pulsed Nd-
YAG laser and a bottom-up approach from different aromatic organic precursors. This 
method has shown great potential in terms of reproducibility of the products obtained 
and the great versatility of the precursors that can be used, as well as the modulable 
reaction conditions. In order to understand the mechanism of CNPs formation, a small-
scale setup was used to obtain experimental evidence that the reaction follows a zero 
reaction order and that there is a possible catalytic role for the laser impact surface.  

The batch of CNPs obtained was structurally characterized by a wide range of 
techniques; thanks to atomic force microscopy the CNPs could be observed in isolation 
and not forming aggregates, revealing average sizes between 1 and 11 nm. Electron 
microscopy has not been able to observe the CNPs in isolation, but it has been possible 
to observe that two different families of CNPs are formed, those with graphitic 
structures of the nano-onion like fragments type and those with amorphous structures. 
Interestingly, the characterization by EELS and Raman shows that, starting from 

0 20 40 60 80
0

2

4

6

8

D
O
.D

. (
a.

 u
.)

t (s)

 CNPs-1
 CNPs-2
 CNPs-3
 CNPs-4
 nv-CNPs 5 
 v-CNPs 5
 CNPs-6



Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 
 

132 
 

precursors with a majority, or even total, Csp2 content, CNPs are formed with a Csp3 
content of between 30 - 60 %. It is also evident that the use of precursors with 
heteroatoms such as N and Cl can favour the production yield of CNPs, but no significant 
amount of these heteroatoms remains in the CNPs. Finally, at the structural level, 
infrared spectroscopy was also used to determine the functional groups present on the 
surface of these nanoparticles, where in general, methyl, -OH, -C=O groups are mainly 
observed. 

Regarding the photophysical properties observed in the CNPs produced, it should 
be noted that they all show a very similar light absorption with a strong absorption of 
light in the UV region with a long tail extending towards the visible, even with 
remarkable absorptions in the red region of the visible spectrum. All CNPs also show 
broad excitation wavelength-dependent emission spectra that shift towards the red 
with increasing excitation wavelength. The fluorescence quantum yields were also 
determined to be always less than 10 %, which is in agreement with the low fluorescence 
quantum yields reported in the literature for these systems. It was also observed that 
all the CNPs produced are capable of producing singlet oxygen at room temperature, in 
solution with UV-Vis excitation with yields as high as 37%. The photophysical 
characterization was completed with the determination of the fluorescence lifetimes at 
room temperature under different excitation wavelengths and under different oxygen 
concentration, which allows estimating the different deactivation constants of the 
excited singlet state. 
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Chapter 3: Photocatalysis of Carbon Nanodot–TiO2 Heterostructures 
Activated by Visible Light 

4.3.1. Introduction 

The design of photocatalysts for the utilization of solar radiation is of strong interest 
for a more sustainable and green approach in applications such as water remediation, 
wastewater treatment, air cleaning and disinfection aimed at bacteria-free environments. 
These applications generally rely on the use of reactive oxygen species (ROS) generated in 
photocatalytic redox reactions to destroy organic matter. Metal oxides and particularly 
titanium dioxide (TiO2) are the prime catalytic materials with strong photocatalytic oxidation 
power and concurrent degradation ability while at the same time exhibiting a robust 
photostability [1]. They are widely employed due to earth abundance and low cost, low 
toxicity and mild impact on the environment. However, because of the large bandgap of TiO2, 
the optical absorption is limited to UV light [2] and consequently significant attention has 
been directed at increasing the visible light activity of TiO2. This objective can be achieved by 
the sensitization of the semiconductor, by doping or by forming heterostructures of TiO2 with 
other materials, which improves the light harvesting and expands the spectral range of 
absorption. At the same time electron–hole recombination can be reduced by doping via 
trapping of electrons before reaching the surface. Metals such as Au, Ag, Pt, V, Cr, or Fe as 
well as non-metals such as B, C, N, S have been utilized for this purpose [3]. Among these, 
carbon-TiO2 heterostructures have gained widespread interest in photocatalytic applications, 
because these systems potentially harvest a broad spectrum of solar radiation and exhibit 
enhancement of the photocatalytic activity due to strong interfacial electronic effects of the 
carbon support [4, 5]. Carbon-based composites of TiO2 have been reported using carbon of 
different type such as activated or graphitic carbon, carbon nanotubes [6, 7] and graphene 
[4]. However, these nanomaterials can make a poor surface contact with TiO2 nanoparticles 
(NP), and as such the photoinduced charge transfer processes from the nanocarbon to TiO2 
may not be efficient [8]. More recently CND have emerged as a new zero-dimensional carbon 
material which has been reported to exhibit unique optical and electronic properties, such as 
excellent light-harvesting, broad excitation spectra, tunable photoluminescence and efficient 
photoinduced charge transfer ability in catalytic processes [9-16]. CND typically exhibit a size 
in the range of 3-5 nm and functional groups on their surface; these characteristics facilitate 
their self-assembly onto nanostructured materials such as nanoparticles or nanotubes, 
improve interfacial interaction and in some cases may help to improve the dispersion or 
stabilization of the nanomaterials [17]. Due to their unique characteristics, CND have been 
used to sensitize several semiconductor materials, and primarily TiO2, to attain photocatalysis 
in the visible range [9-16, 18-21]. 

The process of hydrothermal synthesis of carbon dots, however, has been shown 
recently [22-29] to overwhelmingly produce small organic molecules, some of them 
fluorescent, like IPCA (imidazo[1,2, α]pyridine-7-carboxilic acid, 1,2,3,5-tetrahydro-5-oxo) or 
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IPCA-EDA (N-(2aminoethyl)-5-oxo-1,2,3,5 tetrahydroimidazol [1,2,α]pyridine-7-
carboxamide). The UV-Vis and PL spectra are dominated by these small conjugated 
fluorophores and their photoproducts [23]. Graphitic cores, on the other hand, are formed in 
very low mass yields, typically below 1%. They are observable by techniques such as HR-TEM, 
GI-WAXS and SERS and are almost exclusively responsible for the formation of singlet oxygen 
[23]. The PL quantum yield of the CND, on the other hand, is very low, and is still dominated 
by the small chromophores, which remain attached to the CND even after prolonged dialysis. 
The question therefore arises whether any photocatalytic activity of heterostructures of this 
complex mixture with TiO2 NP is due to the molecular components or due to the CND. This 
question appears especially relevant taking into account that in many studies of 
photocatalytic activity of such heterostructures no attempt is made to separate the majority 
molecular fraction from the CND. 

The mechanism of enhancement of visible photocatalysis by CND has been frequently 
postulated to be based on the efficient light absorption by the CND resulting in the generation 
of charge carriers in the conduction band of the TiO2 component, reducing at the same time 
recombination of the photoinduced electron–hole pairs. Frequently, however, the schemes 
reported to explain the charge transfer are merely qualitative and are not based on 
experimental determination of the work functions of the CND and TiO2. Moreover, a 
significant number of publications have also tried to explain the mechanism of enhancement 
of visible photocatalysis based on photoluminescence up-conversion by the CND under 
continuous illumination [19-21, 30-31]. 

In the present study we investigate the photocatalytic activity of the CND@TiO2 
heterostructures using cw light-emitting diodes and clarify the relative participation of 
different reactive oxygen species in the photocatalytic process by employing appropriate 
scavengers. Using a tunable laser, we acquire photocatalytic action spectra in the visible range 
of wavelengths. Due to the scarcity of powerful narrow-band widely tunable light sources 
such action spectra have very rarely been reported (compare, e.g., [32] where a 
monochromator and very long exposure times were employed for this purpose). The 
mechanism for photocatalysis under irradiation by visible light is elucidated based on 
ultraviolet and x-ray photoemission spectra (UPS/XPS) to determine the relative position of 
energy levels. Moreover, the exploitation of visible light photocatalysis of CND@TiO2 for the 
engineering of anti-bacterial polymer nanocomposite surfaces is demonstrated. Because of 
the importance of any possible super-efficient up-conversion process for photocatalytic 
activity of CND@TiO2 heterostructures we have further revisited this process for the case of 
cw and nanosecond, as well as femtosecond pulsed excitation. 
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4.3.2. Experimental Section 

Synthesis of CND 

6.5 mmol of citric acid (Sigma Aldrich, 99 %) and 12 mmol of ethylenediamine (Fluka 
Analytical, 99,5 %) were dissolved in 30 mL of water in a Teflon liner. The Teflon liner was 
placed in a stainless-steel autoclave and held at 200 °C for 5 hours. After the autoclave was 
cooled to room temperature, the reaction products were subjected to dialysis for one week 
using a cellulose dialysis membrane of 14 kDa molecular weight cut-off (MWCO). 

 

Synthesis of CND@TiO2 photocatalysts 

Heterostructures of TiO2 coated with CND (CND@TiO2) were prepared by mixing 5 mg 
of 10 nm TiO2 NP of anatase crystal phase (Nanoamor) with 1 mL of a stable suspension of 
the synthesized CND. After stirring 24 hours at room temperature, the mixture was 
centrifuged several times at 10.000 rpm, removing the supernatant every time, until no 
absorption band at 350nm could be detected. The resultant filtered precipitate of CND@TiO2 
was used for the photocatalysis experiments. 

 

Characterization of CND@TiO2 photocatalysts 

UV-Vis absorption spectra were recorded on a UV-Vis spectrophotometer (Varian Cary 
50) using a 1 cm quartz cuvette (Suprasil). Room-temperature PL and PLE spectra were 
acquired on a spectrofluorimeter (Horiba FluoroLog 3) equipped with a high-pressure Xenon 
lamp and a Hamamatsu R928P photomultiplier; the PLE and PL spectra were corrected for the 
characteristics of the lamp source and of the detection system, respectively. Attenuated total 
internal reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was carried out using 
a Bruker Alpha ATR-FTIR spectrometer 

A field emission gun transmission electron microscope (FEG-STEM) (Talos F200X, FEI) 
integrating an energy dispersive spectrometry (EDS) chemical analysis system and a CMOS 
digital camera for image acquisition 4000x4000 pixels) was employed for high resolution 
electron microscopy. The equipment offers a point-to-point resolution ≤ 0.25 nm at 200 kV, 
information limit ≤ 0.12 nm at 200 kV, and a STEM-HAADF resolution at 200 kV ≤ 0.16 nm. 

XPS (X ray Photoelectron Spectroscopy) measurements were carried out using the Al 
k-alpha monochromatic line (1486.7 eV) in a SPHERA U7 hemispherical analyzer mounted in 
a UHV (Ultra High Vacuum) chamber with a base pressure of 5 x 10-10 mbar. UPS (Ultraviolet 
photoelectron Spectroscopy) was performed in the same chamber by irradiating the samples 
with the He I line (21.2 eV) of a helium discharge lamp. The angle for the UPS measurements 
between the sample surface and the analyzer was 90 o and the pass energy was set to 3 eV. 
As the materials studied in this work were insulators, to prepare samples suitable for XPS and 
UPS analysis, a solution of the materials were drop-cast on thick Cu foils with a sputtered gold 
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layer to improve the electrical contact to ground. To compensate built-up charges, an electron 
gun was used (FG-500 Specs, 3 eV and 40 micro-Amperes) for the XPS measurements and in 
between the acquisition of UPS spectra. For binding energy correction in XPS, the Ti 2p3/2 was 
centered at 458.8 eV and for the CND, the Au 4f7/2 core level of the substrate at 84.0 eV was 
taken as binding energy reference. Work function measurements were done measuring the 
cut-off of the secondary electrons in the UPS spectra, applying a negative bias of – 5 V to the 
sample. In spite of the use of metallic substrates to deposit the samples and the metallic 
ground contact on the samples, the UPS spectra were shifted due to charging, as can be 
expected, but they reproduced well the main features observed in the XPS valence band (VB) 
spectra. We therefore took advantage of XPS measurements in the same UHV chamber with 
a charge compensation gun (so all the core levels are well positioned), to determine the 
position of the VB by XPS and use this spectrum to properly reposition the VB measured by 
UPS. 

 

Photocatalysis studies 

The following light emitting diodes (LEDs) were used for dye degradation experiments: 
(a) blue LED: matrix of 4 LEDs, LZ4-40B208-0000 (LedEngin Inc), 10 W, (b) green LED: matrix 
of 4 LEDs, ILH-OP04-TRGR-SC221-WIR200 (Intelligent LED Solutions), 7.6 W; red LED: M625D3 
(Thorlabs), 920 mW; white LED: ILH-ON0-WMWH-SC211-WIR200 (Intelligent LED Solutions), 
2.2 W. All LEDs were mounted on appropriate heat sinks and driven by double regulated 
power supplies. The power density at the sample was controlled by distance and measured 
with a Thorlabs PM100D power meter connected to a S302C thermal detector head. For laser 
degradation experiments, a tunable Continuum Sunlite optical parametric oscillator (OPO), 
pumped by a Powerlite DLS seeded, q-switched and frequency-tripled Nd:YAG laser, pulse 
width 5 ns, linewidth 0.075 cm-1 was employed. Output power was measured with a Gentec 
Maestro power and energy meter connected to a Gentec QE12LP-S-MB thermal head. In all 
cases the photocatalytic degradation of the dyes was determined by UV-Vis spectrometry by 
the value of absorption at the absorption maximum of the dye. 

