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Carbon dots (CDs) with room-temperature phosphorescence (RTP) have attracted dramatically growing
interest in optical functional materials. However, the photoluminescence mechanism of CDs is still a vi-
tal and challenging topic. In this work, we prepared CD-based RTP materials via melting boric acid with
various lengths of alkyl amine compounds as precursors. The spatial effect on the structure and the RTP
properties of CDs were systematically investigated. With the increase in carbon chain length, the inter-
planar spacing of the carbon core expands and crosslink-enhanced emission weakens, resulting in a de-
crease in the phosphorescence intensity and lifetimes. Meanwhile, based on triplet-to-singlet resonance
energy transfer, we employed intense and long-lived phosphorescence CDs as the donor and short-lived
fluorescent dyes as the acceptor to achieve long-lived multicolor afterglow. By the triplet-to-singlet reso-
nance energy transfer, the afterglow color can change from green to orange. The afterglow lifetimes are
more than 0.9 s. Thanks to the outstanding afterglow properties, the composites were used for time-
resolved and multiple-color advanced anticounterfeiting. This work will promote the design of multicolor

and long-lived afterglow materials and expand their applications.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced anticounterfeiting technologies play an important
role in the increasing sophistication of counterfeiting. During the
past decades, a variety of anticounterfeiting technologies have
been developed, including the recent magnetic response, plas-
monic security labels and luminescence printing [1-3]. Among
these, luminescence printing offers advantages in easy handling,
high-throughput, and facile design. At present, many optical ma-
terials have been applied to luminescence printing anticounterfeit-
ing. In particular, room temperature phosphorescent (RTP) materi-
als are considered as an advanced anticounterfeiting material be-
cause of their unique optical properties. Conventional organic RTP
materials are produced by forming specific structures (ie., clus-
ters, host-guest compositions, and polymer substrates) or by in-
troducing special groups (i.e., heavy halogens and aromatic alde-
hydes) [4-7]. However, most of the reported RTP materials were
short afterglow lifetime, oxygen sensitivity, and complex synthesis
process. As a new class of nanoluminescent carbon material, car-
bon dots (CDs) have been attracting wide attention owing to easy
preparation, biocompatibility, high stability, and excellent optical
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properties [8-12]. In recent years, CD-based RTP materials have
made great progress in long lifetime [13-17]. However, it is dif-
ficult to regulate the RTP properties of CDs because the photolu-
minescence (PL) mechanism is still disputed. Benefited from the
theories of quantum dots [18-20], graphene [21,22], and organic
molecules [23,24], some PL mechanisms of CDs have been sup-
posed, including carbon core states, surface states, and molecule
states. Whereas, there is still not much research on how the spa-
tial effect of precursors affects the RTP properties of CDs. Thus, it
is significative to investigate the spatial effect on RTP in CDs.

So far, long-lived CD-based RTP materials can be obtained ei-
ther by doping carbon dots in solid matrix or by cross-linking en-
hancement effect (CEE). However, the current CD-based afterglow
color is limited to blue and green, which restricts its applications.
Forster-resonance energy transfer (FRET) between singlet states of
fluorochrome has been widely used to obtain multicolor fluores-
cent materials [25-27]. Inspired by FRET, we assumed that energy
transfer from long-lived triplet states of a donor (CD-based RTP
materials) to singlet states (TS-FRET) [28] of a fluorescent acceptor
(fluorescent dyes) would be a reliable strategy to obtain CD-based
long-lived multicolor afterglow.

In this work, a series of CD-based RTP materials were prepared
via melting boric acid (BA) with various carbon chain length amine
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« Interplanar spacing expands
* Crosslink-enhanced emission weakens
* Blue shift of phosphorescent emission

* Phosphorescence intensity and lifetimes decrease

Scheme 1. Schematic diagram of the preparation of RTP CDs based on spatial effect.
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Scheme 2. Schematic diagram of the preparation of long-lived multicolor afterglow
based on TS-FRET.

