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Abstract: Unexpectedly bright photoluminescence emission can be observed in materials
incorporating inorganic carbon when their size is reduced from macro–micro to nano. At present,
there is no consensus in its understanding, and many suggested explanations are not consistent
with the broad range of experimental data. In this Review, I discuss the possible role of collective
excitations (excitons) generated by resonance electronic interactions among the chromophore elements
within these nanoparticles. The Förster-type resonance energy transfer (FRET) mechanism of energy
migration within nanoparticles operates when the composing fluorophores are the localized electronic
systems interacting at a distance. Meanwhile, the resonance interactions among closely located
fluorophores may lead to delocalization of the excited states over many molecules resulting in Frenkel
excitons. The H-aggregate-type quantum coherence originating from strong coupling among the
transition dipoles of adjacent chromophores in a co-facial stacking arrangement and exciton transport
to emissive traps are the basis of the presented model. It can explain most of the hitherto known
experimental observations and must stimulate the progress towards their versatile applications.
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1. Introduction

Serendipitous discovery of the photoluminescent properties of carbon nanoparticles [1,2] took
researchers by great surprise. It is known that graphite is an ideal light absorber with an extremely
broad continuum of electronic transitions, from UV to infrared, and with a similarly strong ability to
trap the absorbed light [3]. Being a “totally black” material, it is simply incapable of emitting visible
light. Regarding other structures formed by inorganic carbon, the diamonds demonstrate ideal light
transparency and only by creating the point defects in their sp3 hybridized carbon network [4] can
they be made light absorbing and emitting [5]. Graphene is also transparent and non-emissive due
to the fact of its zero band gap [6], but when its sp2 hybridized monolayer structure is rolled into a
carbon nanotube, a weak absorption and emission is observed [7] in the near-IR region [8]. Graphite,
graphene, carbon nanotubes, and also fullerenes are known as very potent electron-transfer quenchers
for other fluorophores [9]. Yet, why are very small particles made of carbon strong absorbers and
emitters of light in the visible range of spectrum?

An even greater surprise was waiting for scientists when they started production of nanoscale
fluorescent materials from virtually any organic or inorganic source of carbon using a broad variety
of carbonization or fragmentation methods and isolating them from reaction products in fractions
of several nanometers in size [10]—they started to become very efficient. Despite strong variability
in size, composition, structural order, solubility, and other reported parameters, the photophysical
and spectroscopic properties of these new emitters demonstrated some general features [11,12].
These features turned out to be quite different from those observed in organic dye molecules [13] or
nanoparticles of inorganic origin such as semiconductor quantum dots [14]. This fact raised many
difficulties in fitting them into a well-established set of knowledge about light absorbing and emitting
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materials. Resolving them is not easy since, here, it is not possible to start from monomeric dyes
and observe the effects of their assembly with respect to the monomers, such as the shifts of the
excitation energies and redistribution of the oscillator strength. Commonly, synthetic chemists deal
with reactions in which the starting components and reaction conditions are well determined; pathways
can be predicted based on previous knowledge and the properties of products are expected. This
refers also to organic molecular nanomaterials that can be obtained by self-assembly of molecular
components, so that their fluorescence-related electronic transition energies are maintained or slightly
perturbed [15]. Here, we have a different situation. The fluorescent nanoparticles are obtained from
nonfluorescent starting materials in empirically chosen conditions and it remains to be discussed why
they are fluorescent and how to make their fluorescence optimal for particular application.

The discovery of fluorescent carbonic nanomaterials has attracted the attention of many researchers
coming from different fields of physics, chemistry, and material science who bring with them their
concepts, ideas, and even terminology. As it was noted References [11,16,17], the presently suggested
explanations for the photoluminescence of carbon nanomaterials, often called dots, are very divergent.
If we accept that individual nanoparticles contain multi-chromophoric units, we have to think if these
chromophores interact and, if yes, how theses interactions happen. These ideas can be classified into
two broad categories. One is based on the assumption that each luminescent particle represents an
assembly of molecules emitting independently, forming an integrated fluorescent ensemble [18]. They
could be the aromatic islands within the particle core [19] or their charge–transfer complexes [20]
formed with polar groups on the particle surface [21]. The other explanations consider the presence
of collective effects but very different in nature. They could arise due to the interaction among
fluorophores that are confined in nanoparticles at close distances. Then, the multiple steps of the
excited-state energy transfer could be realized according to the well-known Förster-type resonance
energy transfer (FRET) mechanism [22]. The FRET mechanism describes the energy migration among
localized electronic systems. In contrast, the collective excitations (excitons) may propagate within the
whole particle volume [21,23] or through the surface [24,25] in a collective manner. In this case the
emission should be observed at exciton-hole recombination sites [26,27] that could be the localized
surface traps [28] or specific edge states [29].

One may consider that all these mechanisms operate in parallel demonstrating the specificity of a
particular type of carbon nanoparticles. Meanwhile, some features of their spectroscopic performance
are very general. Among them are the broad-range spectral tunability, the unusually large Stokes
shifts observed even in cryogenic conditions [30], and the collective photophysical behavior in
single-molecular experiments [31]. Moreover, on a single-molecular level, these structures do not
show spectroscopic or lifetime heterogeneity. It can be observed that hundreds and even thousands of
publications with their exponential growth in recent years still have not provided a consistent view of
the origin of emission of carbon nanomaterials. This hinders significantly the development of new
materials with desirable characteristics and their efficient use.

The goal of this Review was to provide a broad view of the physical mechanisms responsible for
the fluorescence of carbon nanoparticles based on collective excitonic effects. This Review focused
on the possibility of the formation and propagation of Frenkel excitons, i.e., the quantum coherent
excitations that spread over the whole nanoparticle or its significant part performing as a system
of organized interacting fluorophores. In my view, the exciton theory can explain the key features
of the photophysical behavior of fluorescent nanocarbon structures. I believe that such a platform
will allow for the creation of new steps for a better understanding of the unique features of these
nanoscale systems.



C 2019, 5, 71 3 of 50

2. The Structures and Properties of Fluorescent Nanocarbon Materials

2.1. The Broad Family of Fluorescent Nanocarbons

In order to comprehend the generality of the observed spectroscopic effects, it would be reasonable
to draw the reader’s attention to the whole range of diverse objects that display them. Fluorescent carbon
nanoparticles [32] are represented by graphene (G-dots) [33–35] and graphene oxide (GO-dots) [12]
derivatives and, more recently, by carbon dots (C-dots) [36–40]. Presently, the latter are the most
popular in research and applications [17,40–43]. The simple reason for this is that they are quite easily
available. They can be made by simple burning [44] or microwave heating [45] of different organic
matter [46] and even of natural products such as coffee grounds [47] and soy milk [48]. From these
predecessors, the obtained particles may incorporate different reactive groups forming heterocyclic
structures with the participation of O, N, and S atoms [49]. Such heteroatoms forming the polar groups
can also be introduced into G-dots and GO-dots which allows easy solubility of these nanostructures
in water. High surface-to-volume ratios [50] and the presence of polar groups on their surface [51,52]
may be strong determinants of their properties. Regarding the sizes of these particles, they vary from
several to tens of nanometers and may exhibit broad variation in shapes. The structures of spherical
(or almost spherical) shapes are usually considered to have zero dimensionality (0-D) which gave
them the name “dots” [53] even if they are the fragments of two-dimensional structures of graphene
(G-dots) [33,54] or graphene oxide (GO-dots) [12].

Commonly, fluorescent carbon nanoparticles are characterized by a high amount of carbon–carbon
bonding, predominantly in sp2 hybridization of the graphene type [55], but also by the features of
disordered or diamond-type sp3 hybridized structures [1,56]. This immediately suggests that the
π–electronic conjugation must exist along their graphene sheets, but it may be irregular and disrupted
into small fragments [57]. Graphene oxide dots differ from G-dots by the presence of oxygen-containing
groups (epoxy, hydroxy, carboxy) not only at the sheet edges but also within the sheet planes. If these
groups are located on the basal plane, they disrupt the extended regular conjugation, which leads to
the presence of isolated sp2 domains [34]. These basic structural elements form the carbon core. The
polar groups formed by organic heterocycles during or after the synthesis of nanoparticles are exposed
to the surface.

Structural variability determines the diversity of spectroscopic properties of carbon nanoparticles
that may be very significant. In the family of G-dots, one may observe very broad absorption bands in
the UV region, approximately 230–280 nm, and a long tail extending into the visible range [58]. Their
broad UV absorbance band in the region 230–320 nm can be attributed to π–π* electronic transitions
in the aromatic carbon rings, and its long-wavelength tail to n–π* transitions of carbonyls or other
connected groups. Surprisingly, the excitation at this very strong UV absorption band does not lead to
fluorescence emission at all, which was indicated by many researchers. Several authors could only
find “blue” emission corresponding to the resolved UV excitation band [59]. In contrast, the major
emission band of G-dots in the visible range is commonly excited at the wavelengths 320–370 nm. It is
the far edge of the major absorption band where the absorption at their excitation band maximum is
low. By exciting at these wavelengths, a variety of fluorescence colors can be observed in different
preparations. Nitrogen doping and oxygen enrichment of the periphery of G-dot structures does not
change the character of their light absorption and emission [60].

The spectroscopic properties described for GO-dots are quite similar to that of G-dots [12]. It
was reported that their light emission can be blue [61], green [62,63] or red [64] when the excitation
band is shifted from its typical position at 320–370 nm to longer wavelengths. These properties can
be changed by dopants and other factors. The introduction of nitrogen atoms into graphene oxide
structures resulted in the change of initially green luminescence [65] into the bright blue emission [66].
The switching between these colors can be achieved just by the variation of temperature on their
synthesis [67]. Also, the starting material in their synthesis is a strong determinant of emission [68].
Their spectrally heterogeneous emission can be revealed by variation of pH [58].
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Fluorescent carbon dots (C-dots) are the most versatile but less defined and less characterized
members in the family of nanocarbon materials. Meanwhile, they share similar properties with
G-dots and GO-dots [69] which are discussed above. It is true that they can be made in one step by
solvothermal treatment of any organic matter [10]. But their synthesis based on well-defined molecular
precursors is preferable, since it is the way to achieve functional carbon materials with controlled
surface chemistry, mesoscopic morphology, and microstructure [70]. Commonly studied C-dots are
formed by carbon–carbon bonding predominantly in the graphene-type sp2 hybridization [55], but
they reveal a relatively high amount of the diamond-type sp3 hybridization (or disorder) of carbon
atoms [1,56]. This suggests that the π–electronic conjugation must exist along the graphene sheets,
but this conjugation may be irregular, especially in view of the presence of disrupting hydroxyl and
carbonyl groups [57]. Based on these data, the core of a C-dot can be viewed as a highly defected
composition of coexisting aromatic and aliphatic regions, the elementary constituents of which are
graphene, graphene oxide, and diamond [71]. They are assembled in proportions and with variations
of surface groups that depend on the starting material and the conditions of their synthesis (Figure 1).
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Figure 1. Schematic representation of three types of C-dots with different surface groups and their
typical fluorescence excitation and emission spectra [68]. The “violet” C-dots (a) are with nitrogen-
and oxygen-containing groups, “blue” (b) with oxygen-containing groups and cations, and “green” (c)
C-dots contain oxygen groups only. Excitation wavelengths λex = 315 and 350 nm (a), 350 nm (b), 425
nm (c). Emission wavelengths λem = 405 nm (a), 440 nm (b), 530 nm (c).

2.2. Going Deeper into Nanocarbon Structures and Their Formation

Being fused into nanoparticles, aromatic fluorophores should be located at distances of the order
of one nanometer or even closer and possess, at least partially, regular arrangement. This arrangement
may be variable within the nanoparticle and also among the nanoparticles in the ensemble. Therefore,
we have to consider two types of structural heterogeneity—within a particle and among the particles.
Addressing this issue is complicated, since the exact packing arrangements in carbon nanoparticles
on the atomic level remain unresolved and, moreover, a great diversity is expected between different
structures in their ensemble. Important information can be obtained by combining spectroscopy and
microscopy that could allow for study on a single particle level.

It is known that graphene sheets, even distorted, possesses a high level of in-plane regularity
resulting in coupling of π–electrons into the “electron clouds” [72]. However, in graphite-like structures,
the interactions among graphene layers are weak, being represented by dispersion forces only. The latter
can be easily disrupted [73], but there exist other factors contributing to the stability of nanoparticles.
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When aromatic heterocycles are attached to graphene planes, their binding is also governed by
dispersion forces with only a minor contribution of electrostatic interactions [74]. Therefore, the
major factor stabilizing the whole “dots” is not the interactions among graphene planes but rather the
hydrophobic force arising from screening the core structure of nanoparticles from water or from other
polar solvents and exposing the relatively polar heterocycles on the surface.

Figure 2 demonstrates some of the examples of C-dots structures obtained by high-resolution
electron microscopy and which are identified as bright spots in the fluorescence images [31]. They were
are “green” C-dots obtained by microwave treatment of sucrose solutions with added polyethylene
glycol and possessing, in aqueous media, the excitation and emission band maxima at 425 and 530 nm,
correspondingly [68]. The observed nanostructures have different diameters varying from nearly 7 nm
to 20 nm, different aspect ratios from nearly 1.5 (Figure 2c,d) to 1 (Figure 2e,f), and some possess a
characteristic onion-like shape structure such as reported previously [75]. Such polydispersity is typical
for C-dots. Their size-dependent separation in other studies [76,77] showed fluorescence emission in
all obtained fractions.

C 2019, 5, x 5 of 48 

but rather the hydrophobic force arising from screening the core structure of nanoparticles from 
water or from other polar solvents and exposing the relatively polar heterocycles on the surface.  