 

Bactericidal efficiency of CND@TiO2 surface nanocomposite films 

To prepare the CND@TiO2 surface nanocomposite films, a solution of poly(methyl 
methacrylate (PMMA) in toluene (7.5 % wt.) was spin-coated onto a PET support substrate 
and subsequently soft-baked at 70oC. A stable dispersion of CND@TiO2 in methanol (0.1-1 % 
wt) was then deposited on the PMMA thin film by spin-coating. The sample was hot-pressed 
at a temperature of 170 oC and a pressure of 45 bars to embed and fix the nanoparticles within 
the softened PMMA surface.  

Staphylococcus aureus (RN4220), Escherichia coli (CECT 516) and P aeruginosa (CECT 
4628) from the Spanish Type Culture Collection (University of Valencia, Spain) were grown 
overnight on Luria Broth (LB) media at 37 oC shaking at 250 rpm; for S. aureus LB media was 
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supplemented with 1 µg/ml of erythromycin. The antibacterial function of the surfaces was 
evaluated according to the ISO standard no. 27447:2009, titled: “Fine ceramics (advanced 
ceramics, advanced technical ceramics) -- Test method for antibacterial activity of 
semiconducting photocatalytic materials.” For this purpose, a bacterial suspension of 2∙105 
bacteria cell/ml is inoculated over the imprinted substrates and then exposed for 1 hour to 
visible light (white LED, at a fluence of 30 mW/cm2). After the exposure time, the substrates 
were washed three times with Soya Casein Digest Lecithin Polysorbate (SCDLP) broth 
medium. Then subsequent 10-fold dilutions of the recovered volume were prepared until a 
dilution of 1:1000 was obtained, which placed on an agar Petri dish and incubated during 24 
hours. After the incubation time the number of colonies were counted corresponding to the 
surviving bacteria. In addition to the PMMA/CND@TiO2 samples control samples of pristine 
PMMA and PMMA/TiO2 were tested. 

 

Up-conversion experiments 

Up-conversion studies were performed using a Clark-MXR CPA femtosecond 
regenerative amplifier (λ = 775 nm, Δt = 150 fs, pulse energy E = 0.8 mJ, pulse repetition rate 
1 kHz, as well as the OPO laser mentioned above. 

 

4.3.3. Results and discussion 

Synthesis and characterization of CND 

Nitrogen-doped CND were synthesized via a hydrothermal method (see the Chapter 
1) using citric acid and ethylenediamine as starting materials and dialyzed for one week using 
a 14 kDa molecular weight cut-off (MWCO) membrane.  

Figure 1a shows the suspension in water of the synthesized and purified CND under 
illumination by visible and ultraviolet light, respectively. The suspension exhibits strong blue 
photoluminescence which is due to the residual organic molecular components and its 
photoproducts [23]. An analysis of the absorption features by time-dependent density 
functional theory (TD-DFT) indicates that the absorption is dominated by the IPCA molecule 
as shown in Figs. 2 and 3. 

Figure 1b exhibits the high-resolution TEM image of two CND resulting from the 
synthesis. The size of the CND is around 3-5 nm and it is possible to distinguish the crystalline 
planes. The inset figure in the lower right-hand corner displays the two-dimensional fast 
Fourier transform (2D-FFT) of the TEM image revealing the spatial frequencies which 
correspond to the different interplanar distances (see Fig. 4 and Table 1), confirming the 
crystalline structures of both the CND and the TiO2 anatase crystal phase. The FTIR spectrum 
of the CND (Fig. 1c) exhibits a broad band at 3430 cm-1 corresponding to OH stretching 
vibrations. The shoulder between 3200-3300 cm-1 is related to NH stretching vibrations and 
the bands just below 3000 cm-1 correspond to CH stretching vibrations. The peak at 1654     
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cm-1 is related to the C=O carbonyl stretching vibration and the band at 1563 cm-1 
corresponds to C=C stretching. In addition, the peak at 1395 cm-1 is related to NH, OH or CH 
bending vibrations. Asymmetric and symmetric stretching vibrations of C–O–C cause 
absorptions at about 1400 cm-1 and 1057 cm-1. Photoluminescence studies were performed 
at different excitation wavelengths (Figure 1d). The maximum emission was obtained for 
excitation at 340 nm, coinciding with the maximum of the absorbance. It is worth noting that 
the wavelength of the maximum of the emission spectrum occurs around 430 nm and this 
maximum is redshifted to 550 nm for an excitation wavelength of 500 nm. In contrast to many 
previous reports, which associated such excitation-wavelength dependent shifts to quantum 
size effects, we ascribe this shift to the inhomogeneity of the local environments of the 
fluorescing molecules attached to the CND, as well as to the formation of photoproducts 
during dialysis [23]. 

 

 

Figure 1. Characterization of synthesized CND: a) Aqueous solution under visible and UV 
light exposure, b) High resolution TEM image of two CND (marked by the red rectangles) 

and its Fourier transform indicating the corresponding interplanar distances. c) FTIR 
spectrum and d) Absorption and photoluminescence spectra obtained at different 

excitation wavelengths. 
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Figure 2. Quantum-chemical calculation of the UV-Vis spectrum and electronically excited states 
of the main conjugated product of hydrothermal synthesis of CND, the small molecule IPCA 

((imidazo[1,2,α]pyridine-7-carboxilic acid, 1,2,3,5-tetrahydro-5-oxo)) in water. The blue curves 
indicates the measured absorption spectrum of the dialysate, black bars the vertical transitions 
from the ground state to the excited singlet states and red bars the calculated positions of the 

triplet excited states. Because spin-orbit coupling was not included in the calculation the red bars 
are given a constant (arbitrary) height. Calculation using Gaussian09, basis set 6-311++ G(d), 

CAM-B3LYP functional and polarizable continuum model for the solvent. 

 

 

Figure 3. Frontier orbitals of IPCA ((imidazo[1,2,α]pyridine-7-carboxilic acid, 1,2,3,5-tetrahydro-
5-oxo)) in water for the transitions indicated by (*) and (**) in Figure 2, respectively. 



Chapter 3: Photocatalysis of Carbon Nanodot–TiO2 Heterostructures Activated by Visible Light 
 

147 
 

 
Figure 4. HRTEM images of CND@TiO2 heterostructures and Fast Fourier transform (FTT) of 

the corresponding images. 

Table 1. Identification of different lattice spacings observed in the TEM images. In the case of 
the CND the indices refer to graphite. 
 

TiO2 

Anatase 
CND 

hkl d (Å) hkl d (Å) 

101 3.52 002 3.35 

103 2.43 100 2.13 

004 2.38 101 2.03 

112 2.33 102 1.80 

200 1.89 004 1.68 

105 1.70 103 1.54 

211 1.67 110 1.23 

213 1.49 112 1.16 

204 1.48 105 1.14 

  006 1.12 
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Synthesis and characterization of CND@TiO2 heterostructures 

The synthesized CND were mechanically mixed with TiO2 NP to obtain a photocatalytic 
heterostructure active for visible light. After stirring the mixture for 24 h the suspension was 
centrifuged at 10.000 rpm for 15 min and the supernatant was removed thereafter. The 
procedure was repeated until the supernatant showed no measurable absorption at 350 nm. 
The interaction between the CND and the TiO2 NP was assessed by HR-TEM. Fig. 5a reveals 
CND attached to TiO2 NP (CND@TiO2) by identification of the interplanar distances, 0.35 nm 
for TiO2 and 0.21 nm for CND. Further analysis of the FFT of HRTEM images is presented in 
the Fig. 4 and Table 1. The FTIR spectra of TiO2 (black solid line), CND (blue solid line) and the 
CND@TiO2 nanocomposite (red solid line) are shown in Fig. 5b. The spectrum of TiO2 shows 
strong bands around 1633 cm-1 and 3394 cm-1 due to the bending mode (2) of surface-
adsorbed water and the stretching mode of the hydroxyl groups on the TiO2 surface. These 
peaks are also present in the nanocomposite (red spectrum). In the fingerprint region, several 
broad peaks appear at 610, 690, 773, 906 and 1048 cm-1. These peaks are related to the O-Ti-
O vibration modes [33]. The suppression of some of these peaks, as well as the appearance 
of new peaks located at 1155, 1216, and 1458 cm-1 in the composite suggests the creation of 
new bonds with the carbonaceous particles. FTIR spectra of TiO2 NP incubated with the 
dialysate, on the other hand, yielded no evidence of the formation new bonds and resulted 
essentially in a superposition of the FTIR spectra of the two constituents (Fig. 6). The 
CND@TiO2 heterostructures present a UV-Vis absorption spectrum (Fig. 5c) similar to that of 
pure TiO2 NP, with an enhancement at the absorption at around 340 nm due to the CND, but, 
in addition to that, with an absorption tail extending much more towards the red up to 650 
nm, which is evidence of a strong interaction between CND and TiO2 [34-39]. Such an 
interaction is not apparent in the absorption spectra of the TiO2 mixtures with the material 
outside of the dialysis bags collected during dialysis (dialysate, Fig. 5d) and with RhB (Fig. 7), 
where the absorption spectrum of the mixture results only from the combination of the 
individual spectra. 
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Figure 6. FTIR spectra of TiO2 (black line), dialysate (blue line) and dialysate/TiO2 (red line). 

 
Figure 5. Characterization of CND@TiO2 heterostructures: a) HR-TEM image, b) FTIR 
spectra of TiO2 (black line), CND (blue line) and CND@TiO2 (red line), c) Normalized 
absorption spectra of TiO2 (black line), CND (blue line), and CND@TiO2 (red line) in 

aqueous suspension, and d) Normalized absorption spectra of TiO2 (black line), dialysate 
(blue line), and TiO2/dialysate (red line) in aqueous suspension. 
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Figure 7. Normalized absorption spectra of TiO2 (black line), RhB (blue line), and RhB/TiO2 
(red line) in water / aqueous suspension. 

 
Photodegradation under visible light illumination 

In order to assess the visible light photocatalytic efficiency of the CND@TiO2 
heterostructures, the degradation of the dye rhodamine B (RhB) in suspensions of CND@TiO2 
upon irradiation by different visible light sources was studied. Three light-emitting diodes 
(LEDs) with different emission wavelengths were selected for this purpose: blue (center 
wavelength λC = 456 nm), green (λC = 525 nm) and red (λC = 634 nm). The illumination intensity 
at the sample was set to the same value in these experiments (12.7 mW/cm2). The spectra of 
the LEDs are shown in Fig. 8. As shown in Fig. 9, irradiation by the blue LED yielded the highest 
activity in the presence of the photocatalysts, followed by the green LED, whereas red light 
produced only a minor degradation. In all cases CND@TiO2 produced a significantly stronger 
photodegradation at these irradiation wavelengths than pristine TiO2. 

 

Figure 8. Emission spectra of the different LED sources (blue, green, red and white), 
normalized to the area under the spectrum, and normalized absorption spectra of the 

different dyes used in the degradation experiments. 
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In order to obtain a more complete understanding of the wavelength dependence of 
the photocatalytic activity, the decomposition of two additional dyes with absorption maxima 
at different visible wavelengths was studied, i.e., rhodamine 6G (Rh6G) and methylene blue 
(MB). The percentages of dye degraded after 60 min of exposure are presented in Figure 10, 
whereas the photocatalytic activity shown as the decrease of dye concentration with 
exposure time is shown in Figs. 11 and 12.  

As shown in Fig. 10, RhB is degraded under visible light illumination and the 
degradation is strongest for CND@TiO2 when it is irradiated with blue light. Similar results are 
seen for Rh6G, with a generally reduced degradation of this dye compared to RhB. For both 
dyes there is only a minor degradation induced by the red light. MB behaved differently; this 
dye was slightly degraded by blue and green light. In contrast, degradation was significant 
under red light irradiation. Fig. 8 displays the emission of the different LEDs and the 

 
Figure 9. Photocatalytic activity of CND@TiO2 heterostructures under illumination by 
different light sources at equal illumination intensity (12.7mW/cm2), measured as the 

decrease of RhB concentration with exposure time. From top to bottom: Blue, Green and 
Red LED. 
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absorbance spectra of the dyes and reveals a strong overlap between the red LED emission 
and the absorption of MB. The wavelength dependence of degradation of the dyes in the 
presence and absence of the photocatalysts will be discussed below in more detail. It is 
already evident, however, from the results shown in Figs. 9, 10, 11, 12 and Table 2 that in the 
presence of TiO2 the photocatalytic degradation is significant for all dyes, but in particular 
with the blue LED and, in the case of MB also for the red LED. The CND@TiO2 heterostructures 
enhance the photocatalytic degradation of all dyes and for each irradiation wavelength 
relative to pristine TiO2. 

 
Figure 10. Degradation of the different dyes by irradiation with LEDs of different 
wavelengths after 60 min of exposure. From top to bottom: RhB, Rh6G and MB. 
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Figure 11. Photocatalytic degradation of Rhodamine 6G (Rh6G) by CND@TiO2 

heterostructures under illumination by different LED light sources. Power density = 12.7 
W/cm2. 
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Figure 12. Photocatalytic degradation of Methylene Blue (MB) by CND@TiO2 

heterostructures under illumination by different LED light sources. Power density = 12.7 
W/cm2. 
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Table 2. Percentage of degradation of the different dyes under illumination by different LED 
sources after 60 min of exposure. 

