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Cluster-luminescent polysiloxane nanomaterials:
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phosphorescence and a highly sensitive response
to silver ions†
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Non-conjugated cluster luminescent materials have attracted much attention because of their good bio-

compatibility and low environmental toxicity. However, it has been difficult to achieve tunable cluster

luminescent nanomaterials. Herein, a series of non-conjugated polysiloxane nanomaterials are syn-

thesized from organosiloxane by a low temperature solution method. Polysiloxanes with terminal groups

of amino (PAS) and urea (PUS) exhibit high luminescence quantum yield and long-lived room temperature

phosphorescence (RTP) due to the formation of suitable spatial clusters. Interestingly, doping different

types and contents of nonaromatic guest small molecules can effectively regulate the structure and com-

position of the clusters in polysiloxanes, thus resulting in full-color unconventional cluster luminescence

with high quantum yield (up to 44%), long lifetime (up to 560 ms), and emission wavelengths from

380 nm to 753 nm. Additionally, the fluorescence and RTP of PAS are very sensitive to silver ions, which

can be used to probe Ag+ in aqueous solutions with a detection limit as low as 0.027 nM. This double

response detection can not only avoid the interference of background fluorescence, but also verify the

accuracy of experimental results.

Introduction

Traditional luminescent materials are mainly aromatic com-
pounds constructed by conjugated bonds.1–3 Due to the pres-
ence of a large π system and rigid structure, they can achieve
high luminescence efficiency and adjustable luminescent
colors.4–6 However, these aromatic luminescent materials have
some disadvantages: low biocompatibility and high toxicity,
especially the aggregation-caused quenching (ACQ) existing in
some planar conjugated molecules. Some natural polymers,
such as protein,7 cellulose8 and sodium alginate,9 have certain
self-luminescence or photoluminescence properties. However,
the unclear luminescence mechanism has limited their devel-
opment. Since the emergence of non-conjugated luminescent
polyamidoamine (PAMAM),10 polyethylene glycol (PEG),11 and

polyurea (PU),12 research studies on this kind of non-tra-
ditional luminescent material have made some progress.
Generally, such non-conjugated materials contain many
heteroatoms such as N, O and S.13 When these heteroatoms
are aggregated together, it is possible to produce photo-
luminescence (defined as “cluster luminescence”) from space
conjugation.14–16

The so-called “clusters” are aggregates formed in space by
functional groups through some weak interactions. At present,
cluster induced phosphorescence (CIP), even long-lived room
temperature phosphorescence (RTP) or afterglow, have been
realized through crystal engineering17–20 and polymerization
induction.21 However, CIP efficiency is highly dependent on
the morphology of the material, requiring high crystal quality
(for small molecules)22,23 or large molecular weight (for
polymers).24,25 Therefore, it is difficult to realize the CIP of
amorphous nanomaterials which have huge application poten-
tial in biological imaging, optoelectronic devices, and infor-
mation storage. It is necessary to develop a simple method to
obtain nanomaterials with long lifetime CIP.

Silica is a common inorganic nanosphere. Its surface has
enough defects to promote electron storage.26 Meanwhile,
silica nanospheres can also prevent, fix and protect light-emit-
ting groups, resulting in high-efficiency and stable
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emission.27–29 However, the CIP of amorphous non-traditional
luminescent nanomaterials has not been achieved. In view of
the crucial role of terminal functional groups in the formation
of clusters, in this work, a series of polysiloxane nanomaterials
were synthesized by the low temperature solution method
from siloxane precursors with the terminal groups of urea
(US), vinyl (VS), chlorine (CS), amino (AS), and sulfhydryl (SS)
(Fig. 1). Polysiloxane nanomaterials based on amino (PAS) and
urea (PUS) achieved efficient blue light emission with a Φ up
to 30%, and a blue-green afterglow with a lifetime of 120 ms.
Then, to regulate the structure and composition of clusters,
organic compounds containing carbonyl groups were doped
into PAS. Interestingly, the full-color long afterglow with emis-
sion wavelengths ranging from 380 nm to 753 nm was realized,
by changing the type and doping ratio of organic components.
The luminescence quantum yield is up to 44% and the phos-
phorescence lifetime is up to 576 ms. Lastly, PAS was
employed as a luminescent probe to recognize metal ions in
aqueous solutions. It shows excellent response to Ag+ with a
detection limit of 0.027 nM, which is close to the minimum
detection limit of the reported Ag+ probes (Table S1†).30