Figure 2 demonstrates some of the examples of C-dots structures obtained by high-resolution 
electron microscopy and which are identified as bright spots in the fluorescence images [31]. They 
were are “green” C-dots obtained by microwave treatment of sucrose solutions with added 
polyethylene glycol and possessing, in aqueous media, the excitation and emission band maxima at 
425 and 530 nm, correspondingly [68]. The observed nanostructures have different diameters varying 
from nearly 7 nm to 20 nm, different aspect ratios from nearly 1.5 (Figure 2c,d) to 1 (Figure 2e,f), and 
some possess a characteristic onion-like shape structure such as reported previously [75]. Such 
polydispersity is typical for C-dots. Their size-dependent separation in other studies [76,77] showed 
fluorescence emission in all obtained fractions. 

 
Figure 2. High-resolution transmission electron microscopy (HRTEM) images of individual C-dots 
possessing various crystal structures and shapes. These nanoparticles are localized as bright spots on 
fluorescence images (a,b). The images (c–h) were obtained in the areas where the bright spots 
corresponding to individual luminescent nanoparticles were detected by fluorescence microscopy. 
The white bars at the right bottom corners are the 5 nm scale bars. Reproduced with permission from 
Ref. [31]. 

Regarding fine intramolecular structures, two types of particles were resolved in the HRTEM 
images. One of them, shown in Figure 2c–f, demonstrates a lattice spacing of around 0.35–0.36 nm, 
which agrees well with the <002> plane of graphitic carbon [40] (we call it the crystal structure I). The 
second type of C-dot is characterized by a fully crystalline structure, 2–5 nm in diameter (Figure 2g,h). 
A lattice spacing of nearly 0.24 nm was also observed in different studies [78] and corresponds to the 
<100> crystal plane of graphite [40] (crystal structure II). All the observed C-dots were composed of 
multiple layers of graphene as determined by the analysis of electron diffraction patterns (see Figure 
3). Similar carbonic nanostructures have been found in other studies using alternative top-down or 
bottom-up synthetic methods (see References [40,79] and citations therein). Some of the C-dots, which 
possessed an onion-like shape, exhibited an amorphous carbon shell.  

Figure 2. High-resolution transmission electron microscopy (HRTEM) images of individual C-dots
possessing various crystal structures and shapes. These nanoparticles are localized as bright spots
on fluorescence images (a,b). The images (c–h) were obtained in the areas where the bright spots
corresponding to individual luminescent nanoparticles were detected by fluorescence microscopy. The
white bars at the right bottom corners are the 5 nm scale bars. Reproduced with permission from
Ref. [31].

Regarding fine intramolecular structures, two types of particles were resolved in the HRTEM
images. One of them, shown in Figure 2c–f, demonstrates a lattice spacing of around 0.35–0.36 nm,
which agrees well with the <002> plane of graphitic carbon [40] (we call it the crystal structure I). The
second type of C-dot is characterized by a fully crystalline structure, 2–5 nm in diameter (Figure 2g,h).
A lattice spacing of nearly 0.24 nm was also observed in different studies [78] and corresponds to the
<100> crystal plane of graphite [40] (crystal structure II). All the observed C-dots were composed
of multiple layers of graphene as determined by the analysis of electron diffraction patterns (see
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Figure 3). Similar carbonic nanostructures have been found in other studies using alternative top-down
or bottom-up synthetic methods (see References [40,79] and citations therein). Some of the C-dots,
which possessed an onion-like shape, exhibited an amorphous carbon shell.C 2019, 5, x 6 of 48 
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Figure 3. The analysis of TEM images of single C-dots. The crystal structures shown in Figure 1c,g of
this article are presented in enlarged form as (a,d). Fourier transform (FT) of these areas are shown as
(b,e). (c,f) are the cross-sections through the images (a,d) along the white lines. FT and cross-sections
through TEM images show the lattice constant values of 0.35 and 0.25 nm for crystal structures I and II,
respectively. Reproduced with permission from Ref. [31].

Thus, considering the photophysical properties of C-dots, one must account for the versatility
of these carbon core structures and their intra-particle ordering. Such observations are important in
view that the function of carbon core in generating fluorescence emissive states is highly disputable.
Some authors suggest its major role [80]. In contrast, the C-dots possessing an sp3 diamond core
were found not to differ in fluorescence from those with a graphitic one [25]. Recently, a new version
of optically active C-dots was obtained, possessing a nanocrystalline beta carbon nitride core and a
disordered surface shell that hosted a variety of polar functional groups [81]. Being quite different
from common C-dots as sp2-carbon materials, they still possess similar properties, such as strong and
wavelength-tunable fluorescence in the visible region [82]. These data present arguments for only a
passive role of the carbon core in photophysical behavior of carbon nanostructures.

Considering the in-particle ordering and stability, these features are determined by the mode of
particle formation. Persistence in ordering of graphene layers for C-dots formed by a “top-down”
technique is expected, and spontaneous arrangement of them in the case of nanoparticles formed
in “bottom-up” synthesis is possible. But in the latter case, the π–π stacking forces among aromatic
hydrocarbons cannot be strong enough for forming the stable structure [83], since they are known to be
inherently weak (being an interaction among molecular quadrupole moments) [84]. Therefore, much
stronger interactions are expected to play the major role in stabilizing the structures. This may result in
ordering of their terminal polar groups extended to the surface that will be organized in stacks in the
same planar mode and additionally stabilized by electrostatic interactions among them.

In the course of nanoparticle formation, the following scenario can be also realized. The synthesis
of dipolar aromatic fluorophores and their assembly may be the primary factors guiding the ordering
within the nanoparticle by their own π–stacking interactions with the contribution of electrostatic
attraction. The known self-assembled structures of organic dyes are formed in this way [85,86]. In such
multi-chromophore systems, a relative orientation of the dipolar dyes, pointed preferably in opposing
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directions, compensates for their individual dipole moments resulting in strong attraction forces. In
C-dots, those may be the aromatic fragments with carboxylic and hydroxy groups [34] that, with the
inclusion of nitrogen, may be complemented by pyrrole and pyridine derivatives [87] and with the
participation of sulfur—by thiophenes [87]. All of them possess a strongly asymmetric electronic
charge distribution and, thus, the tendency to aggregate in a stacked manner.

If the C-dots are formed in this way of stacking of aromatic dipoles as a primary process,
then the carbonization with the formation of a particle core may proceed later. In a number of
brilliant studies, it was shown that, in C-dots formed by thermal treatment of citric acid + amine, the
aromatic fluorophores and their associates are observed well before the carbonization occurs [18,88–91].
Moreover, the fluorescent C-dots may totally consist of organic dyes [92–94]. As we seen below, these
facts may suggest the principle of formation of ordered H-aggregated structures. Such formation
and ordering of fluorophores may drive the assembly of the whole particle with the carbonization
occurring or not occurring at the latter steps.

2.3. Variability in Quantum Yield, Emission Color, and the Strong Stokes Shifts

Carbon nanoparticles can be fluorescent if they contain carbon and oxygen only, particularly
when they are made from carbohydrates or organic acids. However, their properties can be modified
dramatically if different heteroatoms are included into their structures as the components of precursors
during their synthesis (doping) or by binding after the synthesis (passivation). Doping with nitrogen [87,
95], sulfur [96], and, less frequently, by phosphorous [97] and boron [98,99] atoms is shown to increase
dramatically the fluorescence quantum yield. The most popular nitrogen-doped structures are formed
of citric acid as a carbon source with the addition of ethylene diamine, urea, and amino acids as the
source of nitrogen.

Manipulation with the emission color is important not only for various applications but also
for understanding the electronic states of C-dots, since it is the means to modulate the energy gaps
between the excited and ground states and to observe the excitation–emission correlations. Bright
fluorescence of C-dots is usually observed in the blue or green spectral range when excited at 330–450
nm. Orange-red emission was also reported with the shift of excitation to longer wavelengths together
with the strong decrease in intensity. This fact can be attributed to the heterogeneity of emitters [100]
that appear on inter-particle [31] or intra-particle [101] levels. However, quite recently, scientists
achieved strong emission in this long-wavelength region by variation of precursors and experimental
conditions. This extended the application areas of C-dots including their use in light harvesting
devices [102]. Here, we focused on cases when the most emissive fluorescent band shifted together
with the shift of the correspondent excitation band maximum. These shifts were achieved by doping
(variation of precursors), change of synthesis conditions or passivation (after-treatment).

Multicolor C-dots could be obtained by different oxidative or reductive treatments of citric acid
or ethylene glycol [104]. Hydrothermal synthesis of C-dots in one pot from urea and p-phenylene
diamine resulted in fractions displaying different colors in their emission (with the band maxima
ranging from 440 to 625 nm) [103]. These fractions were separated by column chromatography. Each
of them demonstrated high optical uniformity, so that every sample showed only one peak in the
excitation spectrum and only one peak in the excitation-independent emission spectrum (Figure 4).
All of these fractions were characterized by high quantum yields (up to 35%) in water and quite
similar mono-exponential fluorescence lifetimes. They did not differ in particle size or in the UV
absorption spectra representing the carbon core. The only essential difference among them was the
degree of oxidation at the particle surface. Therefore, the shifts in excitation and emission spectra to red
were associated with the increase in the incorporation of oxygen species into their surface structures.
In a recent publication by these authors [105], the bright red emitting C-dots were obtained from
citric acid and ethane diamine in formamide. Essentially, being excited and emitting light of quite
different energies, these preparations demonstrated quite similar Stokes shifts, suggesting the same
photophysical mechanism of their emission.
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(B), yellow (C) and red (D). Reproduced with permission from Ref. [103].

Adsorption of cations on C-dots surface [106] also favors the strong red shifts of fluorescence
spectra as well as an increase of nitrogen content in starting materials [107]. Phenylenediamine isomers
were used as starting materials for producing the C-dots of different colors [108]. Synthesis of blue,
green, and red C-dots was reported by changing the solvent in the solvothermal reaction of citric
acid and urea from water to ethanol and then to DMF [109]. Also, the sequential passivation with
polyethylene glycol and 2,2′- (ethylenedioxy)bis(ethylamine) (EDA) resulted in the synthesis of the
green, blue, and orange emissive C-dots [110]. The passivation changed the state of oxygen and
nitrogen atoms. In these cases, the spectra were found to be excitation wavelength dependent (Figure 5).
Essentially, the regularity of almost equal Stokes shifts can be observed not only for the main excitation
and emission bands but also for photoselected wavelength-shifted emission.
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Thus, we observed a strong Stokes shifts in the C-dots emission that displayed the general
regularity independent of their structure, precursors, conditions of synthesis and spectroscopic studies,
and excitation and emission wavelengths. They are quite similar to the particles emitting light over the
whole range of the spectrum, from blue to red [111], so that the excitation spectra shift according to
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the shift of the fluorescence bands demonstrates Stokes shifts similar in magnitude. Therefore, clear
separation among these relatively broad bands is commonly observed [11,43,112]. Such spectroscopic
behavior is peculiar for C-dots of different composition with crystalline or amorphous carbon cores or
with the inclusion of nitrogen-, sulfur- or phosphorous-containing groups at their surface. Moreover,
the nanoparticles derived from graphene [59,69] and graphene oxide [12,113] also possess this feature.
As we will see below, it is hard to explain such regularity based on the molecular type of fluorescence
emitters, and, thus, the involvement of excitonic states must be suggested.

The strong Stokes shifts resulting in separation of absorption and emission bands together
with high quantum yields and long fluorescence lifetimes are the key factors in achieving amplified
spontaneous emission and lasing. Laser based on carbon nanoparticles in organic solvents was
demonstrated in References [114,115].

3. The Key Questions to be Resolved

3.1. Why Are Carbon Nanoparticles so Emissive?

One of the mysteries of carbon nanomaterials is their bright unquenched fluorescence emission in
the visible range. Due to the high amount and density of sp2 hybridized islands rich in π-electrons,
such particles are the strongest light absorbers in the UV spectral range. However, they are also
known as the strongest fluorescence quenchers acting as electron acceptors [9]. Graphene [116,117]
or graphene oxide [118,119] were found to be very efficient in quenching all the emission of the dyes
attached to them. Meanwhile, it is known that the fluorescent moiety of C-dots demonstrates strong
electron–donor ability when interacting with external acceptors [55,120]. Moreover, their emission
demonstrates the electron transfer quenching on interaction with other carbon materials such as
graphene oxide and carbon nanotubes [121]. Why, then, is the visible emission not quenched by the
intrinsic aromatic (sp2) carbon clusters?

This is probably because the two types of excited states, those generated by absorbing UV light (that
are potential quenchers) and the emitters generated by visible light are uncoupled. Such uncoupling is
seen in observational experiments of UV emission (at 303 nm) with deep UV excitation [122]. It may be
due to the existing great difference in the energies of these states making negligible the overlap integral
in FRET [71]. Experimental data show no indication of FRET from the UV light absorbers of the first
type to emissive species of the second type which is evidenced by the absence of additional maxima in
excitation spectra in the UV range [68]. In some cases, the excitation band in the UV was still found,
but, surprisingly, the UV excitation may lead to emission in the near-UV that is quite separated from
that excited and emitted in the visible region [123]. Back transfer resulting in quenching is even less
probable. The other explanation that does not disregard the first one is that the structural separation
between fluorophores at the particle periphery and the carbon core is so large that the overlap of their
electronic wave functions is small, and this does not allow the electron-transfer quenching.

