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ABSTRACT

Phosphorescent carbon nanodots (CNDs) have various attractive properties and potential applications, but it remains a formidable
challenge to achieve large-scale phosphorescent CNDs limited by current methods. Herein, a large-scale synthesis method
for phosphorescent CNDs has been demonstrated via precursors’ self-exothermic reaction at room temperature. The
as-prepared CNDs show fluorescence and phosphorescence property, which are comparable with that synthesized by
solvothermal and microwave method. Experimental and computational studies indicate that exotic atom doped sp? hybridized
carbon core works as an emissive center, which facilities the intersystem crossing from singlet state to triplet state. The CNDs
show phosphorescence with tunable lifetimes from 193 ms to 1.13 s at different temperatures. The demonstration of large-scale
synthesis of phosphorescent CNDs at room temperature opens up a new window for room temperature fabrication phosphorescent

CNDs.
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Introduction

Room temperature phosphorescent (RTP) materials including
heavy metal-based inorganics, organometallic complexes, or
metal-free pure organic RTP molecules etc. [1, 2] have been
developed because of their long-lived excited state electrons,
which have great scientific significance and application
perspective in many fields, including bioimaging, optoelectronic
devices, information security, and so on [3-7]. RTP materials
containing heavy atoms are faced with high-cost, toxicity,
and complicated synthesis process. In addition, most of
RTP materials are synthesized in elevated temperature, and
this will hinder the mass production in view of practical
applications. In recent years, developing emissive nanomaterials
especially at room temperature condition is fascinating [8, 9],
which provides a good reference for development large-scale
synthesis of eco-friendly phosphorescent nanomaterials at
room temperature.

As a new type of luminescent material, functional carbon
nanodots (CNDs) have aroused increasing attention due to
their high photoluminescence yields [10], good biocompatibility
[11-13], and low toxicity [14-16], which are favorable for
applications in the field of bioimaging [17-20], photodynamic
therapy [21], photoelectric devices [22-25], information
security encryption [26-28] and so on. A series of methods

including hydrothermal and microwave-assisted synthesis
have been developed to synthesize RTP CNDs [27, 29, 30].
Typically, in the reaction process, the synthesis temperature is
around or over 180 °C and the reaction time of two or more
hours is needed for the formation of RTP CNDs [31-36]. This
method has advantage of easy accessibility, but the negative
aspects are equally notable. Firstly, high temperature is inevitable
in the process, this will increase energy cost. Secondly, solvent
used in these processes will inevitably participate in the
formation of RTP CNDs, increasing the difficulty of separation
and purification and will limit production scale. Therefore,
developing a facile, rapid, and large-scale synthesis route for
RTP CNDs at room temperature condition is needed. But,
there still have a great challenge because the carbonization
process in the formation of CNDs must be proceeded at high
temperature.

In this work, we report a facile and large-scale synthesis
strategy to prepare phosphorescent RTP CNDs at room tem-
perature for the first time, giving a production of 45 g within
5 min and a comparably high yield of 90%. The precursors
phthalic anhydride and ethylene diamine spontaneous give off
a lot of heat when they meet, and they will further undergo
the process of self-crosslink and carbonization to form the
phosphorescent CNDs. Interestingly, the CNDs show tunable
phosphorescent lifetimes from 193 ms to 1.13 s (273-77 K) at
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different temperatures, and information encryption based on
the CNDs has been demonstrated.

