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a b s t r a c t

Materials with controllable luminescence colors are highly desirable for numerous promising applica-

tions, however, the preparation of such materials, particularly with color-controllable room-temperature

phosphorescence (RTP), remains a formidable challenge. In this work, we reported on a facile strategy

to prepare color-controllable RTP materials via the pyrolysis of a mixture containing 1-(2-hydroxyethyl)-

urea (H-urea) and boric acid (BA). By controlling the pyrolysis temperatures, the as-prepared materials

exhibited ultralong RTP with emission colors ranging from cyan, green, to yellow. Further studies re-

vealed that multiple luminescent centers formed from H-urea, which were in-situ embedded in the B2O3

matrix (produced from BA) during the pyrolysis process. The contents of the different luminescent cen-

ters could be regulated by the pyrolysis temperatures, resulting in color-tunable RTP. Significantly, the

luminescent center engineering and in-situ immobilization strategy not only provided a facile method for

conveniently preparing color-controllable RTP materials, but also endowed the materials prepared at rel-

atively lower temperatures with color-changeable RTP features under thermal stimulus. Considering their

unique properties, the potential applications of the as-obtained materials for advanced anti-counterfeiting

and information encryption were preliminarily demonstrated.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Manipulating the emission colors of luminescent materials

has attracted tremendous attention due to significant applica-

tions in many fields, such as colorful displays, polychrome anti-

counterfeiting, multi-color bioimaging, and multiplexed sensing

[1–8]. Among the different types of luminescent materials, room-

temperature phosphorescent (RTP) materials are considered more

attractive for practical applications, especially for applications re-

quiring high-difficulty of forging, high signal-to-noise ratio sens-

ing, and high resolution of time-resolved bioimaging [9–14], due

to their long persistent emission features. To overcome the draw-

backs of traditional inorganic RTP materials based on transition

metals and rare-earth ions, which have harsh preparation condi-

tions and scarcity of rare-earth resources, special attention has

been paid to the exploitation of metal-free RTP materials over the

last few decades [15,16]. Therefore, the regulation of RTP colors

from pure organic materials has been regarded as a critical issue

[17]. In general, the generation of RTP requires efficient spin-orbit

∗ Corresponding authors.

E-mail addresses: jiangkai@jiangnan.edu.cn (K. Jiang),

linhengwei@jiangnan.edu.cn (H. Lin).

coupling (SOC) to populate triplet excitons by facilitating the in-

tersystem crossing (ISC) process while also suppressing their non-

radiative decay by stabilizing the excited triplet species [18–20].

Of note, an increasing number of organic materials with colorful

RTP have recently been developed by modulating their chemical

structures based on molecular engineering, followed by stabiliz-

ing their triplet states through crystallization, aggregation, and/or

embedding in matrices [15,16,18,21-23]. However, organic small

molecule-based RTP materials often suffer from complicated syn-

thesis and purification processes, and have difficulty achieving con-

trollable RTP colors. Therefore, the development of facile strate-

gies for preparing metal-free RTP materials with controlled emis-

sion color is still desirable, but highly challenging. In addition, it

is also very significant to develop color-changeable metal-free RTP

materials under external stimuli [24–26]. The preparation of these

materials is a more challenging task, because it is necessary to si-

multaneously satisfy the general requirements for producing RTP

and change the emission colors via an external stimulus. To the

best of our knowledge, such materials have rarely been reported

until now [27,28].

Recently, carbon dots (CDs) have attracted significant attention

for the construction of tunable luminescent materials due to their
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Fig. 1. Schematic representation of the luminescent center engineering and in-situ immobilization process. (a) Schematic illustration the conversion process from nonlu-

minous molecules into luminophores, polymer dots, carbonized polymer dots and carbon quantum dots with increased reaction temperature (or carbonization degree). (b)

Generation of multiple emissive centers from nonluminous molecules due to the crosslink enhanced emission (CEE) effect. (c) Schematic illustration the activation of RTP

from nonconventional luminophores after they were embedded in solid matrices. (d) Proposed process for achieving multi-color RTP via in-situ pyrolysis of mixed carbon

sources and matrix precursors under different temperatures.

facile preparation, high photostability, and outstanding biocompat-

ibility [29,30]. More impressively, CDs-based stimuli-responsive lu-

minescent materials had also been exploited in recent years. Par-

ticularly, both wang’s group and Ding’s group achieved CDs-based

multicolor RTP across a broad range of visible-light region by ad-

justing fabrication temperature and/or starting materials [31,32].