The other question is related to the visual light emission itself. Why is there no self-quenching
of fluorescence within the carbon nanoparticle excited in the visible region? It should be noted that
upon formation of π–π-stacked dye ensembles, many new relaxation pathways beyond those given
for dye monomers may become active. It is well known that in aggregated organic dyes and even in
concentrated dye solutions, concentration quenching is a very general phenomenon [124], whereas
the aggregation-induced emission (AIE) [125,126] can be observed only in special cases. Commonly,
AIE is achieved by elimination of direct π–π interactions among the dyes in aggregate with the
aim to retain their molecular-type photophysics and, in this way, avoid concentration-dependent
quenching [127]. A variety of excitation energy traps could appear with the formation of carbon
nanostructures, similar to that of associations of organic dyes [128]. The generally known mechanism
of quenching is the formation of excimers and exciplexes. The term exciplex (excited complex) is
used for general description of an electronically excited molecular complex of definite stoichiometry.
More detailed classification includes homo-excimers (excited dimers) (electronically excited complexes
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formed between identical atoms or molecules) and hetero-excimers (electronically excited complexes
formed between two non-identical atoms or molecules). Traditionally, the excimer formation was
considered as the reason for fluorescence quenching [129] and, indeed, with few exceptions (e.g.,
pyrene derivatives [130]), such complexes are non-emissive, and avoiding them is the problem when
constructing nanoscale fluorescence emitters made of organic dyes [131]. Thus, the nanoparticles and
nanocomposites made of fluorescent dyes are often designed to avoid the excimer formation.

In addition, the non-fluorescent species may be formed already in the ground state as the
charge–transfer complexes and H-dimers [132]. They originate due to the close proximity of the dyes in
their ensemble and their concomitant electronic coupling. Moreover, in networks of organic molecules,
the loss of the excitation energy that competes with the energy transfer among the fluorophores can
follow several mechanisms, and the transfer process may be directed along multiple routes terminating
in quenching. The question is, why does this not happen in carbonic nanostructures? A possible
explanation is the formation of excitonic states, in which the mechanisms of energy propagation and
quenching are quite different. A closer look at the cases of aggregation-induced emission reveals
that, in addition to the high rigidity of molecules in aggregate (suppression of intramolecular loss of
excitation energy), the structural requirements should be satisfied for making impossible the formation
of non-fluorescent associations among constituting dyes [131]. It is hard to presume that all known
cases of fluorescent nanocarbon particles conform to such conditions. Thus, the question as to how the
concentration quenching is avoided in carbonic nanostructures remains without a convincing answer.

3.2. What Determines the Excitation and Emission Peak Positions?

Carbon nanomaterials demonstrate an incredibly broad range of fluorescence emitting colors. The
first reported carbon dots were excited in the violet range and emitted blue light [1], and in most of
early studies the emission was reported in the blue-green range of the spectrum [95]. Nowadays, the
emissive carbon dots covering the whole visible spectral range down to the near infrared have been
reported [133,134]. They emit bright fluorescence with band maxima observed in yellow [135,136],
orange [137,138], and red [78,139,140] colors. The near-IR absorbing and emitting nanoparticles were
recently obtained [141,142]. Thus, the spectroscopic coverage by these emitters is very broad, similarly
to the well-known visible fluorescent proteins [143]. The important difference is that in fluorescent
proteins, the structure is well known down to the atomic level and all the steps of its formation are
well understood, whereas, in our case, the origins of all spectroscopic properties are debated.

The key point of this discussion is the relative role of conjugated sp2 domains within the carbon
core that can be light emitters and energy transfer donors and of the “surface states” that can be
molecular-like emitters [144] or the sites of emissive recombination of excitonic electrons and holes [27].
Some authors consider the role of the core as central [80,113], whereas others suggest as central the
coupling between the surface and the core [145], their dual involvement in emission [146], or complete
absence of core contribution [82,103,147]. In single-particle experiments (see Figure 2) the species with
a crystalline and amorphous core were studied in the same sample, and they demonstrated rather
similar characteristics with respect to their fluorescence [31]. Assuming the concept of the central role
of surface-exposed fluorophores, it is not easy to predict and modulate the emission color based on
their structures and chemical modifications. Moreover, there is evidence that the emissive states are
highly delocalized on the disordered surface shell thus involving simultaneously a large number of
functional groups [82].

It is frequently assumed that all different proposed mechanisms are possible, they can operate
in parallel, and it is the particle design that may provide a preference for one of them. Indeed, the
particle design is very important but, if we stand on this position, our efforts for optimizing the
optical properties will remain empirical. An extended discussion of these issues can be found in a
number of recently published reviews [11,17,43,148,149] from which one can derive the key role of
surface-exposed groups, their passivation, modification, oxidation or reduction in generation and
modulation of fluorescence emission. Presenting many examples, these works show that the surface
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modifications play an important role in controlling the emissive states without altering the electronic
states of the core. Thus, it was found that a strongly red-shifted fluorescence emission could be
achieved by doping the electron-withdrawing fluorine atoms [139]. One of the correlations was found
in heavily doped species of C-dots between spectral positions and the electronegativity of doping
atoms [150]. Doping with the heteroatoms in a sequence of N, S, and Se resulted in strong shifts
of fluorescence spectra to the red (Figure 6). In another study performed on separated carbon dots
fractions, it was found that the fluorescence increased with the increasing degree of oxidation [103].
The dependence of emission color on the extent of exposed carbonyl groups was also reported [151].
The role of this and many other factors that determine the spectroscopic behavior is the major point of
discussion in the current literature. At present, it has not led to a definite answer that can be used as a
guideline for creating materials with optimal and well-predictable properties.
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Of particular interest is the concentration-dependent tuning of fluorescence emission in carbonic
nanoparticles which must be the result of shifts in their association–dissociation equilibrium. The
unexpectedly strong spectral shifts to longer wavelengths with the concentration increase were
observed by several authors [152,153]. Thus, these shifts were reported from 514 to 585 nm [154], 404
to 583 nm [155], and even 400 to 630 nm [156]. This means that carbonic nanoparticles may interact in
solutions, and this interaction substantially decreases the energy of emitted quanta.

The other interesting phenomenon is related to the “bottom-up” synthesis of C-dots. When they
are synthesized in the same reaction pot, the nanoparticle formation may proceed along two or more
parallel routes in well-resolved discrete forms with recognizable spectroscopic properties, instead
of the expected broadly heterogeneous species [134,157,158]. The observed dual emissions can be
excitation wavelength-independent, and these properties can be retained in the solid state [158]. It
was reported that the two blue and orange excitation-emission channels can be disconnected and
excited at two different wavelengths [158]. Reporting on this, some authors believe that the different
emissive sites are formed within the same nanoparticles, e.g., belonging to intrinsic states and also
to solvent molecules connected on the surface [159]. However, in some cases, these forms can be
separated by chromatographic techniques [157,160]. The possibility of selectively bleaching one of
these emissive forms due to the fact of its much lower photostability was shown [161], as well as its
quenching of inter-particle interactions [162]. Single-particle studies [101] have demonstrated that
different resolved spectral forms can be attributed to individual particles, suggesting the possibility of
integrating different types of electronic transitions within the nanoscale composition. Transition from
one emissive form to another may also proceed in the course of synthesis and as a function of reaction
temperature and, thus, it can be thought that carbon particles initially form an association of molecular
fluorophores and then they attain the carbonic core with a dramatic change of the emission [88,91,163].
All this suggests that thermodynamic and kinetic drivers exist for ordering, resulting in quite discrete
supramolecular forms possessing discrete electronic states.
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Summarizing, we state that our present lack of knowledge does not allow for establishing clear
relations between the structure and spectra in a carbon nano-world. What is surprising is the fact that
the carbonic nanostructures—despite their varied history of formation from different sources, their
chemical differences, and the resulting tremendous variability of structures—demonstrate a broad
range of spectral differences and possess quite similar photophysical behaviors.

3.3. Why Are the Strong Stokes Shifts Systematically Observed?

Now we refer to unusually very strong and regular Stokes shifts in carbonic nanoparticles. As
it was demonstrated by numerous authors, the substantial shifts of visible emission with respect to
the excitation band, reaching or even exceeding the level of 3000–6000 cm−1, are quite common for all
fluorescent carbon nanomaterials. It was reported that such strong Stokes shifts are almost polarity
independent when studied in solutions [164] and are retained in solid states [165]. Meanwhile, it is
known that such strong Stokes shifts cannot be generated by molecular forms of aromatic hydrocarbons
if they do not create strong molecular dipoles interacting with polar solvents in the excited states or
participate in some excited-state reaction such as electron or proton transfer.

A molecular view suggests several explanations for such essential losses of excitation energy, and
the involvement of dielectric relaxations in excited states of the constituting fluorophores interacting
dynamically with their environment is one of them. The requirements for achieving such properties are
the strongly distributed charge resulting in a strong dipole moment in the excited state and its location
in a highly polar mobile environment. In this case, the decrease in the excitation energy should proceed
before or during the emission. Indeed, in some studies, the authors detected the solvent-dependent
variations of spectra [78,166–168] and the relaxation-related shifts in time-resolved emission bands
when solution was used [168,169]. However, the magnitude of the observed time-resolved effects was
not sufficient to explain the whole phenomenon. Moreover, the Stokes-shifted emission was found to
be retained in solid state [111] and in cryogenic conditions [26,30] in which the solvent environment is
removed or immobilized as well as in single-molecular studies of isolated nanoparticles immobilized
on support [31].

The other possibility that potentially exists is the formation of fluorescent excimers and exciplexes
due to the pairwise interaction among the fluorophores if they are located closely [170]. When one
of them is excited, it forms a complex with the other, resulting in a strong loss of energy leading not
only to quenching but, potentially, to the red-shifted fluorescence emission. Such cases are known
and can be seen in some arrangements in molecular crystals [171] and conjugated polymers [172]. The
most emissive excimers were described for pyrene. On formation of its excimers in solutions, the
fluorescence spectrum shifts from ~400 to ~485 nm. Inspired by these analogs, the researchers made an
attempt to explain the Stokes shifts in C-dots by constructing the system of multiple excimers [80].
However, as noted above, in most of the known cases, such interactions result in emission quenching.
Therefore, it is hard to imagine that this mechanism can be of general value operating for very
different fluorophores that emit brightly at different wavelengths. The intramolecular excited-state
reactions, such as isomerizations, charge transfer, and proton transfer, may generate strong shifts in the
fluorescence spectra [173,174]. These reactions require a specific arrangement within a fluorophore of
specific groups of atoms and, in view of the diversity of studied structures, it is hard to imagine them
being of general value.

Thus, we cannot explain the observed effects by considering the carbon nanoparticle as a box
packed with aromatic fluorophores emitting individually. However, there remains a possibility that
the fluorophores interact weakly, which allows an energy flow from the short-wavelength excited
to long-wavelength emitting fluorophores within the aggregate. According to FRET theory, such
dipole–dipole resonant interaction among fluorophores does not require their exact ordering and can
propagate on a nanometer scale [174]. The requirement for dipole–dipole resonance is the overlap
of the fluorescence spectrum of the donor and absorption spectrum of the acceptor. Following this
concept, in studies of carbon nanoparticles and considering them as a system of fluorophores, we need
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to consider multiple FRET steps not only because their expectant close location but also because of the
poor overlap between the averaged excitation and emission spectra that is always seen in experiments.
Meanwhile, the experiment does not show evidence for intra-particle energy flow that could result in
strong temporal Stokes shifts [68].

3.4. What Is the Origin of Spectral Heterogeneity and Tunability?

The spectroscopic heterogeneity of most nanoscale carbon samples is clearly evidenced by the
broad unstructured emission bands, their dependence on excitation wavelength, and non-exponential
kinetic traces in fluorescence decay [175]. Continuous shifts of fluorescence emission as a function
of excitation wavelength (see Figure 5) and, correspondingly, of excitation spectra as a function of
recording wavelength are the indications of emission tunability. Such shifts are usually accompanied
with a great loss of intensity [176]. Its origin is strongly debated in the literature and a clear explanation
is presently lacking so that many authors connect it with structural heterogeneity [17,175] and with the
presence of impurities and by-products [177]. In carbonic nanomaterials, this feature is present to a
different extent, from being very strong to its complete absence [99,178,179]. Its relation to the red edge
effects [175,180] seems to be incorrect. Since the spectral selection can be observed also on the “blue
edge” of the excitation band (see Figure 5) and the excitation spectra also shift as a function of emission
wavelength, the most probable is the interpretation in terms of the ground-state heterogeneity [100,181].

Regarding the origin of such spectral heterogeneity, the first question to be asked is whether it
appears within or among the nanoparticles. It may appear due to the structural variety of fluorescence
emitters and to their in-particle interactions leading to selection of their differently shifted excitation
spectra form’s inhomogeneously broadened contour [182]. Shifting the excitation wavelength, one
can produce photoselection of species whose fluorescence is the brightest at this wavelength, and
such an emission spectrum becomes wavelength shifted. Existing methods of preparing carbonic
nanostructures do not allow for excluding this type of heterogeneity. Therefore, it is suggested that
each luminescent particle represents an assembly of different emitters [18] such as the aromatic islands
within the particle core [19] or their charge–transfer complexes [20] formed with polar groups on the
particle surface [21]. Understanding of such possibilities is poor due to the vague knowledge of the
principle of formation of emissive states. The emission may come from several independently formed
fluorophores within the same structure being photoselected by excitation energy. There may also
be the assemblies of fluorophores attaining excitonic properties. Confined within the nanostructure,
molecular or excitonic emitters may transfer their excited-state energy to electron–hole recombination
sites of terminal acceptors that may be variable. With our present knowledge, there is no clarity
regarding these issues.

