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Stabilizing triplet excited states is important for room temperature phosphorescence (RTP) materials to
achieve multifunctional applications in humid environment. However, due to the lack of preparation
strategies, the realization of RTP materials in water still faces challenges. Herein, a new design strategy
was presented to achieve RTP in water by confining carbonized polymer dots (CPDs) in amino functional
mesoporous silica (MSNs-NH; ). The as-prepared MSNs-CPDs aqueous dispersion exhibited blue afterglow,
lasting more than 3s to naked eyes. The triplet excited states were protected from non-radiative deac-
tivation by the double-confinement effect including covalent bonding fixation and mesoporous structure
confinement. The MSNs-CPDs inherited the structure of MSNs-NH,, so the stability of morphology and
properties were superior to CPDs and even most of silica-based CPDs RTP materials. A water-related en-
cryption technique demonstrated the promising application of MSNs-CPDs as smart materials in the field
of information security. Besides, the possibility of potential application in ion detection was also explored.
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Phosphorescence is a phenomenon of delayed Iuminescence,
with long-lived triplet excited states. Room temperature phospho-
rescence (RTP) materials have attracted widespread attention, due
to the unique advantage of large stokes shift, high signal-to-noise
ratio, milliseconds or seconds lifetime and elimination of back-
ground emission interference. In recent years, RTP materials have
been widely used in the field of anti-counterfeiting [1,2], infor-
mation encryption [3,4], sensors [5,6], bioimaging [7] and opto-
electronics [8-11], etc. Current RTP materials mainly contain rare
earth inorganics [12,13], metal-organic complexes [14,15] or crys-
talline pure organic compounds [16,17]. However, these materials
suffer from high toxicity, environment damage, high cost and com-
plicated synthesis. It is urgent to develop new classes of metal-free
RTP materials.

Carbonized polymer dots (CPDs) are emerging carbon-based lu-
minescent nanomaterials [18-22], that are expected to solve the
problems of traditional RTP materials. Generally, the CPDs-based
RTP emission can be induced through the two following meth-
ods: one is the self-protective CPDs, the other is embedding CPDs
into matrix [23-25]. The RTP of self-protective CPDs usually at-
tribute to the highly crosslinked polymer structure, which is called
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crosslink-enhanced emission (CEE) [26,27]. Moreover, various ma-
trices are introduced to construct matrix-assisted RTP CPDs, such
as polyvinyl alcohol [28], polyurethane [29], boric acid [30], cya-
nuric acid [31] and inorganic salt [32]. Hydrogen bonds or covalent
bonds among the matrices and CPDs can restrict the intermolec-
ular motions and rigidify the triplet states of CPDs, thus inducing
the RTP emission.

Notably most of CPDs-based RTP can only be observed in their
dry solid state but quenched once exposed to water, that hinders
the applications in humid environment. Therefore, it is necessary
to achieve efficient RTP of CPDs-based materials in the existence
of water. Very recently, some researchers covered CPDs with silica
to protect the RTP in dispersion/aqueous solution. Liu’s group pre-
sented a method for realizing RTP in water by incorporating carbon
dots (CDs) into a three-dimensional silica network [33]. Then, Liu’s
group reported another method by anchoring CDs onto nanosilica
[34]. Shan’s group achieved RTP in aqueous solution by confining
water-soluble CDs in a silica capsulation layer nanospace [35]. Al-
though these reports realized CPDs-based RTP in aqueous media,
there were still some nonnegligible problems: (1) Colloidal silica
was widely applied to protect RTP of CPDs. While, the colloidal sil-
ica would further hydrolyze after freeze-drying or evaporation. The
morphology would be changed in these processes and the powder
could not be redispersed in water. So these materials were unsta-

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



C. Zheng, S. Tao, Y. Liu et al.

& ..

MSNs-CPDs

MSNs MSNs-NH,

Scheme 1. Schematic illustration of the synthetic procedure of MSNs-CPDs.

ble in a sense. (2) The multifunctional CPDs was encapsulated in-
side the matrix through covalent bonds or supramolecular inter-
actions and was isolated from external environment, which lim-
ited further functionalizations and applications. (3) There was still
a lack of effective strategies to synthesis of CPDs-based RTP mate-
rials in aqueous solution. Therefore, it remained challenge to pro-
pose a new strategy to prepare CPDs-based RTP materials in aque-
ous environment.

