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Phosphorescent materials with time-dependent phosphorescent color (TDPC) output have significant
potential for applications in advanced optical information encryption. However, the effective
construction of TDPC composites compatible with multiple phosphorescent emission centers to achieve
wider phosphorescent colors evolving over time in a single material system remains a huge challenge.
Here, ultra-wide TDPC composites with time-dependent color evolution were realized for the first time
in a single system by exploiting the synergistic effect of a doubly confined structure. Utilizing
organosilanes to pretreat the reactive precursor, combined with a boric acid (BA) matrix, the composite
(Si-CDs@B,03) was prepared by direct calcination. Our results reveal that the Si-CDs@B,03; composite
has significant ultra-wide TDPC properties, with the phosphorescent emission shifting from red to
orange, yellow, green, and cyan blue. Characterization analysis reveals the important role of
organosilanes in achieving ultra-wide TDPC properties. It also demonstrates that the red
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Introduction

Carbon dots (CDs) represent a novel zero-dimensional carbon-
based luminescent nanomaterial with several advantages over
traditional organic and inorganic materials, including ease of
preparation,* low toxicity,”> good biocompatibility,> and excel-
lent optical properties.* It is noteworthy that CDs exhibit
a distinctive property known as room-temperature phospho-
rescence (RTP), which is regarded as one of their most
appealing characteristics.®> However, the spin-orbit coupling
(SOC) of electrons is typically weak, and the intersystem
crossing (ISC) rate is low, which results in the triplet excitons
not being filled in a timely manner.® Furthermore, triple-state
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were leveraged to develop a strategy for its use in information encryption on a precise time scale.

excitons are susceptible to deactivation through non-radiative
decay processes. Consequently, these drawbacks have become
a major obstacle in realizing ultra-long-lasting CD-based RTP
materials, limiting their further development and application.
In order to overcome these obstacles, enormous efforts have
been made to achieve high phosphorescence quantum yields,
long phosphorescence lifetime, modulation of multicolor
phosphorescence emission, and environmental stability
enhancement of CD-based RTP materials. And a series of
effective strategies have been developed, such as heteroatom
doping, hydrogen-bonding networks, covalent cross-linking,
and matrix encapsulation (e.g:, silica, boric acid, poly(vinyl
alcohol), etc.), which can effectively promote the ISC of CDs,
inhibit the nonradiative transitions of triplet excitons, and
generate RTP.”*® Remarkably, these reports present a single
emission wavelength, which still cannot satisfy some dynamic
information encryption and anti-counterfeiting applications in
the multilevel time dimension. Therefore, achieving advanced
applications in the time dimension is an important current
research direction and a crucial and urgent challenge to be
solved.

Time-dependent phosphorescence color (TDPC) has the
potential to offer a novel avenue for multi-level dynamic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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information encryption within the temporal domain. It repre-
sents a class of multiple dynamic multicolor phosphorescence
in a single luminescent system.'* Recently, some researchers
have achieved dynamically tunable color-changing phospho-
rescence and multicolor output by endowing CDs materials
with multiple phosphorescence emission centers. For instance,
Kang et al.** achieved bimodal phosphorescence emission of
green (550 nm) and red (645 nm) through a straightforward
hydrothermal treatment of polyacrylic acid (PAA). This
approach successfully confined isolated carboxyl and carboxyl
dimer association (CDA) within particles of CDs. A series of
time-dependent transient RTP materials exhibiting time-
dependent color changes from yellow to green or orange to
green were obtained. Similarly, Shi et al.** demonstrated that
CDs with a single emission center can exhibit TDPC properties
when doped with metal ions (Mg>*, Ca®*, or Ba>") owing to the
dual role of the inorganic matrix, namely, structural confine-
ment and inducing structural defects. It can be seen that the key
to achieving CD-based TDPC properties is how to construct
multiple luminescent centers in a single system. Compared
with the rich visible spectrum, the investigation of the perfor-
mance of CD-based TDPCs is still in its infancy, and there are
some pressing issues that need to be further investigated. For
instance, the majority of CD-based TDPC materials are currently
limited to the conversion between two phosphorescence colors,
and most of them are focused on short wavelengths (i.e., below
yellow light), which have problems such as weak luminescence
intensity and short lifetime. To enhance the security of
encrypted information in the time dimension, how to construct
CD-based ultra-wide time-dependent phosphorescent color
(UWTDPC) materials is of great significance in the field of anti-
counterfeiting and information security. Typically, UWTDPC
materials can usually be utilized to add multi-level encryption
functions and thus enhance confidentiality through wide color
evolution in the time dimension. However, the realization of
UWTDPC materials in a single system is still a current challenge
to be solved.™

