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ABSTRACT  Long-lived organic room-temperature phos-
phorescent (RTP) materials have attracted widespread atten-
tion because of their fantastic properties and application
prospects. The current methods for developing RTP materials
are mainly based on the synthesis of new chromophore mo-
lecules and crystallization engineering. However, there are
great challenges in the preparation of new chromophore mo-
lecules and the use of crystalline materials. Herein, dynamic
stimulus-responsive long-lived RTP systems with various
emission colors are realized by doping organic chromophore
molecules into polymer matrix prepared from vinyl acetate
and acrylic acid. Through UV light irradiation, the growth
process of long-lived RTP phenomena can be observed for up
to 10s. In particular, the phosphorescence intensity, lifetime,
afterglow brightness, and quantum yield of one representative
film (P2-M2) increase by 155, 262, 414, and 8 times after the
irradiation, respectively. The unique photophysical phenom-
ena are ascribed to the oxygen consumption characteristics of
the polymer matrix under UV irradiation. Meanwhile, the
information storage devices are prepared with these RTP
systems. This work provides a strategy for achieving small
organic molecule-doped polymer RTP systems that are easy to
prepare, low-cost, and widely adaptable.

Keywords: information storage, luminescent materials, phos-
phorescence growth, responsive polymers, room temperature
phosphorescence

INTRODUCTION

Stimulus-responsive luminescent materials are a type of smart
materials, and their luminous performance can be adjusted by
applying external stimuli such as light, force and temperature
[1-4]. Because of their unique photophysical properties, they
have attracted widespread attention, showing an important
application prospect in the fields of optoelectronic devices,
imaging, sensing, and information encryption/decryption [5,6].
Organic long-lived room-temperature phosphorescence (RTP)
materials can continuously emit light for a period of time after
the excitation source is removed [7-11]. In the past, the organic

RTP phenomenon was usually found at low temperatures (such
as 77 K). Because the nonradiative transition of organic mole-
cules is strong, the triplet excitons could be easily quenched by
oxygen molecules in the atmosphere [12]. To address this issue,
some effective methods have been developed to prepare organic
RTP materials by promoting intersystem crossing (ISC) and
suppressing nonradiative transitions, which include halogen
bonding [13,14], crystallization engineering [15,16] and others
[17-23].

At present, the main methods for developing RTP materials
are to synthesize new chromophore molecules and to carry out
the crystallization engineering, since the chromophore crystals
can effectively compress the molecular vibration and isolate
oxygen [24]. However, it is still difficult to develop new chro-
mophore molecules with excellent RTP performance, and the
cost associated with the design and preparation is usually high.
While these RTP materials are expected to be used in the forms
of films or nanoparticles, their crystalline nature results in dif-
ficulties in processability, flexibility, and transparency for
applications [25,26]. Considering the intriguing features of
polymer films, such as flexibility, lightweight, transparency,
stretchability, and low cost, it is necessary to investigate long-
lived polymer RTP systems at ambient conditions. Some efforts
have been devoted to developing polymers with long-lived RTP
by embedding chromophores into the polymer matrix [2,21], or
bonding chromophores to the backbone of polymers [27,28].
Nevertheless, the synthesis of new chromophores and long-lived
polymer RTP materials is still complicated, time-consuming,
and expensive. Furthermore, most of the RTP materials are
static, and the long-lived polymer RTP systems with a dynamic
stimulus-responsive behavior have been rarely reported [29-35].
Compared with static RTP materials, dynamic stimulus-
responsive RTP systems have more application prospects in the
fields of sensing, as well as information anticounterfeiting and
encryption. Therefore, it is highly desirable to discover a general,
efficient, and low-cost method for the development of stimulus-
responsive polymer RTP materials with excellent properties and
versatile applicability.