compounds as precursors (Scheme 1). The introduction of B and
N atoms played a significant role in increasing the spin-orbit cou-
pling and promoting the intersystem crossing (ISC) process of CDs
to produce more triplet excitons [29-32]. The cross-link of BA and
various alkyl diamines can inhibit the non-radiative transition. By
regulating the alkyl chain of the diamines compounds, we verified
that the spatial effect of the precursor affects the internal spac-
ing of the carbon core, and further changes the energy-level and
RTP properties. Meanwhile, inspired by TS-FRET, we employed in-
tense and long-lived phosphorescent CDs as the donor and short-
lived fluorescent dyes (Rhodamine 6G (Rh6G) and Rhodamine B
(RhB)) as acceptors to develop adjustable wavelength long-lived af-
terglow. For efficient TS-FRET, we incorporated RTP CDs and flu-
orescent dyes into amorphous silica via the conventional Stéber
synthesis route (Scheme 2). The amorphous silica can not only in-
hibit non-radiative transitions and prevent water and oxygen from
quenching RTP CDs, but also makes the donor and acceptor within
Forster distance, which increases the efficiency of TS-FRET. Further-
more, these long-lived multicolor afterglow materials were applied
in time-resolved and multiple-color advanced anticounterfeiting.
BNCD, BNCD-C3, BNCD-C4, and BNCD-C5 were prepared via
melting BA with various alkyl diamines as precursors. Excitedly,
BNCD-BNCD-C5 all exhibited RTP properties. The RTP properties of
BNCD, BNCD-C3, BNCD-C4 and BNCD-C5 were further investigated.
Fig. 1a and Fig. S1 (Supporting information) show the phospho-
rescence (Phos) emission spectra and lifetimes of BNCD-BNCD-C5,
respectively. As shown in Fig. 1a and Fig. S1, with the increase of
alkyl in these diamines precursors, the phosphorescence intensity
becomes weaker and the phosphorescence peak shows a blue shift.
At the same time, the lifetimes become shorter. These results in-
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Fig. 1. (a) Phosphorescence spectra of BNCD, BNCD-C3, BNCD-C4 and BNCD-C5. (b)
FTIR spectra of BNCD, BNCD-C3, BNCD-C4 and BNCD-C5. (c-f) XPS spectra of BNCD,
BNCD-C3, BNCD-C4 and BNCD-C5.

dicate that the various alkyl diamines as precursors can affect the
RTP properties of CDs.

To understand the effect of the precursors on RTP properties,
FTIR spectra and XPS were obtained (Figs. 1b-f and Figs. S2-S5
in Supporting information). FTIR spectra of BNCD-BNCD-C5 display
characteristic absorption bands of C-B, B-0, and O-H/N-H stretch-
ing vibrations [33,34]. The XPS results show that BNCD-BNCD-C5
are mainly composed of carbon, nitrogen, oxygen, and boron. The
C 1s band was deconvoluted into three peaks and attributed to C-
C/C=C, C-0/C-N and C=0. The N 1s band showed the presence of
C-N and N-H. The O 1s band showed two peaks, corresponding to
C=0 and C-0 [35-40]. The B 1s band showed three peaks, corre-
sponding to B-O, C-B and B,03 [41,42]. The FTIR and XPS results
indicate that BA and various alkyl diamines compounds can be
cross-linked. The introduction of boron and nitrogen is beneficial
to increase the spin-orbit coupling and thus increases ISC to pro-
duce more triplet excitons. The cross-link of BA and alkyl diamines
compounds inhibited non-radiative transition. Hence, BNCD-BNCD-
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Fig. 2. (a-d) HR-TEM spectra of BNCD, BNCD-C3, BNCD-C4 and BNCD-C5. (e) PXRD spectra of BNCD, BNCD-C3, BNCD-C4 and BNCD-C5.

C5 all exhibited RTP properties. From the XPS results, BNCD-BNCD-
C5 showed the same bonding characteristics. This is also consistent
with the results obtained using FTIR spectra. But, the RTP prop-
erties of BNCD-BNCD-C5 are different. These results indicate that
the RTP properties of BNCD-BNCD-C5 are not affected by the func-
tional groups on the surface of CDs. Therefore, we infer that the
carbon-core state plays a vital role in phosphorescence properties.
The morphology of BNCD-BNCD-C5 was studied using HR-TEM.
These CDs particles showed good dispersion and quasi-spherical
morphology (Figs. 2a-d and Fig. S6 in Supporting information). The
particle size of BNCD is 1.78 nm and lattice spacing is 0.21 nm.
With the growth of the alkyl, the particle size of the CDs increased
to 1.85 nm (BNCD-C3), 4.51 nm (BNCD-C4), and 4.55 nm (BNCD-
C5) (Fig. S7 in Supporting information), and the lattice spacing
increased to 0.24 nm (BNCD-C3), 0.26 nm (BNCD-C4), and 0.30
nm (BNCD-C5). Furthermore, PXRD patterns of BNCD-BNCD-C5 all
present two amorphous states (Fig. 2e). The broad peak at 26 of
23.0° in the PXRD pattern was due to the highly disordered car-
bon atoms. The peak at around 10° represented the formation of
sub-domains with expanded interplanar spacing caused by alkyl
[43]. However, with the growth of the alkyl, the other peak of
BNCD-BNCD-C5 decreases from 12.8° (BNCD) to 12.3° (BNCD-C3),
11.0° (BNCD-C4), and 10.2° (BNCD-C5). It is well known that d in-
creases as 0 decreases under constant n and A (Bragg's equation:
2dsinf =nA) [43,44]. The PXRD results are in good agreement with
the HR-TEM. This indicates that the increase of alkyl expands the
interplanar spacing of the carbon core, and increases the particle
size. Therefore, with the increase of interplanar spacing, CEE weak-
ens, resulting in a decrease in phosphorescence intensity and life-
times [45-47]. Furthermore, due to the increasing of interplanar
spacing, the electron cloud density of the carbon core decreases,
which results in a blue shift of phosphorescent emission [48-50].
In order to attain long-lived multicolor afterglow materials,
we employ intense and long-lived phosphorescent BNCD (38.2%
phosphorescence quantum yield) as the donor and the short-lived
fluorescent dyes, Rh6G and RhB, as acceptors to develop long-
lived multicolor afterglow in a silica encapsulation layer based
on TS-FRET. To understand the interaction between the BNCD and
Rh6G/RhB, the zeta potential was measured. The zeta potential of
the BNCD, Rh6G and RhB in aqueous solution are +0.92 mV, —0.41
mV and —1.09 mV, respectively. This indicates that the BNCD pos-
sess a positively charged surface, while the Rh6G and RhB have
a negatively charged surface. Thus, they could be combined to-
gether through Coulomb interaction. Besides, the full XPS spec-
trum and EDS of BNCD-SiO, (Figs. S8a and S9a in Supporting in-
formation) demonstrate that the composites contain C, N, O, B and
Si elements mainly, where the B is attributed to BNCD and the
Si is attributed to silica. As shown in Figs. S8b and c, Figs. S9b
and c (Supporting information), the XPS spectra and EDS of BNCD-
Rh6G-SiO, and BNCD-Rh6G-SiO, also demonstrate that the com-
posites contain mainly C, N, O, B, Cl and Si elements, in which

