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Abstract

Carbon nanodots (CNDs) are the latest nano-sized carbon materials having unique properties such as
biocompatible, highly photoluminescent, and nontoxic which are suitable for diverse applications
including lighting, sensing, bioimaging, and biochemical analyzing. CNDs could be synthesized by
top-down methods in which graphite is fragmented into nano-sized graphene dots. Alternatively,
CNDs could be formed by a bottom-up synthetic strategy where organic molecules are fused together
via complex condensation and carbonization processes. Although a great number of organic molecules
have been used successfully to prepare CNDs there are very few CNDs that exhibit the quantum size
effects. The absorption and emission properties of bottom-up synthesized CNDs rely vastly on
molecular-like fluorophores which are the intermediates formed during the fusion of molecular
precursors and are incorporated into CNDs in the later states of carbonization processes. This review
aims to demonstrate recent understandings on the formation of intermediate fluorophores and their
contribution to the optical properties of CNDs.
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1. Introduction

Inorganic quantum dots (QDs) such as CdX and PbX (X=S, Se, Te) provide fine-tunable nano-
sized building units for the construction of diverse nanoarchitectures for a wide range of applications
including (but not limited to) solution-processed optoelectronics, fluorescence-based sensors, and
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fluorescence-based probes. However, the inherent toxicity related to heavy metals inhibits their
practical applications, especially in bio-related fields [1]. Therefore, the development of biocompatible
QDs have been strongly demanded to replace Cd-based QDs in various biological and medical
applications. Since the first report in 2004 [2] water-soluble and fluorescent carbon nanodots (CNDs)
have attracted increasing researches that have now described CNDs to be low-toxicity [3], tunable
emission color in the visible and near infrared regions [4], low cost [5], [6], and applicable to diverse
fields including light-emitting diodes (LEDs), photocatalyst, bioimaging, and sensing. Nevertheless,
the chemical structure and luminescent mechanism of CNDs are still not fully understood. In this
review, we will address the recent understandings on the structure of CNDs as well as the contribution
of molecular-like fluorophores to the optical properties of CNDs. We indeed hope that this review can
provide understandings on the relation between the chemical structure and the optical properties of
CNDs, especially bottom-up synthesized CNDs that could help ones to design CNDs for target
applications.