In this work, we report for the first time a double-constrained
structure strategy employing synergistic effects to realize CD-
based UWTDPC materials within a single system. Organo-
silane modification of the reaction precursor for the prepara-
tion of CDs was performed in the first stage in order to create
more active sites on the surface of CDs and thus facilitate the
ISC process. Subsequently, the CDs were immobilized by
encapsulating them using BA as an auxiliary matrix so as to
stabilize the triplet excitons from deactivation and thus achieve
phosphorescent emissions. This strategy was exploited to ach-
ieve ultra-wide phosphorescence emission spanning from red to
blue with time-dependent properties, which was not shown in
previous reports. Through a series of optical and structural
characterization studies, the results demonstrate that the red
phosphorescence emission can be attributed to the carbonyl
(C=0) group concentrated within the CDs, while the blue
phosphorescence emission originates from the B-O bond
present in the BA matrix. Therefore, this unique color output
RTP property exhibited by this CD-based UWTDPC material that
undergoes color dynamics over time will undoubtedly help to
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enhance potential applications in the field of anti-
counterfeiting and information security. This method also
provides a strong technical support for the future synthesis of
UWTDPC materials.

Results and discussion

In this work, we designed a distribution synthesis strategy to
achieve the double-constrained synergistic effect of CD
composites. Currently, carbonyl (C=0) has been widely recog-
nized as an important component for RTP generation in CD
materials.**'® Therefore, 1,4,5,8-naphthalenetetracarboxylic
acid (1,4,5,8-NTA) was selected as the precursor for the reaction
due to its abundance of carboxyl groups, which can be subjected
to a silane grafting process. During the formation of CDs, the
carbonization of the precursor occurs concurrently with the
hydrolysis of the silicone chains on the surface, resulting in the
formation of a silicone layer on the surface of the CDs. This
layer exhibits high rigidity under high-temperature calcination
and effectively promotes the radiative recombination of
electron/hole pairs, thereby enhancing phosphorescence.'” The
brightness and lifetime of the resulting material are also
improved. Furthermore, BA is highly compatible with CDs and
can serve as an ideal matrix for protecting the excited state of
CDs,>® because the high-temperature molten boric acid will act
as a secondary coating for the generated CDs, thereby further
fixing the phosphorescence-emitting triplet state (Scheme 1).
The dehydration condensation reaction of the carboxyl
group and amino group can be readily achieved by the combi-
nation of 1,4,5,8-NTA and APTES (Si-NTA) in a hydrothermal
reaction environment characterized by high temperatures and
pressures. The alterations in functional groups prior to and
following hydrothermal processing can be discerned with
precision through the use of Fourier transform infrared spec-
troscopy (FT-IR) spectra (Fig. Slat). Compared to APTES, the
content of N-H bonds in Si-NTA was significantly reduced,****
which is attributed to the fact that the C-O bond of the carboxyl
group and the N-H bond of the amino group can be broken
down during the dehydration reaction. The carboxyl group and
the amino group can be linked together to form the C-N bond,
which also explains the enhancement of the C-N characteristic
vibration located at 1341 cm ™' in Si-NTA.?""? Detailed structural
information about Si-NTA was obtained using nuclear magnetic
resonance (NMR) spectroscopy (‘"H-NMR, *C-NMR) and high-
resolution mass spectrometry (HR-MS). The 'H-NMR spec-
trum of Si-NTA in D,O clearly shows the presence of vibrational
signals from the protons of the aminosilane chain, as well as
from the hydrogen on the benzene ring (Fig. S1b¥). The high-
density, sharp signals in the range of 2-5 ppm are attributed
to the presence of saturated aliphatic hydrocarbons, while the
signals in the range of 7-9 ppm are identified as hydrogen
atoms of the benzene ring.** It is noteworthy that the vibrational
intensity of hydrogen in the -NH, group at 1.21 ppm is mark-
edly weak, which aligns with the FT-IR findings and substanti-
ates the involvement of amino groups in silanes in the
dehydration condensation reaction. Similarly, from the C-
NMR spectra of Si-NTA, it can be observed that the vibrational
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Scheme 1 Schematic diagram of the synthesis, structure and phosphorescence properties of Si-CDs@B,0Os.

peaks with chemical shifts at 0-60 ppm originate from the
silane chain with aliphatic (sp®) carbon atoms (Fig. Sict).?*%
The vibrational peak located at 59.26 ppm is significantly
weaker, which reflects the breaking of the C-O bond during the
hydrolysis process of the silanes.