These studies opened new sights for preparing stimuli-responsive

RTP materials, but a general design principle/strategy to prepare

such CDs-based materials is still necessary and significant. Gener-

ally, multicolor emissions from CDs, regardless of photolumines-

cence (PL) or RTP, has benefited from their multiple emitting cen-

ters, therefore, the emissions of CDs can be facilely regulated by

luminescent centers engineering. Specifically, the phenomenon of

crosslink enhanced emission (CEE) has been accepted as one of

the possible PL origins of CDs prepared from nonluminous or-

ganic small molecules [33,34]. Accordingly, the CEE process can

be regarded as the most typical example of CD luminescent cen-

ter engineering. During the formation of CDs, nonconventional lu-

minophores form first and gradually convert into polymer dots,

carbonized polymer dots, and finally carbon quantum dots (abbre-

viated as PDs, CPDs, and CQDs, respectively, which consist of the

three types of CDs with different phases structures) with increased

reaction temperature (or carbonization degree) (Fig. 1a), resulting

in multiple luminescent centers and tunable PL emission (Fig. 1b)

[35–37]. Notably, strong RTP with a long duration can be obtained

from organic nonconventional luminophores embedded in a ma-

trix due to the suppression of non-radiative transitions through

the efficient confinement of molecular vibrations and motion (Fig.

1c) [38,39]. Inspired by the concept of CEE and efficient RTP from

nonconventional luminophores embedded in matrices, we specu-

lated that it might be possible to realize controlled multicolor RTP

by the in-situ pyrolysis of suitable carbon and matrix precursors

(Fig. 1d). Similar to the preparation of CEE-type CDs (CEE-CDs)

from nonluminous organic small molecules, nonconventional lu-

minophores with multiple luminescent centers can be obtained

and in-situ embedded in a rigid matrix. In our recent work, we

confirmed that multiple emissive centers could be reserved along

with the further carbonization of CEE-CDs under relative higher

temperatures (e.g., 240–300 °C), where the content of the different

centers was temperature-dependent [40]. We reasoned that with

the selection of appropriate precursors and pyrolysis temperatures,

the RTP colors of the corresponding materials could be controlled.

More impressively, this pyrolysis and in-situ luminescent center

immobilization strategy could provide a facile approach for obtain-

ing color-changeable RTP materials under thermal stimulus, which

has rarely been reported.

To validate our hypothesis, 1-(2-hydroxyethyl)-urea (H-urea)

and boric acid (BA) were screened as the starting materials ac-

cording to the following considerations. (i) H-urea could act as a

carbon source that could produce abundant C=O and C=N groups,

and these groups were confirmed to be critical for producing RTP

from organic materials [41–43]. (ii) The dehydration of BA pro-

duced boric oxide (B2O3), which could act as a matrix to in situ

embed the produced luminescent species, thus, suppressing non-

radiative transitions of their triplet states [31,44,45]. (iii) The de-

hydration and condensation between BA and H-urea would form

covalent bonds, which could further stabilize the triplet states

and alter their energy levels [31,44,45]. (iv) The introduction of

B and N could promote π→π ∗ and n→π ∗ transitions and popu-

late triplet states by facilitating the ISC process for the generation
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Fig. 2. Preparation process and afterglow performance. (a) Schematic illustration for the preparation for multi-color RTP composites (denoted as c-CNBMs, g-CNBMs and y-

CNBMs, respectively) via a direct pyrolysis method at different temperatures. (b) Calculated CIE coordinates from the afterglow spectra (λex =365nm) of c-CNBMs, g-CNBMs,

and y-CNBMs. (c) Afterglow emission images of the three RTP composites after ceasing UV lamp (365nm) irradiation from 1 s to 11 s under ambient conditions.