Results and discussion
Synthesis and structure characterization

As shown in Scheme S1,† a siloxane monomer was firstly
hydrolyzed in 0.1 mol L−1 HCl aqueous solution at room temp-
erature, and then gelated and aged at 90 °C. After washing
with deionized water and drying in a vacuum oven, polysilox-
ane nanomaterials were easily prepared under mild conditions
in a yield more than 95%. By changing the types of siloxane
monomers, a series of polysiloxanes (PAS, PUS, PSS, PCS and
PVS) with different functional groups can be obtained. Powder
X-ray diffraction (PXRD) results show that all obtained poly-
siloxanes are amorphous (Fig. 2a). There is only a wide diffrac-
tion peak at about 23°, which is the characteristic peak of
SiO2. Fig. 2b is the high-resolution scanning electron
microscopy (HRSEM) image of PAS at 300 000 times magnifi-
cation. The results show that the microstructure of PAS is irre-
gular microspheres with an average particle size of about
23 nm, and that the accumulation of particles will form irregu-
lar interconnected pores. Due to some same functional

groups, PAS and PUS show similar infrared (IR) spectra
(Fig. 2c). However, in the IR spectrum of PUS, there is an
obvious characteristic peak at 1680 cm−1, which belongs to the
stretching vibration of CvO in the amide group. The IR
spectra of the other three materials are shown in Fig. S1.† The
stretching vibration peak of CvC bonds in PVS appears at
1610 cm−1. The characteristic peak of sulfhydryl groups in PSS
is at 2550 cm−1. The IR spectra of PSS and PCS show a strong
signal at 3500–3600 cm−1, because a large number of OH
groups exist in the system.

The full-scan X-ray photoelectron spectroscopy (XPS)
spectra of the five polysiloxane nanomaterials are shown in
Fig. 2d. There are obvious characteristic peaks of C 1s, O 1s, Si
2s and Si 2p found for all polysiloxanes, indicating that they
contain three elements of C, O and Si. In addition, the charac-
teristic peaks of N 1s (for PAS and PUS), S 2p (for PSS), and Cl
2p (for PCS) are also found in the XPS spectra. Consequently,
except for C, O and Si elements, both PAS and PUS have an N
element, while PSS and PCS have S and Cl elements, respect-
ively. PVS is only composed of C, O and Si, and there are no
characteristic peaks of other elements. From the fine XPS spec-
trum of PUS (Fig. S2†), it is found that the C 1s spectrum exhi-
bits three typical peaks at 284.8, 286.1 and 288.8 eV, corres-
ponding to C–C, C–N and CvO groups, respectively. The N 1s
spectrum shows C–N and C(O)–NH characteristic peaks at
399.9 eV and 403.1 eV, respectively. The binding energies of
532.4 eV and 535.4 eV in the O 1s spectrum can be assigned to
O–Si and CvO, respectively. The peak at 103 eV in the Si 2p
spectrum corresponds to SiO2. The fine XPS spectra of the
other polysiloxane nanomaterials are shown in Fig. S3–S6.†
These characterization data confirm the structures of these
polysiloxanes.

Fig. 1 Structures of inorganic and organic precursors of hybrid
nanomaterials.

Fig. 2 (a) PXRD curves of polysiloxanes. (b) HRSEM photograph of PAS
(insets: histograms of particle size distributions fitted to weighted
Gaussian distributions). (c) IR spectra of PUS and PAS. (d) Full-scan XPS
spectra of PUS, PAS, PSS, PCS and PVS.
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Photophysical properties of polysiloxanes