Under UV light irradiation, the triplet exciton of chromo-
phore molecules can transfer energy to triplet oxygen to gen-
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erate singlet oxygen, resulting in the quenching of the triplet
exciton [36]. In the meanwhile, singlet oxygen can be consumed
by oxidizing the polymer matrix [37]. Recently, some typical
radiation-dependent RTP materials have been developed using
polymethyl methacrylate (PMMA) as the oxygen consumption
matrix [38-41]. However, there are still some issues that need to
be solved. For example, the influences of molecular structures of
polymers and chromophores on the photoresponsive behavior of
the resulting materials are still unclear, the performance of long-
lived RTP using PMMA as the oxygen-consuming matrix
requires further improvements, and there is a need to develop
environmentally friendly polymer matrices. Therefore, it is sig-
nificant to explore novel polymer matrices for achieving excel-
lent radiation-dependent RTP performance through the oxygen
consumption strategy. Herein, we report a series of irradiation-
dependent RTP systems by doping common chromophore
molecules into newly developed oxygen-consuming polymer
matrices. The growth process of the long-lived RTP phenom-
enon from scratch can be obviously observed under UV 254 nm
irradiation for up to 10s. After the irradiation, the phosphor-
escence intensity, lifetime, afterglow brightness, and quantum
yield of a representative doped polymer film increase by 155,
262, 414, and 8 times, respectively.

EXPERIMENTAL SECTION

Synthesis of P2 (VAc:AA = 4:1): vinyl acetate (VAc, 10mL),
acrylic acid (AA, 1.85mL), 2,2-azobisisobutyronitrile (AIBN,
recrystallization from methanol, 60mg), 4-(benzenecarbo-
nothioylsulfanyl)-4-cyanopentanoic acid (reversible addition-
fragmentation chain transfer (RAFT) polymerization reagent,
30 mg) and methanol (20 mL) were added into a Schlenk tube.
After repeated evacuation and ventilation with argon, the reac-
tion mixture was treated at 90°C for 24h to obtain a viscous
liquid, which was poured into a large amount of deionized water
for reprecipitation. After drying at 65°C in a vacuum environ-
ment for 24h, the final product was obtained. 'H nuclear
magnetic resonance (NMR) (400 Hz, DMSO-de): 6 12.26 (s, 1H),
4.83-4.74 (m, 1H). Fourier transform infrared spectroscopy
(FTIR): 3514cm™. M, = 22,479 Da. M, = 12,684 Da. Poly-
dispersity index (PDI) = 1.77.

Synthesis of PVAc: 10 mL of VAc, 10 mL of methanol, and no
AA addition were applied. The rest of the reagent dosage and
synthesis steps are the same as the synthesis of P2. 'H NMR
(400 Hz, DMSO-dg): 6 4.83-4.74 (m, 1H). M,, = 27,158 Da. M, =
9701 Da. PDI = 2.80.

Synthesis of P1 (8:1): 10mL of VAc, 0.93mL of AA, and
10 mL of methanol were applied. The rest of the reagent dosage
and synthesis steps are the same as the synthesis of P2. '"H NMR
(400 Hz, DMSO-dg): & 12.26 (s, 1H), 4.83-4.74 (m, 1H). FTIR:
3514cm™. M,, = 30,828 Da. M, = 13,719 Da. PDI = 2.25.

Synthesis of P3 (2:1): 10 mL of VAc, 3.7mL of AA, and 25 mL
of methanol were applied. The rest of the reagent dosage and
synthesis steps are the same as the synthesis of P2. 'H NMR
(400 Hz, DMSO-dg): 8 12.34 (s, 1H), 4.80-4.76 (t, 1H). FTIR:
3514cm™. M, = 34,510 Da. M, = 17,690 Da. PDI = 1.95.

Synthesis of P4 (1:1): 10 mL of VAc, 7.4 mL of AA, and 35mL
of methanol were applied. The rest of the reagent dosage and
synthesis steps are the same as the synthesis of P2. 'H NMR
(400 Hz, DMSO-dg): & 1227 (s, 1H), 4.81 (s, 1H). FTIR:
3514cm™. M,, = 26,776 Da. M, = 15,063 Da. PDI = 1.78.

Synthesis of P5 (1:2): 5mL of VAc, 74mL of AA, 25mL of
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methanol, 30 mg of AIBN, and 15mg of RAFT reagent were
applied. The solvent used in the final reprecipitation step was
ethyl acetate. The rest of the reagent dosage and synthesis steps
are the same as the synthesis of P2. 'H NMR (400 Hz, DMSO-
de): 6 12.26-12.25 (d, 1H), 4.80 (s, 1H). FTIR: 3514cm ™. M,, =
23,882 Da. M,, = 17,433 Da. PDI = 1.37.

Synthesis of P6 (1:4): 5mL of VAc, 14.8 mL of AA, and 35mL
of methanol were applied. The rest of the reagent dosage and
synthesis steps are the same as the synthesis of P5. 'H NMR
(400Hz, DMSO-d¢): & 12.23 (s, 1H), 4.80 (s, 1H). FTIR:
3514cm™. My, = 19,144 Da. M, = 14,160 Da. PDI = 1.35.