of RTP [23,46,47]. In addition, (v) the vacant p orbitals of the B

atoms could interact with the π→π ∗ and n→π ∗ transitions of the

C=O and C=N groups, triggering the generation of through-space

conjugation (TSC) emission [38], which could serve as a lumines-

cent center to regulate and expand RTP colors. As a proof of con-

cept, direct pyrolysis of the BA and H-urea mixture under differ-

ent temperatures (i.e., 240, 260 and 300 °C) was performed and

we systematically characterized the structural and photophysical

properties of the obtained materials. As anticipated, the obtained

three materials were phosphorescent with a relatively long after-

glow duration under ambient conditions (5∼11 s), exhibiting con-

trolled RTP colors from cyan, green, to yellow at different pyroly-

sis temperatures. Further analysis revealed that multiple lumines-

cent centers formed and were embedded in-situ in the B2O3 ma-

trix during the pyrolysis process. In addition, the contents of the

different centers were controlled by the pyrolysis temperatures;

thus, triggering the color-tunable RTP. Interestingly, the materials

prepared at relatively lower temperatures (e.g., 240 °C) exhibited

a rarely reported thermo-stimuli-responsive color-changeable RTP

feature. Finally, the potential uses of these materials in advanced

anti-counterfeiting and information encryption were demonstrated.

This study not only developed a facile strategy for the convenient

preparation of RTP materials and the controllable regulation of

their emission color, but also provided a novel idea for designing

and preparing thermo-stimuli-responsive smart materials.

As shown in Fig. 2a, the materials with a color-tunable after-

glow were prepared by the direct pyrolysis of an H-urea and BA

mixture at 240, 260 and 300 °C (see details in the experimental

section in Supporting information). Upon UV (365nm) excitation,

the as-obtained materials exhibited deep blue, cyan, and yellow-

green fluorescence (FL), respectively. Interestingly, cyan, green, and

yellow afterglows were observed from the three materials (denoted

as c-CNBMs, g-CNBMs, and y-CNBMs, respectively), after the ex-

citation source was turned off. According to the afterglow emis-

sion spectra (Fig. S1 in Supporting information), the CIE coordi-

nates of their afterglow emissions under 365nm of excitation were

calculated to be (0.22, 0.33), (0.28, 0.47) and (0.38, 0.52) (Fig. 2b),

which was consistent with the afterglow colors observed by the

naked eye. Of note, the afterglow intensities of all the materials

showed apparent decreases with increasing measurement temper-

atures (Fig. S2 in Supporting information), suggesting phosphores-

cent emission characteristics [19,23]. Moreover, the afterglow emis-

sions of the c-CNBMs, g-CNBMs, and y-CNBMs could be observed

by the naked eye for ca. 5 s, 11 s and 8 s, respectively (Fig. 2c and

Videos S1–S3 in Supporting information). Obviously, the duration

of the afterglow emissions was also dependent on the pyrolysis

temperature.

Subsequently, the morphologies and structures of these materi-

als were characterized by transmission electron microscopy (TEM),

energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction

(XRD) analysis. As shown in Fig. S3 (Supporting information), the

TEM and high-resolution TEM (HR TEM) images showed that the

highly crystallized nanoparticles were well-dispersed and embed-

ded in the y-CNBMs, which was attributed to the formation of

CQDs, according to the observed lattice spacing. However, only

amorphous particles (likely CPDs) were observed in the g-CNBMs

and no obvious particle structures were found in the c-CNBMs

(Figs. S4 and S5 in Supporting information). Therefore, we tenta-

tively attributed the PL of the c-CNBMs, g-CNBMs, and y-CNBMs

to the temperature-dependent formation of nonconventional lu-

minophores, CPDs, and CQDs. Notably, the uniform distribution of

B, C, N and O elements in the EDS elemental mappings verified

that all of the elements were well distributed. This situation may

have promoted the probability of interactions between the empty

p orbitals on the B atoms and the lone pair electrons provided by

N and O, which was beneficial for the TSC process [38]. Compared

to BA treated at 260 °C, the XRD patterns of c-CNBMs, g-CNBMs,

and y-CNBMs presented the characteristic peaks of B2O3 at 14.68°,
28.05°, 30.77° and 40.35° (Fig. 3a) [48]. Phosphorescence is typi-

cally quenched in the presence of oxygen and solvents owing to

the quenching of triplet excitons and solvent-assisted relaxation

[19,23]. Therefore, embedding fluorophores and CDs in a solid ma-

trix is generally needed for activating phosphorescence emission

[49–51]. Since no afterglow was observed in the aqueous disper-

sions of these materials, the formation of B2O3 as a matrix was

considered to be critical for RTP emissions.