Analysis of the characteristic peaks in the HR-MS spectra of
Si-NTA confirmed that the precursor surface had been grafted
with numerous silane chains (Fig. 1a and S1dt). The substance
resulting from the hydrothermal reaction is a complex mixture
of organic compounds, making it unlikely that all of the

observed fragment ion peaks originate from the fragmentation
of a single organic compound with a mass fraction of 1118.
However, the fragment ion peaks demonstrated that the
precursors were effectively aminosilanated, resulting in the
formation of new organic compounds with an abundance of
silane chains. Concurrently, a portion of the silane chain
undergoes hydrolysis, resulting in the distribution of numerous
Si atoms at the edges of the organic matter. Si-CDs are gener-
ated after thermal treatment and are successfully distributed in
B,0; (Si-CDs@B,0s). Transmission electron microscopy (TEM)
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Fig. 1
CDs@B,0s. (d) The XRD spectra of Si-CDs@B,03 (SiO,, PDF#27-0605;
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(@) The HR-MS spectrum of the Si-NTA. (b) The TEM and HR-TEM image of Si-CDs@B,0Os3. (c) The particle size distribution of Si-

B,Os, PDF#06-0297). (e) The FT-IR spectra of Si-NTA and Si-CDs@B,0s.
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and high-resolution transmission electron microscopy (HR-
TEM) images in Fig. 1b demonstrate that the Si-CDs gener-
ated by the thermal treatment process are uniformly distributed
in the B,O; matrix, with an average particle size of approxi-
mately 2.33 nm (Fig. 1c). The Si-CDs have a lattice spacing of
0.21 nm, which is attributed to the graphite (100) crystal plane,
indicating that the Si-CDs have good crystallinity.>*® This is
corroborated by the X-ray diffraction (XRD) spectrum of Si-
CDs@B,0; (Fig. 1d), which exhibits a distinct broad peak (002)
at =24°, typical of amorphous carbon.?

The chemical bonding and structure between Si-NTA and Si-
CDs@B,0; were characterized using FT-IR and X-ray photo-
electron spectroscopy (XPS). The FT-IR spectra reveal that Si
exists as Si-O-C and Si-C bonds in Si-NTA, with Si-O-C domi-
nating, as evidenced by the presence of characteristic vibra-
tional peaks at 1131 and 780 cm ™" (Fig. 1€).*° The asymmetric
stretching vibrations of the B-O bond and the vibration of the
triangular boron atom connected to the oxygen atom in BA can
be observed in the FT-IR of Si-CDs@B,0;, located at 1454 and
1199 cm™ ", respectively.*** Moreover, the characteristic vibra-
tional peaks corresponding to Si-C bonds are significantly more
intense than those of Si-O-C, indicating that at high tempera-
tures, Si-O-C bonds undergo cleavage and reorganize into
robust and more stable Si-C bonds. This structural trans-
formation greatly enhances the overall rigidity of the composite
materials.>® Furthermore, the appearance of an absorption
band at 1059 cm ' indicates the presence of B-C bonds,
demonstrating the successful binding of Si-CDs to BA via
a covalent coupling reaction due to the electron-deficient nature
of boron and the amphiphilic characteristics of the carbon
atoms.* The aforementioned results indicate that the simulta-
neous presence of Si-C covalent bonds, B-C covalent bonds, the
rigid network structure of the matrix, and the hydrogen
bonding interactions between the matrix and the Si-CDs in the
system can lock and stabilize the triplet states of the CDs more
efficiently by inhibiting the motion of the CDs.