 Blue (%) Green (%) Red (%) 
RhB 7 9 2 
RhB and TiO2 28 16 3 
RhB and CND@ TiO2 61 49 8 
Rh6G 7 10 1 
Rh6G and TiO2 19 13 3 
Rh6G and CND@ TiO2 38 32 5 
MB 7 14 35 
MB and TiO2 24 18 38 
MB and CND@ TiO2 38 32 51 

 

The results obtained raised the question in how far there exists a correlation between 
the efficiency of the photocatalytic process and the absorbance spectra of the dyes. As only 
three wavelengths are insufficient for this purpose, degradation of the xanthene dyes RhB 
and Rh6G was studied as a function of the wavelength employing an optical parametric 
oscillator (OPO), pumped by a seeded Q-switched and frequency-tripled Nd-YAG laser as the 
excitation source which permits a wavelength tunability over the wavelength range of interest 
with a high pulse energy (>10 mJ) and a very small linewidth (0.075 cm-1). Fig. 13 displays the 
normalized degradation of RhB and Rh6G as a function of the wavelength, after receiving a 
total fluence of 8.6 J of irradiation by the OPO laser at 12 mJ/pulse, with the absorption 
spectrum of the dye superimposed.  

Due to the ≈10 times higher time-averaged intensity of the OPO laser compared to 
irradiation by the LEDs and the higher total fluence employed in this experiment the 
degradation of the dyes was stronger in this case (compare Figs. 14 and 15). Even in the 
absence of photocatalysts a significant degradation was already observed, decreasing 
towards the red part of the spectrum. The exact mechanism of this degradation is presently 
unknown, but also of minor interest for the present study. It could, for example, be related 
to a catalytic action of the walls of the quartz cuvette. In the presence of TiO2 NP, a monotonic 
decrease of the photocatalytic activity with increasing wavelength is also observed, but the 
degradation is significantly enhanced relative to the dyes alone. The additional effect is most 
likely related to defects of TiO2 NP with a decreasing density of states further into the band 
gap of TiO2 (Urbach tail). Surprisingly, however, neither the rhodamine dyes alone nor in the 
presence of TiO2 exhibit a maximum of degradation at the peak wavelength of the absorption 
of the dyes. Degradation mechanisms requiring optical excitation of the dyes are therefore 
irrelevant in these cases. Fig. 10, on the other hand, suggests that this is different for MB 
where maximum degradation is observed when the wavelength of irradiation coincides with 
that wavelength. This can be explained considering the relevant photophysical parameters of 
the dyes investigated (see Table 3 and Fig. 16). Whereas MB is characterized by a very high 
intersystem crossing probability (0.54), both rhodamines exhibit extremely low values (0.006 
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for RhB and 0.002 for Rh6G) for that parameter. Considering the degradation of methylene 
blue shown in Fig. 10 we can conclude that degradation via processes involving the triplet 
state and therefore requiring optical excitation of the dye, contribute significantly to 
degradation of MB. Part of this contribution consists in the sensitization of singlet oxygen via 
the triplet state of MB. 

 
Figure 13. Wavelength-dependent degradation under laser irradiation of a) RhB and b) 
Rh6G in the absence and presence of the photocatalysts. Green curves: dye solutions 
alone. Blue curves: dye solutions incubated in colloidal suspensions of TiO2 NP. Red 
curves: dye solutions in the presence of CND@TiO2 heterostructures. Black curves: 

differential photocatalytic activity of dye/CND@TiO2 and dye/TiO2 mixtures, respectively 
The magenta curves indicate the absorbance of the xanthene dyes at a concentration of 

0.01M. 
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Figure 14. Degradation of RhB alone and in conjunction with the different nanoparticles 

using an OPO laser as visible light source. De-ethylation takes place in the case of the 
CND@TiO2 heterostructures. 
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Figure 15. Degradation of Rh6G with the different nanoparticles using OPO laser as visible 

light source (small de-ethylation effect observed with Rh6G). 



Chapter 3: Photocatalysis of Carbon Nanodot–TiO2 Heterostructures Activated by Visible Light 
 

159 
 

 

Figure 16. Fluorescence decay of the dyes in non-deoxygenated water. Numbers in brackets 
indicate the intensity-averaged lifetime in case of multi-exponential decays. 

 
Table 3. Photophysical parameters of RhB, Rh6G and MB. 

 RhB Rh6G MB 
Singlet Lifetime (ns) 6.11, 1.57a 8.31, 3.67a 0.522, 0.37a 
Triplet Lifetime (μs) 63 - 24 
Intersystem Crossing 
Rate (s-1) 

5.3x105 3, 3x105 1 0.9x105 1 ≈1x109 7 

Intersystem Crossing 
Probability 

0.0065 0.0025 0.546 

aown measurement: dyes in non-deoxygenated water at 300 K (compare Figure 16) 
1Yamashita, M., Kuniyasu, A., Kashiwagi, H., J. Chem. Phys., 1977, 66, 986-988. (ethanol, 77K) 
2Alarcon, E.I., González-Béjar, M., Montes-Navajas, P., Garcia, H., Lissi, E. A., Scaiano, J.C., Photochem. 

Photobiol. Sci., 2012, 11, 269-273. (MB monomer, H2O, RT) 
3Menzel, R., Thiel, E. ,Chem. Phys. Lett., 1998, 291, 1998 237–243. (ethylene glycol jet in air) 
4Morgounova, E., Shao, Q., Hackel, B., Ashkenazi, S., Proc. SPIE, 2013, 8596, 85960O-1-85960O-9 (non-
deoxygenated aqueous solution) 

5Korobov, V. E., Shubin, V. V., Chibisov, A. K., Chem. Phys. Lett., 1977, 45, 498-501. (H2O) 
6Nemoto, M., Kokubun, H., Koizumi, M., Bull.Chem. Soc. Japan, 1969, 42, 1223, 2464 (ethanol), 
7calculated from the singlet lifetime and the intersystem crossing probability. 
 

The degradation of the rhodamine dyes by CND@TiO2 exhibits a non-monotonic 
wavelength dependence, which is related to the dye absorption in both cases, but with a peak 
on the long wavelength side of the absorption. When subtracting the effect of the dye 
degradation in the presence of TiO2 from the dye degradation by CND@TiO2, this maximum 
is more clearly recognizable, which indicates an additional photocatalytic process due to the 
presence of the CND in the strongly interacting CND@TiO2 (compare the discussion with 
respect to Fig. 5c). This additional process apparently requires photoexcitation of the dye and 
is most likely due to enhanced adsorption of the dyes to CND compared to TiO2. Enhanced 
intersystem crossing for adsorbed molecules can also be expected based on the singlet 
oxygen generation capacity of CND [23], which also involves a spin-flip process. The red shift 
of the maximum of additional degradation relative to the absorption of the free dye most 
likely occurs due to the interaction with the CND. 
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Mechanism of enhancement of visible photocatalysis 

The photocatalytic effect of CND@TiO2 was further studied following the 
photodegradation of RhB under irradiation by a white light emitting diode (LED) (λC = 446 nm, 
compare Fig. 8) in the presence of several radical and 1O2 scavengers. Before irradiation, the 
RhB solution (5 mL, 5 mg/L) and sodium azide [40] (3.25 mg, 0.05 mmol), (2R,3R,4R,5R)-
Hexane-1,2,3,4,5,6-hexol (mannitol) [41] (9.1 mg, 0.05 mmol), disodium 4,5-
dihydroxybenzene-1,3-disulfonate (tiron) [42] (15.7 mg, 0.05 mmol) or ethylenediamine 
tetraacetic acid (EDTA) [43] (14.6 mg, 0.05 mmol), respectively, were mixed to trap 1O2, OH• 
radicals, O2

-• radicals and holes (h+), respectively. Then, CND@TiO2 (100 µL (5 mg/mL)) was 
added and the reaction was exposed to the light for 90 min. The illumination intensity at the 
sample was set to the same value (12.7 mW/cm2) in these experiments as in previous 
experiments. 

As can be seen in Fig. 17A, without catalysts, the photodegradation of RhB solution 
under irradiation by the white LED was almost undetectable. CND@TiO2 produced a 
photocatalytic degradation of 77 % under white LED irradiation during 90 min. However, a 
dramatic suppression of photodegradation efficiency was observed after adding Tiron or 
NaN3 scavengers, lowering the photocatalytic degradation efficiency of CND@TiO2 to 33 % 
and 44 % respectively, which shows that O2

-• and 1O2 were mainly responsible for the 
photocatalytic degradation reactions. In contrast, the introduction of EDTA and mannitol had 
only a weak influence on the photodegradation rates, indicating that h+ and OH• played a 
relatively minor role in the degradation of the RhB solution. This is remarkably different from 
previous reports [44] of photocatalytic degradation reactions with CND@TiO2 
heterostructures including CND synthesized from β-cyclodextrin via calcination by P2O5, 
where a significant role of OH• was reported, that was absent for the pristineTiO2 NP. 

Fig. 17B presents the photocatalytic reaction kinetics of CND@TiO2 alone and in the 
presence of the different scavengers employed here, in which the experimental data can be 
described by a pseudo-first order model expressed by the formula 𝑙𝑛(𝐶 𝐶⁄ ) = 𝑘𝑡, where C0 
and C are the RhB concentration in solution at time 0 and time t, respectively. The quantity k 
is the fitted kinetic rate constant. It can be seen that the plots of ln C0/C against the irradiation 
time t are very nearly straight lines, which reveals that in all cases the photodegradation of 
the RhB solutions follows a pseudo-first order kinetics. The kinetic rate constant for 
CND@TiO2 is 0.0163 min-1 and this is reduced to 0.0149, 0.0128, 0.0063 and 0.0043 min-1 in 
the presence of mannitol, EDTA, NaN3 and Tiron, respectively.  
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As reported previously [23] the production of singlet oxygen (1O2) by the CND, with a 
yield of 45%, could be directly detected via time-resolved phosphorescence [45]. The 
dialysate, on the other hand, generated a negligible amount of 1O2 (yield 4%) under visible 
light irradiation, in reasonable agreement with the different photocatalytic degradation 
efficiencies of the heterostructures CND@TiO2 and TiO2/dialysate (see Fig. 18). The 
photocatalytic degradation efficiency for the TiO2/dialysate must therefore be mostly limited 
to the production of the O2

•- radical and possibly to holes and OH• radicals, whereas in the 
case of the photocatalyst CND@TiO2 the photocatalytic degradation efficiency arises mainly 
from the contribution of the O2

•- radical and 1O2. In any case the importance of the presence 
of atmospheric oxygen in the photodegradation process under visible light illumination is 
evident as shown in Fig. 19. 

 

 
Figure 17. a) Photocatalytic degradation of RhB with CND@TiO2 and different scavengers 

under irradiation by white LED. b) The pseudo-first order kinetic fitting of the 
photodegradation of RhB. 
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Figure 18. Photocatalytic degradation of RhB by CND@TiO2 heterostructures and by 
TiO2/dialyzed material under illumination by a white LED and the corresponding pseudo-first 

order kinetic fittings. Power density = 46.3 mW/cm2. 
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Figure 19. Photocatalytic degradation of RhB under irradiation by a UV lamp (Hoenle 
UVASPOT 400/T, 80 mWcm-2, emission spectrum shown below) in the absence (a) and 

presence (b) of oxygen. (b) Purging by N2 gas for 10 min. (c) Spectrum of the lamp. 

The relevant optical band gaps were determined by UV-Vis spectroscopy as shown in 
the Tauc plot of Fig. 20a. The corresponding band gaps of pure TiO2 NP and pure CND were 
3.5 eV and 3.23 eV, respectively. For CND@TiO2, on the other hand, no well-defined band gap 
is observed and the very broad absorption tail indicates a wide distribution of absorption 
edges for CND@TiO2 (compare the discussion below). For the determination of work 
functions UPS spectra were acquired as described in the Experimental section (Fig. 20b). The 
UPS spectra are dominated by the O 2p VB of TiO2 with maxima/shoulders at around 5.0(5.4) 
eV and 6.6 (7.2) eV below the Fermi level and a band edge of 1.99 eV (2.59 eV) below the 
Fermi level for TiO2 and CND@TiO2, respectively. The work functions determined are 5.04 eV 
(TiO2), 6.50 eV (CND) and 5.44 eV (CND@TiO2). This means that, upon formation of the 
CND@TiO2 heterostructures the Fermi level moves towards the VB edge, compared to TiO2 
alone. 
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Based on the above analysis, the proposed photocatalytic mechanism of the 
CND@TiO2 heterostructures is presented in Fig. 21. The energy levels of CND and TiO2 before 
forming the heterostructure are shown in the box on the left-hand side of the figure. Whereas 
the Fermi level and the band gap of the present CND follow from the measurements shown in 
Fig. 20, the absolute position of the VB, i.e., the ionization energy has not been determined and 
the position shown represents a case where the Fermi level is close to the center of the band 
gap. Because of the intrinsic wide band gap of TiO2, transitions localized at TiO2 due to visible 
light can only occur due to defect levels within the bandgap. A similar situation occurs for CND 
where the absorption in the visible is also very weak. When the CND@TiO2 heterostructures 
are formed (see the box on the right-hand side of the figure), the Fermi levels EF align. Upon 
irradiation with visible light, because of the interaction between both constituents, transitions 
(shown in red in Fig. 21) are now possible from the HOMO of the CND towards the conduction 
band of the TiO2. This is the origin of the long-wavelength tail of the absorption of CND@TiO2 
shown in Fig. 5c (red curve) and Fig. 20a (blue curve). The large width of this tail therefore seems 
to indicate a wide distribution of ionization energies of the CND. This may be related to a wide 
distribution of surface functional groups. The photo-induced electrons are able to stay in the 
CB of TiO2 long enough to react with O2 present in the suspension to produce O2

•- radicals. Holes 
generated in the HOMO of CND can also transfer to the HOMO of RhB adsorbed to the hetero-
structures favoring subsequent oxidation of the dye. According to the experiments with EDTA, 
scavenger of holes, however, this process appears to be of minor importance (compare Fig. 17). 
On the other hand, Fig. 21 also shows the existence of excited triplet states (or even higher spin 
states) of the CND, accessible under irradiation even by visible light, which are deactivated by 
collision with oxygen molecules, thus generating singlet oxygen [23], which further enhances 
the photo-degradation performance. All photo-catalytic processes discussed so far obviously 

 
Figure 20. a) Tauc plot of (αhv)2 vs photon energy (hv) for the determination of the band 

gap energies for TiO2, CND and CND@TiO2 heterostructures. b) The ultraviolet 
photoelectron spectroscopy (UPS) spectra of CND, TiO2 and CND@TiO2 heterostructures 

used to calculate the work function. For TiO2 NP and CND@TiO2, the VB positions are also 
indicated (1.99 eV and 2.59 eV, respectively). 
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do not require optical excitation of the dye and cause the off-resonant part of the photo-
catalytic degradation (Fig. 13). 