Herein, we put forward a strategy based on double-confinement
effect to synthesis water-dispersed CPDs-based RTP materials. We
chose PAA-EDA CPDs [36] as the origin of RTP and amino func-
tional mesoporous silica (MSNs-NH,) as a matrix to protect the
RTP in water. The as-prepared MSNs-CPDs (details were described
in Experimental Section in Supporting information) aqueous dis-
persion showed blue afterglow, lasting more than 3s to naked
eyes. Different from the CPDs which was encapsulated in colloidal-
silica, the as-prepared MSNs-CPDs displayed stable morphology
and the powder obtained after freeze-drying could be redispersed
in water. Due to being fixed to the surface and mesoporous chan-
nel of MSNs-NH,, the CPDs could contact with the outside envi-
ronment, which was beneficial for potential applications. Subse-
quently, we proposed double-confinement effect, consisting cova-
lent bonding fixation and mesoporous structure confinement to ex-
plain how the MSNs-NH, protected the RTP of CPDs from quench-
ing in water. Based on the unique properties, MSNs-CPDs aque-
ous dispersion was applied to water-related information encryp-
tion. The promising application of MSNs-CPDs aqueous dispersion
in ion detection was also explored.

The preparation of CPDs and MSNs-CPDs was briefly illustrated
in Scheme 1. CPDs was synthesized according to our previous
work. The PAA-EDA CPDs was sensitive to water and easy to dis-
solve in water. Once exposed to water, the RTP of CPDs would
be quenched. Amino functional mesoporous silica nanoparticle
(MSNs-NH, ) was chosen as matrix to protect the RTP of CPDs. Ow-
ing to the multifunctional surface, good stability and well-defined
pore structure, MSNs-NH, was expected to prevent CPDs from re-
solving in water, thus stabilizing the triplet states of CPDs. Firstly,
mesoporous silica (MSNs) was prepared by using CTAB as template
and TEOS as silica source. Then through the condensation reaction
between the Si-OH of MSNs and APTES, the MSNs was function-
alized with amino to prepare MSNs-NH,. Finally, after hydrother-
mal treating of MSNs-NH, and CPDs, the MSNs-CPDs was synthe-
sized. Interestingly, the MSNs-CPDs displayed good dispersibility
(Fig. S1 in Supporting information) in water and the MSNs-CPDs
aqueous dispersion showed blue afterglow, lasting more than 3s to
naked eyes (Fig. 1a), confirming that MSNs-NH, successfully pro-
tected the RTP in water. In contrast to the CPDs, the MSNs-CPDs
showed good water dispersed RTP property. Moreover, after freeze-
drying to powder, MSNs-CPDs could redisperse in water to form
uniform aqueous dispersion (Fig. S1c in Supporting information).
Table S1 showed the phosphorescence lifetime of the MSNs-CPDs
aqueous dispersion with different ratios of MSNs-NH, to CPDs. The
phosphorescence lifetime of the MSNs-CPDs aqueous dispersion in-
creased and then gradually decreased as the ratio increasing from
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1:1 to 4:1. The phosphorescence lifetime of the MSNs-CPDs aque-
ous dispersion reached a maximum when the ratio of MSNs-NH,
to CPDs was 2:1.

The morphology of MSNs-NH, and MSNs-CPDs were character-
ized via scanning electron microscope (SEM), dynamic light scatter-
ing (DLS) and transmission electron microscopy (TEM). As shown
in Fig. S2 (Supporting information) and Fig. 1b, SEM images of
the MSNs-NH;, and MSNs-CPDs displayed well-dispersed nanopar-
ticles with a wide size range from 50nm to 140nm (average di-
ameters of about 100 nm) and 60 nm to 140 nm (average diameters
of about 100 nm), respectively. The SEM results indicated that after
hydrothermal treatment, the diameter of MSNs-CPDs was similar
to MSNs-NH; and the morphology remained the same as MSNs-
NH,. As shown in Fig. 1c, DLS characterization indicated that the
average hydrodynamic diameters were in the range of 142-295 nm
for MSNs-NH, and 122-342 nm for MSNs-CPDs, which were larger
than diameters measured by SEM due to the existence of the
hydration layer on the nanoparticles. TEM image of MSNs-NH,
showed clear porous structure (Fig. 1d). After hydrothermal treat-
ment, the porous structure disappeared (Fig. 1e), which indicated
that CPDs was successfully grafted on MSNs-NH,.