Fig. S2af illustrates the full-spectrum of XPS, which reveals
that Si-NTA is primarily composed of C, N, O, and Si, whereas Si-
CDs@B,0; is predominantly constituted by C, N, O, Si, and B.
The high-resolution C 1s spectrum of the Si-NTA was separated
into four peaks at 284.7, 285.8, 287.9, and 288.6 eV (Fig. 2a),
which correspond to the C-C/C=C, C-O/C-N, C=0, and O=C-
O, respectively.** Notably, the C 1s spectrum of Si-CDs@B,03
was deconvoluted into a new peak at 283.8 eV, which is attrib-
uted to the B-C.**® This further suggests that bonding occurs
between the host matrix and the Si-CDs, resulting in the
formation of a new B-C covalent bond. The high-resolution N 1s
spectrum of Si-NTA can be fitted into four peaks (Fig. 2b), which
are attributed to pyridinic nitrogen (398.8 eV), aminic nitrogen
(399.5 eV), pyrrolic nitrogen (400.7 eV), and graphitic nitrogen
(401.7 eV).>”* Similarly, the high-resolution N 1s spectrum of Si-
CDs@B,0; can be deconvoluted into the aforementioned set of
four peaks. The pyridine nitrogen tends to be distributed on the
surface of the CDs or defects. It has been established that high-
temperature calcination can regulate the defects on the surface
and consume the functional groups on the surface of the CDs.*®
This may be the primary reason for the decrease in the pyridine

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

nitrogen content. The high-resolution O 1s spectrum of Si-NTA
was decomposed into two peaks (Fig. 2¢), which are identified
as belonging to C=0 (531.1 eV) and C-O (532.1 eV), respec-
tively.*® It is noteworthy that the high-resolution O 1s spectrum
of Si-CDs@B,0; exhibits an additional new peak, which corre-
sponds to the B-O. This is a consequence of the introduction of
a new oxygen atom state, provided by the added boric acid
matrix. Furthermore, the high-resolution Si 2p spectra of both
Si-NTA and Si-CDs@B,0; were deconvoluted into two peaks
(Fig. 2d), and the two peaks of Si-CDs@B,0; were found to be
located at 102.0 eV and 103.6 eV, respectively, corresponding to
Si-C and Si-0.**** Notably, the content of Si-C bonds was found
to be substantially higher. The deconvoluted high-resolution Si
2p spectra indicate that during the transition from Si-NTA to Si-
CDs@B,0;, the high-temperature environment results in
a gradual decrease in the Si-O-C content and a gradual increase
in stronger Si-C covalent bonds.** This contributes to a stronger
and more stable structure as a whole, which is in agreement
with the FT-IR data and analysis results. With respect to the
analysis of B 1s, as shown in Fig. S2b,7 it could be divided into
three bands at 192.0, 192.8, and 193.7 eV, corresponding to
BCO,, B,03;, and B-O, respectively. This further demonstrates
the presence of a B,O; matrix and the covalent coupling reac-
tion between Si-CDs and the host matrix to produce B-C
bonds.>*

To summarize, a possible formation mechanism is proposed
(Fig. 2e). Specifically, this mechanism involves the dehydration
and condensation of precursors and organosilane under
hydrothermal conditions, resulting in the generation of
numerous aminosilanated silicones. These chain-modified
silicones can then undergo further calcination and carboniza-
tion, leading to the formation of CDs. As the organosilicon
atoms are situated in the edge region of Si-NTA, the silicones
chains also undergo dehydration reactions during the forma-
tion of CDs. Ultimately, this results in the formation of an
organosilicon layer or even a SiO, layer on the surface of the
CDs." FT-IR and XPS analyses indicate that Si atoms in CDs
predominantly exist in the form of Si-C covalent bonds, sug-
gesting that Si-CDs are not merely encapsulated in the SiO,
matrix, but rather stabilized within it through Si-C covalent
bonding and hydrogen bonding on the surface. The achieve-
ment of a tightly ordered state of the Si elements, which permits
effective spatial confinement and the suppression of intra-
molecular vibrations, is contingent upon the utilization of an
appropriate calcination temperature.” The aforementioned
experiments and analyses have confirmed that the Si-CDs were
embedded in BA, with new B-C bonds formed between the Si-
CDs and the BA matrix. It is proposed that these covalent
bonds and glassy states are capable of stabilizing the triplet
states (i.e., C=0-containing groups) on Si-CDs, promoting the
ISC between S; and T,, and protecting the excited triplet exci-
tons, thereby facilitating RTP emission.*»***

As shown in Fig. 3, an investigation was conducted into the
photophysical properties of Si-CDs@B,0; composites. Fig. 3a
presents the optical photographs of the naked-eye resolvable
phosphorescence color changes for several seconds for the Si-
CDs@B,0; material under different excitation sources at
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(a—d) High-resolution C 1s, N 1s, O 1s and Si 2p spectra of Si-NTA and Si-CDs@B,0Os. (a) C 1s, (b) N 1s, (c) O 1s, and (d) Si 2p. (e) Schematic

diagram of the Si-CDs@B,03 composite network structure before and after calcination.