To gain insight into the formation process of these materials,

their chemical structures were investigated by Fourier-transform

infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy

(XPS), and then carefully compared with B2O3. As shown in Fig.

3b, the FT-IR spectrum of B2O3 displayed characteristic absorp-

tion bands at 3210 cm−1, 1457 cm−1, and 1195 cm−1, which was

attributed to the stretching vibrations of O−H and B−O bonds

[31,44], and asymmetrically stretched oxygen atoms [38], which

connected the trigonal boron atoms, respectively. For the FT-IR

spectra of c-CNBMs, g-CNBMs, and y-CNBMs, the peak assigned to
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Fig. 3. Chemical structures analysis. (a) XRD patterns, (b) FTIR spectra, and (c) XPS spectra of B2O3, c-CNBMs, g-CNBMs, and y-CNBMs, respectively; (d-g) HR B 1s, C 1s, N

1s, and O 1s XPS spectra and the corresponding fitting curves of (i) c-CNBMs, (ii) g-CNBMs, and (iii) y-CNBMs, respectively. .

the stretching vibrations of the B-O bonds (i.e., located at 1440

cm−1) was also identified, demonstrating the dehydration of BA

during the pyrolysis process. Moreover, a series of new character-

istic peaks was observed. For instance, the absorption peaks at ap-

proximately 1024, 945, and 782 cm−1 were attributed to the bend-

ing vibrations of B-O-C, the stretching vibrations of B-C bonds, and

the out-of-plane bending vibrations of the B-N-B structure, respec-

tively [31,38,44]. These findings indicated that the dehydration co-

valent coupling reaction occurred between the carbon source and

BA. The two broad absorption peaks located at 3440 and 3381

cm−1 were attributed to the stretching vibrations of the N-H/

O-H bonds [31,38,44]. In addition, three absorption peaks located

at 1630, 1400, and 1100 cm−1 were assigned to the stretching vi-

brations of the C=O/C=N, C-O, and C-N bonds, respectively [41,52].

These peaks demonstrated the carbonization of H-urea. More im-

portantly, as the pyrolysis temperature increased, the intensity of

the absorption peaks corresponding to C=O/C=N (1630 cm−1) and

C-O (1400 cm−1) increased from the c-CNBMs to g-CNBMs and y-

CNBMs, indicating that a higher pyrolysis temperature was benefi-

cial for the carbonization of H-urea and the formation of CPDs or

CQDs. These FT-IR results were further confirmed by XPS analysis.

As a reference, only the B 1s and O 1s peaks were observed in the

XPS spectrum of B2O3 (Fig. 3c), while the HR B 1s and O 1s spec-

tra only exhibited peaks at B-O (194.0 eV) and O-B/O-H (533.0 eV),

respectively (Fig. S6 in Supporting information) [44,48]. However,

the full survey XPS spectra of these three materials exhibited four

peaks at 192.1, 284.9, 401.2 and 532.1 eV, which were attributed to

B 1s, C 1s, N 1s, and O 1s, respectively. Therefore, these materi-

als contained the same elemental composition (i.e., C, N, O and B)

(Table S1 in Supporting information). The B/O ratios (i.e., 0.55, 0.58

and 0.62) in the three materials gradually increased along with the

pyrolysis temperature, indicating the promoted dehydration of BA.