In many cases, however, the spectral heterogeneity was not observed, particularly for blue [183]
and green [62] emitting carbon dots. Moreover, as it was shown by several authors, the spectroscopic
features of heterogeneity can be removed in purification procedures. Such purified nanoparticles
demonstrate excitation wavelength-independent emission and single-exponential lifetimes [160,184].
In principle, the excitation wavelength independence of fluorescence spectra can be observed in two
cases: when the light emitters in their ensemble are truly identical in spectroscopic properties and
also when the differences exist but they can be averaged on a scale faster than the emission [100,174].
Therefore, it was important to provide single-particle studies on those carbon dots that demonstrated
significant spectroscopic heterogeneity in solutions. It was shown in Reference [31] that single carbonic
nanostructures can exist without in-particle spectroscopic heterogeneity and display single-exponential
decays, though in a population they may differ strongly in these parameters. The features characterizing
heterogeneity in ensembles should be the result of the summation of the individual contributions. In
another study [101], it was shown that intra-particle heterogeneity is still possible. However, it may be
the result of forming associations among nanoparticles since they are able to aggregate (see Section 3.1).
In general, all these data do not support the ideas advocated by different authors: that the excitation
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may travel within the nanoparticles more or less randomly to randomly distributed terminal acceptors
resulting in the in-particle heterogeneity of emission. Direct proof of this mechanism is lacking.

Does the interaction with a solvent influence the spectroscopic properties of carbonic nanoparticles?
The experiments show that their spectral positions may not be significantly affected by the solvent
change [185] or by drying the sample and its studying in solid state [165,186,187]. The study of single
particles applied on a support also show the spectra close to that measured in solutions [31]. However,
in solutions, if the surface-exposed groups are involved in emission, they should interact with the
solvent and we should see some evidence for that. Indeed, solvent effects were noticed modulating
the positions of emission spectra that can be plotted as a function of polarity [165,167,188]. With the
increase in solvent polarity, the red shifts of these spectra were observed, and the shifts reported by
some authors were very dramatic, e.g., from green (530 nm) in toluene to red (620 nm) in water, and
similar changes in color were achieved through their incorporation to polymer matrices of different
polarities [165]. Such effects are similar or even more substantial than that in charge–transfer organic
dyes chosen as polarity indicators [189]. Dielectric polarizability and hydrogen bonding with protic
solvent molecules [166,190] may contribute to this spectral change [167]. Regarding hydrogen bonding,
its effect is local and should involve only small proton accepting/donating surface groups. In contrast,
the dielectric polarization is a collective effect; it requires the dynamic generation of a reactive field in a
fluorophore environment in response to the appearance of its high dipole moment due to the strongly
increased charge separation in the electronic excited state [191]. How, then, is such a dipole moment
formed? In organic dye molecules this happens by redistribution of π–electron density, but it is hard to
comprehend how the electron density is shifted in the case of carbon dots. Does that occur over the
whole nanoparticle or only at its local emissive site?

It is interesting to see if there is a connection between the solvent–dependent shifts and spectral
tunability discussed above. The shifts induced by polar solvation are possible if the fluorophore
environment is highly dynamic on the timescale of emission. If it is, then the effects of inhomogeneous
broadening should not be seen (the dynamics will average the sub-states with different excitation
energies). In contrast, in the case of ground-state heterogeneity, variable species in ensemble will
respond to solvent in a more or less similar way, generating the total solvent effect [181]. In reported
cases, the solvent–dependent fluorescence spectra were not affected by modulation of excitation
wavelength [164,188], indicating that the polarity effects and wavelength tunability were uncoupled.
This suggests considering the nature of carbonic nanoparticles to be highly dynamic. Is this a general
trend? The situation is not so simple, since the solvent–dependent shifts may show spectroscopic
heterogeneity and the emission from two or more poorly resolved emission sites can be involved [192].
Therefore, the absence of easily visible regularity in solvent effects and in their site-selectivity raises
many suggestions regarding the presence of different emissive states that are stabilized to different
extents by the surrounding solvent environment.

3.5. What Is the Photophysical Mechanism Governing the Emission?

In every fluorescent carbonic nanoparticle, we can find atomic structures arranged into aromatic
heterocycles rich in π-electrons that can be located either in the inner core or in outer shell. They
may be attached to the particle surface, and they can be coupled in different ways and may allow the
transfer (and exchange) of electrons, protons, and excitation energy. This transfer can attain collective
characters and propagate as excitons terminating with the emissive electron–hole recombination. Based
on the similarity in spectroscopic behavior with other well-studied emitters, different mechanisms of
the emissive process were suggested and are actively being discussed. Even the question of where the
emissive sites are located [193] do not have a definite answer, since the excitation can migrate among
different sites, and the sites of exciton–hole recombination cannot be easily identified.

The situation becomes even more complicated when observing several emitting sites excited and
emitting at different wavelengths and acquiring the possibility of achieving white color emissive carbon
dots [159,194]. Since these initial excited states subsequently decay through a variety of pathways,
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different mechanisms may be involved here [166,192,195]. Figure 7 illustrates this complicated situation,
in which different frequently discussed interactions and transition pathways in N- and N,S-doped
nanoparticles are illustrated.C 2019, 5, x 15 of 48 
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hybridized core is shown as graphene or graphite flakes embedded in an amorphous sp3-hybridized
carbon matrix. Dopant heteroatoms are shown as colored dots at the edge and within functional groups.
Fluorophores are attached to the surface (stars). The shown processes are (1) π–π* charge transfer from
the inner to outer part of the sp2 hybridized core; (2) n–π* transitions from the edge (white arrow)
or from surface groups into the core; (3) charge transfer from the edge into the surface states and
corresponding sub-bandgaps (orange arrow) or vice versa (blue arrow); both processes mentioned in
(2) and (3) can also involve fluorophores if a transition pathway is possible; (4) intrinsic surface state
transitions. These include sub-bandgaps created by functional surface groups; (5) hydrogen bonding
interactions between the solvent and the surface. Fluorophores are found to be solvent sensitive
and, therefore, assumed to accumulate at the surface. The drawing is not to scale. Reproduced with
permission from Ref. [166].

It is surprising that, with all the diversity of structures, interactions, and excited-state reactions,
all types of fluorescent carbon nanomaterials tend to show several recurrent properties, such as a
bright and broad (60–100 nm in width) fluorescence emission, which can usually be tuned across
the visible range by changing the excitation energy, demonstrating unusually strong Stokes shifts
that are never observed in unmodified aromatic hydrocarbons. The similarity among the different
types of nanocarbons extends to fluorescence lifetimes that are always in the nanosecond time range,
usually longer than that of typical monomeric dyes [69]. The fluorescence quantum yields were
already reported to be relatively high, 30–40% [45,49], and some recent data report a much higher
level [196,197]. On the other hand, random formation of particle surface groups, their modification and
heteroatom doping, and the interaction of these heterogeneously formed surfaces with solvent must
result in microscopic heterogeneity, the issue raised by many researchers. Variation of starting material
composition and of the conditions of synthesis (e.g., temperature, exposition time, pressure) generates
an innumerable number of structural variants. Nowadays, these factors are selected by empirical trials
with the aim to achieve the optimal parameters for various applications.

4. Chromophore Behavior in Nanoscale Ensembles

Since multiple fluorophores are potentially present in carbon nanostructures, the knowledge
of the collective behavior of organic dyes in their crystalline and aggregated forms may help us
to comprehend the origin of their fluorescence. The theory of molecular excitons is central in this
description. By definition, excitons are the mobile neutral quasi-particles in the form of electron–hole
pairs that appear in solid bodies and molecular associations upon electronic excitation [198]. Excitons
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can be considered as the propagating collective excitations in a system of interacting molecules, in
which the participating fluorophores lose their individuality and the whole system responds (emits
light or is quenched) as one unit. The hole is the positively charged site, from which the electron is
abstracted. The electron and the hole remain bound by Coulomb forces. Their propagation is coupled,
so that they carry energy but not the charge.

Depending on the strength of electron–hole bonding, the excitons can be of two major
types [199]. There are Wannier–Mott loosely bound excitons such as those observed in semiconductor
nanocrystals—quantum dots (QDs). They are often called large radius excitons because, in these cases,
the electrons absorbing the light quantum are promoted to conduction band and behave as free charge
carriers. They can propagate to a large distance that is limited only by a crystal or particle size, and
their recombination with the holes results in fluorescence. The other type of excitons that we will
consider is the strongly bound Frenkel excitons. Possessing high electron–hole affinity, they are typical
for the complexes of organic molecules and conjugated polymers [200]. If these excitons are formed in
dye aggregates, the electrons remain localized on molecular sites, while the excitation is coherently
delocalized over many fluorophores [201].

4.1. On the Involvement of Wannier–Mott Loosely Bound Excitons

In the case of loosely bound excitons, the light absorption results in transition of an electron from
the valence band to the conduction band. This generates the motive bound pairs of conduction-band
electrons and valence-band holes, so that the emission is coupled with the loss of energy released on
electron–hole recombination. Electrons and holes are attracted by Coulomb interactions, but because of
dielectric screening, this attraction is weak. The exciton wave function is delocalized, and the exciton
is allowed to move freely. In QDs, the quantized energy levels appear because the wave function
of the exciton becomes confined in all three spatial dimensions. Such a quantum confinement effect
determines the optical properties [202] so that the positions of absorption and emission bands become
determined by the nanoparticle sizes. The smaller they are, the fewer energy levels can be occupied
by the electrons and the greater the distance among their individual levels. Therefore, the decrease
in particle size results in blue shifts of their emission [203,204]. It is because of small bandgaps (the
energy gaps to an electron conductance state) and high dielectric constants that the excitons with such
properties are typically found in QDs. It is a question if these conditions can be realized in carbonic
nanostructures. However, theoretical studies have shown the possibility of generating the loosely
bound excitons in graphene nanoscale monolayers with the inclusion of polar groups at the sheet
edges [205,206]. The evidence for their presence was obtained in experiments on graphene oxide
sheets [207].

In line with this concept, the bandgap in carbonic nanostructures could be generated by the
quantum confinement of the delocalized π–electrons in the conjugated sp2 carbon networks [11,77].
There were many suggestions to attribute the origin of fluorescence emission in the visible spectral
range to the exciton–hole recombination sites [26,27] that could be located on particle surfaces [28]
or on sheet edges [29]. In this case, the exciton propagation length may involve the whole particle
volume [21,23] or the whole particle surface [24,25].

If this concept is correct, then, like in semiconductor nanocrystals, the emission wavelength should
depend strongly on the particle size. Such dependence must be seen when the particles made of the
same material are separated according to their sizes—the smallest should emit blue and the largest red.
Though such dependence was reported by some authors [76,77], its confirmation was not obtained in
later research [208]. In some publications [145,209], the size effects were considered to be important
but screened by more efficient effects of surface states.

Another critical issue of this concept is the difficulty in explaining the large Stokes shifts which
in typical QDs are only ~15 nm from the absorption onset [203]. The exciton free motions and
their recombination do not require significant energy relaxations. High local dielectric screening of
charges needed for formation of loosely bound excitons is the characteristic of low bandgap inorganic
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semiconductors [210]. However, such type of electron delocalization may exist in ensembles of aromatic
hydrocarbons when their surface is exposed to a polar environment, e.g., in short carbon nanotubes
that can be fluorescent [211]. It is not clear if this effect may operate in three-dimensional carbon
nanostructures. Also, the nanoscale systems with loosely bound excitons confined in all three directions
display optically isotropic fluorescence response [212] and because of such isotropic three-dimensional
behavior, the QDs are considered as “dots”. However, in some rare cases the excitation transition
dipole moment was observed (e.g., in single silicon nanocrystals) and it is attributed to local defect
centers [212]. Still, the analogy of carbon nanostructures with such systems is unclear and the numerous
experimental data on C-dots show high level of their optical anisotropy on excitation by polarized
light (see Section 5.2).

These facts witness that the theory of Wannier–Mott loosely bound excitons explaining the optical
properties of inorganic semiconductors may not operate in carbon nanostructures or operate only in a
limited number of cases.

4.2. The Excitonic States in Aggregates of Organic Dyes

The aggregates of organic dyes demonstrate quite different behavior from that of semiconductor
crystals. The collective effects that appear on their association are well described by the theory of
molecular excitons that are often called the Frenkel excitons. Here, due to the absence of essential
dielectric screening, the electron–hole pairs demonstrate stronger Coulomb attraction. Therefore,
they are called the strongly bound or small-radius excitons. As the neutral quasi-particles, they may
propagate through the aggregate while at each instant of time, the electron and the hole occupy the
same molecular site. This process, by which excitons spread in a wave-like manner over spatially
separated molecular dyes is called coherent exciton delocalization [201].

The theory of molecular excitons was developed by Alexander Davydov [213], and it has brilliant
confirmation in studies of molecular crystals formed by organic dyes [214]. In this description,
the aggregates are presented by ordered structures of constituting chromophores with their purely
electrostatic intermolecular coupling but without significant overlap of electronic density. The electronic
excitation is delocalized over many monomers in the form of excitation waves [215], leading to new
spectroscopic phenomena [213]. In order to display them in organic dyes, the high crystallinity in the
aggregates may not be needed, but they should assemble into well-ordered intermolecular arrangements
with a definite packing geometry. The simple model linking this geometry and photophysical properties
is based on a dimer of aromatic molecules that is represented by point dipoles. Suggested by Michael
Kasha [216–218], it was very productive in explaining major spectroscopic effects (Figure 8). This
model was extended to molecular lattices [219] and became the basis of many new developments.