2. The evolution of the structure of bottom-up synthesized carbon nanodots

Carbon nanodots (CNDs) or carbon quantum dots (CQDs) were fist observed by X. Xu and
coworkers as fluorescent nanoparticles when they purified carbon nanotube from arc-discharge soot
[2]. The fact that the aqueous solutions of nanoparticles exhibit intense luminescence in the visible
region has attracted increasing scientists to explore CNDs in diverse aspects with the hope to replace
Cd-based quantum dots in many applications where the toxicity of materials is concerned. CNDs
became a new member of zero-dimensional carbon nanomaterials as shown in Fig. 1 [7]. The structure
of a CDN was modeled as an assembly of polycyclic aromatic hydrocarbons (PAHs) attracting
together via n-m interactions or being embedded in a carbogenic matrix, Fig. 2a [8]. PAHs alone surely
follow the quantum confinement effects, i.e. the energy gap decreases as the size of PAH increases.
Therefore, when CNDs compose of a few layers of PAHs, which are usually named as graphene
quantum dots, the CNDs will exhibit the quantum size effects, e.g. the emission color red-shifts as the
diameter of CNDs increases, Fig. 2b [9], [10]. Shuit-Tong Lee group used an electrochemical
oxidation method to cut graphite rod into CNDs having a diameter ranging from 1.2 to 3.8 nm and
demonstrated size-dependent fluorescence [11]. Recently, F. Yuan and co-workers demonstrated that
triangular CNDs prepared by hydrothermal treatment of phloroglucinol exhibited narrow emission
spectra and quantum size effects [12].
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Figure 1: The classification of carbon nanomaterials according to the dimensionality. Carbon
nanodots is a new member of 0D dimensional carbon nanomaterials in which the charges are confined
in all three dimensions [7].
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Figure 2: a) Schematic structure of a carbon nanodots; b) The size-dependent energy levels of
graphitic carbon nanodots [9].
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In the cases of inorganic quantum dots such as CdX and PbX (X=S, Se, Te) the capping ligand
could be exchanged from one to another to tune the solubility while almost maintaining the band gap
of the dots. One of striking characters of CNDs is that their electronic structure is strongly influenced
by the surficial functional groups, especially in the cases that CNDs have one graphitic layer [13]. S.
Jeon observed that the bandgap of CNDs synthesized from graphene oxide decreased with increasing
the number of amino functional groups [14]. The effects of the functional groups could be understood
from DFT calculations based on naphthalene model shown in Fig. 3. Both -CHO and —-NH> change
significantly the HOMO and LUMO energy levels because the conjugation system which is regarded
as the confinement space of PAH extends to the functional groups. Because of the covalence bonds
between PAH and surficial groups the confinement space needs to be treated not only PAH but also
the surface groups. The absorption and emission of CNDs that involve orbitals influenced by surficial
groups such as HOMO and LUMO shown in Fig. 3 are affected by solvation medium due to the local
interactions between solvent molecules and the functional groups, Fig. 4 [15], [16] .
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Figure 3: Effects of functional groups and solvation medium on the energy levels. DFT calculations
were conducted on naphthalene model using B3LYP function using 6.31g basic set. -CHO and —NH,
were used as functional groups.
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Figure 4: a) Normalized emission spectra of CNDs dissolved in different solvents. Adapted with
permission from ref [15], Copyright 2016, American Chemical Society. b) Effects of solvent polarity
parameter (E1(30) on the emission energy of CNDs synthesized from (a): o-phenylenediamine, (b): m-
phenylenediamine, and (c): p-phenylenediamine [16].
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Figure 5: The excitation dependence of photoluminescence of CNDs is attributed to the energy
transferring among PAHs within CNDs. Adapted with permission from ref [8], Copyright 2015,
American Chemical Society.
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Figure 6: a) The contribution of molecular fluorophore (blue) and carbogenic core (black) to the
emission of CNDs obtained at different pyrolysis temperature. Adapted with permission from ref [17],
Copyright 2012, American Chemical Society. b) IPCA fluorophore accounts for the high
photoluminescence of CNDs synthesized from citric acid and amines. Adapted with permission from
ref [18], Copyright 2016, American Chemical Society. ¢) Molecular dynamics shows the self-
assembling of IPCA and PAHs into quasi-spherical CNDs in an aqueous medium. Reprinted with
permission from ref [19]. Copyright 2021 Elsevier.

In addition to contribution of surficial groups to the optical properties of CNDs the interactions
among PAHs within CNDs that could even lead to ultimate orbital hybridizations [20] make the
electronic transitions within a CND be more complicated. M. Fu and coworkers demonstrated that a
physical mixture of anthracene, pyrene, and perylene exhibited excitation-dependent
photoluminescence that was similar to CNDs synthesized from citric acid (CA) and ethylenediamine
(EDA) [8]. The authors explained the excitation dependence of CNDs to be due to the fact that subsets
of PAHs can be excited at different wavelength and the resultant excitons migrate to the larger PAHs,
Fig. 5.

In parallel to top-down synthetic strategy, there have been number of methods to prepare CNDs
using molecular precursors which could be either pure chemicals or components extracted from
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natural resources. The bottom-up synthetic strategy uses heat to induce series of condensation and
carbonization reactions that fuse precursors into CNDs. M. J. Krysmann [17] found the existence of an
amide fluorophore that is formed by pyrolysis CA and EDA at 180°C. The fluorophore contributes to
the emission of CNDs in addition to a carbogenic core and its contribution decreases as the pyrolysis
temperature increases, Fig. 6a. The fluorophore was recognized to be 5-oxo-1,2,3,5-
tetrahydroimidazo[ 1,2-a]pyridine-7- carboxylic acid (IPCA) [21] which is an intermediate formed via
condensation between CA and EDA. IPCA dominates the optical properties of CNDs, Fig. 6b [18],
[22]. The formation of IPCA can occur in aqueous medium, poly(vinylalcohol) [23], Poly(methyl
methacrylate) [24], and even on the surfaces of carboxyl-terminated CNDs [25]. By using theoretical
calculations, M. Otyepka group showed that IPCA molecules assembly via w-7 interactions to form
seeds of CNDs and they also stack with PAHs forming CNDs [19], [26]. The structure was also
confirmed by NMR spectroscopy [27].
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Figure 7: A model of CNDs containing PHAs and molecular fluorophores embedded in a carbogenic
core. The quantum confinement effects, surficial functional groups, interactions between PAHs, and
type of fluorophores influence the optical properties of CNDs.