All polysiloxanes emit blue light under a 365 nm of UV lamp
(Fig. 3a). Their prompt emission spectra show that the emis-
sion wavelength ranges from 357 nm to 455 nm (Fig. 3b). The
excitation spectra of these polysiloxanes except that of PVS are
very broad (Fig. S7†). In particular, for PAS and PUS, their exci-
tation spectra cover the range from 280 to 420 nm, which
suggests that there are different luminescent centers in these
materials. Interestingly, PAS and PUS exhibit blue-green and
green afterglow, respectively, after turning off the UV lamp.
The 1 ms delay emission spectra in Fig. 3c shows that the RTP
emission is at 498 nm (for PAS) and 485 nm (for PUS). From
the transient luminescence decay curves of PAS and PUS
(Fig. 3d), their lifetime of RTP can be calculated to be around
120 ms. Compared with other polysiloxanes, PAS and PUS
display higher luminescence quantum yield up to 30.2%,
which indicates that NH2-induced compact clusters with space
conjugation are formed in the structures of PAS and PUS.
Because the size of clusters is not uniform, the luminescence
of PAS and PUS has excitation wavelength-dependent pro-
perties regardless of prompt emission (Fig. S8†) or delayed
emission (Fig. 3e and f). It is worth noting that there is a long
wavelength emission at 650 nm in the delay spectrum of PUS.
In addition to amino groups, PUS has carbonyl groups; thus
the emission at 650 nm is likely to be caused by newly formed
clusters involving CO and NH2 groups. Their detailed photo-
physical data are listed in Tables S2 and S3.†

Combined with the structural characteristics of PAS and
PUS, a possible cluster model of the polysiloxanes is proposed,

as shown in Fig. 4. The above morphology analysis shows that
polysiloxane nanomaterials are composed of irregular nano-
microspheres (Fig. 2b). Each small nanosphere is actually a
three-dimensional crosslinked silica skeleton with a terminal
amino or urea functional group. These terminal groups gather
to form clusters with silica and uncrosslinked hydroxyl groups.
PAS clusters are mainly formed by weak interactions, such as
N–H⋯O and OH⋯N hydrogen bonding. Due to these weak
forces, the clusters with rich lone pair electrons can be fixed to
form a stable spatial conjugate system, which improves the
rate of the ISC process and triplet exciton radiation transition,
thus resulting in a long-lived blue RTP at 498 nm. The more

Fig. 3 (a) Photographs of polysiloxanes before and after UV light is turned off. (b) Photoluminescence spectra of polysiloxanes. (c) Delayed emission
spectra of PAS and PUS (td = 1 ms). (d) Time-resolved luminescence decay profiles of PAS and PUS. Excitation–emission mappings of PAS (e) and
PUS (f ) with a 1 ms delay.

Fig. 4 Possible cluster model of PAS and PUS.
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complex clusters can be formed in the skeleton of PUS com-
pared to that in PAS. In addition to N–H⋯O and OH⋯N hydro-
gen bonds, there is also hydrogen-bonding between N–H and
CvO. Therefore, the delayed emission spectrum of PUS has a
new shoulder peak at 650 nm beside a wide main peak at
485 nm. Because the size of the clusters is uncontrollable, a
variety of different luminescent centers can be generated,
which is responsible for the excitation wavelength-dependent
emission of PAS and PUS. Taking PAS as an example, several
possible clusters with different sizes are proposed and shown
in Fig. S9.† Thermogravimetric analysis plots of PAS and PUS
show that they have high thermal stability with the 5% weight
loss temperature of 210 °C and 228 °C, respectively (Fig. S10†).

Regulation of polysiloxane RTP

The structure and composition of clusters play an important
role in the RTP performance of PAS and PUS. Therefore, chan-
ging the cluster structures will effectively regulate their RTP.
According to this consideration, several carbonyl-based small
organic molecules (Fig. 1), including aliphatic heterocyclic and
linear molecules, are introduced into the matrix of polysilox-
anes as guests. They are maleimide (MI), maleic anhydride
(MA), succinic anhydride (SA), acrylamide (AM), oxalamide
(OM) and malonamide (MN). A series of doped polysiloxane
nanocomposites (PAS-MA, PAS-MN, PAS-OM, PAM-SA,
PAM-MI, PAS-AM and PUS-MI) can be obtained, following the
synthetic route in Scheme S2.† Guest molecules were expected
to form clusters with functional groups of polysiloxane. Due to
the fixation of the clusters, and the package of the silicone
framework, the guest molecules would not be filtered out. The
crystalline structure of the composites was characterized by
PXRD (Fig. S11†). PXRD patterns of all nanocomposites only
show the characteristic peak of silica at 23°, which indicates
that the doping of the organic guest did not affect the amor-
phous structure of the polysiloxane matrix.

Fig. 5a shows the luminescence photographs of the nano-
composites when the UV lamp is turned on and off. Their
afterglow color covers the entire visible light region from blue
to red. Fig. 5b and c show the prompt and delayed photo-
luminescence spectra of the nanocomposites, respectively.