310 nm and 365 nm, respectively. Particularly, the phospho-
rescent color change of the Si-CDs@B,0; material under the
illumination of 365 nm light source is very obvious, with
a distinctive evolution from red to yellow to green to blue,
a typical characteristic of TDPC. It is noteworthy that the
CDs@B,0; material retains the intrinsic phosphorescence
emission properties of the BA matrix,***” i.e., weak blue phos-
phorescence emission, which is rarely observed in previous
reports. This phenomenon can be attributed to the organo-
silicon layer on the surface of the CDs, which effectively isolates
electron migration between the CDs and the boron oxide
matrix, hindering the energy transfer process and thereby pro-
tecting the boron oxide triplet state emission. The cooperative
interaction between the red phosphorescence of the CDs and
the blue phosphorescence of the matrix achieves the UWTDPC
effect in CD materials and allows time-resolved visual color RTP
output.

14102 | Chem. Sci, 2025, 16, 14098-14108

Subsequently, the absorption, fluorescence and phospho-
rescence spectra of the Si-CDs@B,0; material were studied
(Fig. 3b). The absorption peaks, located at 235 and 378 nm,
correspond to the 7t-mt* transitions of C=C and n-w* transi-
tions of C=0, respectively.*®* Furthermore, the fluorescence
spectra exhibited bimodal emission, with the twin peaks
located at 410 and 607 nm, respectively. This explains why Si-
CDs@B,0; exhibits pink fluorescence. Furthermore, the exci-
tation wavelength dependence of the fluorescence of Si-NTA
and Si-CDs@B,0; was examined (Fig. S31). The fluorescence
of both samples exhibited excitation-dependent characteristics,
which can be attributed to the presence of rich functional
groups on the surface of the CDs. The phosphorescence spectra
of Si-CDs@B,0; exhibited four peaks, located at 450, 610, 668,
and 743 nm, respectively. The 2D mapping of the phosphores-
cence of Si-CDs@B,0; (Fig. 3c) demonstrates that at different
excitation wavelengths, the intensity of the phosphorescence
emission is altered without affecting the peak positions. At an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Optical photographs of Si-CDs@B,O3 before and after turning off under different excitation wavelengths. (b) Absorption, fluorescence

emission and phosphorescence emission spectra of Si-CDs@B,Oz (Ex: 365 nm). (c) 2D mapping spectra of phosphorescence emission of Si-
CDs@B,0s. (d) Time-resolved phosphorescence 2D mapping spectra of Si-CDs@B,0O3 after 315 nm irradiation. (e) Time-resolved phospho-
rescence spectra of Si-CDs@B,0O3 after 365 nm irradiation. (f) Time-resolved decay spectra of Si-CDs@B,0O3 at room temperature with Ao, =
365 nm. (g) Schematic illustration of the UWTDPC mechanisms for the Si-CDs@B,Os.

excitation wavelength of 316 nm, the phosphorescence emis-
sion peak at 450 nm is the most intense, while the optimal
excitation wavelength for the phosphorescence emission peaks
at 610, 668, and 743 nm corresponds to an emission wavelength
of 375 nm. The significant discrepancy between the excitation
and emission of the dual emission centers of phosphorescence
substantiates the mutually independent property of the dual
phosphorescence centers, which is a prerequisite for the
successful realization of UWTDPC.