In addition, photo-excitation of the dye (shown in blue in Fig. 21) produces electrons 
in the LUMO level of RhB (as well as Rh6G and MB), which are prone to transfer to the LUMO 
band of the CND and from there to the CB of TiO2, further enhancing the photo-degradation 
performance by the formation of superoxide radicals. The remaining hole in the HOMO of 
RhB will again favor oxidation of the dye. This resonant process appears to be especially 
relevant for RhB (compare Fig. 13a) and implies the existence of a strong interaction of the 
dye with the CND@TiO2 heterostructures, not present for TiO2 alone, i.e., between the dye 
and the CND component. As stated above, the red shift of the resonant additional photo-
degradation of the xanthene dyes shown in Fig. 13 is most likely due to this interaction. 
Concurrently, the absence of a resonant process in the case of the photocatalytic degradation 
by TiO2 NP indicates that electrons in the LUMO of RhB cannot transfer to the CB of TiO2, 
presumably because of a weak electronic interaction between the dye and TiO2 NP. Finally, it 
should be remarked that enhanced intersystem crossing of the dyes adsorbed to CND can also 
be expected, because the CND are spin-active, as evidenced by their production of singlet 
oxygen. Enhanced intersystem crossing in turn enables another photo-catalytic degradation 
mechanism by the sensitization of singlet oxygen via the triplet state of the dyes. 

 

 
Figure 21. Schematic representation of the band alignments of CND and TiO2 before (box 

on the left-hand side) and after (box on the right-hand side) forming the CND@TiO2 
heterostructure and adsorption of RhB. Two possible excitations by visible light are 

indicated in red and in blue including charge transfer processes after excitation (red and 
blue dashed lines, respectively). Fermi levels determined by UPS are shown as black 

dashed lines (compare Fig. 20b). Processes generating ROS are shown in green. (compare 
the main text). 
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Bactericidal activity of the CND@TiO2 based surface nanocomposite films 

CND and CND@TiO2 heterostructures have been found to be efficient bactericidal 
materials in solution due to their photocatalytic properties upon visible light illumination 
causing oxidative damage to bacteria [46-47]. Here we designed a bactericidal PMMA surface 
nanocomposite film active under visible light by embedding and immobilizing the CND@TiO2 

heterostructures on the film surface. We assessed the bactericidal activity against S. aureus, 
as a model for Gram positive bacteria, and E. coli and P. aeruginosa as models for Gram 
negative bacteria. Following the ISO 22196 norm, we quantify the number of viable bacteria 
cells remaining on the surface of the nanocomposites as CFUs (Colony Forming Units) after 1 
hour of visible light irradiation. Fig. 22 shows, in absolute numbers, the S. aureus, P. 
aeruginosa and E. coli live cells counted after irradiation of the bacteria on the samples and 
subsequent growth in the broth medium. The results indicate a clear bactericidal action of 
the PMMA-CND@TiO2 nanocomposite films compared to the PMMA-TiO2 and the pristine 
PMMA control surfaces. The number of S. aureus viable cells recovered from the PMMA-
CND@TiO2 surfaces decreased by 61% compared to PMMA and 29% compared to that of 
PMMA-TiO2 control surfaces. The reduction obtained for other bacteria strains were, 
respectively 73% and 50%, for P. aeruginosa and 89% and 79% for E. coli. The enhanced 
bactericidal effect of the CND@TiO2 nanocomposite under visible light compared to the TiO2 
nanocomposite films was thus particularly noteworthy for E. coli. The data presented in Figure 
22 indicate that CND@TiO2 nanocomposite has higher bactericidal efficacy toward both types 
of tested bacteria strains compared to the pristine control surfaces. This data is in agreement 
with previous studies where the bactericidal efficiency of CND@TiO2 dispersions against Gram 
positive and Gram negative bacteria were investigated [48-49].  

The bactericidal action of the PMMA- CND@TiO2 surface nanocomposites arises from 
the oxidative stress to the bacteria induced by the reactive oxygen species (ROS) generated 
upon light exposure. Which ROS species are driving the bacterial damage to which degree is 
currently not known. According to the results presented in section 3.4, we can presume that 
the CND@TiO2 surfaces exert their bactericidal action primarily through O2

•- radicals and 1O2 

 
Figure 22. Bactericidal activity of PMMA-CND@TiO2 surface nanocomposite and neat 

PMMA and PMMA-TiO2 surface nanocomposite controls after exposure to visible light in 
CFU for a) S. aureus, (b) P. aeruginosa and (c) E. coli. 
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as these are the major ROS species detected. The level of ROS generated can cause 
irreversible damage to the bacteria membrane through oxidation of lipids and proteins which 
ultimately leads to bacterial death [50-51].  

 

Up-conversion by CND 

We have studied possible up-conversion by our CND, previously reported previously 
for similar samples even at excitation densities typical for fluorimeters. We have found no up-
converted signals, neither in the fluorimeter nor with excitation by a high-power nanosecond 
optical parametric oscillator. Only in the case of focused excitation by a femtosecond 
regenerative amplifier we have indeed been able to observe up-conversion, presumably due 
to two-photon excitation, but not essentially different from up-conversion by a related 
conjugated small molecule, citrazinic acid, and only at excitation densities close to generation 
of a supercontinuum (see Fig. 23). This suggests that most reports of up-converted emission 
of CND are simply due to not blocking the second order of diffraction in the excitation 
monochromator of fluorimeters. 

 

 

Figure 23. Up-conversion spectra of retentate and dialysate in aqueous solution, 
respectively. For comparison, the spectra obtained with citrazinic acid in aqueous 

solution and with distilled water alone are shown. Excitation by a regenerative amplifier, 
wavelength 775 nm, pulse width 150 fs, pulse energy 50 μJ, repetition rate 1 kHz, focused 

by a f=300 mm lens into the cuvette. The rise in intensity beyond λ≈600nm is due to 
scattered laser light. 



Chapter 3: Photocatalysis of Carbon Nanodot–TiO2 Heterostructures Activated by Visible Light 
 

168 
 

4.3.4. Conclusions 

Hydrothermal carbon dots have been prepared from citric acid and ethylene diamine 
and heterostructures with TiO2 NP (CND@TiO2) have been produced. Photodegradation of 
two xanthene dyes, RhB and Rh6G, as well as of MB in the presence and absence of the 
photocatalytically heterostructures CND@TiO2 has been studied under illumination by 
different high-power visible light LED sources and compared with the degradation induced by 
TiO2 alone. Photocatalytic action spectra of the xanthene dyes have also been obtained, with 
higher spectral resolution, employing a high-power tunable OPO laser. Different degradation 
pathways for the xanthene dyes and MB, respectively, are deduced from the different 
wavelength dependence of degradation. Whereas for MB a resonant contribution, i.e., 
enhanced photodegradation in the case of excitation in the absorption band, is observed 
already for the dye alone, this is not the case for RhB and Rh6G, not even in the presence of 
TiO2. This is ascribed to a) different photophysics of the dyes, the reported intersystem 
crossing rate of MB exceeding the corresponding rates for RhB and Rh6G by two orders of 
magnitude and b) at least in the case of the xanthene dyes a relatively weak electronic 
interaction with the TiO2 NP. Only in the presence of CND@TiO2 a resonant contribution is 
also observed for RhB and Rh6G. This is ascribed to a strong interaction of the xanthene dyes 
with the CND component of the heterostructures. Photodegradation experiments of RhB with 
scavengers of 1O2, O2

-•, OH• and h+ revealed that 1O2 and O2
-• are the dominant ROS species 

in the photodegradation, whereas OH• and h+ played only a minor role. On the other hand, 
the photocatalytic activity of the small molecule fraction produced in hydrothermal synthesis 
of the CND, which is always present even after prolonged dialysis, has been shown to be very 
low compared to that of CND@TiO2 for equal absorption at 350 nm. 

A remarkable bactericidal action of CND@TiO2 nanocomposite surfaces under visible 
light against Gram-positive and Gram-negative bacteria has also been demonstrated. Hence, 
CND@TiO2 nanocomposites may prove valuable to keep indoor surfaces germ-free without 
the need for application of hazardous biocides or ultraviolet light and in view of other 
potential applications in the biomedical field, food packing, building or furnishing industries. 
Finally, up-conversion processes have been revealed to be completely irrelevant for the 
photocatalytic activity of the present CND. 
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Chapter 4: Photophysics of Curved Molecular Nanographenes 

4.4.1. Introduction 

The synthesis and characterization of molecular nanographenes (NGs), doped or not 
with heteroatoms, has been intensively investigated in recent years in view of their wide range 
of applications, such as the development of self-assembled nanomaterials or in fields like 
photocatalysis, energy conversion and storage, optoelectronics, single-molecule electronics, 
spintronics and magnetoelectronics, molecular switches and sensors or in multiphotonic 
processes, nonlinear optics and bioimaging.[1] The structural features of molecular 
nanographenes include hydrogen-terminated or edge-functionalized polycyclic aromatic 
hydrocarbons (PAHs);[2] heteroatom-doped NGs having heterocyclic motifs;[1b,d,e,h] or 
topologically complex curved NGs containing helicene moieties plus combinations of eight-, 
seven- and/or five-membered rings into the hexagonal carbon lattice of graphene.[3] 
Compared to graphene, whose overlapping conduction and valence bands pose limits to the 
development of some applications, NGs exhibit a non-zero energy gap, thus broadening the 
scope of its potential uses. 

The chemical induction of well-defined curvatures in molecular nanographenes (often 
with inherent chirality) leading to curved nanographenes (CNGs), as well as steric interactions, 
may allow the fine tuning of their excited-state energy levels and, therefore, of their 
photophysical properties. In fact, this can be a promising strategy to obtain organic materials 
with interesting features related to appropriate relative energy differences and distributions 
of the singlet and triplet excited states manifolds. Examples of appealing unimolecular 
photophysical properties of organic materials would be dual fluorescence, phosphorescence, 
and thermally activated delayed fluorescence (TADF).[4] Furthermore, the peculiar topology 
and hydrophobicity of CNGs may allow bimolecular pathways based on interactions with other 
molecular entities or surfaces, giving rise to energy or electron transfer photoprocesses (e.g., 
Förster resonance, type II or type I photosensitization, etc.) that may advantageously broaden 
the field of application of CNGs.[5] All these distinctive emissions or excited-state reaction 
paths are susceptible of application in diverse areas such as quenching-based sensing of 
chemical species, data encryption, 3D printing, as emitters in organic light emitting diodes 
(OLEDs), or in theranostics combining bioimaging (avoiding interference by the 
autofluorescence of biological samples) and photosensitization properties of reactive oxygen 
species (in photodynamic therapy treatments).[6] In particular, unimolecular deactivation 
pathways resulting in phosphorescence and TADF, when combined with chirality, are 
amenable for the smart development of high performance optoelectronic applications like 
data storage, security tags, chirality sensing, and next-generation displays.[7] 

Phosphorescence is generated through two consecutive intersystem crossing (ISC) 
steps, the non-radiative S1T1 ISC and the radiative T1S0 transition, which are both spin-
forbidden processes because of the different multiplicity of the initial and final states involved 
in the transition. Therefore, the rate constant of intersystem crossing (kISC) from singlet excited 
state to triplet excited state is small and the quantum yield of the intersystem crossing (ISC) 
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is low, so the population of triplet excited state is not favored. However, even if the triplet 
excited state can be populated, due to the generally small rate constant of phosphorescence 
decay (kP) and the relatively large rate constant of nonradiative deactivation (knr) and 
quenching process (kq) of the excited triplet at room temperature, it is still challenging to 
obtain organic materials with high phosphorescence quantum yields (P) at room 
temperature. Several strategies have been developed to improve the quantum yields of ISC 
and of organic phosphorescence. For example, in organic systems with aldehyde or ketone 
functional groups, the presence of n* transitions has been reported to mediate the ISC 
process and significantly enhance kISC and increase ISC. Alternatively, by introducing heavy 
atom functional groups such as bromine and iodine substituents into organic molecules, the 
heavy atom effect (HAE) can enhance spin-orbit coupling (SOC), and thus facilitate the ISC 
process, promoting kP and improving P.[8] However, HAE also shortens the phosphorescence 
lifetime (P). On the other hand, rigid crystalline and glassy environments have been used to 
restrict intramolecular deactivation routes such as vibrational and rotational motions causing 
decay of the triplet excited states. These rigid environments inhibit non-radiative decay 
pathways, decrease knr and kq of the triplet excited states and improve P of organic systems 
at room temperature. Moreover, modifying the molecular packing, or adding supramolecular 
interactions like inclusion complexation and hydrogen bonding can also contribute to suppress 
the molecular vibrations of the triplet excited states in order to increase P.[9] 