Synthesis of P7 (1:8): 2.5mL of VAc, 14.8mL of AA, and
35mL of methanol were applied. The rest of the reagent dosage
and synthesis steps are the same as the synthesis of P5. '"H NMR
(400Hz, DMSO-d¢): & 12.24 (s, 1H), 4.79 (s, 1H). FTIR:
3514cm™!. M,, = 107,740 Da. M, = 9341 Da. PDI = 11.53.

Synthesis of PAA: 7.4 mL of AA, 20 mL of methanol, and no
VAc addition were applied. The rest of the reagent dosage and
synthesis steps are the same as the synthesis of P5. 'H NMR
(400 Hz, DMSO-dg): & 12.34 (s, 1H). FTIR: 3514cm™. M, =
43,566 Da. M, = 6334 Da. PDI = 6.88.

Preparation process of the luminescent films: the preparation
method of P2-M2 (a simple organic molecule 4,4'-biphenol was
defined as M2) film was taken as an example to describe the
preparation of luminescent films in detail. Firstly, P2 (300 mg)
and M2 (1 mg) were dissolved in methanol (10 mL) at 70°C to
form a solution, and then 0.3mL of this solution was drop-
coated on the quartz with 1 x 1cm? size. Finally, the film was
dried at 60°C for 2h to afford the P2-M2 film.

RESULTS AND DISCUSSION

The copolymer (defined as P2) based on VAc and AA as starting
materials was successfully synthesized by using reversible addi-
tion-fragmentation chain transfer polymerization method
(Fig. 1a). The feeding ratio of VAc and AA is 4:1 (molar ratio).
The '"H NMR spectral analysis shows that the ratio of VAc and
AA in the final product is 3.5:1, which is close to the feeding
ratio. Then, M2 was doped into the polymer matrix to form a
high-quality film. In our previous work [2,42], polyvinyl alcohol
(PVA) was chosen as the matrix. Its molecular structure contains
a large number of hydroxyl groups that can form hydrogen
bonding interactions with the doped chromophores to suppress
the vibration of the resulting system. In that case, when the
formed film is excited by UV light, it shows a bright light-
emitting phenomenon, and continues to emit afterglow for a
period of time after turning off the UV lamp. Different from our
previous work, a new polymer P2 synthesized from VAc and AA
was employed as the matrix to trigger the growth of long-lived
RTP. Because P2 mainly consists of -COOCHj; group and a low
content of ~-COOH group, it cannot form strong hydrogen
bonding interactions with the doped chromophores, resulting in
relatively high molecular vibration in the system. At the same
time, the triplet oxygen in the film would further quench the
triplet exciton (Fig. 1b). Since the excitation of the triplet state
cannot be stabilized (Fig. 1c), the long-lived RTP cannot be
achieved when the film is rapidly excited by a UV lamp (254 nm,
400 pW cm™2). When the film is irradiated by the UV lamp for
several seconds, it can continuously generate triplet exciton to
convert triplet oxygen into excited singlet oxygen, reducing the
quenching of triplet exciton. Thus, more obvious phosphores-
cence can be observed with the naked eye during the irradiation

2161



ARTICLES

SCIENCE CHINA Materials

H H
— —\O AIBN, Methanol —{-cz—?—lm—{-cz—g—]ﬁ c

+ =,
Y n;c~< Argon, 90°C, 24 h H*CTO o? g
o

0]

HO

UV off0.5s

S1
T Irradiation Stabilizing
Deactivation
=
E; ax*’ 5
. o
z
A 4 v

Irradiation time Os Sy

Figure 1 Schematic mechanism and physical images of dynamic stimulus-responsive RTP systems based on doped polymers. (a) Synthetic routes of
polymers. (b) Luminescence state of the chromophore molecules in the film before and after the irradiation, along with the cycle of triplet oxygen. (c)
Schematic diagram for the energy levels of the doped chromophore molecules before and after the irradiation. Fluo: fluorescence; LRTP: long-lived room-
temperature phosphorescence. (d) Image changes of P2-M2 film during the irradiation.

process (Fig. 1d). The significant RTP phenomenon even under
low power UV light excitation indicates that this doped system
possesses a sensitive response to UV light stimulation.