In the HR XPS spectra of each element, the B 1s spectrum was

fitted into two peaks at 191.3 eV (B-C/B-N) and 192.4 eV (BCO2)

(Fig. 3d) [31,38,44,45]. The C 1s spectrum contained four peaks lo-

cated at 284.8, 285.5, 286.0 and 288.0 eV, which could be iden-

tified as C-C/C=C, C-O, C-N, and C=O/C=N, respectively (Fig. 3e)

[39,47]. The N 1s spectrum consisted of three peaks at 399.8, 401.4

and 402.2 eV, which corresponded to the C=N, N-H, and graphite

N bonds, respectively (Fig. 3f) [41,52]. The O 1s spectra showed

the existence of C-O/C=O bonds at 532.0 eV and O-B/O-H bonds

at 533.0 eV (Fig. 3g) [31,32]. The corresponding fitting results are

summarized in Table S2, which further provided a relatively quan-

titative alteration of the different bonds. Herein, the signal of BCO2

(192.4 eV) means boron atoms being surrounded by carbon and

oxygen atoms, revealing the presence of B2O3 [31,38,44,45]. More-

over, the emergence of B-C/B-N (191.3 eV) indicated the formation

of covalent bonds between the B2O3 and CDs through the dehydra-

tion reaction, and these bonds could facilitate n→σ ∗ interactions

for TSC emissions [38]. With increasing pyrolysis temperature, the

BA molecules dehydrated to form B2O3, resulting in a decrease in

B-C/B-N and an increase in BCO2 bonds. More notably, when the

pyrolysis temperature increased from 240 °C to 300 °C, the content

of C obviously decreased (Table S1), which further revealed that

more carbon sources were consumed at higher pyrolysis tempera-

tures, resulting in the growth of the sp2 hybrid structure via the

dehydration, deamination, and carbonization reactions. All of these

contributed to the obvious increase in C-O, C=O/C=N bonds and

graphite N, and decrease in C-C/C=C, C-N, and N-H bonds (Table

S2). In addition, CPDs and CQDs gradually formed in the g-CNBMs

and y-CNBMs due to the relative higher pyrolysis temperature (i.e.,

260 and 300 °C, respectively). These observations were consistent

with the FT-IR analysis, and TEM and HR TEM results discussed

above.

To verify the origin of the ultralong and controlled RTP char-

acteristics, the more in-depth photophysical properties of the ma-

terials were systemically investigated. First, the UV–vis absorption

spectra were recorded. As shown in Fig. 4a, the UV–vis spectra of

the materials displayed two major peaks at 280 and 340nm, which

were attributed to the π→π ∗ transitions of the C=C/C=N groups

and the n→π ∗ transitions of C=O/C=N [41,52]. In addition, the

intensities of the two absorption bands gradually increased with

increasing pyrolysis temperature, indicating a higher carbonization

degree and that more π-conjugate structures formed from the c-

CNBMs into g-CNBMs and y-CNBMs. As shown in Fig. 4b and Fig.

S7 (Supporting information), although the PL excitation spectra of
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Fig. 4. Optical properties analysis. (a) UV–vis absorption spectra of c-CNBMs, g-CNBMs, and y-CNBMs. (b, c) PL emission (λex =340nm) and decay (λex =320nm) spectra of

c-CNBMs, g-CNBMs, and y-CNBMs. (d, e) The afterglow emission and decay spectra of c-CNBMs, g-CNBMs, and y-CNBMs under a single excitation wavelength (λex =340nm).

(f) The RTP spectra of the three composites in (d), which were fitted by Gaussian functions (Fig. S7 in Supporting information), and the relative amplitudes of each fitted

Gaussian peak are shown in (f).

all three materials were centered around 340nm, their PL emis-

sion maxima gradually red-shifted from 390nm to 400nm, and to

520nm with absolute PL quantum yields (QYs) of 2.76%, 5.95% and

4.95% (Table S3 in Supporting information), respectively. Notably,

the emission bands of the c-CNBMs, g-CNBMs, and y-CNBMs grad-

ually broadened, and the PL emission spectra of the three materi-

als displayed excitation-wavelength-dependent emission behavior.