Up-conversion between the lowest triplet and singlet excited states, through reverse 
intersystem crossing (RISC) gives rise to TADF, provided the energy barrier among both types 
of excited states is low enough and ambient thermal energy allows the radiative-forbidden 
triplets to be up-converted effectively to the radiative-allowed singlet state, thanks to a tiny 
singlet–triplet splitting energy (DES-T), typically below 0.5 eV. Therefore, reducing the energy 
gap between the lowest excited singlet state and its nearest triplet state is of major 
importance in the case of TADF. This has been generally achieved by synthesizing organic dyes 
containing suitable combinations of electron-donor (D) and electron-acceptor (A) moieties 
connected together via different types of bridges, usually with high twists or nonconjugated 
connections to obtain reduced overlaps between the highest occupied molecular orbitals 
(HOMOs, ideally located in the donor part) and lowest unoccupied molecular orbitals (LUMOs, 
preferably located in the acceptor fragment). These molecular architectures provide smaller 
overlap integrals between the HOMO and the LUMO, resulting in tiny energy differences 
between the first singlet (S1) and triplet (T1) excited states, thus allowing high RISC. In these 
molecules, intramolecular charge-transfer (CT) between D and A moieties is the dominant 
transition, leading to a lowest singlet state with CT character. Appropriately designed TADF 
dyes often rely on one of the following strategies: i) inducing a large steric hindrance in D-A 
molecular systems to produce a twisted intramolecular charge transfer (TICT) state; ii) 
allowing a through-space charge transfer (TSCT) with nonconjugated linkers by controlling the 
distance between the D and A units and also their relative orientation; or iii) taking advantage 
of multiple resonance effects in heteroaromatic compounds (e.g., with trisubstituted sp2 
heteroatoms, such as boron or nitrogen with -conjugated connections to either -donor or 
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-acceptor groups). Moreover, the so-designed dyes display restricted rotation and increase 
the molecular rigidity, which suppresses the nonradiative deactivation and can also help 
avoiding severe aggregation causing efficient excited state deactivation.[10] Interestingly, the 
presence of high-lying triplet states (Tn) can also help to promote TADF, and dyes taking 
advantage of reverse intersystem crossing from high-lying triplet state (hRISC) where energy 
up-conversion from a higher triplet state (Tn, n ≥ 2) to the S1 state occurs, have recently been 
described.[11] 

Furthermore, it has to be noted that chiral dyes exhibiting TADF properties combined 
with circularly polarized (CP) luminescence can show great potential in empowered OLED 
systems applied to high quality 3D, augment-reality, and virtual reality displays.[12] In principle, 
CP-TADF systems would only require the addition of a chiral moiety (either a stereocentre, a 
chiral axis, or a planar chirality element) to the TADF dye. However, development of efficient 
CP-TADF dyes is a challenging issue since several problems beyond their complex synthesis 
can occur, such as a low luminescence dissymmetry factor (glum) value if the chiral moiety is 
not directly involved in the frontier molecular orbitals responsible for the lowest-lying 
electronic transition. Moreover, although reduced HOMO-LUMO overlap is required for low 
DES-T values and efficient TADF (usually at the expense of sacrificing color purity), large HOMO-
LUMO overlaps would, in contrast, improve glum values by increasing the angle between the 
electric transition dipole moment and the magnetic transition dipole moment.[7,13] 

Herein we report on the unusual photophysics of three different curved nanographenes 
(CNGs 6, 7 and 8) shown in Figure 1.[14] The studied CNGs are composed of a corannulene 
fragment of positive curvature and a modified hexabenzocoronene fragment that can impart 
negative curvature via a seven-membered ring connection between the terminal rings of a 
[6]helicene (Figure 1). Depending on the type of attachment between both fragments, by 
forming either a loose-helicene (CNG 6), a cycloheptatrienically constrained helicene (CNG 8) or 
a cycloheptatrienically and sterically constrained helicene (CNG 7), distinct and valuable 
photophysical properties can be observed. Additionally, it must be mentioned that all the CNGs 
under study are inherently chiral and have been synthesized as racemic mixtures.[14,15] 

Figure 1. Curved nanographenes (CNGs) 6, 7 and 8 (only one enantiomer shown). The loose 
[6]helicene of 6, the chlorine atom of 7 and the cycloheptatrienically-constrained [6]helicene 

of 7 and 8 (due to the presence of the seven-membered ring) are highlighted in red. 
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The presence of curvature and torsion in the studied CNGs can significantly modify the 
energy levels of their electronic excited states, the vibronic coupling among them, and even 
give rise to distinct and dissimilarly populated excited state minima. In this way, the lower 
energy gaps between excited states, and also the accessible positions and energy barriers of 
their conical intersections can modulate the quantum efficiency of the relaxation processes 
from higher energy singlet excited states to the lowest energy singlet (S1) and even from there 
to the ground state (S0), allowing competitive processes that may involve decoupling of upper 
singlet excited states and population of a local minimum of S1 (leading to dual fluorescence 
emission as clearly observed in CNG 7), or to coupled singlet and triplet excited states 
(allowing phosphorescence and/or TADF emissions in certain temperature ranges for all the 
CNGs). 

Therefore, these novel chiral molecular nanographene architectures pave the way for 
a new series of non-metal, non-D/A-type TADF dyes, displaying relatively narrow-band 
TADF emission via hRISC from high-lying triplet states, where concurrent TADF + CPL may be 
exploited for the future development of high performance optoelectronic devices. 

 

4.4.2. Experimental Section 

UV-VIS absorption spectra were recorded in a Varian Cary 5000 UV-VIS-NIR 
spectrophotometer. Emission spectra were acquired in a Fluoromax-4 Horiba 
spectrofluorometer. PL lifetime (τF) experiments were performed by the time-correlated 
single photon counting (TCSPC) technique with an Acton SP2500 spectrometer (PicoQuant) 
equipped with a PicoHarp300 TCSPC board (PicoQuant) and a PMA 06 photomultiplier 
(PicoQuant). A HydraHarp-400 TCSPC event timer with 1 ps time resolution was used to 
measure the PL decays. The excitation source was a 405 nm picosecond pulsed diode laser 
(LDH-D-C-405, PicoQuant) driven by a PDL828 driver (PicoQuant) with FWHM < 70ps. Decays 
were analyzed using PicoQuant Fluofit v4.6.5 data analysis software. The deactivation of the 
excited state is adjusted by equation (1). 

𝐼 (𝑡) = 𝐼𝑅𝐹 (𝑡´) 𝐴  𝑒
´

 𝑑𝑡´    eq. 1 

Concerning the emission quantum yields determined for CNGs 6, 7 and 8 were 
determined at room temperature, using N2 purged solutions with optical densities < 0.1 at 300 
and 470 nm, by comparison with the corresponding emission spectrum of quinine sulfate in 
H2SO4 0.05 M (φfluorescence = 0.55 ± 0.03) and fluorescein in NaOH 0.1 M (φfluorescence = 0.91 ± 
0.05), respectively. Identical emission wavelength ranges were used for all the samples in 
order to determine the areas under the spectral curves (for the λexc = 300 nm the λem = 410-
600 nm and for the λexc = 470 nm the λem = 480-700 nm) . The optical density of each solution 
was checked before and after collection of the corresponding emission spectrum. In these 
conditions, the unknown Φfluo values were calculated as follows:  
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𝛷 = 𝛷  

𝐼

𝐼

𝐴

𝐴

𝑛

𝑛
    eq. 2 

where, Φfluo is the fluorescence quantum yield of the sample, I is the integrated area 
of the emission intensity under the spectral curve, A is the absorbance at the excitation 
wavelength, and n is the refractive index of the solvent (1.332988 for water, 1.361 for ethanol 
and 1.4459 for chloroform).  

The 1,3-Diphenylisobenzofuran was used to evaluate the singlet oxygen production of 
the CNGs. A blue light emitting diode (LED) was used as the light source  (λC = 446 nm). The 
illumination intensity at the sample was set to the same value in these experiments (12,9 
W/cm2). (17 V, 1 A, 15 cm). To ensure that an equal number of photons were absorbed per 
unit time in all experiments, the concentration for each dye was adjusted at an absorbance 
value of ~0.10 at the λexc  = 446 nm. Bleaching of DPBF by singlet oxygen can be monitored 
by its absorbance at ∼410 nm and/or its fluorescence at 457 nm. The observed rate 
constants (kobs) were obtained by a linear least-squares fit of the plot of Abs or Em versus time. 
The values of singlet oxygen quantum yields (ΦΔ) were calculated with respect to phenalenone 
used as references (ΦΔ = 1.0 ± 0.5).  

𝛷∆ =
𝛷∆ 𝑘  𝐴𝑏𝑠

𝑘  𝐴𝑏𝑠

𝑛

𝑛
   eq. 3 

where 𝛷Δ is the quantum yield singlet oxygen production of the sample, 𝑘obs and 𝑖𝑠the 
rate constanst observed in a linear least-squares fit of the plot of Em vs time, 𝐴𝑏𝑠0 is the initial 
absorbance of each photosensitizer at maximum absorption wavelengths, and and n is the 
refractive index of the solvent (1.332988 for water and 1.4459 for chloroform).  

 

4.4.3. Results and discussion 

Absorption and fluorescence excitation and emission spectra at room temperature 

The UV–vis absorption spectra of CNGs 6, 7 and 8, and of their structural precursors 
corannulene (Cor) and terc-butylated hexabenzocoronene (HBC-tBu) in CHCl3 are shown in 
Figure 2. Table 1 collects the spectral data of CNGs 6, 7, 8, Cor and HBC-tBu. The absorption 
spectra of the CNGs resembles that of their structural precursors, however, the vibronic fine 
structure of HBC-tBu in the UV–vis spectrum is missing in the CNGs. In turn, the molecular 
nanographenes show broad absorption bands with sparse peaks and shoulders due to strong 
overlap of vibronic modes. In addition, CNGs have a relatively intense absorption band in the 
visible region compared to their structural precursors, evidencing the occurrence of allowed 
electronic transitions in the low-energy spectral interval, conversely to structurally rigid HBC-
tBu. All this is a direct consequence of the extended -conjugated domain in the non-
symmetrical curved nanographenes showing conformational pseudorotations. Furthermore, 
the presence of a cycloheptatrienic connection within the [6]helicene moiety causes a red shift 
of about 20 nm of the visible absorption band when comparing CNGs 7 and 8 with CNG 6 (ca. 
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+ 60 nm vs HBC-tBu) which is an interesting feature for devising optoelectronic applications 
deployed with visible light excitation.  

 

Figure 2. Absorption spectra in chloroform at room temperature of CNGs 6 (red), 7 (green) 
and 8 (blue) and of their structural precursors Cor (black dash) and HBC-tBu (black). The 

visible portion of the HBC-tBu absorption spectrum (≥ 430 nm) has been magnified (15). 

Table 1. Spectral data of the investigated compounds and of their structural precursors at 
room temperature. 

CNG absmax [nm]a)  [mol–1 dm3 cm–1] fluomax (FWHM) [nm]b) ([eV, nm]) 

Cor 289, 318 sh 31000, 6600 420, 440c) 

HBC-tBu 344, 360, 390, 445 64000, 142000, 46000, 1800 474, 483, 492, 517d) 

6 346, 367, 386, 436, 456 73000, 72000, 65000, 21000, 22000 490, 519 (0.30, 62) 

7 367, 380, 401, 443, 467 77000, 76000, 62000, 23000, 20000 430, 507, 530 (0.25, 56) 

8 362, 378, 441 68000, 64000, 20000 493, 523, 557 sh (0.32, 75) 

a)Absorption peaks and shoulders (sh) in chloroform; b)Emission peaks in chloroform with the 
fluorescence maxima highlighted in bold numbers; c)In dichloromethane;[16] d)In 
tetrahydrofurane.[17] 

Regarding the green fluorescence of CNGs at room temperature, their excitation-
emission maps are shown in Figure 3, and their corresponding fluorescence maxima from 
spectra acquired with excitation at the absorption maximum in the visible are gathered in 
Table 1. Individual excitation and emission spectra at selected wavelengths show, however, 
remarkable differences despite the apparent structural similarity of the molecular 
nanographenes (Figure 4). 
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Figure 3. Excitation-emission maps of CNGs 6, 7 and 8 in CHCl3 at room temperature. 

 

 

Figure 4. Fluorescence excitation spectra (left) and emission spectra (right) of CNGs 6 (top), 7 
(middle) and 8 (bottom) in chloroform at room temperature, collected at different emission 

and excitation wavelengths, respectively. 
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The excitation and emission spectra of CNG 6 show homogeneous behavior regardless 
of the selected measurement wavelength, and perfect agreement between the UV–vis 
absorption and excitation spectra has been observed. Similarly, no changes with excitation 
wavelength have been observed in the emission spectra of CNG 6 that shows a maximum at 
490 nm and a red-shifted secondary peak at 519 nm. On the other hand, this homogeneity is 
not observed in the excitation and emission spectra of CNGs 7 and 8. 