To gain insight into the nature of the TDPC of Si-CDs@B,053,
a detailed analysis of its time-dependent phosphorescence
spectrum was conducted (Fig. 3d and e). When the excitation
light source is 316 nm, a double peak at 610 nm and 450 nm is
evident in the time-dependent phosphorescence spectra.
However, with the extension of time, the emission peak at
610 nm decays rapidly, and then almost only the emission peak

© 2025 The Author(s). Published by the Royal Society of Chemistry

at 450 nm remains. Fig. S47 illustrates that the lifetime of the
phosphorescence emission at 450 nm, following excitation at
310 nm, is as long as 574.64 ms. Consequently, the phospho-
rescence color of Si-CDs@B,0; undergoes a gradual transition
from red to blue with the passage of time. Similarly, under
365 nm excitation, the red emission peak exhibits a sharp decay,
while the weaker intensity blue emission peak decays more
slowly. However, when the time is prolonged, the blue phos-
phorescence emission peak located at 450 nm will become
dominant, and blue phosphorescence will be exhibited in the
final stage of phosphorescence emission. Moreover, the phos-
phorescence emission peaks situated in the blue and red
regions exhibit broad-peak emission, with a width encompass-
ing the entire 400-800 nm region. This not only demonstrates
a transition from red to blue phosphorescence during the
double-peak decay but also a dynamic, colored RTP output. The
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Si-CDs@B,0; material exhibits ultra-wide TDPC characteristics
that not only cover a wide spectrum, but also have diverse color
variations during the period, which has never been reported
before (Table S17). Besides, it can be observed that the lifetimes
of the phosphorescence emission peaks located at 610, 668 and
743 nm are 45.87, 48.38 and 48.53 ms, respectively (Fig. 3f).
However, the lifetime of the emission peak at 450 nm can reach
up to 132.88 ms (Fig. S51), which is considerably longer than
that of the red emission peak. This indicates that the Si-
CDs@B,0; composites are capable of completing the colored
RTP output in a very short time. Furthermore, the temperature-
dependent phosphorescence spectra of Si-CDs@B,03; compos-
ites demonstrate that the entire phosphorescence spectrum
displays a pattern of decreasing intensity as the temperature
gradually increases from 208 K to 388 K (Fig. S61), which indi-
cates that they possess notable phosphorescence characteris-
tics, exhibiting dual-emitting phosphorescence centers.*

To verify the synergistic interaction between matrixes,
a series of comparison experiments were performed by varying
the cladding matrix and distribution synthesis strategy, and the
corresponding optical images are presented in Fig. S7.7
Compared to Fig. 3a, it is clearly found that the CDs@B,0;
composites synthesized from precursors without organosilane
modification exhibit time-dependent changes in the phospho-
rescence emission color, along with a narrower emission spec-
trum and shorter phosphorescence lifetime (Fig. S7a and S8%).
The results indicate that silane pretreatment facilitates the
UWTDPC process. To verify the interaction between the orga-
nosilane pretreatment reaction precursor and the assistant
matrix, urea was employed to replace the boric acid matrix in
the experiments because urea has a similar structure to BA,
allowing it to form a framework structure that encapsulates the
CDs, and is a commonly used matrix for preparing RTP CDs.*®
As demonstrated in Fig. S7b,T Si-CDs@urea did not manifest
a discernible TDPC effect, and the phosphorescence perceptible
to the naked eye persisted for a mere 0.5 s. However, CDs@urea
not only displays a yellow-to-blue TDPC effect but also exhibits
phosphorescence for up to 2 s (Fig. S7ct). Furthermore, stabi-
lizing the triple-state excitons with a SiO, matrix alone is chal-
lenging (Fig. S7d¥), and this approach does not yield the desired
afterglow properties. This result further verifies that the inter-
action between the organosilane pretreated reactive precursor
and the matrix is either promoted or inhibited. Additionally, the
stepwise synthesis method is conducive to the formation of
layered cladding structures, whereas the one-pot method is
challenging to produce ordered structures. As illustrated in Fig.
S9,t the afterglow duration of the CD composites synthesized
via the one-pot method is markedly shorter, with significantly
poor TDPC properties. Subsequently, the phosphorescence
spectra of these comparison samples were studied (Fig. S107).
The phosphorescence spectra demonstrated that both urea and
BA matrixes, whether distributed or synthesized via a one-pot
method, exhibited double-emission characteristics. This is
attributed to the triplet state energy level structure formed by
the functional groups (C=0) on the surface of the CDs and the
intrinsic state phosphorescence emission of the matrix.*
Although the phosphorescence emission of these CD
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composites presents some similarity, the slight difference in
lifetime and intensity between the two results in either no TDPC
effect or only TDPC in the shorter wavelength range.