The synthetic procedure of the polymer P2 is shown in Fig. S1.
P2 was characterized by FTIR spectroscopy (Fig. S2), '"H NMR
spectroscopy (Fig. S3) and gel permeation chromatography.
Then, P2 was configured into a 30 gL™' methanol solution, and
M2 (Fig. S4) was added into the solution at a concentration of
0.1mgmL™". The mixture was dropped onto the quartz, and
dried at 60°C to form a film with a thickness of 30 um (defined
as P2-M2). When the P2-M2 film in the pristine state was
rapidly excited with UV light, only very weak phosphorescence
at 488 nm was generated. The phosphorescence lifetime was only
2.7 ms, the phosphorescence quantum yield was 0.98%, and the
afterglow brightness was 0.02 mcd cm™, which cannot be
observed by the naked eye or camera. However, when the film
was irradiated by the microsecond lamp (40 yW cm™2) from the
steady-state transient fluorescence spectrometer, the phosphor-
escence intensity at 488 nm remarkably increased by over 150
times, and the intensity became stable after the irradiation for
5min (Fig. 2a, b and Fig. S5). After 5min irradiation, the
phosphorescence lifetime increased to 707ms (Fig. 2c), the
phosphorescence quantum yield enhanced to 8.28% (Table S1),
and the afterglow brightness increased to 8.27 med m™ (Fig. 2d),
which are 262, 8, and 414 times higher than that of the pristine
state, respectively. Such remarkable improvement under a short
irradiation time indicates that the system has an efficient UV
light irradiation-responsive behavior.

Impressively, this increasing RTP phenomenon can be
observed under UV light even with a low power density
(20 WW cm™, Fig. 2e). When using a UV lamp with a power
density of 1200 uW cm™%, RTP can be generated by only 5s of
irradiation (Fig. S6). The resolution of the system was measured
with a standard USAF 1951 test target (Fig. S7), giving 812 PPI
(points per inch). When the film was stored in the atmosphere
condition, triplet oxygen would permeate the film and cause the
phosphorescence quenching. After being stored for 16 min and
then quickly excited by UV light, the RTP phenomenon dis-
appeared (Fig. 2f). The RTP recovery can be accelerated by
heating (90°C for 2 min). P2-M2 films with different thicknesses
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were used to further study this radiation-dependent RTP. When
the film thickness reduced to 10 or 20 um, the irradiation time
required to generate RTP was similar to that of 30-um film
(Fig. S8), and the RTP performance after the irradiation was also
similar (Figs S9 and S10). However, the inactivation time would
be shortened as the thickness decreased. When the film thick-
ness was 10 um, it only took 8 min to completely inactivate it
(Fig. 2f and Fig. S11). When the thickness was 30 um, the film
can be stored for 16 min, indicating that the decrease in thick-
ness is conducive to the oxygen permeation. After storing the
film in a dry environment at room temperature for 10 days, the
intensity after the irradiation kept 96% of the initial time,
indicating that the system has a good stability (Fig. S12). The
excitation-phosphorescence mapping (Fig. 2g) and transient
photoluminescence decay images (Fig. 2h) of the film were also
recorded. The results show that the use of 210 to 350nm UV
light can effectively trigger the system to produce RTP. Subse-
quently, a cycle test on this dynamic stimulus-responsive beha-
vior was carried out. After 50 cycles, the phosphorescence
intensity of the emission peak at 488 nm after the irradiation is
about 80% of the initial state (Fig. 2i).

In order to further understand the dynamic stimulus-
responsive RTP behavior, we screened out 8 other small mole-
cules, and doped them into the P2 matrix to form corresponding
films. These small chromophores are 4-phenylbenzoic acid, 3,6-
diphenyl-9H-carbazole, 4-phenylphenol, 2-hydroxycarbazole,
7H-dibenzo[c,g]carbazole, 3,3"-bicarbazole, methyl vanillate and
1,4,5,8-naphthalenetetracarboxylic dianhydride (defined as M1,
M3, M4, M5, M6, M7, M8, and M9, respectively), and their
molecular structures are shown in Fig. S4. No RTP was observed
for all films in their pristine states when excited by UV light for a
short time. Upon the irradiation by UV light for a longer period
of time, the increased RTP phenomena from these films were
observed. Afterglow color of P2-M5 and P2-M8 films is blue, P2-
M6 film is yellow, P2-M9 film is red, and the rest is green
(Fig. 3a, Fig. S13, and Movies S1 and S2). Corresponding
Commission International de I’Eclairage (CIE) coordinates are
presented in Fig. S14. Experimental results reveal that different
films require different irradiation time and recovery time for the
phosphorescence growth (Table S2). Among them, the phos-
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Figure 2 Photophysical properties of the P2-M2 film before and after the irradiation. (a) Phosphorescence spectra of the P2-M2 film upon the irradiation
with different irradiation times. The excitation wavelength is 288 nm. (b) Emission intensity changes at 488nm under different irradiation times.
(c) Phosphorescence lifetime spectra of the emission peak at 488 nm under different irradiation times. (d) Afterglow brightness of P2-M2 film under different
irradiation times. (e) Time required to irradiate the film by UV light under different power densities to reach the RTP saturation. (f) Phosphorescence
intensity changes of films with different thicknesses after 5 min of irradiation in the atmosphere conditions. (g) Excitation-phosphorescence mapping of the
P2-M2 film. (h) Time-resolved emission spectra of the P2-M2 film upon excitation at 288 nm. (i) Phosphorescence intensity changes of the emission peak at