In the case of CNG 8, a slight broadening of the emission spectrum and a noticeable 
narrowing of the excitation spectrum can be observed with the increasing excitation and 
emission wavelengths, respectively. 8 has an emission maximum at 523 nm, a shoulder at 557 
nm, and a secondary emission peak at 493 nm (with varying intensity ratios with respect to 
the primary peak), however, only the excitation spectrum collected at 520 nm accurately 
reproduces the absorption spectrum, while the excitation spectrum collected at 560 nm is 15-
20 nm blue-shifted. Furthermore, the intensity ratio between the emission maximum at 523 
nm and the secondary peak at 493 nm changes with the excitation wavelength (relative 
intensity at 493 nm of 0.59 for λexc = 450 nm, but 0.72 for λexc = 360 nm). Compared to CNG 6, 
these spectral differences observed in the cycloheptatrienically constrained helicene CNG 8 
could be relating the important changes regarding the molecular structure to changes 
affecting not only the sublevels of the vibrational and pseudorotational modes but also the 
electronic energy levels of its singlet excited states.  

Concerning the excitation spectra of CNG 7, a very strong shift of ca. 80 nm can be 
observed depending on the selected emission wavelength. In this sense, while excitation 
spectra like the absorption spectrum of CNG 7 can be recorded at 505 or 530 nm, a blue-
shifted excitation spectrum (resembling the absorption spectrum of corannulene) is acquired 
when the emission monochromator is set at 435 nm or below. On the other hand, the intensity 
ratio between the emission maximum at 507 nm and the shoulder at 530 nm changes with 
the excitation wavelength (relative intensity at 530 nm of 0.72 for λexc = 435 nm and 0.79 for 
λexc = 305 nm). Remarkably, a new emission band centered at 430 nm, which can represent up 
to 25% of the area under the emission spectrum, also changes its relative intensity with 
excitation wavelength (relative intensity at 430 nm of 0.06 for λexc = 360 nm and 0.21 for λexc 

= 305 nm).  

 

Fluorescence quantum yields, emission lifetimes and S1 quenching by molecular oxygen at 
room temperature 

The fluorescence quantum yields and emission lifetimes in the ns range of the CNGs 
are collected in Table 2 and Table 3. The emission quantum yields of CNG 6 and 8 were 
determined by excitation at their absorption maxima and are in excellent agreement with 
previously reported data.[14] On the other hand, due to its dual emission at short excitation 
wavelengths and the associated variability of its excitation spectrum (Figure 3), CNG 7 shows 
fluo 0.17 when excited above 400 nm but increasing values up to 0.21 when excited at 305 
nm. Regarding the emission lifetimes of CNGs, all the molecular nanographenes under study 



Chapter 4: Photophysics of Curved Molecular Nanographenes 
  

184 
 

present multiexponential decays at room temperature, and no dependence with 
concentration has been found in the tested 10–5–10-7 M concentration range; however, 
dissimilar behaviours are shown when comparing CNG 6 and CNGs 7 and 8 decay fittings 
(Table 3). CNG 6 requires biexponential fits and, irrespective of the selected detection 
wavelength (emission peak or shoulder), shows the same lifetime components and 
preexponential factors, within experimental uncertainty, resulting in the same average 
lifetimes regardless of the intensity weighted (<>Int = [Iii

2]/[Iii], where Ii and i are the 
discrete preexponential intensity factors and lifetimes, respectively) or amplitude weighted 
(<>Ampl = [Aii]/[Ai], where Ai and i are the discrete preexponential amplitude factors and 
lifetimes, respectively) mean lifetime choice.[18] However, CNGs 7 and 8 not only require 
biexponential or triexponential functions to fit the experimental decays, respectively, but both 
of them show different decay fitting parameters depending on the selected detection 
wavelength (emission peak, shoulder or tail), evidencing the complex nature of the emitting 
singlet excited state, as already seen in the fluorescence excitation and emission spectra of 
these two CNGs (Figure 3). Nevertheless, the radiative (kr) and overall nonradiative (knr total) 
deactivation rate constants of S1 could be estimated (Table 2) from the values of the 
fluorescence quantum yield and mean emission lifetimes, and the obtained values are in good 
agreement, within experimental error, independently of the intensity weighted or amplitude 
weighted average lifetime used. We report also in Table 2 the upper limit of the intersystem 
crossing quantum yield (ISC) of the CNGs.  

 

Table 2. Fluorescence quantum yield, emission lifetimes, radiative and nonradiative 
deactivation rate constants of the singlet excited state, and upper limit of the intersystem 
crossing quantum yield of the investigated compounds in chloroform at room temperature 
under inert atmosphere unless otherwise indicated. Experimental uncertainty 10%. 

CNG fluo <fluo0
>Int [ns]a) <fluoair

>Int [ns]a) kr [s–1]b) knr total [s–1]c) ISCd) 

6 0.50 11.2 8.9 4.5×107 4.5×107 0.50 

7 0.17,e) 0.21f) 11.6 8.3 1.5×107 7.2×107 0.83 

8 0.25 5.3 4.8 4.7×107 1.4×108 0.75 

a)Intensity weighted average lifetime, determined at the wavelength of the emission 
maximum; b)Unimolecular radiative deactivation rate constant from S1 to S0, calculated from 
fluo/<fluo0>Int;[18b] c)Overall unimolecular nonradiative deactivation rate constant from S1, 
calculated from (1-fluo)/<fluo0>Int; d)Upper limit of the intersystem crossing quantum yield, 
calculated from 1-fluo; e)Unimolecular internal conversion deactivation rate constant from S1 
to S0; f)Unimolecular intersystem crossing deactivation rate constant from S1 to the triplet 
excited state manifold; g)Excitation at 435 nm; h)Excitation at 305 nm. 
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Table 3. Emission decays of the CNGs in chloroform at room temperature under air-
equilibrated conditions unless otherwise indicated. 

CNG det 

[nm]a) 

1 

[ns]b) 

A1 I1 2 

[ns]b) 

A2 I2 3 

[ns]b) 

A3 I3 <fluo>Int 

[ns]b) 

<fluo>Ampl 

[ns]b) 

2 

6 490c) 5.4 0.10 0.05 11.5 0.90 0.95 - - - 11.2 10.9 0.996 

 490 6.2 0.21 0.15 9.4 0.79 0.85 - - - 8.9 8.7 0.954 

 520 5.3 0.21 0.13 9.3 0.79 0.87 - - - 8.7 8.4 0.989 

7 507c) 3.4 0.86 0.56 22 0.14 0.44 - - - 11.6 5.9 0.999 

 507 3.2 0.87 0.58 15.4 0.13 0.42 - - - 8.3 4.8 1.001 

 540 3.2 0.88 0.60 15.1 0.12 0.40 - - - 8.1 4.7 1.003 

 600 3.2 0.91 0.69 14.8 0.09 0.31 - - - 6.8 4.3 1.000 

8 527c) 3.4 0.73 0.55 7.1 0.26 0.42 16 0.01 0.02 5.3 4.5 0.952 

 527 3.2 0.72 0.56 6.3 0.27 0.41 15.8 0.01 0.03 4.8 4.1 1.003 

 495 2.8 0.22 0.11 6.5 0.77 0.86 15.2 0.01 0.03 6.4 5.8 0.954 

 560 3.2 0.80 0.66 6.3 0.19 0.31 16.8 0.01 0.03 4.5 3.9 0.924 

a)Detection wavelength for the acquisition of the emission decay; b)Experimental uncertainty, 
10%; c)Nitrogen-purged solution. 

 

Fluorescence, phosphorescence and thermally activated fluorescence at low temperature 

Figure 5 shows the temperature-dependent fluorescence spectra of CNGs 6, 7 and 8, 
and of their structural precursors Cor and HBC-tBu in chloroform. Spectra acquired at 65 K 
generally exhibit some blue shift and narrowing upon cooling, and the emission maxima of the 
CNGs and their structural precursors present noticeable hypsochromic shifts as the medium 
rigidity increases (rigidochromism). At 65 K some overlap between the fluorescence and 
phosphorescence bands has been detected for the three CNGs as well as for Cor and HBC-tBu 
(Figure 5). The wavelengths of the emission peaks (fluorescence and phosphorescence) and 
the fluorescence, phosphorescence and TADF lifetimes at 65 K are collected in Table 4, 5, 6, 7 
and 8. It should be noted that CNG 7, the sterically and cycloheptatrienically constrained 
curved nanographene, exhibits a fine-structure low-temperature fluorescence spectrum with 
several peaks compared to its less constrained 7-membered ring partner, CNG 8, and to the 
loose [6]helicene analogue, CNG 6. Regarding the emission decays, in all cases (CNGs 6, 7 and 
8 and their structural precursors Cor and HBC-tBu) at least biexponential functions are 
required to fit the experimental decays acquired at low temperatures. Figure 6 shows the 
fluorescence decays of CNGs 6, 7 and 8 at 298 K and 65 K, evidencing that emission 
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wavelength-dependent decays are observed except for CNG 6 at room temperature. Figure 7 
shows the phosphorescence decays of CNGs 6, 7 and 8 at 65 K, again evidencing that emission 
wavelength-dependent decays are observed, except for CNG 6, the curved nanographene with 
simpler photophysics. In the case of CNG 8, it has to be noted that phosphorescence decays 
acquired at 125 K and 725 and 800 nm, respectively, show equilibrated populations. 
Concerning the structural precursors Cor and HBC-tBu, while Cor shows rather homogeneous 
decays irrespective of the emission wavelength selected for the acquisition of the 
fluorescence and phosphorescence decays, HBC-tBu shows a similar behaviour to that 
displayed by the CNGs, i.e., emission wavelength-dependent decays (Figure 8). 

 

Figure 5. Fluorescence excitation (blue) and emission (green) spectra at 298 K, and 
fluorescence (black) and phosphorescence (red) spectra at 65 K of CNGs 6, 7, 8 and of their 

structural precursors Cor and HBC-tBu in chloroform. λem = 500 nm for the excitation spectra, 
λexc = 405 nm for the emission spectra. Fluorescence spectrum of HBC-tBu at 65 K ×10 at 

wavelengths below 566 nm. 
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Table 4. Fluorescence and phosphorescence spectral maxima and emission lifetimes of the 
investigated compounds and of their structural precursors in chloroform at 65 K. 

CNG  λfluomax [nm (eV)]a) <fluo>Int [ns] λphosmax [nm (eV)]b) <phos>Int [s] <TADF>Int [ms]c) 

6 483 (2.57) 26.5 673 (1.84) 0.67 67.0 

7 506 (2.45) 30.0 640 (1.94) 1.0 13.0 

8 511 (2.42) 6.7 707 (1.75) 0.9 15.0 

Cor 437 (2.84) 11.4 600 (2.07) 0.16 - 

HBC-tBu 482 (2.57) 53.1 573 (2.16) 1.0 - 

a)Fluorescence peaks and shoulders with the fluorescence maxima highlighted in bold 
numbers; b)Phosphorescence peaks and shoulders with the phosphorescence maxima 
highlighted in bold numbers; c)Thermally activated delayed fluorescence intensity weighted 
mean lifetime determined at 125 K with detection at 510–520 nm. 

 

Table 5. Fluorescence and phosphorescence spectral maxima of the investigated compounds 
and of their structural precursors in chloroform at 65 K. 

CNG λfluomax [nm (eV)]b) λphosmax [nm (eV)]b) 

6 483 (2.57), 516 (2.40), 552 (2.25) 576 (2.15), 673 (1.84), 733 (1.69) 

7 424 (2.92), 433 (2.86), 449 (2.76), 460 (2.70), 496 (2.50), 506 

(2.45), 513 (2.42), 530 (2.34), 542 (2.29) 

571 (2.17), 640 (1.94), 697 (1.78), 777 (1.60) 

8 482 (2.57), 511 (2.42), 538 (2.30) 656 (1.89), 707 (1.75), 770 (1.61) 

Cor 437 (2.84), 463 (2.68), 494 (2.51) 549 (2.26), 561 (2.21), 600 (2.07), 660 (1.88), 

730 (1.70) 

HBC-tBu 462 (2.68), 475 (2.61), 482 (2.57), 488 (2.54), 492 (2.52), 515 

(2.41), 526 (2.36) 

573 (2.16), 619 (2.00), 630 (1.97), 683 (1.82) 

a)Fluorescence peaks and shoulders with the fluorescence maxima highlighted in bold 
numbers; b)Phosphorescence peaks and shoulders with the phosphorescence maxima 
highlighted in bold numbers 
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Table 6. Fluorescence lifetimes of the CNGs and of their structural precursors in chloroform at 
65 K. 