Zeta potentials of CPDs, MSNs-NH, and MSNs-CPDs were
examined to be -10.8mV, 25.5mV and —-4.9mV, respectively
(Fig. 2a), which further revealed CPDs had been successfully
grafted on the surface of MSNs-NH,. The X-ray photoelectron spec-
troscopy (XPS) spectra displayed four typical peaks, which were
assigned to O 1s (532eV), N 1s (399eV), C 1s (285eV) and Si 2p
(104 eV), respectively (Fig. 2b). The high-resolution XPS results of O
1s could be deconvoluted into three peaks, which were attributed
to Si-O bonds (532.9eV), C-O bonds (532.4eV) and C=0 bonds
(531.9eV) (Fig. S3c in Supporting information). The Si-O bonds
were assigned to MSNs-NH, and the C=0 bonds were assigned
to CPDs. To investigate how the CPDs connected with MSNS-
NH,, FT-IR spectra were measured. As shown in the FT-IR spectra
(Fig. 2c), the absorption peaks at 1650 cm~! and 1550 cm~! were
assigned to C=0 stretching vibration and N-H vibration, respec-
tively. Compared with CPDs, the intensity ratio of C=0 bonds to
N-H bonds decreased from 1.089 to 0.986 for MSNs-CPDs. The FT-
IR results confirmed that the functional groups of CPDs had reacted
with MSNs-NH,, indicating CPDs was connected with MSNs-NH,
through covalent bonds. Next, the porous structure of MSNs-NH,
and MSNs-CPDs were investigated. As shown in Fig. 2d, the N,
adsorption-desorption results of MSNs-NH, and MSNs-CPDs both
displayed typical IV isotherms curve with a H1 hysteresis loop,
indicating the presence of ordered mesoporous channels. In con-
trast with MSNs-NH,, surface area and pore volume of MSNs-CPDs
decreased from 666.4 m2/g to 144.8 m2/g and 0.8313 cm3/g to
0.5673 cm?3/g, respectively (Table S2 in Supporting information).
The pore size distribution of MSNs-NH, was concentrated at about
2.0nm, and the size distribution of CPDs after hydrothermal treat-
ment ranged from 0.8nm to 2.2nm (Fig. S4 in Supporting infor-
mation). Thus, CPDs could partially accessed into the mesoporous
of MSNs-NH,. The powder small-angle XRD (PXRD) was employed
to further investigate the mesoporous structure of MSNs-NH, and
MSNs-CPDs (Fig. 2e). The PXRD pattern of MSNs-NH, displayed
two characteristic diffraction peaks, which corresponded to the
(100) and (110) panel. The PXRD further confirmed MSNs-NH, pos-
sessed the ordered pore channel. But, after hydrothermal treat-
ment, the characteristic diffraction peaks at (100) and (110) dis-
appeared in MSNs-CPDs. Meanwhile, the characteristic diffraction
peaks for CPDs at 22° appeared in MSNs-CPDs (Fig. S5 in Sup-
porting information). After modification with CPDs, the regular-
ity degree of MSNs-NH, reduced, indicating that CPDs partly ac-
cess into mesoporous channel. These characterizations confirmed
that through covalent bonds, CPDs was partly immobilized on the
surface of MSNs-NH, and partly constrained into the mesoporous
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Fig. 1. (a) Photographs of MSNs-CPDs (10 mg/mL in water) at different delay time after UV irradiation. (b) SEM image of MSNs-CPDs (inset: particle size distribution). (c)
Hydrodynamic diameter distributions of MSNs-NH, and MSNs-CPDs. (d) TEM image of MSNs-NH,. (e) TEM image of MSN-CPDs.
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Fig. 2. (a) Zeta potentials of CPDs, MSNs-NH, and MSNs-CPDs. (b) XPS spectrum of MSNs-CPDs. (c) FI-IR spectra of MSNs-NH,, MSNs-CPDs and CPDs. (d) N, adsorption-
desorption isotherms. (e) Powder small-angle XRD patterns. (f) TGA curves of MSNs-NH, and MSNs-CPDs.

channel of MSNs-NH,. Thermogravimetric analysis (TGA) results
(Fig. 2f) demonstrated the total weight loss of MSNs-NH, and
MSNs-CPDs were 24.0% and 31.4%, respectively. Thus, the doping
weight of CPDs was calculated to be 7.4% for MSNs-CPDs.