the Cl is attributed to Rh6G/RhB. The Si 2p XPS of BNCD-SiO,,
BNCD-Rh6G-SiO, and BNCD-RhB-SiO, (Figs. S8d and f in Support-
ing information) can be deconvoluted into two peaks, which can
be attributed to Si—O and C-Si bond. These results suggest that
the BNCD have been confined in silica through covalent bonds. As
shown in Fig. S10 (Supporting information), HR-TEM clearly shows
that the BNCD, Rh6G, or RhB are encapsulated in the amorphous
silica, which makes the donor and acceptor within Forster dis-
tance to trigger efficient TS-FRET. These results can further confirm
that the BNCD and Rh6G/RhB have been confined in silica. Mean-
while, the absorption spectra of Rh6G and RhB and phosphores-
cence emission spectrum of BNCD-SiO, were obtained. As shown
in Fig. 3a, the absorption bands of Rh6G and RhB overlap well with
the phosphorescence emission of BNCD-SiO, at about 400-670 nm.
This indicates that the energy levels of the donor and acceptors
are matched [51-53]. When no fluorescent dye is added, BNCD-
SiO, shows an afterglow peak at 520 nm and the lifetime is 1.26 s
(Figs. 3b and c) and the phosphorescence quantum yield is 28.8%.
As shown in Fig. 3¢, when Rh6G or RhB is added, the afterglow
peak at 520 nm decreases, and the afterglow peak at 560 nm or
590 nm is enhanced, which is derived from the emission of Rh6G
and RhB. The afterglow peaks intensity ratio and afterglow lifetime
between 560 nm (Rh6G) or 590 nm (RhB) and 520 nm (BNCD) in-
creased with the increase in Rh6G or RhB concentration (Fig. S11 in
Supporting information), indicating that an efficient TS-FRET pro-
cess occurred between the BNCD and Rh6G or RhB, making the af-
terglow color change from green to orange (Fig. 4). When the ex-
citation light was turned off, BNCD, BNCD-SiO,, BNCD-Rh6G-SiO,
and BNCD-RhB-SiO, all exhibited an afterglow that was visible to
the naked eye for more than 10 s. When 5 mg of Rh6G or RhB
were added, the lifetime at 564 nm or 590 nm was 0.99 s and 0.94
s, as shown in Figs. 3c-e. These lifetimes are much longer than the
fluorescence lifetime derived from singlet states. The phosphores-
cence quantum yields of BNCD-Rh6G-SiO, and BNCD-RhB-SiO, are
13.9% and 15.8% (Fig. S12 in Supporting information). At the same
time, with the increase of Rh6G and RhB concentration, there will
be aggregation-induced quenching effect resulting in a red shift of
the afterglow and shorter lifetime (Fig. S11). The TS-FRET that oc-
curs between the BNCD and fluorescent dye, as shown in Fig. 3f.
Initially, BNCD absorbs the energy of the ultraviolet radiation pho-
ton and becomes a singlet excited state. Then, BNCD produces a
stable triplet excited state by ISC [54-56]. At the same time, the
BNCD and Rh6G or RhB are encapsulated in the amorphous silica,
which makes the donor and acceptors within Forster distance. TS-
FRET occurs when the absorption bands of Rh6G and RhB overlap
well with the phosphorescence emission of BNCD-SiO,. Finally, the
energy is released through emission. Thus, long-lived multicolor af-
terglow can be obtained by TS-FRET.

