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Carbon dots (CDs) is an emerging photoluminescent (PL) carbon
nanomaterial. Since its discovery in 2004 [1], CDs have been used
in a wide range of applications such as sensing, optical devices, in-
vitro imaging, in-vivo imaging and phototherapy due to their ex-
cellent PL properties [2,3]. However, the intrinsic PL mechanism
of CDs remains unclear, and a unified mechanism has not been
achieved due to the different structures of various CDs. Therefore,
the investigation of the PL mechanism of CDs is necessary and ur-
gent to reveal the structure of CDs, to better guide the synthesis
and to promote the deeper applications of CDs.

Currently, there are three accepted mechanisms for PL of
CDs: nuclear state emission, surface state emission, and molecu-
lar state emission [4]. The discovery and identification of small
molecule fluorophores has provided strong evidence for the molec-
ular state emission mechanism [5]. An increasing number of re-
search groups have devoted to the investigation of the molecular
state emission mechanism of CDs. In 2015, imidazo[1,2-a]pyridine-
7-carboxylic acid (IPCA) small molecules has been isolated and
purified in the preparation of CDs based on citric acid (CA) and
ethylenediamine (EDA) by Yang’s group [6]. In 2018, Kasprzyk's
group obtained 4-hydroxy-1H-pyrrolo|3,4-c|pyridine-1,3,6(2H,5H)-
trione (HPPT) which is green photoluminescent molecule by solid-
phase preparation of CA with urea (U) [7]. In 2022, Haynes’ group
similarly isolated the unconventional fluorophore 5-oxopyrrolidine-
3-carboxylic acid in a CA-U CDs system [8]. These works have used
aliphatic molecules to prepare CDs and isolate fluorophores from
them. Fluorophores in CDs prepared from aromatic molecules have
rarely been reported.

Sun’s group from Beijing University of Technology, China, de-
veloped a high yield synthesis of red-emission CDs from o-
phenylenediamine (OPD) and catechol (CAT) (Scheme 1). High-
resolution transmission electron microscopy (HRTEM) images show
that CDs were successfully prepared with excellent crystallinity.
5,14-Dihydroquinoxalino[2,3-b]phenazine (DHQP) was isolated and
proved to be a fluorophore for CDs by detailed characterization.
Moreover, the differences in optical properties between CDs and
DHQP are investigated in detail. These results provide a clearer
idea for understanding the structure of CDs from optical perspec-
tive.

The authors initially realized that the mixed solution gradually
turned from colorless to reddish and exhibits emission behaviors
similar to CDs, when OPD and CAT ethanol solution are mixed
at room temperature by the molar ratio of 1:1. As a result, they
speculate that the PL mechanism of such CDs should belong to
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the molecular state of fluorescence. To confirm the fluorophores of
CDs, the relations between CDs and DHQP were considered by the
authors when the fluorophore of CDs was clarified.

Firstly, the effects of solvent, pH and time-resolved PL on the
optical properties of CDs and DHQP were compared to corrobo-
rate the fluorophore of CDs as DHQP. DHQP and CDs have very
similar optical properties, however, their thermal behaviors are
quite different (Fig. 1a), implying no free DHQP is contained in
the CDs.

Secondly, the TH NMR spectra of CDs and DHQP were inves-
tigated in comparison (Fig. 1b). The H of the benzene ring at
the DHQP molecular edge significantly disappeared and became
weaker as seen in the CDs’ TH NMR spectra. This suggests that the
benzene ring at the edge of the DHQP molecule can be incorpo-
rated into the structure of the core of the conjugated CDs.

Thirdly, the CDs and DHQP were dissolved in EtOH respectively,
with the CDs solution in ethanol showing a dark red color and the
DHQP solution showing a purple color (Fig. 1c), implying that they
have different UV-vis absorption spectra (Fig. 1d). Notably, CDs ex-
hibit unique absorption bands at 318 and 366 nm, which are absent
in DHQP. This may be assigned to the n-7* transition of the C=N
on the CDs surface. Furthermore, the absorption bands of CDs are
the same as those of DHQP at 480-600 nm and 285 nm, which can
be attributed to the n-w* and m-7* transitions of the molecular
units, respectively. For the DHQP, as shown in Fig. 1e, the excita-
tion wavelength of 285 nm gives more contribution to the emission
at 600 nm. In contrast, the absorption at 520 nm is the largest con-
tributor to red emission for CDs (Fig. 1f).

Finally, the PL mechanisms of DHQP and CDs are carefully ana-
lyzed as shown in Fig. 2. The reason for the greater contribution of
285 nm excitation to red emission for DHQP is that the w-7* tran-
sition here corresponds to an energy level transition between Sy
and S,, where the excited electrons decay to the lowest vibrational
energy level of S; via internal conversion (ic) and vibrational relax-
ation, and then return to Sg via 0-0, 0-1, and 0-2 radiative emis-
sion transitions (Fig. 2a). In the case of CDs, DHQP is connected or
embedded with the carbon core via the sp3 substrate, and DHQP
on CDs dominates the photoluminescent behavior. However, the
absorption peak at 285nm contributes less to the red emission,
probably due to the transfer of excited electrons to the energy level
of CDs (Sp), which is mainly a non-radiative transition. The new
excitation energy level Sy, is associated with an absorption band at
318 nm and 366 nm, between S; and S,. Electrons from S, can be
transferred to the S, of CDs, competing with the internal transi-
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Scheme 1. Mechanisms of photoluminescence in the molecular state of carbon dots
prepared by o-phenylenediamine.
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Fig. 1. (a) TGA spectrum of CDs and DHQP (the illustration below is the weight
loss peaks of CDs and DHQP through the derivation of the TGA data). (b) The large
version of "H NMR spectra of CDs at 6 ppm-10 ppm. (c) Photo of the CDs and DHQP
dissolved in EtOH, and the solutions were excited by a 532 nm laser. (d) The UV-vis
contrast spectra of the DHQP and CDs. (e, f) EEM spectra of DHQP & CDs dissolved
in ethanol. Reproduced and adapted with permission [9]. Copyright 2022, Springer
Nature.

tion between S, and S;, resulting in a decrease in the intensity of
PL excited by the 285 nm band (Fig. 2b).

The exploration of the structure of CDs and the revelation of the
PL mechanism have contributed to the understanding of CDs and
contributed to the targeted design and precise synthesis of CDs.
CDs with molecular state emission retains both the excellent opti-
cal properties of fluorescent molecules and the excellent properties
of CDs, such as good water solubility, low toxicity and biocompat-
ibility. It promises to be an emerging alternative to traditional or-
ganic optical materials. Sun’s work will be beneficial for the further
development of molecular state emission CDs and the schematic of
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Fig. 2. Schematic diagram of the real experimental absorption and emission of
DHQP (a) and CDs (b) (ic: internal conversion, VR: vibration relaxation, ET: electron
transfer). Reproduced and adapted with permission [9]. Copyright 2022, Springer
Nature.
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the DHQP molecule cross-linked with the CDs described provides
extremely useful insight.
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