488 nm over 50 cycles.

phorescence intensity of the P2-M4 film increases the most after
being irradiated, which is 251 times higher than its pristine state
(Fig. S15). The phosphorescence lifetime of P2-M7 film extends
the most after being irradiated, which is 380 times longer than its
pristine state (Fig. 3b and Fig. S16). Due to the presence of
residual fluorescence signal, there is a slight difference in the
phosphorescence spectra before and after the irradiation. In the
initial state, the phosphorescence intensity of the film is very
low. After the irradiation, the phosphorescence intensity of the
film increases by hundreds of times. Thus, the residual fluor-
escent signal could be ignored (Fig. S17). The afterglow
brightness of all films after the irradiation is shown in Fig. S18,
which can last up to 10s (Figs S19 and S20).

Because of the appearance of RTP, the photoluminescence
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phenomena of these films were also changed (Fig. S21). The
steady-state photoluminescence spectra (Fig. S22) show that the
phosphorescence intensity increases with a slight decrease in
fluorescence intensity after the irradiation. The fluorescence
lifetime after the irradiation is shown in Fig. S23. Meanwhile, the
instrument response function (IRF) was also measured
(Fig. S24). Their UV absorption spectra, excitation spectra and
emission spectra were compared (Fig. S25). Excitation-phos-
phorescence mapping (Fig. S26) indicates that all films can be
irradiated by UV light with a wide wavelength range to produce
RTP. In particular, P2-M3, P2-M6, P2-M7 and P2-M9 films can
be conveniently irradiated with a 365nm portable UV lamp
(150pWcem™) to produce RTP. To further understand the
relationship between chromophore molecular structures and
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Images of P2-based films during the irradiation and their photophysical properties before and after the irradiation. (a) Pictures of the RTP

phenomenon from different films after the UV lamp was turned off for 0.5 s at different irradiation times. (b) Phosphorescence spectra and phosphorescence
lifetime spectra of these films before and after the irradiation. The insets are the images of the films (left) before and (right) after the irradiation.

dynamic stimulus-responsive RTP, hexa-(4-carboxyl-phenoxy)-
cyclotriphosphazene (donated as G) synthesized in our previous
work [43] was doped into P2. Compared with the nine kinds of
chromophore molecules, the structure of G is larger, and it
contains a flexible bonds. Even when the triplet oxygen is con-
sumed, it still has strong nonradiative transition ability. Thus, no
RTP was observed from the UV-irradiated P2-G film. The
phosphorescence intensity of the P2-G film after the irradiation
was not obviously changed as compared with the pristine state
(Fig. S27). These results demonstrate that small planar molecules
are more suitable for this polymer encapsulation strategy, where
the interactions between the small molecules and polymer
matrix regulate the performance of RTP.