Thanks to the outstanding afterglow properties, these long-lived
multicolor afterglow composites showed great potential for time-
resolved and multiple-color advanced anticounterfeiting. Fig. 5 and
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Fig. 3. (a) UV-vis spectra of RhB and Rh6G, phosphorescence spectra of BNCD-SiO,. (b) Decay spectrum of BNCD-SiO, with Aex =350 nm and Aem =512 nm. (c) Afterglow
spectra of BNCD-SiO,, BNCD-Rh6G-SiO, and BNCD-RhB-SiO,. (d) Decay spectrum of BNCD-Rh6G-SiO; with Aex =360 nm and Aep =564 nm. (e) Decay spectrum of BNCD-
RhB-SiO, with Aex =360 nm and dem =598 nm. (f) Proposed possible afterglow mechanism of BNCD-Rh6G-SiO, and BNCD-RhB-SiO, based on TS-FRET.
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Fig. 4. Afterglow images of (a) BNCD, (b) BNCD-SiO,, (c) BNCD-Rh6G-SiO, and (d)
BNCD-RhB-SiO, under 365 nm light irradiation.

Movies S1-S3 (Supporting information) show an encrypted QR
code made with BNCD by screen printing on a blue fluorescent
paper. The QR code is unrecognizable in daylight and 365 nm
UV lamp because of the background interference. But when UV
lamp was turned off, the green QR code appears because of the
long-lifetime RTP properties of BNCD and the QR code can be
recognized and displayed as “NJTECH”. Given the time-dependent
and multicolor afterglow, we further design the dynamic smart
three-dimensional (3D) codes to anticounterfeiting. Based on time-
resolved multicolor afterglow, we prepared a 3D code that carries
different types of information for anticounterfeiting. In order to
verify the application of 3D codes, a smart app was used to de-
code the time-resolved multicolor afterglow 3D codes. As shown in

(@) (b)

365 nm UV on 365 nm UV off

Daylight

x QR Code Info

NITECH

Fig. 5. Digital photos of the QR code made from BNCD by screen printing.

Fig. 6 and Movie S4 (Supporting information), under UV 365 nm,
the 3D codes are decoded with the first-level information and pre-
sented as “Carbon dots”. After turning off the UV lamp, the second-
level information is reorganized as “Afterglow”. When the UV lamp
is turned off for 8 s, the afterglow of BNCD-RhB-SiO, disappears
and the third-level information is reorganized as “Nanjing”. When
the UV lamp is turned off for 10 s, the afterglow of BNCD-Rh6G-
Si0, disappears and the fourth level is displayed as “Tech”.

In summary, we developed a simple strategy to prepare CD-
based RTP materials by melting treatment of BA with various alkyl
diamines. The introduction of boron and nitrogen is beneficial to
increase the spin-orbit coupling and thus increases ISC to produce
more triplet excitons. The cross-link of BA and alkyl diamines in-
hibited non-radiative transition. Hence, BNCD-BNCD-C5 all exhib-
ited RTP properties. Furthermore, by studying the surface func-
tional groups and interplanar spacing of BNCD-BNCD-C5, we found
that the carbon-core state plays an important role in the RTP prop-
erties rather than the surface states. In particular, with the increase
of alkyl, the interplanar spacing of the carbon core expands and
CEE weakens, resulting in a decrease in phosphorescence intensity
and lifetime. At the same time, due to the increasing of interplanar
spacing, the electron cloud density of the carbon core decreases,
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Fig. 6. Smart 3D codes with anticounterfeiting made from BNCD-SiO,, BNCD-Rh6G-SiO, and BNCD-RhB-SiO,.

which results in a blue shift of phosphorescent emission. Finally,
based on TS-FRET, we employed intense and long-lived phospho-
rescent BNCD as the donor and short-lived fluorescent dyes (Rh6G
and RhB) as acceptors to develop long-lived multicolor afterglow
in silica. When the excitation light was turned off, BNCD, BNCD-
Si0,, BNCD-Rh6G-Si0, and BNCD-RhB-SiO, all exhibited an after-
glow that was visible to the naked eye for more than 10 s. The af-
terglow lifetimes are more than 0.9 s. Due to the outstanding after-
glow properties, these materials were used for time-resolved and
multiple-color advanced anticounterfeiting. We expect that this
study may offer opportunities for designing advanced anticounter-
feiting. The spatial effect and resonance energy transfer can pro-
mote the design of multicolor and long-lived afterglow materials
and expand their applications.
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