In the primary Kasha model, the point dipoles in the dimer-approximating interacting molecules
are arranged so that the transition dipoles are oriented along their long axes. The electronic transition
energies RE calculated as the functions of their orientation in the dimer. The results demonstrated the
splitting of the excited state energy into two levels occurring due to the electronic state degeneracy. The
model shows that the angle among the transition dipoles determines whether a transition is allowed to
the higher or lower levels. Essentially, if the dipoles have opposing orientations and if the vector sum
of their transition dipole moments is zero, then the electronic transition to the lower level is forbidden
and cannot be accessed by electronic excitation. But the transition to the upper level is allowed, which
provides the possibility of absorbing the light quantum at higher energies (shorter wavelengths) in
comparison to that of a monomer. The emissive level is located on a much lower energy scale, and the
transition from this state to the ground state with fluorescence emission is forbidden. This is the case
of H-dimers.
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Figure 8. The illustration of the exciton model suggested by Michael Kasha for the variations of
energy on electronic transitions of molecular dimers. The H-type dimers formed by side-to-side
associations demonstrate the highly increased energy separation between the absorbing and emitting
states, and, due to the forbidden character, their fluorescence is low. In contrast, in a J-type dimer, the
transition dipoles are in line. They exhibit a strong decrease in transition energy and an increase in the
transition dipole moment enhancing the probability of light absorption together with the red shifts in
the absorption and emission bands. For simplicity, the ground state energies are shown on the same
levels for monomer and dimers [220].

The other limiting case is of J-dimers where the transition dipoles are in line with the molecular
axis of the dimer. In this case, the transition to the higher excited-state level is forbidden but allowed at
the lower level. Consequently, the maximum absorption of the dimer becomes red-shifted relative to
the absorption of the monomer. Since, in J-dimers, transitions to a low energy level on excitation are
only allowed, and the fluorescence emission proceeds from the same level without participation of
vibrational modes, and the negligible Stokes shift is observed. This case approximates the behavior of
J-aggregates, the most typical of which are the aggregates of cyanine dyes [220]. In addition to very
small Stokes shifts between extremely narrow absorption and emission bands, they demonstrate very
short fluorescence lifetimes. This is definitely not the case of carbon nanoparticles in view of their
broad and strongly Stokes-shifted emission bands and rather long nanosecond lifetimes. Therefore, we
will focus our discussion on the properties of H-aggregates only.

The forbidden character of emissive transitions in H-dimers is one of the consequences of the
Kasha model [217]. Meanwhile, in different experiments on H-aggregates, these structures formed of
assembled organic dyes demonstrate fluorescence emission with rather high quantum yields [221,222].
Several explanations were suggested for these discrepancies. One is based on considering the vibronic
contributions to electronic transitions. It was predicted that the effect of exciton–vibrational coupling,
being negligible for J-aggregates, should be strong for H-aggregates [223]. In J-aggregates, the 0–0
transitions among the lowest vibronic levels are the most active, which makes these spectral bands
very narrow and the Stokes shifts very small. In contrast, in H-aggregates, even if the 0–0 transition is
forbidden, the higher excited-state vibronic bands may be optically active. This may result not only in
bright emission but also in large widths of both absorption and emission spectral bands. Thus, the
broad short-wavelength-shifted absorption spectra and the long-wavelength-shifted emission bands
are considered to be characteristic for π–π-stacked H-aggregates [224,225].

The other effect that can make the H-aggregates emissive is the absence of ideal co-planar alignment
of dyes in aggregate, so that each distortion makes the electronic transition partially allowed [226]. The
finite emissive transition probability can be achieved even by slight rotation of the coupled dyes in the
closely π–π-stacked sandwich aggregates [222,225] so that a small level of structural disorder may lead
to highly emissive H-aggregates. In further development of the Kasha model, it was considered that,
at small intermolecular distances, a significant wavefunction overlap among neighboring molecular
orbitals becomes essential and that the charge–transfer interactions may increase the stability of
H-aggregates [227]. The H-aggregates may provide effective short-range exciton coupling due to the
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wavefunction overlap, and this should facilitate their charge–transfer behavior. Finally, the collective
dynamics and interactions in aggregate composed of a number of stacked chromophores can be
different from that predicted by the Kasha dimer model [223,228].

These new experimental facts and developments in the theory required reconsidering the popular
notion that the H-dimers or H-aggregates, if produced by dye association, formeing nanoparticles or
thin films, are always nonfluorescent serving only as the excitation energy traps. The quite common
bright emission of H-aggregates [225,229,230] is recognized by their most easily detected characteristic
feature, which is the strong short-wavelength shift of absorption spectra relative to that of monomers
and the strong long-wavelength-shifted emission.

Interesting was the experimental observation that the H-dimers of cyanine dyes that are
nonfluorescent in solutions can become brightly fluorescent in thin films due to the fact of their
somewhat twisted configuration [224]. Imperfect packing is also expected in polymeric dye structures
and indeed, in oligofluorenes, the emissive H-aggregates are formed by stacking interactions in
the main chain [231]. Moreover, in single crystals of para-distyrylbenzene, the quantum yield of
H-aggregate emission can reach 78% [224]. Rigid dye environment in aggregate can contribute to
suppressing the non-emissive relaxation channels. It was reported that such rigidity and screening
from quenching by water can be achieved by complexation of H-aggregates with calix[4]arenes [232]
or cyclodextrins [127]. Fluorescent H-aggregates allow rather broad variations of intermolecular
configurations [221] including formations of fiber-like structures [18]. They allow broad variability in
the positions and widths of absorption spectra as a function of the number of assembled fluorophores
and of their relative configurations [233]. In all these cases, the fluorescence quenching due to the
energy migration to non-emissive energy traps can be minimal.

The experiments show that the fluorescence spectra of H-aggregates, in contrast to J-aggregates,
are characterized by substantial widths. They can be even broader than in the spectra of constituting
dye molecules. In organic dyes, the broad spectra are due to the presence of pronounced vibronic
progressions forming the spectral contour that are usually hidden under an envelope of a broad
electronic band. In H-aggregate also, different electronic–vibrational transitions are allowed to populate.
Moreover, some transformations of spectra may occur due to the forbidden character of 0–0 transition,
resulting in further apparent bathochromic shifts [226,228]. The presence of strong electron–vibrational
coupling may also increase the fluorescence quantum yield of H-aggregates [234].

4.3. Coherent and Non-Coherent Exciton Transfer

In all cases when more than one chromophore contributes to the light absorption and emission
of each carbonic nanoparticle, we have to consider their interactions within short distances. The
possibilities can exist for the transfer (or exchange) of excitation energy among them. The excitation
energy transfer is the process where the energy absorbed at one site (the donor) is transferred to another
nearby site (the acceptor). Usually, in mechanistic descriptions of these effects in multi-chromophore
systems, the two limiting cases are discussed [235]. First is the incoherent hopping, in which the
excitation energy jumps randomly as a diffusive energy transport among molecular-type forms. Here,
the Förster theory of electronic energy transfer (FRET) [22] is applicable. In these cases, the assumption
of weak donor–acceptor electronic coupling arising from the dipole–dipole interactions (Förster limit)
is satisfied. In contrast, the Frenkel excitons (i.e., electron–hole pairs) spread in a wave-like manner
over spatially separated molecules resulting in the states that behave as new effective light absorbers
that span multiple molecules [236]. Coherent exciton delocalization is the process that creates a regime,
in which the stronger electronic coupling delocalizes the excitation to produce excitonic states. In this
case, the energy donors and/or acceptors are already the excitons shared among strongly interacting
fluorophores (Frenkel limit). Many examples from chemical and biological worlds show that such
coherence effects exist and that they are robust to the presence of disorder and noise [214,237].

In molecular aggregates, both Frenkel-type coherent and Förster-type incoherent energy transfers
can be continuously connected to each other. The collective transition dipoles in molecular aggregates
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can be much larger than the molecular transition dipoles; therefore, the excitonic states may dramatically
accelerate the energy transfer [228]. Some authors call such acceleration a “super-transfer” [238]. In a
system of identical fluorophores or excitons formed by them, multiple steps of excited-state energy
transfer can be realized according to the FRET mechanism. This process is often considered as exciton
diffusion, in which the coherence is lost [230]. A modified version of Förster theory, accounting for the
role of excitonic donors and acceptors promoting energy transfer, was developed [239]. Essentially,
fluorophores (excitons) participating in this Förster-type resonance excited-state process do not lose
their individuality. Before transferring the excitation, the donor energy becomes thermally relaxed,
the phase relationship in dipole–dipole resonance is lost, and the energy migration dynamics lose the
electronic coherence. Different types of energy transfer in molecular systems are depicted in Figure 9.
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Figure 9. Different cases of excitation energy transfer in molecular chromophore systems. (1) Coherent
exciton delocalization in stacked aromatic fluorophores. (2) Super-transfer among such systems of
delocalized excitons absorbing and emitting in different colors. (3) FRET between exciton and molecular
dye, in which the dye emitting at short wavelength (blue) is the energy donor. (4) FRET in which the
excitonic system is the donor and molecular dye absorbing and emitting at longer wavelengths (red) is
the acceptor.

There are many examples of systems in which the coherence in energy transfer is preserved. They
include some conjugated polymers [240] and pigment clusters found in systems of photosynthesis [241,242].
Excitons in these aggregates can be delocalized across many fluorophores and may show both coherent
and incoherent energy transfer. When the dimension of the structure is reduced to a size comparable to
the critical distance of energy transfer, its modulation can be possible by variation of nanoparticle size
(but not to such an extent as in the case of loosely bound excitons).

The other important factor is the interaction of excitons with the lattice phonons (the collective
vibrations of the lattice) that include the vibrations coupled to optical transitions [243]. Such interaction
causes the loss of coherence in excitonic coupling. But it is favorable for FRET, since it increases the
matching in energy between donor and acceptor and, improving the resonance conditions, increases
the transfer probability. Therefore, due to the increased phonon population, the FRET rate rises with
the increase in temperature. Such dependence is lost in cryogenic conditions.

Excitons can be electronically coupled among themselves. Such interactions can lead to two
exciton bound states, called biexcitons. Experimental evidences for biexciton states were found
in molecular aggregates [244]. Interestingly, no signature of biexcitons is found in the J-aggregate.
The co-facial stacking of the molecular components in the H-aggregate system, resulting in strong
exciton–exciton interaction, is the origin of this effect. The biexciton states are characterized by gigantic
two-photon absorbance [245], which may have relation to still unclear two-photonic properties of
carbonic nanoparticles (see Section 5.5).

A remarkable change in color can be observed on some C-dots aggregating in solutions (see
Section 3.2) and, when comparing them in liquid and aggregated states [246], one can find its
explanation. It can be suggested that the coherent exciton transfer operating within the particle is
complemented by incoherent hopping on the particle aggregation.
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4.4. Exciton Self-Trapping

An important factor that has to be accounted for in the photophysics of molecular aggregates is
the localizing influence of static and dynamic disorder in a molecular ensemble. It limits the coherence
range of the exciton by establishing a balance with the delocalizing influence of resonant intermolecular
coupling. Coherent exciton delocalization is not ideal also, because it can be modulated and even
disrupted by molecular vibrations, particularly by the collective lattice vibrations (phonons). In organic
materials, the excitons interacting with its surroundings can couple to these vibrations resulting
in a significant nuclear relaxation in the participating molecules that accompanies the electronic
excitations. Such dynamic localization, produced by coupling to internal and external vibrational
modes, imperfections of aggregates, and additional disorder induced by the environment restricts the
size of the exciton wavefunction up to its localization at a particular site [247]. The suppression of a
phonon-coupled exciton motion that occurs in such a deformable lattice and which prevents its further
propagation is called exciton self-trapping.

This self-trapping not only stops the exciton mobility but also decreases its energy, and, thus, a
large reduction in energy by several hundred millielectronvolts can be achieved. Hence, it modifies not
only the transport but also the optical properties of excitons. The magnitude of this change is connected
directly with the strength of the exciton–phonon coupling [248]. The local geometrical distortion of the
trapping site that needs the input of energy is a direct consequence of self-trapping. The interplay
between energy loss and geometrical deformation determines the site of exciton immobilization. Since,
at this site, the ground state becomes destabilized, the excitation energy decreases, resulting in the red
shift of the measured emission spectrum. Because of this, in the stacked molecules of organic dyes, the
exciton self-trapping may result in the appearance of huge Stokes shifts. The self-trapping strength
increases if the excitons are created along molecular stacks of participating dipolar molecules that
induce strong polarization of the surroundings [249]. Since the excitation energy transfer from the
self-trapped excitons is suppressed, this results in high polarization anisotropy of emission.

It should be emphasized that the scenario of the exciton self-trapping is very different for the
Frenkel and Wannier–Mott excitons [250,251]. It was shown rigorously that the self-trapping in
one-dimensional Frenkel excitons is realized without barrier [252], while for the Wannier–Mott excitons
it proceeds by overcoming the self-trapping barrier [253]. The presence or absence of a self-trapping
barrier is a factor that allows for distinguishing the two mechanisms. It can sharply affect the
temperature dependence of the exciton dynamics.

A first attempt to attract researchers to molecular excitons as the means to explain the properties
of carbon dots was made [80]. The authors suggested that the model system should comprise three
types of polycyclic aromatic hydrocarbon molecules (i.e., pyrene, perylene, and anthracene) embedded
in a polymer matrix. In some sense, this model simulates the spectroscopic behavior of C-dots by
explaining the Stokes shifts. These shifts are attributed to the exciton self-trapping in its hydrocarbon
core. Still, the self-trapping of excitons was not proved and, since then, it remained a good idea.
In other research [27], the propagation and self-trapping of the hot (thermally unrelaxed) carriers
within the nanoparticle were considered within the Wannier–Mott exciton model. The observed
high level of polarization of C-dots emission seemed to be in support of this idea. Meanwhile, the
absence of a change in their emission intensity at the variation of the amplitude of the applied electric
field [27] together with the arguments presented above calls into question the applicability of the
Wannier–Mott [199] exciton model.

Thus, from the basic photophysics we derive that the exciton self-trapping owing to the strong
exciton–phonon interaction must dramatically change the photophysical and spectroscopic properties.
However, a consistent atomistic understanding of the underlying processes is still lacking, which
impedes the application of this powerful theory to carbon nanosystems.