These results indicated that multiple luminescent centers existed

in these materials. According to their PL decay spectra, the PL life-

times of the c-CNBMs, g-CNBMs, and y-CNBMs were determined

to be 1.57, 2.28, and 2.52ns, respectively (Fig. 4c and Table S4 in

Supporting information). The differences in the PL lifetimes fur-

ther confirmed the origin of the above-mentioned emissions from

the multiple emissive centers [53,54]. More importantly, the RTP

emission spectra of the three materials also displayed broad emis-

sion bands and significant red-shifting from 480nm to 540nm un-

der a single excitation wavelength (λex =340nm) (Fig. 4d). More-

over, RTP emission spectra of the three materials also displayed

excitation-wavelength-dependent behavior (Fig. S1). Therefore, the

RTP emissions of the three materials were similar to their PL, due

to the presence of multiple emissive centers. However, from the

time-resolved decay curves of the RTP emissions (Fig. 4e and Ta-

ble S5 in Supporting information), the average afterglow lifetimes

of the three materials were calculated to be 0.95–1.32 s, indicat-

ing their long-lived emission features. Moreover, the RTP emission

spectra, shown in Fig. 4d, were analyzed by fitting with Guas-

sian functions. As shown in Fig. S8 (Supporting information), all

of these spectra could be fitted with multiple Gaussian peaks lo-

cated at ca. 425, 490, 530, and 595nm, corresponding to the dif-

ferent emissive centers. The emissive band percentages at 425 and

490nm decreased with increasing pyrolysis temperature. By con-

trast, the emissive band percentages gradually increased at wave-

lengths of 530 and 595nm (Fig. 4f and Table S6 in Supporting in-

formation). These changes were responsible for the shifts in the

RTP emissions from c-CNBMs to g-CNBMs and to y-CNBMs. Fur-

thermore, their excitation spectra (i.e., c-CNBMs and g-CNBMs at

425nm; c-CNBMs, g-CNBMs, and y-CNBMs at 490nm and 530nm;

g-CNBMs and y-CNBMs at 595nm) were also measured (Fig. S9

in Supporting information). The corresponding RTP excitation and

UV–vis absorption spectra indicated that the shorter wavelength of

RTP emission (i.e., 425nm) of c-CNBMs and g-CNBMs came from

the n→σ ∗ transitions of B-C/B-N bonds and π→π ∗ transitions of

the C=C/C=N relative groups, while the longer wavelength RTP

emissions (i.e., 490nm, 530nm and 595nm) of g-CNBMs and y-

CNBMs were mainly attributed to the n→π ∗ transitions produced

by the C=O/C=N relevant structures. Notably, although the excita-

tion of 340nm did not exactly match the energy for the excita-

tion of π→π ∗ transitions of the C=C/C=N groups, small parts of

the 425nm RTP from the c-CNBMs and g-CNBMs were also ob-

served (Fig. 4f, Fig. S8 and Table S5), due to contributions from

the n→π ∗ transitions of the C=O/C=N groups. With increasing py-

rolysis temperature, more C=O/C=N groups formed; therefore, the

percentages of long-wavelength RTP increased and the three com-

posites showed multicolor RTP under single wavelength excitation

(340nm).

Based on the above characterizations and analyses, the for-

mation process and multicolor RTP alteration mechanism of c-

CNBMs, g-CNBMs, and y-CNBMs could be tentatively proposed as

follows. The H-urea and BA first underwent dehydration condensa-

tion under heating (240 °C) to form nonconventional luminophores

(oligomers from slight crosslinking). Then, luminescent polymer

clusters were produced through further dehydration and crosslink-

ing among these oligomers. Meanwhile, carbonization started to

occur with increasing reaction temperature (260 °C), leading to

the production of CPDs with a low crystallization degree. When

the temperature was further elevated (300 °C), CQDs with more

compact structures formed by the emerging larger crystalline re-

gions and higher crystalline degree in the interiors of the dots.