CNG det 

[nm]a) 

1  

[ns]b) 

A1 I1 2  

[ns]b) 

A2 I2 3  

[ns]b) 

A3 I3 4  

[ns]b) 

<fluo>Int 

[ns]b) 

<fluo>Ampl 

[ns]b) 

2 

6 482 10.8 0.38 0.18 29.9 0.62 0.82 - - - - 8.7 8.4 0.989 

 515 9.8 0.46 0.22 29.8 0.54 0.78 - - - - 26.5 22.7 1.071 

7 505 3.2 0.57 0.19 8.6 0.33 0.29 52 0.10 0.52 - 30 9.7 0.999 

 540 3.3 0.61 0.19 9.8 0.29 0.28 53 0.10 0.53 - 31 10.3 0.986 

 570 1.7 0.65 0.29 6.1 0.34 0.58 38.8 0.01 0.13 - 9.2 3.6 0.940 

8 482 - - - 4.6 0.44 0.19 15.9 0.56 0.81 - 14.1 10.8 1.004 

 510 3.1 0.52 0.28 6.2 0.44 0.60 18.0 0.04 0.12 - 6.7 5.1 1.010 

 540 2.8 0.35 0.23 6.0 0.61 0.63 16.9 0.04 0.14 - 6.8 5.3 0.805 

Cor 437 2.4 0.19 0.05 8.2 0.50 0.44 15.1 0.32 0.51 - 11.4 9.3 0.886 

 494 2.5 0.19 0.05 8.3 0.47 0.41 15.5 0.34 0.54 - 11.9 9.6 0.862 

HBC-tBu 463 4.3 0.31 0.06 19.8 0.11 0.11 64.4 0.26 0.81 1.3c) 54.4 20.3 0.995 

 475 3.1 0.45 0.15 17.2 0.08 0.15 62.9 0.10 0.66 0.9c) 44.6 9.3 0.990 

 482 3.4 0.31 0.07 18.0 0.12 0.13 64.7 0.19 0.78 1.0c) 53.1 16.2 1.011 

 488 4.2 0.27 0.07 19.7 0.11 0.14 66.9 0.17 0.75 1.3c) 53.3 15.3 0.989 

 492 4.1 0.30 0.09 18.9 0.11 0.14 66.2 0.15 0.73 1.3c) 51.3 14.0 0.993 

 515 4.0 0.31 0.14 16.4 0.11 0.20 68.4 0.08 0.60 1.2c) 45.0 9.2 0.989 

 526 4.4 0.35 0.16 16.6 0.10 0.19 68.6 0.08 0.58 1.3c) 43.7 9.3 0.990 

a)Detection wavelength for the acquisition of the emission decay, data acquired at the 
fluorescence maximum in italics; b)Experimental uncertainty, 10%; c)Preexponential factors 
can be calculated from 1-Ai or 1-Ii, taking into account the discrete components included in 
the corresponding cells in the same row. 
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Table 7. Phosphorescence lifetimes of the CNGs and of their structural precursors in 
chloroform at 65 K unless stated otherwise.  

CNG det 

[nm]a) 

1 

[s]b) 
A1 I1 

2 

[s]b) 
A2 I2 

3 

[s]b) 
A3 I3 

<phos>Int 

[s]b) 

<phos>Ampl 

[s]b) 
2 

6 668 0.11 0.12 0.02 0.69 0.88 0.98 - - - 0.67 0.62 1.143 

 730 0.18 0.20 0.06 0.71 0.80 0.94 - - - 0.67 0.60 1.000 

 806 0.10 0.24 0.04 0.68 0.76 0.96 - - - 0.65 0.54 0.907 

7 660 - - - 0.12 0.29 0.05 1.15 0.71 0.95 1.1 0.85 0.985 

 700 0.03 0.03 0.08 0.18 0.49 0.14 1.10 0.58 0.78 0.9 0.73 1.085 

 770 0.08 0.01 0.04 0.18 0.50 0.30 0.98 0.49 0.66 0.71 0.57 1.007 

8 640 - - - 0.26 0.32 0.08 1.08 0.68 0.92 1.00 0.82 1.142 

 710 0.03 0.08 0.13 0.22 0.80 0.26 1.36 0.12 0.62 0.90 0.34 1.139 

 780 0.08 0.14 0.23 0.20 0.76 0.41 0.95 0.10 0.36 0.44 0.26 1.139 

 640c) 0.04 0.06 0.04 0.23 0.31 0.17 1.1 0.63 0.79 0.91 0.77 1.111 

 710c) 0.06 0.15 0.44 0.15 0.74 0.29 0.59 0.11 0.27 0.23 0.18 1.089 

 780c) 0.04 0.15 0.45 0.12 0.73 0.29 0.64 0.12 0.26 0.22 0.17 1.058 

Cor 550 0.13 0.76 0.64 0.23 0.24 0.36 - - - 0.16 0.15 0.904 

 600 0.12 0.72 0.59 0.22 0.28 0.41 - - - 0.16 0.15 0.994 

 730 0.11 0.62 0.46 0.20 0.38 0.54 - - - 0.16 0.14 1.000 

HBC-tBu 575 - - - 0.63 0.58 0.41 1.3 0.42 0.59 1.0 0.9 1.035 

 625 0.16 0.22 0.04 0.71 0.62 0.55 2.0 0.16 0.41 1.2 0.8 1.057 

 690 0.10 0.28 0.04 0.59 0.52 0.44 1.8 0.20 0.52 1.2 0.7 1.099 

a)Detection wavelength for the acquisition of the emission decay, data acquired at the 
phosphorescence maximum in italics; b)Experimental uncertainty, 10%; c)125 K. 
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Table 8. Thermally activated delayed fluorescence lifetimes of the CNGs in chloroform at 125 K. 

CNG 
det 

[nm]a) 

1 

[ms]b) 
A1 I1 

2 

[ms]b) 
A2 I2 

3 

[ms]b) 
A3 I3 

4 

[ms]b) 

<fluo>

Int 

[ms]b) 

<fluo>

Ampl 

[ms]b) 

2 

6 520 9.3 0.88 0.39 104 0.12 0.61     67 20.8 1.092 

7 510 2.2 0.45 0.15 7.1 0.43 0.48 18.6 0.12 0.35 200c) 13 6.4 0.977 

8 520 2.1 0.43 0.14 7.2 0.45 0.49 19.2 0.12 0.35 220c) 15 6.6 1.024 

a)Detection wavelength for the acquisition of the emission decay; b)Experimental uncertainty, 
10%; c)Preexponential factors can be calculated from 1-Ai or 1-Ii, taking into account the 
discrete components included in the corresponding cells in the same row. 

 

 

Figure 6. Fluorescence decays of CNGs 6, 7 and 8 at 298 K and 65 K in chloroform (exc = 405 nm). 

 

 

Figure 7. Phosphorescence decays of CNGs 6, 7 and 8 at 65 K or 125 K in chloroform (exc = 405 nm). 
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Figure 8. Fluorescence and phosphorescence decays of Cor and HBC-tBu at 65 K in chloroform 
(exc = 405 nm). 

Figure 9 shows the changes in phosphorescence intensity with temperature, giving rise 
to thermally activated delayed fluorescence occurring in the timescale of milliseconds (Figure 
10) which is particularly relevant in the 100–140 K range. Changes in the position of the 
phosphorescence maxima of the CNGs with temperature, linked to occurrence and 
disappearance of the TADF phenomenon are shown in Figure 11. Phosphorescence peak shifts 
about 10 nm for CNG 6, around 20 nm for CNG 8 and >70 nm in the case of CNG 7 and, 
generally, TADF seems to be best tuned at temperatures in the 115–135 K range. On the other 
hand, the activation energy of TADF can be deduced by means of the Arrhenius equation 
applied to the temperature dependence of the phosphorescence intensity (Equation 4) or 
lifetime (Equation 5), using data from different phosphorescence maxima as the 
determination wavelengths (Figure 12 and 13).  

ln I = ln(A) −
E

R

1

T
    eq. 4 

ln τ = ln(A) −
E

R

1

T
    eq. 5 

 where, IPhosph and Phosph are the emission intensity and average lifetime at the 
phosphorescence maximum selected, respectively, A is a pre-exponential factor, Ea is the 
activation energy, R is the gas constant and T is the absolute temperature. The thermal 
activation energies for the triplet excited state deactivation of CNGs 6, 7 and 8 are about 0.09, 
0.11 and 0.07 eV (728, 884 and 575 cm-1) respectively, from phosphorescence intensity 
measurements, and show excellent agreement when compared with results from 
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phosphorescence lifetime measurements 0.10, 0.11 and 0.08 eV (826, 898 and 613 cm-1) for 
CNGs 6, 7 and 8, respectively. If the energy levels of S1 and T1 collected in Table 4 
corresponding to the fluorescence and phosphorescence maxima at 65 K are considered, DS1–

T1 values of 0.73, 0.51 and 0.67 for CNGs 6, 7 and 8, respectively, can be calculated. These 
relatively big energy differences do not match with the tiny activation barriers of the curved 
nanographenes (about 0.10 eV) for TADF to occur, therefore, TADF must be enabled from a 
high-lying dark triplet excited state above T1 that facilitates the RISC process from the triplet 
to the singlet manifold. 

 

Figure 9. Thermally activated delayed fluorescence and phosphorescence spectra at low 
temperature of CNGs 6, 7, 8 in chloroform (λexc = 405 nm). 

 

 

Figure 10. Thermally activated delayed fluorescence decays at 125 K of CNGs 6, 7, 8 in 
chloroform (λexc = 405 nm). 

 

 

Figure 11. Changes with temperature in the position of the phosphorescence maxima of 
CNGs 6, 7 and 8 in chloroform. 
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Figure 12. Arrhenius plots from phosphorescence intensities at different emission maxima of 
CNGs 6, 7 and 8 in chloroform at low temperatures. 
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Figure 13. Arrhenius plots from phosphorescence lifetimes at different emission maxima of 
CNGs 6, 7 and 8 in chloroform at low temperatures. 

 

Excited states quenching by molecular oxygen and singlet oxygen production quantum yield 

Steady-state and time-resolved quenching experiments by molecular oxygen allowed 
to gain insights on the CNGs evolution from the singlet to the triplet excited state. Stern-
Volmer equation and the intensity weighted average lifetimes (< >Int) were used to calculate 
the quenching parameters since, overall, better agreement between intensity and lifetime 
results was obtained when < > Int was used, in particular, in case of the quite complex CNG 7 
system.[18b] Quenching of the S1 excited state by molecular oxygen was evidenced by the 
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changes in the mean lifetimes of the air-equilibrated solutions compared to the N2-purged 
samples. Bimolecular quenching rate constants by O2 are diffusion-controlled as shown by the 
kqS

O2 values  1010 mol–1 dm3 s–1 (Table 9), whether they are calculated from emission intensity 
measurements or emission lifetime experiments. The probability of singlet excited state 
quenching by O2 (PS

O2) agrees, within experimental error, in the case of CNG 7 and 8, 
irrespective of the experimental technique used, and type of average lifetime selected for 
time-resolved measurements, however, a marked difference was surprisingly obtained for 
CNG 6, where PS

O2
I = 0.29 from steady-state intensity measurements, but PS

O2 = 0.21 from 
time-resolved lifetime measurements (Table 9), which implies 10% static quenching (fstatic) by 
molecular oxygen in the case of CNG 6. 

On the other hand, the curved nanographenes can produce singlet oxygen, 1O2(1Dg), 
not only by quenching of their triplet excited states by ground-state molecular oxygen but, 
due to its long-lived nature, after singlet excited state quenching by O2, following the so-called 
O2-induced enhanced intersystem crossing (EISC) process. Therefore, the CNGs may be 
classified as TC photosensitizers where quenching of S1 by O2 catalyzes production of T1, 

although singlet oxygen cannot be directly generated from S1 (because ES1–ET1 < ED, being ED 
the energy difference between singlet oxygen and ground-state triplet oxygen) as can be 
deduced from the energy values collected in Table 4.[19] Singlet oxygen production quantum 
yields (D) were determined by chemical scavenging of 1O2 with 1,3-diphenylisobenzofurane 
(Figure 14 and Figure 15). The obtained results are collected in Table 9 and are significantly 
lower than the upper limit of ISC. 
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Table 9. Bimolecular quenching rate constants of the investigated compounds by molecular 
oxygen, proportion of singlet excited states quenched, fraction of singlet excited states 
statically quenched, singlet oxygen production quantum yield and lower limit of the fraction 
of triplet states quenched by ground-state molecular oxygen leading to singlet oxygen 
production in chloroform at room temperature under inert atmosphere unless otherwise 
indicated. Experimental uncertainty, 10%. 

CNG kqSO2I [mol–1 dm3 s–1]a) kqSO2 [mol–1 dm3 s–1]b) PSO2Ic) PSO2d) fstatice) Df) 

6 1.3×1010 9.6×109 0.29 0.21 0.10 0.36 

7 1.7×1010 1.4×1010 0.32 0.28 - 0.47 

8 9.8×109 8.1×109 0.095 0.094 - 0.40 

a)Bimolecular quenching rate constants by O2 obtained after Stern-Volmer analysis from 
fluorescence intensity measurements; b)Bimolecular quenching rate constants by O2 obtained 
after Stern-Volmer analysis from fluorescence average lifetimes, where intensity weighted or 
amplitude weighted mean lifetimes give equivalent values, within experimental error; 

c)Probability of singlet excited state quenching by O2, determined from fluorescence intensity 
measurements; d)Probability of singlet excited state quenching by O2, determined from 
fluorescence average lifetimes; e)Fraction of singlet excited states statically quenched by 
molecular oxygen; f)Singlet oxygen production quantum yields; g)Fraction of triplet excited 
states quenched by molecular oxygen leading to singlet oxygen production. 

 

Figure 14. Evolution of 1,3-diphenylisobenzofuran absorption spectra in the presence of 
phenalen-1-one as the singlet oxygen production standard (D= 0.97) a), CNG 6 b), CNG 7 c) 

and CNG 8 d) in chloroform under UV-LED excitation at 365 nm. 
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Figure 15. Absorbance changes in the photodegradation tests of 1,3-piphenylisobenzofuran 
by singlet oxygen in the presence of phenalene-1-one a), CNG 6 b), CNG 7 c) and CNG 8 d) in 

chloroform under UV-LED excitation at 365 nm. 