C 2019, 5, 71 22 of 50

4.5. What Is Special in H-Aggregates of Organic Dyes?

Focusing on excitonic H-aggregates of organic dyes, several prejudices have been revised in recent
years that allow for a broader view of the appearance and properties of excitonic H-aggregates. Let me
count them:

(1) The H-aggregates are nonfluorescent. This is not true. Such statement comes from the
Kasha dimer model (Figure 8) showing that, with an ideal collinear arrangement of interacting
dipoles, the emissive electronic transition is forbidden. However, as it is discussed in Section 4.2,
their bright fluorescence emission is observed in many cases, and the mechanisms that remove
these restrictions are many. They include non-ideal relative location and orientation of coupled
chromophores, intramolecular vibrations and their coupling, and the coupling with lattice vibrations
(phonons) [227,234].

(2) Molecular disorder destroys the exciton coherence in H-aggregates. This may be true but only
when this disorder is static and if it exceeds some (not well established) limiting value [223]. In the case
of its existence, the excitons are delocalized only over some part of the system [254]. The decreased
delocalization (coherent length) is determined by the competition between intermolecular coupling
strength and structural disorder, so that, with the increase of disorder, a shift to a more localized
emission mode is expected [255]. Dynamic disorder is different. It is produced by fluctuations of
the monomer transition frequencies or by intermolecular couplings that are faster compared to the
exciton transfer [227]. Operating on a very fast time scale, it may even be favorable for the display of
H-aggregate fluorescence.

(3) The chromophores forming fluorescent H-aggregates should be identical in chemical structure.
No, this is not true. The heterogenic H-aggregates can be formed, and their excitonic coupling can
be efficient. The necessary condition for efficient hetero-aggregates is their resonant coupling (that
includes electron–vibrational coupling) that can be also achieved among dissimilar monomers [256].
This fact was proved in the studies of different systems, including the dye assemblies in solutions
coupled by their dipole–dipole interactions [257], the mixed films incorporating different dyes [258],
and also the dyes assembled on a DNA scaffold [259].

Figure 10 allows for comparing of electronic state energy diagrams for isolated fluorophore
molecules and for the H-aggregates of organic dyes. In all cases, the light absorption was an ultrafast
process. Molecules, if they do not participate in coupled reactions, after their electronic and nuclear
relaxations, emit light or decay in a non-emissive way to the ground state S0 from the same electronic
energy level S1. The fluorescence emits from the same vibrationally relaxed excited molecule. In
contrast, in the π-conjugated H-aggregates, as in dimers (Figure 8), due to the fact of their electronic
conjugation, the light absorption drives the system to the higher level of the split excited energy state
S1. The energy is distributed over a number of molecules, and the relaxations that precede the emission
are more dramatic, resulting in a strong decrease in excitation energy. Here, the propagating exciton
is coupled with the phonon modes. The motions of the nuclei coupled with phonons result in the
exciton self-trapping occurring on a very fast (sub-picosecond) timescale with a change of nuclear
geometry [233]. Thus, both electronic and nuclear sub-systems are reorganized in time on an ultra-fast
scale, generating the self-trapped excitons that become the emissive species. The fate of such exciton
is diverse. It can emit light, propagate in a diffusive manner (by FRET), be quenched or exhibit the
intersystem crossing into the triplet state, T1, with the emission of phosphorescence. All that can
further lower the energy of the excited state.
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variation of energies of absorbing and emitting quanta. The vibrational modes of intramolecular and
intermolecular origin and the coupled nuclear transformations as well as non-emissive decay processes
are not shown.

In this way, the excitons demonstrate very interesting properties. Their absorption is dominated
by completely delocalized excitations, while fluorescence comes from the recombination of self-trapped
excitons at the localized sites [260]. The exciton self-trapping, the effect of torsional disorder, and the
localization of excitations in aggregates are all consequences of the strong nonlinear coupling between
electronic and vibrational degrees of freedom leading to the concentration of excitation energy in these
localized states.

Summarizing this section, I presented the two versions of exciton theory that are applied in
order to explain the optical properties of carbonic nanostructures. The concept of Wannier–Mott
excitons is borrowed from the theory and experiments in semiconductor physics. Regarding Frenkel
excitons, their origin comes from the crystals of organic dyes. The latter are the small-radius excitons
that are characterized by propagating electronic excitation but without the free electron motions in
the conduction zone, since they are bound to correspondent holes residing in nuclear structures.
They are easily recognized in spontaneously formed dye aggregates of the J and H type. Due to
electronic band splitting, the H-aggregates display strong Stokes shifts and, because of involvement of
electron–vibrational and electron–phonon interactions, their electronic spectra are broad. The energetic
advantage of forming the H-aggregates in multi-chromophore assemblies is their arrangement in
sandwich-type stacks stabilized by attractive dipole–dipole interactions in which the transition dipoles
can be parallel and inversely oriented to each other. They can collectively act as the donors or acceptors
for other groups of molecules to which they are weakly coupled. They can form localized (self-trapped)
states that can produce highly polarized emission.

5. The Novel Excitonic Concept

Whereas the “molecular view” is dominant in the discussions of fluorescence mechanisms of
carbon nanoparticles [18,93,144], suggesting molecular emitters located in the particle core [19], being
extended to the surface [20] or forming the whole particle [94], there are spectroscopic properties that do
not fit. In addition to the discussed above (Section 3.3) systematically observed very strong Stokes shifts,
carbonic nanoparticles may possess the fluorescence lifetimes, τF, that are unexpectedly much longer
than that of typical organic dyes (e.g., fluorescein and rhodamines [261]). Their reported τF values
can be found on the level of 10–11 ns [262,263] and, in some reported cases, up to 15 ns [264], being at
similarly high levels in solutions and solid state [265]. In addition, their appreciable room-temperature
phosphorescence was found, even in those carbon dots which were made of only light atoms and
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could basically display only weak spin-orbit coupling [266–268]. These nanoparticles demonstrate
very high two-photon absorption (TPA) cross-sections (on the level of 40,000 GM) combined with high
luminescence quantum yields [24,269], whereas similar properties of molecular fluorophores can be
achieved only with a very special design and still at a low levels of emission intensities. This unique
behavior of nanocarbon particles is not always observed and reported, but there are many relevant
documented cases in support. They need to be explained.

Our focused interest on molecular excitons was inspired by the success in understanding
photosynthetic light harvesting systems [235,270,271]. Excitonic states of natural pigments in
photosynthesis increase substantially the absorption cross-section for incident light without the
cost of dissipative processes that might result from diffusive trapping of excitation energy absorbed
by a weakly coupled aggregate of molecules. The described mechanisms underlying the ultrafast
dynamics of excitons, electronic couplings among the excitonic states, rapid trapping of exciton in the
lowest state being captured by the exciton manifold, and other interesting events may be relevant to
the systems that we overview here. Our primary aim was to establish this relevance.

5.1. Carbonic Nanoparticles as Collective Emitters

Exciton in molecular aggregates is considered as a collective quantum emitter in a sense that
constituting chromophores lose their individuality and respond to electronic excitation as one unit.
The observation of a “superquenching” effect is a simple test for that. When any quencher regardless
of the mechanism of quenching interacts with any unit of the excitonic system, not only this unit but
the entire system becomes quenched [272,273]. This effect explains the very efficient quenching ability
of all types of carbon nanostructures and is explored in different chemical sensor applications. Thus,
the detection limit for sensing mercury cation [274,275] as well as of many other metal ions [276,277]
reached several nanomoles.

Both electron donors and acceptors are able to efficiently quench the fluorescence emission of
carbon nanoparticles [120] which suggests the participation of these quenchers in the scavenging of
the surface-confined holes and electrons. The photo-generated electrons can be used for the reduction
of different compounds including CO2 conversion and obtaining H2 from water [278]. The disruption
of the electron–hole radiative recombination resulting in quenching occurs locally, but the whole
nanoparticle may provide the mechanistic framework in harvesting of the photo-generated electrons
for productive purposes [279]. The observed superquenching effect is likely a result of an amplified
energy transfer occurring in the C-dot due to the exciton propagation, analogous to another system
exhibiting Frenkel excitons, the conjugated polymer nanoparticles [280,281] and J-aggregates of cyanine
dyes [282,283].

The methods of single-molecular spectroscopy allow for obtaining information about the
photophysical behavior of individual nanoparticles. Thus, the superposition and averaging of
the characteristics of many particles leading to static disorder can be avoided. Modern techniques allow
for obtaining the fluorescence spectra and decay rates of a selected nanoparticle and tracing its emission
in time until it is bleached. A temporal development among different states can be followed within a
broad time range, and not only can the short-range populated intermediate states be identified [284]
but the long-range behavior as well. The particles can lose their fluorescence reversibly (blink) and
irreversibly (bleach); thus, a focused search could respond to questions if they do that as one unit or in
multiple steps demonstrating the presence of a number of fluorescent sites within a single nanoparticle.
This allows for distinguishing the fluorescence response between the assembly of molecular-type
emitters and collective emitters, the excitons. The emission of several exciton traps in parallel is not
excluded [285].

Moderate blinking of C-dots have been reported [286], and it was also observed that they can be
photobleached when studied in solutions [287]. The experimental data obtained with single C-dots
deposited on cover glass plates [31] demonstrate the characteristic single-step transient blinking and
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photobleaching (Figure 11). They suggest the presence of single excited-state levels in each particle
that can be reversibly or irreversibly inactivated in one step.
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Figure 11. On–off intermittency and bleaching of carbon dots [16]. (a) The photoluminescence time
traces (1–2) of two individual C-dots with “green” emission [31]. The emission intermittency varies
on a scale from short off-states near several milliseconds, to longer ones on the order of hundreds of
milliseconds. (b) Representative traces of a reduced particle showing one emission intensity level and
single-step bleaching (1), and another one demonstrating multiple fluorescence intensity levels (2)
before bleaching [286]. (c) The traces observed for CDs showing single-step bleaching in the presence
of ascorbic acid, an electron donor (1), methyl viologen, and an electron acceptor (2) [288].

Figure 11 represents data from different authors. It was reported that oxidized C-dots display
the single-step on–off behavior [286]. Regarding the reduced C-dots, the signatures of multiple
steps were also observed, which may be the result of formation of additional defect-related emissive
traps but also of particle aggregation. The two-state blinking was reported by one more group of
researchers, and the ability of its tuning by an electron acceptor serving as molecular quencher was
demonstrated [288]. As mentioned above, such a superquenching effect is characteristic of excitonic
states [289]. A correlation was found between the brightness and bleaching rates [290]. Due to the
fact of these properties, the C-dots were successfully applied in different versions of super-resolution
microscopy (nanoscopy) [31,291,292].

Interesting is the blinking statistics derived from experiments on blue-green [31] and yellow-red
emitting [293] single C-dots with amorphous core structures studied on a solid support. In both cases,
the statistic of the off-state durations extending from 0.05 s to tens of seconds could be well fitted
with a power law function. Such temporal behavior was observed both at room and at cryogenic
temperatures [293]. This regularity was also observed for semiconductor nanocrystals, where the
fluorescence intermittency originates from the statistic of trapped charges within a particle or on
its surface [294]. It seems to be universal for different nanoscale emitters [295]. In contrast, for
dye molecules, the blinking statistic is typically exponential. Thus, it may be suggested that the
stochastic dynamics of intermittency is governed by photo-induced energy fluctuations generating the
exciton traps.

Thus, we come to an important conclusion. The carbon dots represent a class of integral
quantum emitters, the observed intermittency of which demonstrates the stochastic two-state (on–off)
switching. Such all-or-none bleaching and blinking behavior [31] provides strong support for the idea
of considering the C-dots as the excitonic H-type aggregate emitters [16]. In all aspects, they behave
as collective emitters with its particular energy gaps, so that their exciton length may extend to the
whole nanoparticle.
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5.2. Optical Anisotropy and Macrodipoles

One of the mysteries of carbonic nanomaterials is the fact that they generate highly polarized
fluorescence emission. When studied in ensemble-averaged conditions, in the solid state, the emission
anisotropy reaches its limiting value [27] and, in viscous solutions, it decays on the timescale of the
emission (ns) starting from a high initial level [193]. It demonstrates rather homogeneous spectral
behavior, being almost independent of excitation and emission wavelengths [27,68]. The loss of
anisotropy in time, when studied in solutions, can be typically explained by rotational diffusion of
nanoparticles [296]. Indeed, anisotropy was observed to be strongly viscosity dependent. However,
with the account of the size of particles and solvent viscosity, their rotational correlation time should
be much longer, of the order of tens-hundreds nanoseconds, so that on a time scale of fluorescence
decays, the whole-particle rotational mobility should not provide an important effect [68]. Therefore,
some other depolarizing factors must be involved.

Putting together the results of numerous observations, we note a paradox. On one side, some
strong spectroscopic relaxations are manifested leading to dramatic Stokes shifts. On the other side,
they still occur with the retention of the initial orientation of the excitation and emission dipoles that
must be witnessed for the rather simple dynamics of the relaxation process.

Demonstrating the presence of anisotropic absorption and stimulated emission in different
solvents, a much faster decay of anisotropy was found in water [168]. The authors connected this
observation with the excited-state proton transfer reaction, in which the exposed polar groups of C-dots
serve as proton acceptors. Indeed, such reactions can proceed in picoseconds, and they may result in
polarization loss and substantial Stokes shifts [173,297]. However, this proposed mechanism cannot be
universal, since it requires the involvement of specific groups on the particle surface.