A series of copolymers (P1 and P3-P7) with different feeding
ratios of VAc and AA as well as their individual homopolymers
(PVAc and PAA) were synthesized to illustrate the role of
polymer matrix in this strategy (Fig. S1). Then, M2 was doped
into these different polymer matrices, defined as PVAc-M2, P1-
M2, P3-M2, P4-M2, P5-M2, P6-M2, P7-M2, PAA-M2, respec-
tively. Similar to the P2-M2 film, no RTP was observed after
rapidly exciting these films in the pristine state. After the irra-
diation with 254 nm UV light for a period of time, all films show
RTP (Fig. S28 and Movie S3). When increasing the AA com-
ponent in the polymer, the required irradiation time to trigger
RTP becomes shorter. The photophysical properties before and
after the irradiation are shown in Figs S29 and S30 as well as
Table S3. Since the carboxylic acid group can form strong
hydrogen bonding with the chromophore molecules, the phos-
phorescence lifetime of other films is longer than that of PVAc-
M2 film. Because the doping concentration of chromophore
molecules in the film is very low (0.1 mg mL™), the hydrogen
bonding should be sufficient even when the content of the AA
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component in the polymer is low. Therefore, when the content
of the AA component increases, the RTP properties of the
resulting systems after irradiation would not show an obvious
difference. Differential scanning calorimetry analysis was per-
formed for all polymer matrices (Fig. S31). As the content of the
AA component increases, the glass transition temperature (Ty)
of the polymers generally exhibits an increasing trend. The
increase of T, indicates that the structure of the polymer
becomes more rigid.

Four common commercially available polymers were selected
as the matrix to illustrate the impact of polymer types on this
strategy. They are polyacrylonitrile (PAN), polyvinylpyrrolidone
(PVP), polyvinyl chloride (PVC) and polystyrene (PS). The
chromophore M2 was doped into these four polymer matrices to
form films, which were named PAN-M2, PVP-M2, PVC-M2,
PS-M2, respectively. Expectedly, no RTP was detected in these
films in their pristine states after being quickly excited by the UV
lamp. After the UV irradiation for a longer period of time, RTP
from the PVP-M2 and PAN-M2 films was observed, while the
PVC-M2 and PS-M2 films still showed no RTP phenomenon
(Fig. S32). The phosphorescence intensity of the PVC-M2 film
after the irradiation exhibites a slight increase (Fig. S33), and the
phosphorescence lifetime is only 1.5ms. The phosphorescence
intensity of the PS-M2 film does not show an obvious change
after the irradiation (Fig. S34). These results indicate that these
two films do not have stimulus-responsive RTP behavior. The
PMMA-M2 film was also prepared by the same method. As
there is a large amount of ~-COOCH; groups in the polymer
chain, PMMA cannot form a strong hydrogen bonding network
with the doped chromophore molecules. Thus, the irradiation
time required for PMMA-M2 to produce RTP is longer than that
of P2-M2 (Fig. S35), further proving that the hydrogen bonding

August 2022 | Vol.65 No. 8
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is very important for the UV response speed of such irradiation-
dependent RTP systems. In addition, the RTP performance of
P2-M2 after the irradiation is also better than that of PMMA-M2
(Fig. S36). The photophysical properties of chromophore M2
without any polymer matrix were conducted for comparison.
Chromophore M2 did not exhibit the stimulus-responsive
property, and its phosphorescent lifetime before and after irra-
diation was only 3 ms (Fig. S37). These results indicate that the
polymer matrix plays a vital role in achieving long-lived RTP
attributed to the strong intermolecular hydrogen bonding
interactions formed between the polymer matrix and the chro-
mophore molecule.

Then, the nonradiative transition rate (K,,) [44,45] before and
after the irradiation was calculated (Fig. 4a), since it is an
important photophysical parameter in RTP. The Ky, of the P2-
M2 film before and after the irradiation is 366.74 and 1.29S7},
respectively. Having such a low K, after the irradiation is one of
the main reasons for its long lifetime. To further support our
conclusion, the photophysical properties of the P2-M2 film were
measured at low temperatures. At 77K, the film can produce
obvious RTP, because low temperature can well suppress the
nonradiative transition of the loaded chromophore molecules.
As compared with the results at room temperature, the film has
stronger RTP phenomenon (Fig. 4b) and longer phosphores-
cence lifetime (Fig. 4c) at low temperature, indicating that the
dynamic stimulus-responsive RTP does not come from ther-
mally activated delayed fluorescence [46]. The same conclusion
can be drawn from its steady-state photoluminescence spectrum
(Fig. S38) and fluorescence lifetime (Fig. S39).