To sum up, there are more than one factors that influence the optical properties of CNDs depending
on the complexity of the CND structure as illustrated in Fig. 7. A bottom-up synthesized CND usually
contains surface simple groups, PHAs, molecular-like fluorophore, and carbogenic matrix. The surface
simple groups such as —-COOH, -NHa, -OH, or alkyl determine the solubility of CNDs in different
solvents and the reactivity of CNDs to other reagents when ones regard CNDs as a starting material to
construct multiple functional materials. PAHs themselves exhibit quantum size effects that could
extend to the surficial groups. Additionally, PAHs tend to assembly via n-m interactions that enhance
the energy transferring from the smaller PAHs to the bigger PHAs [28], [29] and account for the red-
shifting of the emission spectrum upon increasing the excitation wavelength. Molecular — like
fluorophores act as an emitting center in CNDs and in many cases, they determine the emission color
of CNDs. We will summary some important fluorophores that have been reported so far.
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3. Blue-emitting fluorophores
3.1. Citrazinic acid

Andrey L. Rogach group prepared CNDs from citric acid (CA) and ammonia using a solvothermal
method in either aqueous or supercritical ammonia conditions and demonstrated that the absorption
and emission properties of CNDs arise from citrazinic acid fluorophore [30]. The results were further
improved by theoretical calculations [31]. The CNDs exhibit a distinct absorption band at 341 nm
corresponding to m-m* transition in citrazinic acid fluorophore whose formation was proposed in Fig.
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Figure 8: a) The absorption spectra of CNDs prepared from citric acid and ammonia in aqueous (aq-
NH; CDs) and supercritical ammonia (sc-NH3; CDs) in comparison with the absorption profile of
citrazinic acid. b) The formation mechanism of citrazinic acid [30].
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Figure 9: a) Microwave-assisted synthesis of CNDs from citric acid and ethylenediamine; b) The
evolution of absorption and according to irradiated time and ¢) temperature [6]. d) The formation of
IPCA via intramolecular condensation between citric acid and ethylenediamine [32].

B. Yang and co-workers reported the synthesis of highly photoluminescent CNDs with a quantum
yield of 80% by hydrothermal treatment of citric acid (CA) and ethylenediamine (EDA) [33]. Later
studies by the same group explained the absorption and emission of CNDs to be due to IPCA which is
an intermediate formed via intramolecular condensation between CA and EDA, Fig. 9d [32]. In
parallel, CA and EDA undergo intermolecular condensation forming polyamide that is further
carbonized together with IPCA forming CNDs as theoretically modeled in Fig. 6¢. IPCA can also be
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formed under the ambient pressure when a solution of CA and EDA in glycerol is heated by
microwave irradiation, Fig. 9a-c [6]. As the reaction temperature increases continuously IPCA starts to
form at about 170°C and reaches the maximum concentration at 210°C. At higher temperature, IPCA
joint carbonization process forming CNDs. [PCA fluorophore gives and distinct absorption band at
350 nm and an excitation-independent emission spectrum at 440 nm [32]. Additionally, ICPA is the
main source of the broad excitation-independent photoluminescence of CNDs synthesized from CA
and EDA [22].

In a similar synthetic scheme, L. Shi and co-workers used citric acid and L-cysteine or cysteamine
to prepased N,S-doped CNDs and demonstrated that molecules including 5-oxo-3,5-dihydro-2H-
thiazolo [3,2-a] pyridine-3,7- dicarboxylic acid (TPDCA) and 5-ox0-3,5-dihydro-2H-thiazolo [3,2- a]
pyridine-7-carboxylic acid (TPCA) are the fluorophores that account for the absorption and emission
properties of CNDs, Fig. 10 [34].
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Figure 11: The formation of 5- and 6-membered ring fused 2-pyridone by the condensation between
B- or y-functional amine with citric acid [35].