Results and discussion

The formation of CNDs must involve carbonization process,
thus to achieve phosphorescent CNDs at room temperature,
precursors used for CNDs must give off a lot heat to complete
carbonization process [37, 38]. Phthalic anhydride and
ethylene diamine were selected as carbon source to produce
CNDs in view of the exothermic reaction between them. As
shown in Fig. 1(a), by adding ethylene diamine in the phthalic
anhydride dropwise under stirring, the temperature of the
mixture increases rapidly and obviously because of the heat
given off during the reaction process. Especially, the temperature
increases from 26 to about 106 °C quickly within 60 s and the
temperature decreases gradually in the next 600 s, the detailed
change of temperature versus time was recorded in Fig. S1 in
the Electronic Supplementary Material (ESM) . In this process,
an intermediate (2-(2-aminoethyl) isoindoline-1,3-dione) formed
due to the dehydration condensation between two precursors
during the spontaneous exothermic reaction process, then the
intermediate further underwent self-crosslink and carbonization
process to form the phosphorescent CNDs with sp*> @ sp’
structure as illustrated in Fig. 1(b). The structure and orbitals of
the CNDs are shown in Fig. 1(c). The sp* hybridized carbon
core domain of the CNDs is constituted of phthalic anhydride;
the sp® hybridized chains are constituted of ethylene diamine
that containing sp® hybridized carbon and nitrogen atoms.
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The orbitals of the CNDs contain p-conjugated orbitals provided
by sp? carbon atoms and non-bonding (n) orbitals provided by
oxygen and nitrogen atoms. The (n, *) states make the CNDs
effective non-radiative recombination between the singlet and
triplet excited state, thus phosphorescence can be observed
at room temperature. The electrons transitions of the CNDs
involved process of phosphorescence are shown in Fig. 1(d),
and the molecular formulas of the precursor and intermediate
are shown in Fig. 1(e). For the phosphorescence process, the
intersystem crossing (ISC) between singlet and triplet states
are promoted by spin-orbit coupling (SOC). According to the
El-Sayed rule, effective SOC occurs in the transition from
excited state configuration '(n, *) to *(n, 7*) or (m, m*) or
*(n, 1*) due to the effectively overlap [39, 40]. For the CNDs,
the presence of n orbitals provided by oxygen and nitrogen
atoms perpendicular to orbitals of the CNDs are favor of ISC
from singlet to triplet states [36, 41, 42]. After cessation of
excitation light, non-radiative recombination ISC occurs
between S: state and T state and photons are emitted by
radiative recombination between T\ and Sy state.

The self-exothermic reaction driven synthesis strategy can
large-scale prepare phosphorescent RTP CNDs with a pro-
duction of 45.8 g at room temperature, as shown in Fig. 2(a).
The morphological and structural properties of the CNDs
were characterized in order to investigate their structure-
function relationship. Transmission electron microscopy (TEM)
and atomic force microscopy (AFM) were used to characterize
the morphology and height of the CNDs. Figures 2(b) and 2(c)
show TEM and AFM images of the CNDs, respectively. The
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Figure 1

(a) Infrared thermal images of synthesis process of the CNDs by self-exothermic reaction strategy recorded at different time intervals,

respectively. (b) Schematic diagram of the formation of the CNDs at room temperature. (c) The structure and electron orbitals of the CNDs. (d) Schematic

illustration of EI-Sayed rule. (e) Precursors’ structure and name.
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(a) The image of the as-prepared CNDs powders. (b) TEM image of the CNDs, the insert image is HRTEM image. (c¢) AFM image of the

CNDs. (d) XRD pattern and (e) Roman spectrum of the CNDs. (f) *C NMR spectrum of the CNDs. (g) 'H spectrum of the CNDs. (h) The FTIR

spectrum of the CNDs.

as-prepared CNDs show uniform dispersion without aggregation.

The insert image in Fig. 2(b) discloses the crystalline nature
with a lattice space of 0.21 nm. The particle size distribution
of the CNDs obeys a Gaussian distribution with a mean size
of 4 nm (Fig. S2 in the ESM). AFM image (Fig. 2(c)) of the
CNDs reveals that their height is in range of 4.4-5.5 nm,
which indicates the CNDs have a sphere-like morphology. The
X-ray diffraction (XRD) pattern in Fig. 2(d) shows two peaks
at 25° and a weak signal at 43°, which are the typical peaks of
graphite structure [43]. Figure 2(e) shows the Raman spectrum
of the CNDs, it exhibits two peaks at 1,354 and 1,598 cm™,
corresponding to the disordered (D band) and graphite (G
band) of carbon materials [44]. It is known that the ratio of
I6/Ip is characteristic of the extent of graphite and the ratio of
sp’/sp® carbon. The ratio of Is/Ip is 1.2, which is higher than
the most CNDs, confirming the high degree of crystallinity
of the CNDs. Moreover, 'H nuclear magnetic resonance ("H
NMR) and "C NMR spectra were recorded, as shown in Figs. 2(f)
and 2(g). "H NMR gave a set of peaks in the aliphatic region
(6 =2.92-3.96 ppm) and the alkene region (8 = 7.14-8.82 ppm).
In the '"H NMR spectrum, the high density of sharp signals in
the range of 2-5 ppm is related to the presence of saturated
aliphatic hydrocarbon, while the signals in the range of 7-9 ppm
correspond to hydrogen atoms of benzene ring [45]. In the °C
NMR spectrum (Fig. 2(g)), signals in the range of 30-40 ppm
correspond to aliphatic (sp®) carbon atoms. The signals in the
range of 170-180 ppm correspond to carbonyl groups. In
addition, the resonance signals in the range of 120 to
145 ppm are indicative of the sp® carbon atoms, indicating the
formation of sp* domains during the synthesis of the CNDs.
Fourier-transform infrared (FTIR) spectrum also recorded,
as shown in Fig. 2(h). By comparing the FTIR spectra of