 

Excited state properties in the solid state: fluorescence spectra, emission decays and 
quenching by molecular oxygen 

Figure 16 shows the fluorescence spectra of the CNGs powders and the emission 
decays under nitrogen and in air-equilibrated conditions. Table 10 collects the results of the 
triexponential analysis of the emission decays under nitrogen and for air-equilibrated samples. 
Negligible quenching by molecular oxygen has been observed in the solid state in the case of 
CNG 6, while weak deactivation is noted for CNG 8 (PS

O2 0.09) which is equivalent to that 
observed in chloroform solution (Table 9); however, a surprisingly efficient quenching of the 
singlet excited state of CNG 7 has been observed (PS

O2 0.75), that exceeds the values observed 
in solution (PS

O2
I 0.32, PS

O2 0.28).  
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Figure 16. Emission spectra of CNGs in solid state and emission decays under N2-purged and 
air-equilibrated atmosphere. 

 

Table 10. Emission lifetimes of the CNGs in solid state under N2-purged and air-equilibrated 
atmosphere. 

 

CNG 
det 

[nm]a) 

1 

[ns]b) 
A1 I1 

2 

[ns]b) 
A2 I2 

3 

[ns]b) 
A3 I3 

<fluo>

Int 

[ns]b) 

<fluo>

Ampl 

[ns]b) 

2 

6 580 1.7 0.70 0.39 5.4 0.29 0.52 20.6 0.01 0.09 5.3 3.0 1.135 

 580 c) 1.6 0.71 0.39 5.2 0.28 0.52 20.6 0.01 0.09 5.1 2.8 1.105 

7 632 0.40 0.87 0.57 1.6 0.12 0.30 5.7 0.01 0.13 1.4 0.61 0.983 

 632 c) 2.0 0.73 0.45 5.9 0.26 0.47 24.9 0.01 0.08 5.6 3.2 1.101 

8 568 0.94 0.72 0.39 3.3 0.26 0.50 12.4 0.02 0.11 3.5 1.7 1.088 

 568 c) 1.0 0.72 0.38 3.7 0.26 0.50 13.1 0.02 0.12 3.8 1.9 1.076 

a)Detection wavelength for the acquisition of the emission decay; b)Experimental uncertainty, 
10%; c) Nitrogen-purged solution. 
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4.4.4. Conclusions 
The detailed study of the intriguing photophysics of a series of three closely related 

curved molecular nanographenes has been carried out, especially in the case of the two CNGs 
with positive and negative curvature (CNG 7 and CNG 8), while for the structure with a 
[6]helicene (CNG 6), a more conventional behaviour has been observed. The room 
temperature fluorescence spectra of CNG 8 and, especially, CNG 7, show strong changes 
depending on the excitation wavelength used; this fact is also evident when quantifying the 
fluorescence quantum yield of CNG 7, which ranges from 17% to 21% when changing the 
excitation wavelength form the visible to the UV. On the other hand, when analyzing the 
fluorescence decays of both CNG 7 and CNG 8 at room temperature, different 
multiexponential lifetimes are observed  depending on the emission wavelength selected for 
decay acquisition. This behaviour is more pronounced at low temperature. It has been 
observed that these three nanographenes show phosphorescence and TADF at low 
temperatures, and again when analyzing the phosphorescence decay, both CNG 7 and CNG 8 
show different lifetimes when varying the emission wavelength for signal detection. From the 
estimated energy levels of S1 and T1, with DES1-T1  0.5 eV, and the energy barrier for TADF 
(DEa  0.1 eV), the TADF process cannot occur directly from T1 to S1 but a high-lying dark triplet 
excited state above T1 must be involved. Knowing the quantum yields of singlet oxygen 
production (36%, 47% and 40% for CNG 6, 7 and 8, respectively), and fluorescence quantum 
yields (50%, 17%–21% and 25% for CNG 6, 7 and 8), it can be stated that CNG 7 and CNG 8 
have a larger S1T1 intersystem crossing rate; and having calculated the radiative and non-
radiative deactivation rate constants of these three CNGs, it can also be affirmed that, once 
again, CNG 7 and 8 exhibit higher non-radiative deactivation rate constants.  
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5. CONCLUSIONS 

Chapter 1: Solvothermally Synthesized Carbon Nanodots 

 Hydrothermal synthesis is the most common process for producing CNDs 
because of its advantages such as environmental friendliness, simplicity and 
versatility. 

 The major product in hydrothermal synthesis consists in small conjugated 
organic molecules and mainly non-conjugated oligomers, but graphitic cores 
are produced in a very small proportion. This fact highlights the necessity and 
importance of the isolation and purification process. Practically all previous 
reports in the literature did not compare the properties of interest of the CNDs 
with those of the small molecule fraction and the latter was simply discarded, 
if purification capable of separating those fractions was carried out at all. For 
example, these problems have been demonstrated recently in the case of 
supposedly “chiral CNDs,” where the chirality was later shown to be exclusively 
due to the small molecule fractions. Similarly, there has been an increasing 
number of recent reports on photoluminescence from supposedly non-
conjugated polymer dots, where the purification and separation of small 
molecule by-products is questionable.  

 Mass spectrometry proves to be an essential technique to identify and 
elucidate the presence of molecules that can be produced in the synthesis of 
CNDs 

 The comparison and careful analysis of the structural and optical properties of 
the molecular products, and of the CNDs (in which the molecular products are 
always incorporated) allows us to affirm that, in contrast to many previous 
publications, the quantum yield of the solvothermal CNDs investigated is 
extremely low and that the UV-Vis, PL and PLE spectra are dominated by the 
molecular products and their photoproducts. 

 Although the "soft synthesis conditions" produce graphitic cores in very low 
yield but we have been able to observe them by HR-TEM, GI-WAXS, and SERS. 

 The ability to produce singlet oxygen is attributed exclusively to the graphitic 
cores, and the dependence of the emission on excitation, which is obviously 
not observed in the isolated molecular products, is due both to the formation 
of the molecular photoproducts, and to the fact that these graphitic cores offer 
different environments to the molecular products attached to them. 

 The conclusions drawn from this work, on the need and importance of 
purification, as well as the relevance of an exhaustive characterization, are 
extrapolated and applicable to a large number of works on the production, 
characterization and applicability of CNDs; this is evident from the successive 
works that have been supported by this research: “The role of molecular 
fluorophores in the photoluminescence of carbon dots derived from citric acid: 
current state-of-the-art and future perspectives” Nanoscale, 2022, Advance 
Article; “Effects of carbon nanodot fractionation of the performance of 
sensitized mesoporous titania based photovoltaic devices” J. Mater. Chem. C., 
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2022, 10, 8824-8833; “Deep eutectic solvents-derivated carbon dots-decorated 
silica stationary phase with enhanced separation selectivity in reserved-phase 
liquid chromatography” J. Chromatogr. A, 2022, 1681, 463425; “Nuclear 
magnetic resonance reveals molecular species in carbon nanodot samples 
disclosing flaws” Angew. Chem. Int. Ed., 2022, 61; and “Photostable carbon 
dots with intense green emission in an open reactor synthesis” Carbon, 2022, 
198, 230-243. 

 

Chapter 2: Carbon Nanoparticles by Pulsed Laser Synthesis 

 A novel method for the preparation of CNPs has been studied using a pulsed 
Nd-YAG laser and a bottom-up approach starting from different organic 
aromatic precursors. The potential interest of this technique has been 
demonstrated in terms of homogeneity of the products obtained, good 
availability of the reagents and the versatility of both the technique itself and 
the precursors. 

 The kinetic formation of CNPs has been studied, and experimental evidence has 
been obtained pointing to zero-order kinetics, as well as a possible catalytic 
role of the laser beam impact surface. 

 The production yields of CNPs are favoured in molten media (such as 
naphthalene). 

 The pulsed laser causes a change of carbon hybridization from precursors, 
almost exclusively formed by Csp2, to CNPs with Csp3 presence between 30 and 
60 %, which is mainly on the surface as can be observed thanks to FTIR. 
Moreover, the presence of the heteroatoms available in some precursors is not 
observed in the CNPs, which shows that the laser beam causes the C-X bond to 
be broken before the C-C bond because of its higher lability. 

 CNPs are observed by AFM, STEM and Raman spectroscopy, and we can state 
that CNPs are nanoparticles of sizes between 1 and 10 nm height and 5-20 nm 
width that can have either amorphous or graphitic nano-onion-like structures 
depending on the precursor used. 

 CNPs exhibit excitation wavelength-dependent fluorescence with relatively low 
fluorescence yields (<10 %) and can photosensitize singlet oxygen production 
with quantum yields of up to 37%. 

 This research paves the way for further investigation of many other organic 
precursors, and other microparticles that can catalyze the reaction or be 
incorporated into the CNPs produced and confer new and interesting 
properties to them. 
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Chapter 3: Photocatalysis of Carbon Nanodot–TiO2 Heterostructures Activated by 
Visible Light 

 Photocatalytic activity of heterostructures of hydrothermal carbon nanodots 
and TiO2  nanoparticles (CND@TiO2)  under  visible  light  illumination  is  
investigated  via  degradation  of  rhodamine  B, rhodamine 6G and methylene 
blue dyes. 

 Photocatalytic action spectra are acquired in the visible spectral range 
employing a widely tunable high-power laser (optical parametric oscillator). 

 Different  photocatalytic  processes  in  the  cases  of  pristine  TiO2   
nanoparticles  and  CND@TiO2 photocatalysts are identified based on the 
photocatalytic action spectra. 

 A model of the relevant photocatalytic processes is established based on the 
photocatalytic action spectra, experiments with scavengers, UPS/XPS spectra, 
UV-Vis and FTIR spectra. 

 Photocatalytic action of CND@TiO2 is compared to the one of mixtures of the 
small molecule fraction from hydrothermal synthesis with TiO2 nanoparticles.  

 Up-conversion of CND does not exist, even at intensities close to the 
supercontinuum threshold. Measurable  up-conversion  results  only  from  the  
small  molecule  fraction  produced  in  the hydrothermal synthesis and only at 
intensities close to the supercontinuum threshold. This makes up-conversion 
processes completely irrelevant for visible light photocatalysis, again in 
contrast to many previous reports. 

 Bactericidal  CND@TiO2   polymer  surface  nanocomposites  are  fabricated  
active  against  Gram positive and Gram negative bacteria. Significantly 
enhanced bactericidal activity is found under visible light illumination 
compared to TiO2  polymer surface nanocomposites. 

 

Chapter 4: Photophysics of Curved Molecular Nanographenes 

 The photophysics of a series of three closely related curved molecular 
nanographenes has been studied in detail. 

 When studying their fluorescence at room temperature, in the case of the two 
CNGs that present positive and negative curvature (CNG 7 and CNG 8), changes 
in the fluorescence spectrum are observed when varying the excitation 
wavelength. This is supported by computational modelling of the potential 
energy surface and can be justified by the coexistence of two minima of the S1 
excited state potential energy surface. Depending on the excitation 
wavelength, certain higher excited levels can be reached, which preferentially 
tend to relax to one of the two minima of the potential energy surface of the 
excited state S1. This is also consistent with the fluorescence quantum yield of 
CNG 7, where depending on the excitation wavelength used, yields between 
17% and 21% are obtained, which again depends on the excitation wavelength 
allowing certain higher excited levels to be reached that can be deactivated by 
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two minima of the potential energy surface of the S1 excited state. In the case 
of CNG with a helicene in its structure (CNG 6), no change in its fluorescence 
spectrum is observed when the excitation wavelength is varied. 

 Again, when analysing the fluorescence lifetimes at low temperature (at RT the 
decays are similar) of CNG 7 and CNG 8, depending on the spectral region in 
which the detection is performed, different lifetimes derived from each of the 
two minima of the excited state S1 are observed. In the case of CNG 6, no 
different lifetimes are observed when varying the emission wavelength. 

 The three CNGs studied show phosphorescence at low temperature (observed 
between 65 and 140 K), and, equivalent to what was observed in the case of 
fluorescence, when the phosphorescence lifetimes of CNG 7 and CNG 8 are 
analysed, different lifetimes are observed depending on the spectral region 
where the detection is performed. Again, supported by the computational 
modelling of the potential energy surface, we can affirm the coexistence of at 
least two minima of the excited state T1. 

 The three CNGs studied show thermally activated delayed fluorescence (TADF) 
in a very narrow range of temperatures (110 - 140 K). The activation of TADF 
cannot occur directly from the T1 triplet excited state causing the 
phosphorescence, due to the large S1-T1 energy gap compared to the thermal 
energy in this temperature range. The computational modelling of the 
potential energy surface reveals the existence of a T3 triplet excited state with 
an intermediate energy between T1 and S1 that acts as a “springboard” and 
activates the TADF.  

 The three CNGs studied show singlet oxygen photosensitization ability and can 
be classified as TC-type (where an O2-induced enhanced intersystem crossing, 
EISC, process takes place resulting in oxygen-catalyzed production of the triplet 
state of the 1O2 photosensitizer), with production yields of 36%, 47% and 40% 
for CNG 6, 7 and 8, respectively. These values, coupled with those of 
fluorescence yields which are 50%, 17%-21% and 25% for CNG 6, 7 and 8, 
respectively, also allow us to conclude that the presence of the closed 
[6]helicene and double curvature of CNG 7 and 8 (due to the 7-membered ring) 
favour the intersystem crossing from S1 to T1. 

 Finally, by estimating the radiative and non-radiative deactivation constants, 
we can conclude that the presence of the cycloheptatriene ring, causing double 
curvature of CNG 7 and 8, favours non-radiative deactivation of the singlet 
excited state. 
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