In this process, carbon sources were gradually consumed, which

was accompanied by the dehydration of BA. Therefore, the non-

conventional luminophores, CPDs and CQDs, were uniformly dis-

persed and embedded in the B2O3 matrix. All of the composites

could stabilize the T1 species and suppress the non-radiative re-

laxation processes of the excited triplet excitons, thus generat-

ing efficient RTP emissions. Moreover, during pyrolysis treatment,

some B atoms were covalently coupled with the C and N atoms,

forming covalent bonds (i.e., B-C and B-N bonds), which may

have promoted the n→σ ∗ transitions, triggering the construction

of inter/intramolecular TSC [38]. TSC could form a narrow energy

band and effectively populate the triplet excitons by overcoming

the weak SOC of the n→σ ∗ transitions; thus, contributing to the

RTP emissions around 425nm. Moreover, Gaussian fitting indicated
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Fig. 5. Applications of the c-CNBMs, g-CNBMs, and y-CNBMs in information secu-

rity. (a) Multicolor RTP inks and tags. (b) c-CNBMs based thermo-stimuli-responsive

polychrome RTP ink for high-security level anti-counterfeiting.

that the π→π ∗ transitions of C=C/C=N also contributed to the

RTP emission of 425nm and the RTP emission peaks of 490, 530

and 595nm were mainly derived from the n→π ∗ transitions of

C=O/C=N relevant structures. Consequently, all the emitting cen-

ters (i.e., C-B, B-N, C=C, C=O, and C=N relevant structures) were

responsible for the RTP emissions of these materials. With the al-

teration of pyrolysis temperature, the contents of certain types of

bonds relevant structures would dominate the RTP process, thus,

showing color-tunable RTP emissions.

The three materials showed great potential for information

security applications due to their outstanding stability (Fig. S11

in Supporting information) and temperature dependent color-

tunable RTP features. To demonstrate such an application, a tag

(a panda picture) was printed onto a piece of common A4 paper

via silk-screen printing using the three material-based inks (see

experimental section for details in Supporting information). After

completely drying, the colorless patterns were obtained under

ambient conditions (Fig. 5a). Under the irradiation of a 365nm

UV lamp, only weak panda pattern was observed due to the

strong PL background of the A4 paper. After the excitation light

was removed, cyan, green, and yellow RTP were observed for

several seconds (Fig. 5a and Fig. S10 in Supporting information).

More impressively, the c-CNBMs were used to fabricate thermo-

stimuli-responsive polychrome security inks for high-security

level anti-counterfeiting and advanced information encryption

applications. As shown in Fig. 5b, when the pattern printed by the

c-CNBMs inks was treated by heating with a heat gun (260 °C for

30 s), it was still invisible under daylight and was blue, however,

its RTP colors changed from cyan to green after the UV lamp was

turned off. When the heating treatment reached 300 °C (for 30 s),

the RTP emissions of this pattern further evolved into yellow when

UV excitation stopped. To the best of our knowledge, this type of

color tunable RTP feature has rarely been reported thus far [31,32].

In addition, the changeable colors could be easily distinguished by

the naked eye due to their long duration. Therefore, all of these

advantages were beneficial for high-security anti-counterfeiting

in daily life. These results also demonstrated that the reported

materials with controllable RTP color features were promising for

anti-counterfeiting applications for protecting the authenticity of

many valuable items, such as banknotes, tickets, coupons, and

lotteries, as well in security fields for the encryption of important

information, such as codes, messages, and security tags.

In summary, we reported on a facile strategy to prepare color-

tunable RTP materials by controlling the pyrolysis temperature of

H-urea and BA. Based on the structural investigations and photo-

physical analysis, we proposed that the tunable RTP colors origi-

nated from the formation of multiple luminescent centers, which

were embedded in-situ in a matrix during the pyrolysis process.

More interestingly, the material prepared at a lower temperature

(i.e., c-CNBMs) exhibited a unique thermo-stimuli-responsive color-

changeable RTP character. Based on their remarkable optical fea-

tures, these materials demonstrated that they could be useful in

the fields of advanced anti-counterfeiting and information pro-

tection. This study provided a facile method for the preparation

of color-tunable metal-free RTP materials with long-lasting emis-

sions. Furthermore, we believe that this luminescent center engi-

neering and in-situ immobilization strategy could offer new oppor-

tunities for designing thermo-stimuli-responsive smart materials

for high-level information security, anti-counterfeiting, and multi-

plexed storage.
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