The UV absorption spectrum of MSNs-CPDs displayed a wide
peak ranging from 320 nm to 370 nm, which was attributed to the
n-m* transition of C=0/C=N bonds of CPDs (Fig. 3a). As shown in
Fig. 3b, the photoluminescence (PL) spectra of MSNs-CPDs aque-
ous dispersion showed characteristic excitation-dependent fluo-
rescence of CPDs. Under the excitation of 345nm, the PL emis-
sion of MSNs-CPDs aqueous dispersion was strongest, centered at
about 410 nm. Interestingly, MSNs-CPDs aqueous dispersion exhib-
ited blue afterglow after turning off UV illumination (365 nm).
The afterglow emission spectra of MSNs-CPDs revealed the phos-
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phorescence emission behavior of MSNs-CPDs aqueous dispersion,
centered at 430nm (Fig. 3c¢). The quantum yield of MSNs-CPDs
was 20.73% and the phosphorescence quantum yields were 6.00%
in aqueous dispersion under excitation of 365nm (Table S3 in
Supporting information). The temperature-dependent RTP decay
spectra of MSNs-CPDs aqueous dispersion (Fig. 3d) indicated that
the afterglow delay lifetime decreased as temperature increased
(Table S4 in Supporting information). Consequently, the spectra
demonstrated that the afterglow was indeed RTP, rather than ther-
mally activated delayed fluorescence. The RTP lifetime of MSNs-
CPDs aqueous dispersion was determined from the RTP decay
spectrum (Fig. 3e), which could be fitted by a double exponen-
tial function (Table S5 in Supporting information). Based on the
following equation (Eq. 1), the average lifetime was calculated
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Fig. 3. (a) UV-vis absorption spectrum of MSNs-CPDs (10 mg/mL in water). (b) Excitation dependence PL spectra of MSNs-CPDs (10 mg/mL in water). (c) Phosphorescence
emission spectrum of MSNs-CPDs (10 mg/mL in water) (inset: photograph of MSNs-CPDs aqueous dispersion after switching off UV). The emission spectrum was collected
with the delay time of 3 ms. (d) Temperature-dependent RTP decay spectra of MSNs-CPDs (10 mg/mL in water). (e) RTP decay spectrum of MSNs-CPDs (10 mg/mL in water).
(f) The steady-state photoluminescence spectrum (blue line) and phosphorescence emission spectrum (red line) of MSNs-CPDs excited under 365nm at 77K. The phos-
phorescence emission spectrum was collected with the delay time of 1s. (g) Schematic illustration of the double-confinement effect mechanisms of the MSNs-CPDs in the

aqueous solution.

to be 176.9 ms.
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According to the steady-state photoluminescence spectra and
phosphorescence emission spectra of MSNs-CPDs excited under
365nm at 77K, the energy gap (AEsr) was calculated to be 0.34eV
(Fig. 3f).

The CPDs displayed phosphorescence quenching phenomenon
in water. In contrast, after immobilizing CPDs in the MSNs-NH,,
MSNs-CPDs showed bright blue phosphorescence in aqueous so-
lution (Fig. 1a), which demonstrated that MSNs-NH, could pro-
tect RTP of CPDs in water. What resulted in such a unique phe-
nomenon was thoroughly explored and discussed. We performed
contrast experiments to investigate the reason why the MSNs-NH,
could prevent the RTP of CPDs from quenching in water. MSNs-
CPDs; was synthesized by hydrothermal treatment of the mixture
of MSNs and CPDs. MSNs-CPDs;; was synthesized through mix-
ing the MSNs-NH, (after hydrothermal treatment) and CPDs (af-
ter hydrothermal treatment) in room temperature. Both MSNs-
CPDs; and MSNs-CPDsy; aqueous dispersion displayed fluorescence
(Fig. S6 in Supporting information) but almost no phosphores-
cence emission (Figs. S7, S8a and b, Table S6 in Supporting in-
formation). MSNs without active group (amino) was unable to re-

(1)