Their delayed emission wavelengths range from 380 nm to
638 nm. Consequently, full-color afterglow of polysiloxanes
has been achieved by changing the type of guest molecule. The
guests (MA, MI, and AM) containing Cv double bonds lead to
the obvious red shift of the phosphorescence emission wave-
length of the nanocomposites. For instance, the delayed emis-
sion peak of PAS-MA locates at 530 nm which is 32 nm longer
than that of PAS-SA (at 498 nm). The luminescence quantum
yields were measured and are summarized in Table 1, while
the RTP lifetimes of these polysiloxane nanocomposites were
obtained from their time-resolved luminescence decay curves
(Fig. S12 and Table S4†). Among them, PAS-MN exhibits the
highest photoluminescence quantum yield (Φ = 44%). This
can be attributed to the unique structure of MN, two amide
groups and one methylene group, which endows it with a
strong ability to form intermolecular forces within clusters. As
a result, the clusters formed in PAS-MN are very rigid, which
improves the radiation decay of excitons. However, its lifetimes
of RTP at 450 nm is not long (τ = 132 ms); thus the blue after-
glow only lasts for 1s. Notably, PAS-MA shows the longest RTP
lifetime of 576 ms at 530 nm with a relatively high quantum
yield of 30.4%, which make its green afterglow last for 5 s. The
afterglow time is 10 times longer than that of PAS-SA with a
similar guest to PAS-MA. In addition, PUS-MI exhibits a
unique white emission under UV irradiation with a CIE of
(0.30, 0.30), which is attributed to a dual emission: orange-red
phosphorescence at 585 nm and blue fluorescence at 472 nm
(Fig. S13†).

Then, the content of MI was changed to regulate the
luminescence properties of PAS-MI composites. By fixing the
ratio of AS and MI to 5 : 1, 1 : 1, and 1 : 5, the effect of MI
doping content on the RTP of PAS-MI was investigated. Their
FT-IR spectra (Fig. S14†) show that the carbonyl characteristic
peak at about 1700 cm−1 becomes stronger with the increase
of the MI doping ratio, while the characteristic peak of NH2

decreases gradually. Fig. 6a shows the photographs of PAS-MI
composites with different doping ratios under daylight and UV
light. With the increasing ratio of AS to MI, the color of compo-
sites turns from white to light-yellow, and then to red, while
the emission color is adjusted from blue to blue-green, and

Fig. 5 (a) Photographs of the nanocomposites before and after UV light
is turned off. Prompt (b) and delayed (c) photoluminescence spectra of
the nanocomposites (td = 1 ms).

Table 1 Photophysical properties of the nanocomposites

Sample

Fluorescence Phosphorescence

Φaλex (nm) λem (nm) λem (nm) τ (ms)

PAS-MN 338 373 380 67.6 44
450 132.7

AS-OM 342 407 451 262.8 9.16
501 252.7

PAS-SA 335 390 498 49.5 14.1
PAS-MA 400 495 530 576.2 30.4
PAS-MI 410 507 550 254.5 16
PAS-AM 331 390 584 93 12.6

638 80
PUS-MI 370 472 620 322.4 2.88

a Total luminescence quantum yield.
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then to dark-red. The maximum emission peaks of the prompt
and delayed emission spectra of the composites are gradually
red-shifted from the blue to red region with the increase of MI
contents (Fig. 6b). Notably, PAS-MI exhibits near-infrared phos-
phorescence emission (λem = 753 nm) with a phosphorescence
lifetime of 0.163 ms when the ratio of AS to MI reaches 1 : 5
(Fig. 6c). Their specific photophysical data are listed in
Table S5.†

The experimental results show that there is a synergistic
effect between the organic guest and siloxane in polysiloxane
nanocomposites, and that the guest with different doping
ratios can form different kinds of clusters with siloxane. When
the content of MI is much smaller than that of AS, the space
cluster mainly relies on the hydrogen bonding between the
amino group and the uncross-linked silanol, and a small
portion of MI is involved in the overall cluster formation
(Fig. S15†). Consequently, PAS-MI with a 5 : 1 molar ratio of AS
and MI shows similar luminescence properties to PAS
(Fig. S16†). As the content of MI increases, it can be expected
that the interaction between organic molecules and siloxane
functional groups becomes stronger and stronger. When the
molar ratio of AS and MI is at 1 : 1, the host–guest can form
stable spatial clusters, thus resulting in the strong emission. If
the content of MI continues to increase, MI will gradually
replace AS as the main body of the composite. The double
bonds of multiple MI molecules are combined to form a larger
π–π spatial conjugate system, which causes a red shift of
prompt and delayed emissions. As a result, PAS-MI with a
1 : 5 molar ratio of AS and MI shows near-infrared RTP.
However, because MI becomes the main body of the compo-
site, the fixation effect of the silica skeleton becomes weak,
which leads to non-radiative deactivation and a significant
decrease in luminescence efficiency.