To trace the origin of the apparent TDPC performance
differences, we further characterized the as-synthesized
samples using XRD and FT-IR spectra. The XRD spectrum of
the urea-based composite material exhibits characteristic peaks
similar to those observed in molten urea (Fig. S11%). The
diffraction peaks at 22.2°, 24.5°, and 29.2° correspond to the
(110), (101), and (111) crystal planes of urea, respectively, con-
firming the successful encapsulation of CDs within the urea
matrix. Notably, the intense diffraction peak at 28.0° indicates
the formation of a melamine acid-like network structure under
high-temperature conditions. This cross-linked network plays
a crucial role in effectively stabilizing the triplet states of the
CDs, thereby enhancing RTP properties. Similarly, the
composites capped with either BA or SiO, as a matrix both
exhibited a diffuse broad peak and corresponding characteristic
peaks (Fig. S12t), with the former belonging to typical amor-
phous carbon and the latter indicating that the CDs were
encapsulated in the matrix. The FT-IR spectrum demonstrated
that the Si-CDs@urea composite exhibited a greater number of
functional groups than the Si-CDs@B,03 composite (Fig. S137),
which is due to the fact that urea is an organic matrix that can
provide a greater number of functional groups (e.g., -NH,, C=
O) than BA. In the XPS spectra (Fig. S14 and S15%) of Si-
CDs@urea and CDs@urea, the content of C=0 bonds increases
significantly, indicating that the urea matrix provides
a substantial quantity of C=0 bonds. However, Si-CDs@urea
and CDs@urea did not exhibit red phosphorescence emission,
suggesting that the addition of C=O groups is not always
conducive to the phosphorescence emission of CDs. It is
hypothesized that the presence of different matrixes engenders
divergent chemical environments for C=0, as illustrated by the
structural diagrams presented in Fig. S16.7 Through a compar-
ative analysis of the C 1s spectra of Si-CDs@B,0; and Si-
CDs@urea (Fig. 2a and S14bt), it is proposed that the red
phosphorescence is predominantly attributable to the O-C=0
structure.

Based on the aforementioned results and discussion, we
propose a potential mechanism for achieving the distinctive
dynamic RTP of UWTDPC and Si-CDs@B,0;. The CDs are
generated in situ and embedded into a 3D network of the BA
matrix through the action of multiple binding forces. Firstly, the
organosilane pretreated reaction precursors provide richer
functional groups on the surface of in situ synthesized CDs,
providing more active sites for further interactions with the BA
matrix. Secondly, the rigid network of the BA matrix serves to
isolate the CDs from external quenchers (water and oxygen),
thereby enhancing the phosphorescence performance. Thirdly,
the stable Si-C and B-C bonds and the abundant hydrogen
bonding interactions between the rigid matrix and the CDs can
effectively stabilize the triplet excitons of the CDs by suppress-
ing the intramolecular vibrations. It can be found that the Si-
CDs@B,0; composites possess multiple phosphorescence
emission centers, where the red phosphorescence emission
center originates from C=0 on the surface of the CDs, and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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blue phosphorescence emission belongs to the B-O in the BA
matrix. The Jablonski diagrams of the mechanism are demon-
strated in Fig. 3g. When exposed to suitable energy light irra-
diation (e.g., 365 nm), the two phosphorescence centers can be
activated simultaneously. The red phosphorescence is gener-
ated by the triplet state Tc—o when returning to the ground
state (S,) and exhibits a fast decay. The return of some electrons
from the triplet state Tg o to S, results in the generation of
a slowly decaying blue phosphorescence. This process,
combined with the large Stokes shift between the two phos-
phorescence excitations and emissions, ensures that the phos-
phorescent emission centers are independent of each other and
do not interfere with each other. The combination of these
features gives rise to the observed UWTDPC phenomenon.
Under 365 nm UV irradiation, it is evident that the phospho-
rescence color undergoes a gradual transition from red to blue,
thereby achieving a dynamic and multicolored RTP output.