Tave
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act with CPDs to form new covalent bonds in MSNs-CPDs;. Room
temperature was insufficient to provide appropriate reaction con-
dition for amino and carboxyl groups, so no new covalent bonds
can be formed in MSNs-CPDsy, either. These results confirmed that
only the role of supramolecular interactions or physical adsorption
was not able to protect phosphorescence, instead, covalent bonds
played a decisive role in protecting phosphorescence in water. This
was due to the fact that through covalent bonds the CPDs was ef-
fectively immobilized in MSNs-NH, and the vibration and rotation
of CPDs were restricted in water. The covalent bonds stabilized the
excited triplet states and prevented nonradiative decay, thus pro-
tecting the RTP in water [37]. Another contrast experiment was
carried out to explore the role of mesoporous structure in protect-
ing RTP. Amino-functional solid silica sphere without porous struc-
ture was prepared and then hydrothermal with CPDs to synthesis
Si0,-CPDs. SiO,-CPDs showed both fluorescence and phosphores-
cence emission (Fig. S9 in Supporting information). Although the
amino groups on the surface of SiO, could form covalent bonds
with CPDs, the phosphorescence lifetime of SiO,-CPDs was shorter
compared with MSNs-CPDs (Figs. S8¢ and d, Table S6 in Supporting
information). The results indicated that the mesoporous structure
was equally important [38]. In according to these results, we put
forward the double-confinement effect (Fig. 3g). The stable cova-
lent bonds between MSNs-NH, and CPDs could efficiently immo-
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bilize the CPDs. After immobilized in MSNs-NH,, the intramolecu-
lar vibrations and rotations of CPDs were inhibited and the triplet
states were stabilized in water by suppressing the nonradiative
processes (Table S7 in Supporting information). The unique RTP
property in aqueous solution of MSNs-CPDs was benefited from
the covalent bonding fixation, which served as the first confine-
ment effect. The size of the CPDs was a little smaller than meso-
porous in MSNs-NH,, so a proportion of CPDs was able to ac-
cess the mesoporous structure. The mesoporous structure effec-
tively confined the CPDs in nanoconfined space. The mesoporous
structure confinement avoided the collision of water molecules,
which prevented the nonradiative relaxation (Table S7) and sta-
bilized the triplet states of CPDs, thus enabling the RTP in aque-
ous solution. The mesoporous confinement was the second con-
finement, which was also essential for protecting RTP in water.
The double-confinement effect consisting of stable covalent bond-
ing fixation and mesoporous structure confinement had a synergis-
tic effect in suppressing the intramolecular vibration and rotation
by suppressing the nonradiative processes (Table S7), thus success-
fully stabilizing the triplet excited states of the CPDs in water. RTP
was effectively protected in water through the double-confinement
effect.

The remarkable RTP of MSNs-CPDs inspired us to explore their
potential applications in anti-counterfeiting and ion detection. Ben-
efiting from the unique water dispersed RTP feature of MSNs-CPDs,
we proposed a water-related information encryption and decryp-
tion strategy. The schematic diagram of information encryption
was shown in Fig. 4a. We used the citric acid-EDA CPDs (FL ink)
[39], PAA-EDA CPDs (RTP ink 1) and MSNs-CPDs aqueous disper-
sion (RTP ink 2) as inks, then handwrote the information with
brush pen. Firstly, the right information “527” was written using
the RTP ink 2. Subsequently, the “527” was performed to the first-
stage encryption using the RTP ink 1 and turned into “623”. Fi-
nally, the “623” was performed to the second-stage encryption us-
ing the FL ink and became “888”. The information decryption was
shown in Fig. 4b. The wrong information of “888” and “623” were
observed either under 365 nm UV light or after the UV irradiation
switching off. For decryption the information, the paper was first
spray with water. Under the circumstances, the RTP of RTP ink 1
was quenched by water and the right information “527” was ob-
tained by observing the RTP emission of RTP ink 2. The results con-
firmed that the MSNs-CPDs could be potentially applied in multi-
level information protection systems. Since the CPDs was confined
on surface and into mesoporous of MSNs-NH, and was able to
contact with external environment, the MSNs-CPDs also could be
used as a sensor for detecting metal ion in water media. Choosing
Fe3* as an example, we explored the possibility of MSNs-CPDs in
ion detection. The results indicated that Fe3* could induce a sig-
nificant response to the phosphorescence and fluorescence of the
MSNs-CPDs aqueous dispersion. The phosphorescence lifetime and
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the fluorescence intensity gradually decreased as the concentration
of Fe3* increasing. The linear relationships were obtained, with a
correlation coefficient (R?) of 0.97 for phosphorescence detection
(Fig. S10 in Supporting information) and 0.8 for fluorescence de-
tection (Fig. S11 in Supporting information). The detection limit
for phosphorescence and fluorescence were respectively calculated
to be 1.92 mmol/L and 1.56 mmol/L at a signal-to-noise ratio of 3.
Compared with single fluorescence detection, dual detection based
on fluorescence and phosphorescence appeared more accurate and
persuasive [40]. The results distinctly demonstrated that MSNs-
CPDs had a great potential for phosphorescence/fluorescence based
detection in aqueous media.

In summary, the MSNs-CPDs was successfully developed by im-
mobilizing CPDs on/into MSNs-NH,. The as-prepared MSNs-CPDs
with stable morphology displayed unique RTP in water and its
dried powder could be redispersed in water. Further investigations
revealed that the covalent bonds and mesoporous structure con-
fined the CPDs to protect the triplet states of CPDs in water. Thus,
we proposed the mechanism of the double-confinement effect,
which was of great significance for the synthesis of CPDs-based
RTP materials in water. We exhibited the application of MSNs-CPDs
in water-related information encryption and explored the possibil-
ity of potential application in ion detection. MSNs-CPDs expanded
the new perspective of the application of RTP materials in water.
Detailed application of MSNs-CPDs in ion detection is still under-
going in our lab.
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