By heating mixture of citric acid and diverse B- or y- functional amines at 180°C W. Kasprzyk and
co-workers found various five- or six-membered ring fused 2-pyridones, respectively, whose emission
quantum Yyield could be high as 79% [35], Fig. 11. The scheme shown in Fig. 11 would be a good
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guideline for ones to construct doped CNDs for target applications. Nevertheless, the emission color of
the fluorophores is almost in the blue range where other materials such as polyamide [36], carbogenic
matrix also emit.

4. Green-emitting fluorophores
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Figure 12: a) The synthesis and purification of different CNDs; b) the absorption spectra of CNDs in
comparison with citrazinic acid or HPPT [37]. ¢) Proposed formation mechanim of HPPT [37], [38].

Urea (URA) and ethylenediamine have been used widely as N-precursor to synthesized blue-
emitting CNDs. Moreover, multiple-color emitting CNDs have been prepared successfully by varying
the CA/URA molar ratio and/or reaction temperature [39]. The color tuning was reasoned to a
variation in surface states [40], [41], quantum confinement effects that include the graphitic domain
and edge functional groups [39]. W. Kasprzyk [37] and V. Strauss [38] conducted pyrolysis CA and
URA in different conditions followed by purification, Fig. 12a and chemical analysis and pointed out
that citrazinic acid or 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6 (2H,5H)-trione (HPPT) fluorophores
are formed respectively in closed or open reactors. CA and URA form form a eutetic mixture in which
CA and URA molecules bond together via hydrogen bonding. Upond heating CA is dehydrated
forming anhydride whiel URA dissociates into ammonia and isocyanic acid. Ammonia condenses with
the anhydride intermediate to form citrazinic acid that could further react with isocyanic acid forming
HPPT as shown in Fig. 12¢ [37], [38]. HPPT accounts for a broad absorption band at 410 nm and
excitation-independent emission at 540 nm of CNDs [37].

5. Red-emitting fluorophores

Using either hydrothermal or pyrolysis methods CNDs derived from citric acid (CA) usually
emitting in the blue or green region. H. Lin group used formamide instead of water and could
synthesized red-emitting CNDs from CA with an emission quantum yield of 22.9% [42]. The CNDs
exhibit an absorption band centered at 550 nm and excitation-independent emission maximized at 640
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nm. The authors clamed that the red-emission to originate from surface-related surface states [42]. K.
Hola and co-workers used a solvothermal method with formamide as solvent, CA and URA as
precusors to prepared CNDs which were further purified by mean of column chromatography into
different color CNDs [43]. The red-emitting CNDs have an emission quantum yield of 4.0%, a broad
absorption band around 550 nm and emission maxima at 640 nm. The author correlated the color
shifting from blue to green, yellow, and red to increasing graphitic nitrogen in CNDs [43]. H. Ding
and coauthors using a similar solvothermal method to prepared CNDs from CA and EDA and obtained
red-emitting CNDs having a emission quantum yield of 53% [44]. The CNDs exhibit an absorption
band around 564 nm and excitation-independent emission at 627 nm that was attributed to nitrogen-
related surface states [44]. Likely, formamide solvent was the key factor resulting in red-emitting
centers in CNDs. Nevertheless, the preparation of red-emitting CNDs has enhanced the deployment of
CNDs in a number of biology applications [45].
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Figure 13: a) The transformations of 4 using oxidant (Na2S>Og) and reductant (NaBH4) in comparison
with rCNDs and yCNDs. b) The transformations of 4 by solvothermal treatment. ¢) Transformations
of rCNDs into yCNDs by reduction or solvothermal treatment. d) The formation mechanism of
molecular fluorophores [46].

To study the molecular origin of red-emitting CNDs prepared in formamide solvent, Y. Reva and
co-workers conducted solvothermal synthesis of CNDs from CA and EDA in formamide with or
without NaOH and found that NaOH caused the formation of yellow-emitting CNDs (yCNDs) while
red-emitting CNDs (rCNDs) were formed in the absent of NaOH [46]. By using mass spectroscopy
and comparing the absorption profiles of CNDs and molecular fluorophore (denoted as 4 in Fig. 13d)
the authors proposed the red- and yellow-emitting centers in yCNDs and rCNDs to originate from 4.
The formation of fluorophore could be briefly presented in Fig. 13d [46]. First, CA and EDA
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condensated to form citrazinic 1 which further dimerized to form 4. 4 could be oxidized either by
Na;S;0s (Fig. 13a) or solvothermal treatment in dimethyl formamide (DMF) (Fig. 13b) to form
various fluorophores including 7 that was incorporated in rCNDs and act as red-emitting center. When
4 was reduced by NaBH4 (Fig. 13a) or by solvothermal treatment with NaOH in DMF (Fig. 13b) it
formed various forms including 11 which accounts for the yellow emission of yCNDs. The molecular
origin of red-emission in rCNDs was further confirmed in Fig. 13c that show the absorption band was
dismissed when rCNDs was reduced either by NaBHj4 or solvothermal treatment with NaOH in DMF.