the CNDs, one can see that the spectrum of the CNDs has
characteristic absorption peak at around 3,450 cm™, which
can be assigned to the stretching vibration of -NH. The peak
at 3,065 cm™ can be assigned to C-H vibration of aromatic
ring (sp” carbon atom), while the peak at 2,936 cm™ is C-H
vibration of sp® carbon atom [46, 47]. The peak at 1,529 cm™
can be ascribed to aromatic stretching vibration of graphite
domains. The typical peak at 1,650 cm™ is associated with
the bending vibrations of —-C=0. The peak at 1,479 cm™ is
related to the stretching of C-N. The above results indicate
that the inside structure of the CNDs is made up of sp>-hybrided
carbon atoms, and surface structure mainly contained
sp*>-hybrided carbon atoms. The calculated FTIR spectra
of the configurations and the FTIR spectra of the CNDs
experimentally measured are shown in Fig. S3 in the ESM.
The peaks of the functional groups (-NH,, —-C=0, and C-N)
can be observed from the calculated spectra of configurations,
which agree with the measured FTIR spectrum of the CNDs.
These observations also indicate the formation of polyaromatic
structures in the CNDs during the reaction process. In order to
explore the exact structure of the CNDs further, the samples
were etched by argon plasma for 10, 20, and 40 s to remove any
possible surface contamination before the XPS measurement, as
presented in Fig. S4 in the ESM. The full XPS spectra include
three typical peaks: C 1s (284.6 V), N 15 (398.4 eV), and O 1s
(531.8 eV), revealing the CNDs mainly contain the mentioned
elements [48, 49]. The XPS spectra without etching show that
the surface layer of the CNDs is mainly composed of carbon
(67.59%), nitrogen (10.74%), and oxygen (21.67%), as shown
in Fig. S5 in the ESM. While after etching for 10, 20, and 40 s,
sp*/sp’ carbons (C=C/C-C, 284.3 eV), nitrous carbons (C-N,
285.4 eV), amide carbons (C=0, 287.8 eV) are observed
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from C 1s spectrum, as indicated in Figs. S4(a) and S4(c) in
the ESM. The high-resolution spectrum of N 1s displays two
peaks at 398.4 and 400.3 eV, which can be attributed to pyrrolic
N and, amino N, respectively. The C=0O peak at 531.1 eV can be
observed in O 1s spectrum. The inner structure of the CNDs
is mainly composed of carbon, nitrogen and oxygen, as shown
in Fig. S4(f) in the ESM. The C-N in the inner part of the
CNDs increase significantly as the etching time increases,
indicating that the C-N together with the sp>-bonded carbon
constitute the stable internal carbon core of the CNDs. The
functional groups passivate the carbon core of the CNDs,
making them have excellent fluorescence emission behavior.
This behavior can be explained by the defects in the CNDs
due to the incorporation of nitrogen atoms or oxygen atoms to
the sp” scaffold. Based on all the above results, we proposed a
possible mechanism for the formation of the CNDs: precursor
anhydride undergoes polymerization and dehydration reaction
with ethylene diamine, the reaction releases a large amount
of heat rapidly to further carbonize the CNDs and then a
carbonization core consisting of the nitrogen atoms together
with a large sp* domain was formed, and many functional
group (C=0, -NH.) chains remained linked to the carbon
cores.