The photophysical properties of P2-M2 in vacuum conditions
were investigated to further demonstrate that this irradiation-

dependent RTP results from the oxygen consumption mechan-
ism. In vacuum conditions, P2-M2 can directly produce bright
RTP, and there is no obvious improvement after the irradiation
(Fig. S40). As shown in Fig. 4d, the phosphorescence intensity
only slightly increases after the irradiation, and the phosphor-
escence lifetime does not show an obvious change (Fig. S41).
Interestingly, the phosphorescence lifetime of P2-M2 in vacuum
is longer than that irradiated for 5min under ambient condi-
tions. Even when P2-M2 is stored in vacuum for 12 h, it can still
produce bright RTP after being quickly excited by a UV lamp.
All these results indicate that the irradiation-dependent RTP is
mainly attributed to the oxygen consumption of the polymer
matrix.

At the same time, the UV-vis absorption spectra of the films
were also recorded. As shown in Fig. 4e, upon increasing the
irradiation time, the absorption peaks of the P2-M2 film at 300
to 430 nm gradually increase, while the absorption intensity at
266 nm gradually decreases. After heating for 2 min, the changes
can be restored (Fig. S42). The UV-vis absorption spectra of
other phosphor-doped P2 films show a similar phenomenon
(Fig. S43). The PVP-M2, PAN-M2 and PVC-M2 films also
exhibit similar experimental results (Fig. S44). In addition,
electron paramagnetic resonance (EPR) spectrum [47] of the
irradiated film shows three sets of signals, indicating the pro-
duction of singlet oxygen after the irradiation (Fig. 4f).

Based on the unique dynamic stimulus-responsive RTP
character, these materials were applied for the information sto-
rage. Three different patterns (flower, letters “CQUT” and
numbers “888”) were prepared using methanol solutions of P2-
M2 and P2-M6 as the inks. Different information can be
observed under different wavelengths of UV light and different
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Figure 4 Mechanism of dynamic stimulus-responsive RTP systems. (a) K, values of the P2-M2 film before and after the irradiation. (b) Variable
temperature-dependent phosphorescence spectra of the P2-M2 film. (c) Variable temperature-dependent phosphorescence lifetime of the P2-M2 film.
(d) Phosphorescence spectra of the P2-M2 film before and after the irradiation in vacuum condition. (e) UV-vis absorption spectra of the P2-M2 film under
different irradiation times. (f) EPR spectra of P2-M2 before and after the irradiation.
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Figure 5 Demonstration of dynamic stimulus-responsive RTP systems for data storage under ambient conditions. (a) Pattern preparation procedure for the
information storage. First, the barrier layer was coated on the substrate (e.g., glass, quartz, and plastic). Next, the methanol solutions of P2-M2 and P2-M6
were used as inks to draw the designed patterns on the barrier layer. Finally, after the patterns were dried, a barrier layer on the pattern was added. (b) RTP
photographs of flower, “CQUT” and “888” after different irradiation times. The blue afterglow part of each pattern was prepared by P2-M2 ink, and the yellow
afterglow part was prepared by P2-M6 ink. The RTP images were recorded after turning off a 254 or 365 nm hand-held UV lamp for 0.5s.

irradiation times (Fig. 5 and Fig. S45), thus achieving the
information storage and encryption. At first, after rapid excita-
tion with 254nm UV light, no information can be seen. As the
irradiation time increases, partial patterns appear. For example,
only the leaf part can be observed in the flower pattern, and
“CQUT” only shows two letters of “CQ”, and the numbers “888”
present a blurry pattern. As the irradiation time further
increases, the complete patterns can be observed. When excited
with 365nm UV light instead, no information can be seen at
first. Upon increasing the irradiation time, the petals, the letters
“UT” and the numbers “123” can be observed. However, no
matter how the irradiation time increases, only this part of the
patterns is observed, because the other part of the patterns is
made of the P2-M2 ink, and it cannot produce RTP after being
irradiated by 365nm UV light.

CONCLUSION

In summary, we have developed a strategy for realizing dynamic
stimulus-responsive long-lived RTP systems through doping
some common organic chromophores into polymer matrices
prepared from VAc and AA with different feeding ratios. After
UV light irradiation, the increasing process of the phosphores-
cence can be observed by the naked eye, and the photophysical
properties of the systems can be improved by hundreds of times.
Importantly, this strategy is general and universal, and many
types of small chromophore molecules and polymer matrices are
suitable for generating strong phosphorescence upon UV light
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irradiation. Based on the unique photophysical properties, these
materials might be employed in the fields of information storage
and encryption. Different information can be observed by con-
trolling the wavelength of UV light and the time of irradiation.
This strategy not only paves a way to construct simple, efficient,
and commercially viable long-lived RTP polymer systems, but
also expands the application scope of stimulus-responsive
materials.
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