In addition to solvothermal treatment of small organic compounds in formamide, thermal treatment
of o-phenylenediamine (oPD) in acidic medium is another strategy that has been used recently to
prepare red-emitting CNDs [47]-[51]. Despite various synthetic protocols oPD-derived CNDs exhibit
very similar excitation-independent emission spectrum that involves two emitting centers around 640
nm and 680 nm. Those behaviors suggest that the emission of CNDs arises from a molecular
fluorophore. Q. Zhang and coworkers proposed that 2,3-diaminophenazine (2,3-DAPN) was the main
fluorophore and that the red-emission originated from protonated 2,3-DAPN [49]. Z. Peng [48] and C.
K. Nandi [51] groups debated that 2,3-DAPN further polymerize forming quinoxalino[2,3-
b]phenazine-2,3-diamine (QXPDA) fluorophore accounting for the red-emission CNDs derived from
oPD. A very similar mechanism was also suggested for CNDs synthesized from oPD and catechol
precursors [50]. To clarify the structure as well as the origin of the double-peak emission of oPD-
derived CNDs B. Wang and coworkers prepared six different CNDs by six different methods using
oPD as precursor [47]. All CNDs exhibit similar photoluminescent properties and the authors
demonstrated that the emission arises from the core of CNDs and that the double-peak emission is due
to electronic transition of different vibrational energy levels in the same emitting center. Based on
theoretical calculations the authors suggested that the liner polymerization of 2,3-DAPN forming
QXPDA was much less favorable than vertical polymerization forming graphitic structures (Fig. 14).
In an earlier report, S. Yang and co-workers demonstrated experimentally that both linear and vertical
polymerization of 2,3-DAPN are possible forming CsN 2D crystals [52]. In summary, 2,3-DAPN and
QXPDA are important intermediates involved in the formation of red-emitting CNDs that are
synthesized using oPD.
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Figure 15: The preparation of red-emitting CNDs from bougainvillea leaves. Chlorophyll acts as
molecular fluorophore in CNDs [53].

One of novel advantage of CNDs is that they can be synthesized from various biomass [54]. Red-
emitting CNDs have been successfully synthesized using lemon and watermelon juice, bougainvillea
[55], taxus and other leaves [56]. Recently, we prepared red-emitting CNDs using ethanol extract of
bougainvillea and demonstrated that the red emission originates from chlorophyll fluorophore
involved in carbogenic core, Fig.15 [53]. Furthermore, F. Qin and co-workers also points out that
chlorophyll is the red-emitting center of leaf-derived CNDs [56]. Chlorophyll accounts for a narrow
(FWHM of about 28 nm) red-emission at 670 nm and an absorption maximum at 663 nm. The
bougainvillea-derived CNDs were applicable as red phosphor in horticultural LEDs [53].

6. Conclusions

Bottom-up synthesized carbon nanodots have been emerged as important building nanomaterials
for diverse applications. Light absorption and photoluminescent properties are the key factors to
deploy CNDs in practical uses. In this review, we have systematically summarized a class of bottom-
up synthesized CNDs whose optical properties are determined dramatically by molecular
fluorophores. Fluorophores are intermediate products that are formed from the carbon precursors in
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the early state of thermal treatment and further being involved in carbonization polymerization

processes forming CNDs. Recent reports have identified some important fluorophores such as IPCA,

HPPT,

and chlorophyll in blue-, green-, and red-emitting CNDs. Understandings on how fluorophores

are formed and how they are involved in CNDs could help ones to adjust the synthetic protocol to
obtain CNDs being suitable for a target application.
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