In order to get a deeper understanding of the relationship
between the carbon structure and the optical properties, the
electronic and optical properties of computationally tractable
models of CNDs configurations were evaluated using the
first-principles density functional theory (DFT). Band gap
energy (The lowest unoccupied molecular orbital (LUMO)

(@)

Configuration-1
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and the highest occupied molecular orbital (HOMO) energy
gap derived from first-principles calculations using DFT based
methods) is consistent with the energy relative to the peak
maximum at wavelengths, thus it can be used as an easy and
straightforward method to accurately estimated spectra. Three
kinds of possible configurations of the CNDs are named
configuration-1, configuration-2, and configuration-3 based
on the precursors, as shown in Fig. 3(a). The LUMO and the
HOMO of the three kind of configurations are achieved based
on the computationally results, as shown in Fig. 3(b). The gaps
of the three configurations are 4.362, 3.939, and 2.859 eV,
and only gap of the configuration-3 agree with the CNDs. In
addition, for configuration-1 and configuration-2, the overlap
between LUMO and HOMO are small, thus the emission will
be weak. The LUMO of configuration-3 is distributed over the
whole polyimide and part of oxygen atoms linked with polyimide.
Whereas, the electron distributions of the corresponding
HOMO are dominantly localized on almost every group and
atom. Therefore, a partial HOMO-LUMO separation is realized
which results in potential bipolar charger transport properties
and a larger oscillator strength. Compared to configuration-1
and configuration-2 molecule in which the HOMO and
LUMO are almost completely spatially separated, such frontier
molecular orbital feature of configuration-3 leads to effective
electronic recombination, and obvious overlap is more likely
to endow it an efficient luminescence emitter. Additionally,
theoretical calculated absorption and emission spectra of the
three configurations are shown in Fig. 3(c). The absorption
peaks of configuration-1 and configuration-2 are 190, 215 nm,
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Figure 3 (a) The three configurations of the haploid, diploid, tetraploid (b) HOMO and LUMO of the haploid, diploid, tetraploid. (c) Calculated absorption
and emission spectra of the three configurations and the corresponding absorption and emission spectra of the CNDs.
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whereas the spectrum of the configuration-3 show absorption
bands at around 290-385 nm agrees well with the experimental
peak in the Fig. 3(c) (left). Green emission peak can be observed
from the calculated spectrum of configuration-3, which can
also be observed from the PL spectrum of the CNDs as
shown in the Fig. 3(c) (right). Configuration-3 and CNDs have
similar emissive and absorption properties, from which we can
predict that the CNDs are mainly composed of configuration-3
molecule.

To investigate optical properties of CNDs, excitation-
emission contour plots of the CNDs in ethanol solution are
displayed in Fig. 4(a), and the emission of the CNDs remains
almost unchanged when varying the excitation wavelength,
indicating the existence of just one kind of luminescent center
in the CNDs. It is reported that excitation-dependent emission
behavior that is frequently in CNDs is related to molecular
state, thus the excitation-independent emission observed in
our case may originate from the core-state carrier radiative
recombination of the CNDs. UV-Vis absorption spectra show
that the CNDs have similar absorption spectra in different polar
solutions, as shown in Fig. 4(b). The absorption wavelength
range with a prominent peak at around 270 to 320 nm is
demonstrated to undergo a transition of the conjugated C=C
band [50, 51]. As expected, this absorption band shows gradual
bathochromic (red) shift of 7 nm with increase in polarity of
polar protic solvents like ethanol, methanol, and isopropanol.
On the contrary, a hypochromic (blue) shift of 3 nm has been
observed in aprotic solvents like dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), and tetrahydrofuran (THEF).
The blue shift indicates transition, as shown in Fig. 4(b).

2235

Therefore, it is speculated that both transition contribute to
the emission of the CNDs, leading to the broad absorption
band at 270 to 320 nm. To further clarify the luminescence
mechanism of the CNDs, the PL decay curves of the CNDs
collected at 505 nm show the same decay trend in different
polar solvents, as shown in Fig. 4(c), indicating the carriers
of the CNDs have identical dynamics process, which can be
assigned to the intrinsic emission of the CNDs. In addition,
PL decay curve of the CNDs is very close to the single-
exponential function shape, and the lifetime of the CNDs
is around 6.0 ns. Time-resolved fluorescence spectra were
measured to further evaluate the decay lifetime of the CNDs
in their emission region. The carrier lifetime induced from
the time-resolved spectra of the CNDs is about 6.0 ns as
shown in Fig. 4(d). The spectra variation of the PL spectra
at various time are shown in Fig. 4(e). Notably, no obvious
change of spectral shape was evidenced, which reveals an
essentially time-independent spectral shape of the PL emission.
The temperature-dependent PL spectra of the CNDs are shown
in Fig. S6(a) in the ESM. The PL intensity of CNDs shows a
slight decrease with increase of temperature, and the decrease
can be ascribed to thermally activated exciton dissociation and
nonradiative trapping. The integrated PL emission intensities
as a function of temperature (90-290 K) were plotted by using
the following equation