As a sophisticated anti-counterfeiting material with excep-
tional time-dependent phosphorescence color, Si-CDs@B,0;
displays considerable promise for deployment in anti-
counterfeiting and data encryption applications. As illustrated
in Fig. 4a, the specific chameleon pattern model filled with Si-
CDs@B,0; exhibits a time-varying phosphorescence color. The
material exhibits pink fluorescence under 365 nm UV light, and
then its color takes on a reddish hue immediately after the

Daylight 365 nm on

(b)
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365 nm UV light is switched off. Thereafter, it gradually changes
to a cyan blue color within 1 s, the phenomenon that can be
easily recognized with the naked eye. Fig. 4b illustrates the
complete phosphorescence color change process of Si-
CDs@B,0;, with the phosphorescence color change encom-
passing the entire visible spectral range. The distinctive RTP
properties of Si-CDs@B,0; composites offer a potential avenue
for multi-level information encryption applications. As illus-
trated in Fig. 4c, the visual effect of time-dependent information
encryption is demonstrated using Si-CDs@B,0; and N@B,0;.
Upon the deactivation of the UV lamp, the flower pattern
exhibits a red phosphorescence, rendering the individual parts
indistinguishable. However, at a delay of 0.2 s, 0.3 s, and 0.8 s,
the central portion of the flower pattern displays orange, yellow,
and cyan blue, respectively. The phosphorescence color infor-
mation is only discernible at a specified time, thereby enabling
the encryption of information on a time scale. As illustrated in
Fig. 4d, the anti-counterfeiting pattern “WUT” was developed
from a CD composite material, with the individual components
“W”, “U” and “T” derived from Si-CDs@urea, Si-CDs@B,0; and
N@B,0;, respectively. Upon excitation with UV lamps at varying
wavelengths (310 nm, 365 nm), the “WUT” sequence displays
a range of fluorescence and phosphorescence colors. The “W”
and “T” letters exhibit a single RTP color output, while the “U”
letter displays a TDPC phenomenon at different excitation

Daylight

%%
.\ ’

.3\‘!5: 365 nm on

'.‘.

Fig. 4

off

0s

Delay time (s)

(a) Optical photographs of the chameleon pattern after 365 nm irradiation. (b) Optical photographs of Si-CDs@B,0Oz composites after

365 nm irradiation. (c) Optical photographs of the flower pattern after 365 nm irradiation. (d) Images of the "WUT" letter under 310 nm and

365 nm irradiation on and off.
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wavelengths. The “U” can undergo a change in color from pink
to blue phosphorescence when the 310 nm excitation source is
removed. In particular, the UWTDPC phenomenon is exhibited
by “U” when the excitation source at 365 nm is removed,
whereby the color changes from red to cyan blue. Moreover, this
process is not merely a transition from red to cyan-blue, it
involves a series of intermediate color changes, gradually
shifting from long to short wavelengths (Video S1f). The
combination of the excitation dependence of Si-CDs@B,0; and
the TDPC properties results in an intrinsic improvement in the
information carrying capacity and security factor of the CD-
based phosphorescence material. Consequently, the above
time-varying dynamic multilayer information encryption prop-
erties provide a new research avenue for advanced information
based on precise time scales.

Conclusions

In summary, we designed a novel CD composite that exhibits
distinctive UWTDPC properties through organosilane modifi-
cation of the precursor and its subsequent embedding within
the rigid network structure of a BA matrix. The results of the
structural studies indicate that the phosphorescence is caused
by the formation of Si-C bonds between the organosilicon layer
present on the surface of the CDs and the CDs themselves, as
well as by the formation of B-C bonds between the boric acid
and the CDs and the domain-limited structure. Upon excitation
with a wavelength of 365 nm, Si-CDs@B,0; exhibits distinctive
UWTDPC properties, spanning from red to cyan-blue. This is
attributed to the red phosphorescence exhibited by the inter-
action between the C=O0O on the surface of the CDs and the
substrate, as well as the blue phosphorescence emitted by the
B-O in the BA. There is a notable difference in the phospho-
rescence intensity and lifetime between the two. The excellent
optical properties of Si-CDs@B,0; have been demonstrated to
have potential for application in spatiotemporal multidimen-
sional dynamic afterglow anti-counterfeiting systems for
advanced information encryption. However, CD materials
exhibiting TDPC characteristics generally suffer from relatively
short phosphorescence lifetimes and low intensity, highlighting
the urgent need for further optimization. Moreover, enhancing
the resolution of multicolor RTP output remains a critical
challenge for the practical application of TDPC CD materials.
Despite these limitations, the design concepts presented in this
work are expected to facilitate the development of TDPC prop-
erties based on CD materials and open up new opportunities for
the preparation of dynamic luminescent materials with more
colors.
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