Metal ion detection

Silver ions are widely used in sterilization,31 medical treat-
ment32 and cosmetics,33 but they can inactivate some biologi-
cal enzymes in the body.34,35 When the content of Ag+ in the
body exceeds the critical concentration, it will also cause

certain harm to the liver.36 Therefore, the detection of Ag+ is
very important. However, the current detection methods of
Ag+, mainly including atomic absorption spectrometry, atomic
emission spectrometry, inductively coupled plasma mass spec-
trometry and so on, need complex procedures and expensive
experimental equipment.37,38 An optical method based on
luminescent probes with rapid responses, low cost, and flexi-
bility, is valuable and convenient for Ag+ detection. It is very
necessary to develop a fast, accurate and efficient Ag+ lumines-
cent probe, especially a phosphorescent one with high sensi-
tivity. The PAS nanomaterial was selected as the probe to
detect Ag+ in aqueous solutions. A variety of different metal
ions (Cu+, Cu2+, Mg2+, Na+, Al3+, In3+, Pb2+, Hg2+, Ni2+, Cd2+,
and Fe3+) were configured into 0.2 mM aqueous solutions, and
then 2 mg of PAS powders were added into 2 ml of the metal
ion solution, and soaked for 1 min. Considering the effect of
water on the cluster luminescence, PAS was filtered and dried
at 100 °C for 1 min before the detection. Fig. S17a† shows the
photographs of PAS treated with different ionic solutions
before and after turning off the UV lamp. Among these ions,
Ag+ imposes an excellent quenching effect on both the fluo-
rescence and phosphorescence of PAS (Fig. S17b and S17c†).
In particular, the phosphorescence intensity of PAS is
quenched by 97% with Ag+ aqueous solution (Fig. 7a).

To establish the working curve of Ag+ quantitative detec-
tion, the effect of Ag+ concentration on the luminescence per-
formance of PAS was investigated in aqueous solution
(Fig. 7b–d). The prompt and delayed emission intensity of PAS
shows an excellent linear response with increasing Ag+ concen-
tration (prompt: y = −0.037 ln(c) + 0.2044, R2 = 0.9933; delay
y = −0.048 ln(c) + 0.0889, R2 = 0.9830). The Ag+ detection limit
for the steady-state luminescence intensity of PAS was 0.027

Fig. 6 (a) Photographs of PAS-MI composites with different ratios of AS
and MI under daylight and UV light. Prompt (b) and delayed (c) photo-
luminescence spectra of PAS-MI with the different ratios of AS and MI.

Fig. 7 (a) Relative intensity of prompt and delayed emission of PAS in
the presence of different metal ions (2 mM). Prompt (b) and delayed (c)
photoluminescence spectra of PAS after immersion in Ag+ solutions of
different concentrations (λex = 365 nm). (d) The linear correlation
between PAS prompt and delayed emission relative intensity and Ag+

concentration.
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nM, which is very close to the lowest detection limit of the
reported Ag+ probes (Table S1†). As mentioned above, PAS
luminescence is due to the formation of specific clusters.
Metal ions maybe destroy the formation of clusters by coordi-
nating with N atoms, resulting in the quenching of cluster
luminescence.39 Among these detected metal ions, Ag+ has the
smallest charge/radius ratio (Table S6†). The smaller the
charge/radius ratio of the metal, the stronger the metallicity,
and the easier it is to combine with the amino group of PAS to
form a complex. Consequently, Ag+ ions lead to the collapse of
spatial clusters and luminescence quenching of PAS.