P

—E,
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1

Where I is the intensity at 0 K, E; is the exciton binding energy,
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Figure 4 (a) Excitation-emission contour plots of the CNDs in ethanol solution (100 pg/mL) as the excitation varies from 375 nm-475 nm. (b) UV-vis
absorption spectra of the CNDs in different polar solvents (50 ug/mL). (c) Time resolved decay curves of the CNDs recorded at 505 nm. (d) Time resolved
luminescence contour of the CNDs in ethanol (100 pg/mL). (e) The fluorescence spectra of the CNDs recorded at various time. (f) 2D top-view transient
absorption (TA) spectrum of the CNDs with a pump wavelength of 400 nm. (g) TA spectra of the CNDs at indicated delay times from 0.5 to 1,000 ps. (h) TA kinetic

process of the CNDs probed at different wavelengths.
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and ks is the Boltzmann constant [52]. From the fitting result
analysis, the CNDs have a relatively large exciton binding
energy of 89.8 meV, indicating the high thermostability and
the minimal nonradiative recombination centers or defects
(Fig. S6 (b) in the ESM). To illustrate the emission nature of the
CNDs more clearly, single-particle PL imaging experiments
were carried out under the excitation of 405 nm lamp (Fig. S7(a)
in the ESM). The fluorescence emission intensity from each
CND is also highly consistent, are indicated in Fig. S7(b) in
the ESM. Furthermore, the emission intensity of the CNDs
decreases a little under the UV light illumination for 5 days,
indicating that the CNDs have high ambient stability and
excellent anti-bleaching properties (Fig. S(8) in the ESM). To
explore the recombination dynamics of the CNDs further,
femtosecond transient absorption (fs-TA) spectroscopy
measurement was carried out under excitation of 400 nm. TA
spectra of the CNDs probe at 400-900 nm, with scan delay
times from 0.1 to 1,500 ps, and the correspond contour plots
are shown in Fig. 4(f). The negative (blue) features from 530
to 600 nm correspond to the stimulated emission (SE) and
the relatively weaker negative features from 420 to 445 nm
correspond to the ground state bleaching (GSB). The positive
(red) features from 465 to 510 nm correspond to the excited
state absorption (ESA). The TA spectra at different time delays
and the kinetics of each featured wavelength in terms of delay
time are shown in Figs. 4(g) and 4(h). To explore the detailed
relaxation channels of the excited carriers, we used 3 exponent
decay functions to fit the TA spectra. The fitted decay associated
difference spectra (DADS) are shown in Fig. S9(a) in the
ESM. The fitted lifetimes of carriers are 0.23, 46.1, and 2.07 ns,
respectively. On the basis of the DADS, one can ascribe the
three components to the corresponding relaxation channels:
After excitation, a lot of hot carriers dissipate their energy in
the same location; a large amount of hot carriers releases their
redundant energy by photon scattering within 0.23 ps. Part of
the cooled carriers, whose dynamics is distributed at about
480 nm, will undergo nonradiative transition to ground state
within 46.1 ps. The remaining part will emit fluorescence
(2.07 ns) via recombination of electrons and holes, and all of
the processes are illustrated in Fig. S9(b) in the ESM.