The ideas based on the exciton concept have started to be applied to resolve these issues. The large
values of anisotropy across the spectra were attributed to localization of excitons. Considering the
Wannier–Mott loosely bound exciton model (see its critics above), it was suggested that the observation
of linearly polarized florescence can be due to the recombination of hot carriers [27]. According to this
interpretation, the excitonic states being excited to the conduction band generate hot carriers where
the momentum alignment and anisotropy excited by the linear polarized light are conserved during
the emission. In this case, the carriers should not be thermalized; otherwise their emission should
lose polarization. However, the arguments presented for that are not convincing and conflict with a
commonly accepted view that, in molecular systems, the vibrational relaxation is one of the fastest
events [298]. In semiconductor QDs, such cooling rates, which are due to the coupling with lattice
vibrations, are observed in early picoseconds, which is faster than the emission rates by approximately
three orders of magnitude. Meanwhile, for special cases of QDs [299] and halide, perovskites [300]
were described for which the electron carrier cooling was greatly retarded. In these cases, a slower
carrier cooling was achieved when the spacing among their discrete electronic levels was much larger
than the phonon energy. Slowing the electron cooling was also described for nano-sized graphene
sheets [300], but it may not be realized in C-dots lacking the well-ordered graphene core.

Important is another aspect that can be derived from the measurements of optical anisotropy.
Since the whole particle is seen as a collective quantum emitter, this emitter can be excited directly
possessing a fixed linear excitation transition dipole, and this dipole should not change its original
orientation in the excited state. If so, then the well-documented effects of solvation [167] should be
attributed to the dynamic interaction with the solvent of this dipole. Experiments provided on a single
particle level have shed more light on this issue [31,293].

The single-molecular studies suggest a straightforward way for measuring the orientation and
dimensionality of the excitation transition dipole moment (TDM) by scanning an emitter through the
focal region of an azimuthally polarized laser beam [212]. Figure 12a–e shows the excitation patterns
of individual fluorescent C-dots, for which the TDM is oriented along the plane of support [31]. The
image of every nanoparticle is represented by two nearby bright spots of elliptical shape, which
correspond to a fixed linear excitation TDM. Fixed orientation of the pattern indicates that the TDM



C 2019, 5, 71 27 of 50

did not undergo reorientation during the acquisition time. The orientation and dimensionality of
the emission TDM can be determined using defocused imaging [301]. Observed images, as seen in
Figure 12f–j, can be very well fitted with a model that assumes that the emission originates from a single
fixed dipole [31]. Comparison of the excitation patterns and defocused images of the same individual
C-dots showed that both excitation and emission transition dipoles of the particles were oriented
parallel to each other within the error of measurement. This finding implies that each nanoparticle has
only one optically active fluorescent site which is directly excited by the laser light without any energy
transfer from other optically active groups [31,168]. No change in orientation of the dipole moment
was observed on blinking which demonstrates that the structural anisotropy is the inherent property of
these nanoparticles and it is responsible for the existence and orientation of dipoles. Therefore, these
nanoparticles cannot be considered zero-dimensional “dots” [16].
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As a possibility to describe the optical anisotropy, one may also take into account the involvement
of charge–transfer (CT) excitons [247,302]. They were introduced as an intermediate case between
Frenkel and Wannier–Mott excitons and, as a small electron–hole separation may exist, they may be
considered as a version of small-radius excitons. This theoretical concept was applied in ionic crystals
to analyze the cases when the electron and the hole occupy adjacent molecules and are coupled by
electrostatic force. Their interesting features are the formation of a large static dipole moment and
high efficiency in the generation of self-trapped states. They can also couple with Frenkel excitons
to attain new features [303]. When the energy difference between the lowest Frenkel exciton and the
nearest-neighbor charge–transfer excitons becomes small, then their strong mixing determines the
nature of the lowest energy states. The high polarization of electronic spectra is characteristic for these
states. Regarding carbon nanostructures, this issue was not elaborated.

5.3. Strong Two-Photon Absorbance

The requests for very bright fluorophores for two-photon biological imaging have brought the
attention of researchers towards carbonic nanostructures [304]. Compared with traditional one-photon
fluorescence microscopy, two-photon imaging has the advantage of generating high-energy visible
fluorescence from low-energy excitation in the near-IR region. The nonlinear effect of the dependence of
light absorption on illuminating light intensity allows for forming very sharp images in the microscope
focal plane. In this respect, the properties of carbonic structures were found to be outstanding. Already,
in the initial steps of studying the C-dots, their two-photon cross-section σ was estimated to be of
the order of 40,000 GM (Goeppert–Mayer units, 1 GM = 1 × 10−50 cm4 s/photon) [305]. Similar or
even higher σ values were reported later [24,306] and the high two-photon absorption efficiency of
G-dots and GO-dots was also demonstrated. These values have made the carbonic nanoparticles
competitive to the best-performing semiconductor QDs [269]. They showed to be considerably better



C 2019, 5, 71 28 of 50

than the best performing molecular organic dyes [307]. Thus, regarding the dyes commonly used in
microscopy [308], this difference is by about three orders of magnitude (for fluorescein and rhodamines
σ ~30–50 GM).

Such superior performance cannot be explained just by assembling individually emitting molecular
fluorophores (two quanta arriving simultaneously excite single fluorophore according to its σ value).
On the molecular level, the general trends for improving the two-photonic absorbance are known.
They are focused on providing the planarity and high π–electronic conjugation within the molecule
and on inducing its dipolar, quadrupolar, and higher-order asymmetry. How are these rules realized
in the best performing G-dots and C-dots? This issue is obscure, and the only clearly seen fact is the
strong modulation of the two-photon absorbance by doping with nitrogen [24] or boron [98] atoms.

The solution to this issue can be found if we draw an analogy with the more deeply studied
associates of organic dyes. We can find that their theoretically [309] and experimentally [310] analyzed
cooperative enhancement of two photon absorption is due to the generation of excitons. In this regard,
also, their performance is dramatically different from the behavior of organic dyes assembled in
detergent micelles [311] or polymer conjugates [312], in which high performance is achieved due to
only to the local concentration effects. Within the frame of exciton theory, the intensive nonlinear optical
response could be explained by the occurrence of the large oscillator strength generated by one or few
delocalized excitonic states. Such states can be generated already in dimers. Thus, the excitonic effects
arising in butadiene-linked porphyrin dimers show a large σ value, ~104 GM, which is 500 fold higher
than that for the parent monomer [313]. A gigantic increase of σ was also reported for dendrimers
formed of pyrene core and fluorine dendrons [314]. A connection was found between the two-photon
absorbance and the extent of π-conjugation [315]. Despite the absence of full understanding [307], the
cooperative effects that appear in molecular aggregates are well documented and have started to be
explored for dramatic enhancement of the two-photon absorption efficiency [310]. Thus, the analogy is
straightforward, but its detailed analysis is lacking.

5.4. Molecular Disorder and Relaxations

Now we refer to the mechanisms of the broadening of the fluorescence spectra in carbonic
nanostructures. Their fluorescence spectra usually have a full width at half-maximum (FWHM) of
80–100 nm and more, which is of similar value and sometimes larger than that of common organic dyes.
If compared to semiconductor quantum dots with their typical widths of 25–30 nm, such difference is
dramatic. This fact is an additional witness for the fundamental differences in excitonic properties
among these systems.

There is a common way to distinguish the homogeneous and inhomogeneous broadening
components in electronic spectra. The homogeneous line width is determined by electron–vibrational
and electron–phonon interactions that result in the fluctuations of transition frequency [316]. These
fluctuations are very fast processes; therefore, by variation of excitation energy (wavelength) within
the absorption band, no photoselection among different sub-sites can be achieved on a timescale of
fluorescence emission. In H-aggregates, the transitions from the ground state to different excited-state
electron-vibrational levels plus the interactions with lattice phonons form the homogeneous contour of
the spectrum.

An indication of strong coupling between electronic transitions and lattice phonons was obtained
in single-particle studies [31,168]. It was noted that all the individual fluorescence spectra of C-dots
contained tails at the side of lower energies. Deconvolution of spectra into two Lorentzian components
allowed assigning the lower energy satellite peak to the excitation of optical phonons coupled to the
radiative recombination of the charge carriers. According to these data, the energy band separation
that corresponds to a coupling between electronic transitions and phonons lies in the range of 100–140
mEv. In view that the interactions between electrons and lattice vibrations result in a bound state with
a decreased energy, as compared to a system without such interaction (stepwise localization of electron
and hole [243]), the phonon energies could be estimated. The processes of excitonic relaxation from
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upper to lowest excitonic states inside the excitonic zone generating the Stokes shift should be almost
independent of the temperature. Such temperature-independent fluctuations within a manifold of
these levels result in broad and structureless spectral bands.

Inhomogeneous broadening is different. It is caused by static disorder in the population of
fluorophores due to the fact of their distribution on interaction energies with the environment [181]. It
can be both static and dynamic, and the transition from dynamic to static mode can be seen in cryogenic
studies as a dramatic reduction in the line width and Stokes shifts, the appearance of zero-phonon lines,
etc. [317]. Resolving these cases by applying cryogenic experiments could contribute to the progress
in understanding the photophysics of carbonic nanostructures. If the C-dots are the ensembles of
emitting molecules and the molecular motions and the electronic relaxations coupled with them exist
in ambient conditions, these motions should essentially be frozen in cryogenic experiments.

Two low-temperature regions were distinguished in these studies [30]. With a temperature
decrease to 80 K, the fluorescence band steadily increased in intensity together with a correspondent
increase in lifetime, but underwent a rather small shift or narrowing [26,30]. In other studies provided
in this range, a stronger shift to shorter wavelengths was observed together with the band narrowing
and increased variation of its position as a function of excitation wavelength [318]. The suppression
of thermally activated processes may be observed in this range; they may include the relaxations in
interactions with a dipolar solvent that freeze on cooling. According to our results (Figure 13), the
decrease of fluorescence quenching on cooling in the entire measured temperature range, from 300 K
to 10 K, was not associated with the change in the rate of fluorescence emission. This result is very
unusual, since in molecular fluorophores in condensed media, thermal quenching is always dynamic
and results in the decrease of lifetime [319]. In contrast, in excitonic systems, this can happen due to
the generation of exciton traps that must be temperature dependent. In this case, it can be observed as
static quenching.C 2019, 5, x 29 of 48 
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The other region from 80 K down to 10 K demonstrates a quite different behavior. Here, no changes
in spectra are observed. The emission intensities and the lifetimes remained temperature independent.
Thus, no additional signatures of suppressed molecular relaxations were detected in the experiment [30].
Essentially, as it is seen in Figure 13, the emission band remained very broad and strongly Stokes-shifted
from the excitation band. This behavior does not depend on the excitation wavelength which suggests
the absence of inhomogeneous broadening contributions to the spectra [181]. One may notice that, on
deep cooling, the spectra remaining with temperature-independent intensity are even more highly
shifted to longer wavelengths compared to the room-temperature spectra. This is a result of the
appearance of phosphorescence contribution that is quenched at higher temperatures (see below).

Such a remarkable difference in the C-dots’ behavior in two temperature regions fits to the Frenkel
exciton concept explaining the presence of a strong Stokes shift and the absence of its variation in
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deep cryogenic conditions. In this case, in contrast to Wannier–Mott excitons, the relaxation from
the upper to the lowest excitonic states inside the excitonic zone occurs without activation energy
and, therefore, must be (almost) temperature independent [250,252]. Based on these data, it was
suggested that the most general feature of carbon nanoparticles, the very large Stokes shifts and the
considerable differences between the absorption and excitation spectra, are the result of formation of
the dynamic defect which is the self-trapped Frenkel exciton. The exciton–lattice interaction and the
local overheating that is caused by the exciton relaxation at the trapping site generate the dynamic
formation of the distorted domain in the H-aggregate.

5.5. Triplet State Generation

Usually, carbonic nanoparticles are formed of only light atoms which results in a small dielectric
constant and weak spin-orbit coupling. Therefore, their ability to provide the singlet-triplet conversion
and generate the phosphorescence emission may be expected as weak. In the world of organic
molecules, only the dyes that include heavy atoms (such as tetra-bromo derivative eosin and tetra-iodo
derivative erythrosine) are brightly phosphorescent in aqueous solutions. Such emission can be easily
distinguished from fluorescence by strong wavelength-shifted emission bands and the longer lifetimes
by many orders of magnitude. It is known also that the surrounding rigidity of the dye favors the
phosphorescence and, thus, increases the range of phosphorescent dyes [320]. Aggregation of dye
molecules [218], their insertion into solid matrices [321], and removing oxygen from the medium [322]
or deep freezing of solutions [323] favor the appearance of phosphorescent emission. In carbon
nanostructures, heavy atoms can be present as the components of starting materials in synthesis, as
the result of their after-treatment or as impurities. The conditions of particle rigidity and protection
from diffusion of oxygen can also be realized. Accordingly, the phosphorescence of C-dots was
detected when they were incorporated into solids, such as polymer films [324]. In H-aggregated
molecular assemblies of organic dyes, a bright room-temperature phosphorescence was achieved in
solid powders [325] and even in water solutions [326] due to the fact of their special design [327].
Meanwhile, the basic mechanism of their triplet exciton generation [321,328] remains unclear as well
as in nanocarbon systems.

In our cryogenic studies of C-dots, an unexpected broadening of the emission band extending to
longer wavelengths was observed (see Figure 13a), suggesting the contribution of a new luminescence
band strongly shifted to longer wavelengths. For a more detailed analysis, the emission spectrum at 10
K was deconvolved into two Gaussian functions. The long-wavelength component was characterized
by very long lifetime (0.64 s) and, therefore, it was attributed to phosphorescence [30]. Its intensity and
lifetime were independent of temperature in the 10–80 K region, but, above 80 K, these parameters
started to demonstrate a strong dependence with the characteristic activation energy derived from
Arrhenius plots of approximately 25 meV. This suggests that the quenching of phosphorescence is due
to the fact of a single activational dynamic process.