In order to verify the detection mechanism of Ag+, PAS and
treated PAS with Ag+ ions were analysed by in situ attenuated
total reflection (ATR) IR and solid-state NMR. As shown in the
ATR-IR spectra (Fig. S18†), the addition of Ag+ ions caused the
–NH2 stretching vibration peak originally located at 3300 cm−1

to move significantly to the direction of a low wavenumber.
This shows that Ag+ ions can interact with the amine groups of
PAS and destroy the cluster structure. However, when Cu+ and
Na+ ions are added to PAS, the amine stretching vibration peak
of PAS hardly changes. The solid-state NMR spectrum of PAS
shows that there is only a wide signal peak at 2.34 ppm
(Fig. S19†). The hydrogen of amino and methylene was fixed
and ossified by the cluster structure, thus showing a wide
NMR peak. However, when PAS interacts with Ag+ ions, Ag+

ions would quickly complex with the amino group, resulting in
cluster collapse. Consequently, the NMR signal of methylene
connected to the amino group clearly appears at 2.69 ppm.
These results confirm the detection mechanism of PAS for Ag+

ions, that is, the luminescence quenching caused by cluster
collapse. To recycle PAS, the Ag+-treated powder was washed
with water three times. Interestingly, because the Ag+ ions
were removed by water, the clusters based on –NH2 terminal

groups were regenerated, resulting in the recovery of the fluo-
rescence and phosphorescence of PAS (Fig. S20a†). After ten
times recycling of detection/washing, the PAS probe still main-
tained a highly sensitive response to Ag+ ions (Fig. S20b and
S20c†).

In practical application, the composition of environmental
water samples is often very complex. There are not only
soluble heavy metal ions, but also other impurities including
some soluble dyes, such as rhodamines and its derivatives.
These fluorescent dyes have a very serious background inter-
ference to the Ag+ detection of traditional fluorescent probes.
The PAS probe has fluorescence/phosphorescence double
responses to Ag+, and in particular the phosphorescence detec-
tion can avoid the interference of the fluorescence back-
ground. Moreover, the double response can also verify the
accuracy of the detection results, avoid multiple tests on the
same sample, and greatly improve the detection efficiency and
accuracy. The above standard curves were used to detect the
concentration of Ag+ in city water and commercial silver ion
bacteriostatic agents, to explore the reliability of the PAS probe
in practical applications. Prompt and delayed emission spectra
of the PAS probe treated with the two aqueous samples are
shown in Fig. 8a. City water causes a small decrease in the
prompt and delayed emission intensity of PAS, while bacterio-
static agents lead to a significant decrease (Fig. 8b). According
to the prompt and delayed emission intensity, the concen-
tration of Ag+ was calculated from the standard working curves
to be 8.964 pM and 8.955 pM, respectively. Their average value
(8.96 pM) meets the national standard of Ag+ concentration in
drinking water (<0.46 μM). For a bacteriostatic sample, the
average value of Ag+ concentration was calculated to be
2.48 mM, which is consistent with the data (2.24–2.60 mM)
provided by the manufacturer (Fig. 8c).

Fig. 8 Prompt and delayed emission spectra (a) and relative intensity (b) of PAS treated with different water samples. (c) Detection and standard
reference values of Ag+ concentration for city water and bacteriostatic agent.
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Conclusions

A series of crosslinked polysiloxane nanomaterials with
different terminal groups were synthesized by the solution
method. The polysiloxanes with amino (PAS) and urea (PUS)
groups show high quantum yield and long-lived RTP for the
formation of luminescent clusters. Their prompt and delayed
emissions show excitation wavelength-dependent properties
because the different sizes of clusters produce multiple lumi-
nescent centers. Using the skeletons of PAS and PUS as the
host, the full-color afterglow with high quantum yield (up to
44%), long lifetime (up to 560 ms), and adjustable emissive
wavelength (380–753 nm) has been achieved by doping
different types and contents of organic guest small molecules.
The rapid, efficient and accurate detection of Ag+ in aqueous
solution was realized by using the amino group of PAS. With
the increase of Ag+ concentration, the prompt and delayed
emission intensity of PAS decreased linearly with a detection
limit as low as 0.027 nM, which has a higher sensitivity com-
pared with other Ag+ probes. Through the detection of Ag+ con-
centration in city water and commercial silver ion bacterio-
static agents, the double response of the PAS probe for silver
ions is highly reliable and has good application prospects. The
works provide a new idea to regulate the long-lived RTP of
cluster-luminescent nanomaterials and display a huge poten-
tial in the fields of ion sensing.
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