In addition, the CNDs show good fluorescence and biocom-
patibility, thus they can be used in the field of cell imaging.
The two-photon fluorescence properties of CNDs under the
excitation of 800 nm were investigated using a femtosecond
pulsed laser (Fig. S10(a) in the ESM), and the 2-photon
excitation process of the CNDs is illustrated in the bottom of
Fig. S10(a) in the ESM. The fluorescence spectra of the CNDs
under the excitation of 800 nm are shown in Fig. S10(b) in the
ESM, and the emission intensity increases with the excitation
power. The slope of the fluorescence intensity versus excitation
power density is 1.9, indicating 2-photon excited fluorescence
of the CNDs (Fig. S10(c) in the ESM). The two-photon
fluorescence property of the CNDs inspires us to investigate
their application in cellular imaging. The cytotoxicity of the
CNDs has been evaluated through the Cell Counting Kit-8
(CCKS8) assays before the cellular imaging experiment, as
shown in Fig. S10(d) in the ESM. The cytotoxicity result shows
that the DC 2.4 cell viabilities can maintain over 92% after 24 h
incubation with the CNDs, even the concentration of the CNDs
is up to 200 ug/ml, revealing the good dispersibility, serum
solubility and low cytotoxicity of the CNDs. Figures S9(e)
and S9(g) in the ESM show the fluorescence images of the
saccharomyces cerevisiae cells under excitation different
wavelengths (405 nm in one-photon excitation mode, 800 nm

Nano Res. 2021, 14(7): 2231-2240

in two-photon excitation mode). Bright emission of the cells
can be observed, indicating the CNDs are distributed into
cytoplasm of the cerevisiae cells uniformly. Interestingly,
the bright fluorescence of the CNDs in the cell can be still
observed under the excitation of 900 nm, as shown in Fig. S11 in
the ESM. The corresponding merged images of fluorescence
images and bight field images are shown in Figs. S9(f) and
S9(g) in the ESM, and they coincide each other well. The
result indicates that the CNDs are capable of emissive agent
with low cytotoxicity.

Interestingly, in addition to fluorescence, the CNDs show
room temperature phosphorescence property. In order to
investigate the phosphorescence mechanism of the CNDs, the
excitation state energies, spin-orbit couplings (£), and nature
transition orbitals of the CNDs with configuration-3 structure
are calculated, as shown in Fig. 5(a). In the calculated SOC
coefficients of S, state with triplet states & (S, T») of the CNDs are
0.570, 0.041, 0.319, 0.390, 0.502, thus non-radiation transition
between singlet and triplet states occurs mainly between S,
and T, state. UV/Vis absorption spectra (Fig. S12 in the ESM)
reveal the strong transition of C=O bonds of the CNDs at
about 330 to 420 nm in the solid state, indicating that there is
strong coupling in aggregated CNDs. Notably, the effective
stabilization of triplet excited states through strong coupling
in aggregated CNDs can promote the generation of intrinsic
triplet carriers through ISC [53]. The phosphorescence excitation
peak at around 360 nm can be observed in Fig. S13 in the ESM
and this is in good accordance with the CNDs absorption
spectrum. The excitation-phosphorescence contour plots of
the CNDs are shown in Fig. 5(b). Emission peak at around 505
nm can be observed and the optimum excitation wavelength is
located at around 410 nm. The phosphorescence and fluorescence
spectra of the CNDs are similar at room temperature, and
the corresponding images of the CNDs under daylight, UV
illumination and after UV illumination are shown in the inset
of Fig. 5(c). The energy gap between the S and T: excited states
(AEsr) have been further studied. The phosphorescence spectrum
measured at 77 K shows an emission band at 515 nm, (blue
line in Fig. 5(d)) and the fluorescence peak located at around
505 nm, a AEsr value of 0.05 eV can be obtained. The small
energy gap may make the ISC process from the S to T, state
possible, thus facilitating the generation of phosphorescence
phenomenon. Time resolved decay spectra reveal the presence
of long-lived species with lifetimes 193 ms at room temperature
(Fig. S14(a) in the ESM). Thus, bright green phosphorescence
can be observed nearly 5s after removing the irradiation
source, as shown in Fig. S14(b) in the ESM. The temperature
dependent transient photoluminescence decay plots of the
CNDs from 78 to 353 K are shown in Fig. 5(e). It can be found
that the lifetime is strongly independent of temperature,
and this phenomenon may be associated with the stability of
the triplet excited states. The lower temperatures will “freeze”
atoms inside of the CNDs and non-radiation channels of
the triplet excited states are thus blocked. The variation of
the lifetimes versus temperature is shown in Fig. 5(f), a strong
temperature dependence of the carrier lifetime is observed.
The lifetime of the CNDs show a sharp decrease at around
280 K, indicating the CNDs can be used as temperature sensor.
In addition, it has been confirmed that the vibration-limited
CNDs had a long carrier lifetime (1.13 s), whereas the dispersed
CNDs had a very short lifetime (6 ns), as shown in Fig. S15 in
the ESM. The results show that triplet excitons can only be
stable in frozen CNDs, and they become more stable at low
temperature. In order to verify the above speculation, a clear
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Figure 5 (a) Calculated excitation energies, spin-orbit couplings (£) and nature transition orbitals for tetraploid molecules. (b) Excitation-phosphorescence
emission contour of the CNDs powders as the excitation varies from 375-465 nm. (c) Photoluminescence spectrum (black line) and phosphorescence
spectrum (red line) of CNDs excited under 365 nm at room temperature, the inset shows the photographs of CNDs under sunlight, excited with a 365 nm
UV lamp on and off. (d) The steady-state (blue line) and phosphorescence (green line) spectra of the purified mother liquids of CNDs excited under
370 nm at 77 K. (e) Temperature-dependent transient photoluminescence decay of the CNDs powders at 505 nm. (f) Fluorescence lifetime fitting curve of
the CNDs from 77 to 353 K. (g) The photographs of the conversion of fluorescence emission into a phosphorescence among frozen aggregate CNDs and