Such behavior of ultra-long phosphorescence emission may be connected with the generation of
triplet excitons. It was found recently that these excitons can be generated through intersystem crossing
in associates of simple organic molecules [329] and their crystals [330], even if they do not contain heavy
atoms. Since the planar organic molecules can be coupled in H-aggregates, this provides an effective
means of stabilizing and protecting the triplet excitons. Their generation is favored in H-aggregates
formed by the charge–transfer dyes [39]. It was observed that the duration of phosphorescence in
H-aggregates may be much longer than that of constituting molecules, by several orders of magnitude,
reaching the level of second [327,329].

6. The Basic Model of Excitonic States

As we have seen from the discussion in previous sections, the ability of forming the Frenkel-type
excitonic states must be determined by molecular structures that allow realizing the electronic nature
of the π-conjugated systems. The electronic coupling within these systems determines the pathways of
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formation and the thermodynamic stability of the H-aggregates and of their photophysical properties.
Meanwhile, it is very difficult to employ the theoretical background elaborated on the models of
molecular crystals, conjugated polymers or dye dimers and aggregates to carbonic nanostructures.
The greatest problem is in versatility of these structures. It is hard to single-out the “basic” structure,
for which the fundamental mechanism generating the emissive state(s) should be clearly seen, and to
consider other possible mechanisms as “modulating”. Still, I will try to do that based on experimental
data obtained for the most typical carbonic nanostructures and the knowledge of exciton behavior in
molecular aggregates.

6.1. The Role of Particle Core

In elucidating the mechanisms of emission of carbon nanoparticles it is quite natural to study
separately the photophysical transformations leading to emission in the nonpolar particle core and
polar particle shell. The role of the carbon core is one of the key issues discussed in the current
literature. In G-dots, the sheets forming the core are the necessary element of the structure [162]. In
other carbonic nanostructures, these core elements may be present or not, and, if present, they can
be seen in crystalline or amorphous forms (see, e.g., Figure 2). Therefore, it can be expected that the
primary role of the core is in stabilizing the structure by constituting the planar sheets interacting
among themselves by van der Waals interactions. The magnitude of these weak interactions among
the planes should provide a stabilizing effect. These sheets, being analogous to nanographenes [331],
may extend to the particle surface and terminate by the charge–transfer fluorophores that combine
nonpolar and polar fragments. In this way, the planar layered core structure may guide the planar
arrangement of the latter.

In cases when the core structures are represented by clusters of aromatic π-electronic groups of
atoms, they can perform their own optical activity [80]. However, their ability to be organized into the
excitonic H-aggregates is expected to be low. Probably, dependent on their design they can serve as the
independent emitters or as the FRET donors [146]. But their more general contribution to generated
emission is expected to be in providing the characteristic pattern of exciton–phonon interactions to
emitting excitonic structures [31,293] as discussed in Section 2.2. In this role, the core, whatever it is,
can mediate a complex interplay between electronic and vibrational processes and participate in the
self-trapping of excitons and also in enhancing their emission.

6.2. The Role of Particle Shell

The key role in generating and modulating the optical effects should be attributed to the particle
shell that is the target of many modifications and solvent-induced perturbations dramatically changing
the spectroscopic behavior [17,103,148,151]. In the course of synthesis and structural modifications,
the shell can be formed of structurally asymmetric amphiphilic charge–transfer fluorophores [20,332].
Recently, the arguments have been presented for attributing this role to the coupled π–electron system
with carbonyl groups [151]. For being at the interface between the nonpolar core and polar solvent,
their most energetically favorable configuration can be achieved if they are planar and extend the
polar groups to the surface with or without the structural guidance by the particle core. These
surface-exposed fluorophores should be arranged in stacks, which is typical for the self-assembly of
organic dyes [85,86].

The dense stacking arrangement of fluorophores may be stabilized by stronger dipole–dipole
interactions [85,333] due to the charge transfer properties of the partners [334] and, particularly, by
the electrostatic complementarities between the electron-rich and electron-deficient regions of the
stacked aromatic groups. Increased stabilization can be provided by electrostatic interactions between
complementary charges of the neighbors [335]. This is the most energetically favorable configuration
for the formation of the H-type excitons.

Here, the analogy with the so-called quasi-one-dimensional (1-D) molecular crystals can be
seen. They are formed by planar aromatic molecules arranging in 1-D face-to-face stacks with the
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appearance of their overlapping electronic π-orbitals [336]. In the case of “top-down” synthetic
procedure, such preferential arrangement of surface-exposed fluorophores must be realized by
after-treatment of an already formed core that can operate as a template for surface modification by
polar groups [337]. Regarding the “bottom-up” (e.g., solvothermal) synthesis, the stacks of aromatic
heterocyclic fluorophores may appear on the first steps of synthesis [144,264], ahead of carbonization
and core formation. This core–shell (or shell-only) configuration of fluorophores stabilized by
complementary positive and negative charges [85] are the sites of binding-release of protons and
ions of different signs. The presence of both electron donating and electron accepting groups of
various strength may explain the remarkable electrochemical properties of carbon nanoparticles [338]
and their high efficiency in different redox reactions that involve both donation and acceptance of
electrons [120,339,340].

6.3. The Self-Trapped Excitons and Their Emission

The essential feature of excitons is not only their ability to absorb light collectively as one unit
formed by a π-conjugated network but also to emit light locally at the electron–hole recombination
site. Our model, schematically presented in Figure 14, depicts the most general sequence of events
occurring with light absorption and emission in H-aggregate forming carbonic nanostructures.C 2019, 5, x 32 of 48 
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Figure 14. The proposed model of excitonic H-aggregate as the light-emissive functionality of C-dots,
illustrating the mechanism of their emission. The fluorescent H-aggregate is formed by side-to-side
stacking of aromatic groups resulting in their π–electronic coupling at the particle shell. The major
sequence of events is (1) absorption of light quantum by H-aggregate as an integral quantum system,
(2) exciton propagation and transition to self-localized state, and (3) the emissive electron–hole
recombination at the self-trapped site.

These events could be the following. Light absorption by an H-aggregate located within the
particle shell possesses all the features of collective excitation that propagates over the whole excitonic
unit and demonstrates its characteristic features, such as the strong one-photon absorbance and gigantic
absorbance of multiple photons, short-wavelength position of the absorption band, and high transition
dipole moment. The propagating exciton has many possibilities to decrease its high energy. If it is
quenched, it can exhibit the superquenching effect as well as blinking and bleaching (see Section 5.1). It
can also demonstrate the intersystem crossing that results in conversion to triplets with the appearance
of phosphorescence emission (see Section 5.5). However, the fastest and the most efficient will be the
intra-band relaxation provided by the exciton–phonon interaction as discussed in Section 4.4. Such
relaxation proceeding without an activation barrier allows for achieving a high efficiency of energy
conversion and its release in the form of emission. It allows for avoiding the dissipative processes that
might result from diffusive trapping of excitation energy that could be unavoidable in weakly coupled
aggregated fluorophores.
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The ultrafast attainment of the self-trapping exciton localization site occurs with the aid of
collective vibrations (phonons) creating a dynamic defect. As a result, the exciton appears in the state
of the lowest excited-state energy, and some part of this energy is released in the form of ultrafast local
heating. This brings a local distortion of structure that breaks the H-aggregate stacking configuration
with the neighbors and results in a change of angle α between their dipoles (see Figure 14). As it was
suggested [30], the distorted local fluorophore arrangement attains the properties of J-aggregate. (Such
H- to J-transformation is known in molecular aggregates [341].) This opens an allowed transition for
the emissive decay from this localized site, and, therefore, the fluorescence can be highly polarized and
with a high quantum yield. Since the emission of J-aggregates is always shifted to longer wavelengths,
this explains the strong Stokes shift.

Thus, this model suggests mechanistic realization of proposed earlier surface energy traps, the
existence of which was noted in the pioneering work on fluorescent C-dots [1] and postulated in many
subsequent studies [17]. The essential features of this mechanism are elaborated and illustrated here.
They include the “antenna effect” in light absorption, the excitation energy transformation involving
conformational variables coupled with collective vibrations, and the emission from the trap site. We
present the view that, mechanistically, the exciton transport in carbonic nanostructures is similar to
that in molecular aggregates of organic dyes and features strong resemblance to that in photosynthetic
antenna systems [236,271]. A similar level of coherent effects is expected to play an important role in
carbonic nanostructures.

7. Concluding Thoughts and Prospects

In conclusion, we have to recognize that, despite tremendous efforts and an innumerable number
of publications, the research community still has not achieved a clear understanding of the origin of
fluorescence emission of carbonic nanoparticles and the means to optimize their desired properties. The
broad structural variability, unavoidable in conditions of synthesis from multiple predecessors and along
multiple commonly hidden routes, creates a diversity of interpretations. Such a situation obviously
generates statements, such as “the unique interplay between electronic states of different nature” or
“the different surface state and groups govern the emission”, which explain nothing. These difficulties
are expected, since we are addressing materials that are always complex, possessing heterogeneous
compositions and high structural disorder, and variable in size or under the influence of surface effects.
Meanwhile, as it was often noted, these nanoscale emitters demonstrate surprising general regularities.
The similarities of spectroscopic behavior between G-dots, GO-dots, and C-dots [11,12,69] allow us
to believe that they have a common origin. We observe that passivation and doping by different
heteroatoms change dramatically the spectroscopic properties of different carbon nanostructures
shifting their emission strongly to the red [133,134]. It becomes the actual task to understand how
this changes the of energy of excitonic states. The common origin between C-dots and GO-dots
demonstrating green emission was attributed to surface states with the participation of carboxyl and
carbonyl groups [69]. Attachment of heteroatoms may dramatically change the configuration and
energetics at these sites, as they serve as exciton traps. Many routes can be followed to optimize their
properties if we start to understand the photophysical mechanisms in the background of these effects.

With an attempt to comprehend these general features, the researchers try to explore their
preceding theoretical and experimental knowledge by finding the analogs with previously studied and
better characterized systems. A number of such analogs was suggested (e.g., short sheets of aromatic
islands, clusters of organic dyes or semiconductor-like nanocrystals), but they are still not accepted
broadly due to the presence of opposing arguments. Thus, are these carbon nanosystems that we
study unique? Should we develop new physics to explain their properties? In my opinion, no. The
closest systems that could be suggested are the molecular aggregates demonstrating the excitonic
effects. Therefore, the present work was motivated by the necessity to provide critical analysis of the
photophysical behavior of carbonic nanoparticles based on the well-developed physical theory of
molecular excitons.
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Being suggested for explaining the properties of crystals and self-assembled aggregates of
organic dyes, the concept of molecular excitons has developed into a powerful theory applied for
the analysis of different phenomena as diverse as the conjugated polymers and biological systems of
photosynthesis. Excitonic states are considered a powerful mechanism to substantially increase the
absorption cross-section for incident light and display a high efficiency of energy conversion and release.
In molecular systems, their formation provides the means to reduce dissipative processes that might
result from diffusive trapping of excitation energy in a weakly coupled aggregate. Thus, molecular
excitons demonstrate the features of which many scientists working in research and application of
carbonic nanostructures are not well familiar. Moreover, these features are quite surprising, since it is
hard to imagine a single quantum system that is able to absorb the light quanta collectively and emit
them locally. Based on this property, different aspects of nanocarbon behavior can be explained, as it
was described above.

With our present knowledge, we can formulate only a very general framework for considering the
carbonic nanostructures as the excitonic H-aggregate systems. We have to complement the obtained
results with our understanding of the precise mechanism of exciton self-trapping and photon emission
and to connect them with the properties of real structures. We have to find the ways to optimize these
properties in design and construction, carrying on the idea of the presence of a hidden reserve that has
yet to be revealed and explored.

I assume that many experimental findings in our field may not fit the above presented integrated
view based on excitonic concept or may request its further development, but its ability to serve a
platform for discussion and analysis may appear fruitful. Standing on this platform, we can address
different questions of fundamental value. Many of them could be directed to the H-aggregates that
are able to generate the excitons serving as the structurally determined antennas for absorbing and
transforming the light quanta and to the coupling of these processes with molecular and lattice
vibrations. In fact, there are the vibrations that may be considered as noise, but there are those that
allow the H-aggregates to demonstrate bright fluorescence emission. All that happens in the presence
of static disorder, and the understanding of the extent of this disorder that could allow the carbonic
nanoparticles to be emissive is very important.

Other questions have to be addressed to the structure, location, and properties of exciton
self-localization (trapping) sites. Are they arranged randomly or, in contrast, according to some
hidden deterministic rule? The dynamics of excitons are thought to be dictated by competition
between the delocalizing effect of electronic coupling among the H-aggregate elements and the
localizing influence of electron–phonon coupling. Then, the exciton self-trapping is induced by the
amplitude of fluctuations occurring on their ultra-short (fs-ps) characteristic timescales. Accordingly,
the self-trapping is accompanied by re-arrangement of the structure by local heating within this time
range. To what extent? Should it be coupled with a very small change in the equilibrium coordinates
of vibrational modes that can induce the surprisingly rapid localization of the exciton? The multiplicity
of these processes and their occurrence on an ultra-fast scale compared to emission complicate their
studies. Finally, we have to explain the results that depend on many factors leading to the versatile
and highly efficient emission.

Many new discoveries are expected with carbonic nanostructures. We have entered a new
exciting world of knowledge full of intriguing and nontrivial questions for experimental and
theoretical work. The prospect is bright, but the road is difficult for a unified understanding of
complex quantum phenomena that are in the background of carbonic nanoscale emitters. Based on
this understanding, a clear vision should appear, and new areas will be opened for technological
developments and applications.
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