dispersed CNDs.

and transparent DMSO solution of the CNDs is displayed in
the left of Fig. 5(g), and green fluorescence can be observed
under UV illumination. The bottom solution in the centrifuge
tube was frozen by cooling, thereby the dispersed CNDs was
fixed within the frozen DMSO, and one can found that the
bottom CNDs showed bright phosphorescence after cessation
UV illumination, as shown in right of Fig. 5(g). The above
results indicate that triplet excitons deactivation is mainly
through the rotation and vibration of the atoms of CNDs.
In addition, the phosphorescence intensity of the CNDs can
maintain constant after UV illumination for 5 days, and it can
be activated repeatedly with no obvious decrease, indicating the
good photo stability of the CNDs (Fig. S16 in the ESM).

The long lifetime phosphorescence of the CNDs inspired
us to investigate their application in the fields of information

encryption and decryption. By adopting the CNDs and com-
mercial red fluorescent highlighters, graphic and information
encryption have been proposed and demonstrated, and all
of the pattern and encoding process are shown in Fig. 6(a).
A hidden security feature information was written on a non-
luminescent background paper using the CNDs, and then
commercial fluorescent pen was used to produce a pattern,
the overlap area is the coding area. Under UV illumination,
the produced patterns only show red emission because the
commercial phosphor is brighter than the CNDs, and the
corresponding spectra of the coding area of the pattern are shown
in Fig. 6(b). Graphic and text pattern were coded according
to the above designed idea. The patterns are visible under
illumination of 365 nm light. Only the coding area within the
patterns can be observed after cessation UV illumination as a
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Figure 6 (a) Schematic diagram of patterning by combining the CNDs and commercial highlighters. (b) Schematic of the pattern under UV illumination
(left) and the corresponding spectra of coding area of the pattern with and without UV illumination. (c) Photographs of graphic and information

encryption using the CND and commercial highlighters as ink.

result of the intrinsic different emission between fluorescence
and phosphorescence are shown in Fig. 6(c). This demonstration
indicates the CNDs can be worked as encrypted ink in some
specific scene.

Conclusions

In summary, phosphorescent CNDs with a large-scale production
synthesized by a self-exothermic reaction at room temperature
has been demonstrated for the first time. The as-prepared
CNDs own fluorescence and phosphorescence properties, which
are comparable with that synthesized by solvothermal and
microwave-assisted heating methods. Detailed experimental
and computational investigations indicate the effective ISC from
(m, ¥) or *(n, 7*) facilities the phosphorescence of the CNDs.
Tunable phosphorescence lifetimes from 193 ms to 1.13 s at
different temperatures have been observed from the CNDs, and
information encryption by using the CNDs as phosphorescent
ink has been demonstrated. Considering that RTP materials
with a long phosphorescence lifetime and efficiency are highly
desired, increasing the phosphorescence lifetime and efficiency
of the CNDs will further extend their applications. The result
reported in this paper may drive the development of room
temperature and large-scale synthesis of phosphorescent CNDs.
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