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Room-temperature phosphorescence (RTP) materials exhibiting long emission lifetimes have gained in-
creasing attention owing to their potential applications in encryption, anti-counterfeiting, and sensing.
However, most polymers exhibit a short RTP lifetime (<1s) because of their unstable triplet excitons.
Herein, a new strategy of polymer chain stabilized phosphorescence (PCSP), which yields a new kind of
RTP polymers with an ultralong lifetime and a sensitive oxygen response, has been reported. The rigid
polymer chains of poly(methyl mathacrylate) (PMMA) immobilize the emitter molecules through multiple
interactions between them, giving rise to efficient RTP. Meanwhile, the loosely-packed amorphous poly-
mer chains allow oxygen to diffuse inside, endowing the doped polymers with oxygen sensitivity. Flexible
and transparent polymer films exhibited an impressive ultralong RTP lifetime of 2.57 s at room temper-
ature in vacuum, which was among the best performance of PMMA. Intriguingly, their RTP was rapidly
quenched in the presence of oxygen. Furthermore, RTP microparticles with a diameter of 1.63 pm were
synthesized using in situ dispersion polymerization technique. Finally, oxygen sensors for quick, visual,
and quantitative oxygen detection were developed based on the RTP microparticles through phospho-
rescence lifetime and image analysis. With distinctive advantages such as an ultralong lifetime, oxygen
sensitivity, ease of fabrication, and cost-effectiveness, PCSP opens a new avenue to sensitive materials for

oxygen detection.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Oxygen detection is of great importance across diverse fields in-
cluding environmental monitoring, industrial process control, med-
ical diagnostics, and biological sciences [1-4]. In the industrial sec-
tor, oxygen detectors ensure the safe and efficient operation of
processes requiring precise control of oxygen levels, such as com-
bustion and fermentation. In environmental monitoring, they are
used to assess air quality and the health of aquatic ecosystems.
In the medical field, oxygen detectors are crucial for monitoring
patient blood oxygen saturation, vital for respiratory management
and disease diagnosis. Currently, the most commonly used meth-
ods for oxygen detection primarily rely on electrochemical tech-
niques which base on the reduction of oxygen at an electrode,
generating a measurable electrical signal proportional to the oxy-
gen concentration. However, electrochemical methods are plagued
with several inherent limitations, including sluggish response rates,
susceptibility to moisture, and compromised sensitivity due to the
nonlinear relationship between output signals and oxygen concen-
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tration. Consequently, there is an urgent need for the development
of rapid and highly sensitive methods for oxygen detection [5-7].
Room-temperature phosphorescence (RTP) materials, exhibiting
a long lifetime ranging from milliseconds to seconds, have gar-
nered increasing attention due to their promising applications in
sensing, anti-counterfeiting, encryption, and so on [8-15]. How-
ever, pure polymers normally fail to exhibit RTP properties under
ambient conditions due to the instability of their triplet excitons
[16,17]. Recently, a range of RTP polymers have been developed
by stabilizing triplet excitons through various strategies, including
crystallization, molecular packing, polymerization, host-guest in-
clusion complexes, and doping [18-26]. Among these preparation
methods, doping emitter molecules into polar and crystalline poly-
mer matrices has proven to be a robust approach for the facile fab-
rication of RTP materials [27-32]. Chromophores are incorporated
into polymers through melt or solution mixing or copolymeriza-
tion, resulting in their immobilization within the polar polymer
matrix [33-35]. The strong interaction among the polymer chains
and the densely-packed polymer crystals stabilize the excitons and
suppress their nonradiative decay pathways, thus yielding brightly
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Fig. 1. (a) Schematic illustration of RTP and oxygen-sensitive materials reported in the literature. (b) Schematic illustration of polymer chain stabilized RTP with sensitive

oxygen response. (c) Chemical structures of polymer and the emitter molecules used.

luminescent RTP materials [36-43]. Yang and Zhao incorporated
aromatic chromophores into polymer matrices, creating RTP ma-
terials that exhibit multiple stimulus-responses [44-47]. Li and
Zhang doped acriflavine into polyvinyl alcohol (PVA) and obtained
visible-light-excited fluorescence afterglow with a quantum yield
of 42.4% [48]. Tang and Xiong prepared UV-responsive RTP poly-
mers by doping PVA with aromatic emitter compounds [49,50].
In recent years, a variety of RTP polymers have been achieved by
doping strategies. Nevertheless, the majority of reported polymeric
materials still exhibit RTP lifetimes shorter than 1s [51-54]. There-
fore, the development of RTP polymers with lifetimes exceeding 1s
remains highly desirable for their potential application in sensing.

RTP is highly susceptible to atmospheric oxygen molecules and
can be easily quenched by them. This is due to the triplet exci-
tons involving in the photophysical process of RTP, are prone to
deactivate through nonradiative pathways in the presence of oxy-
gen. Such an oxygen-responsive behavior of RTP materials offers an
alternative approach for oxygen detection [55]. More importantly,
RTP exhibits a prolonged lifetime up to seconds, making its life-
time decay readily discernible even with the naked eye. This ob-
servable RTP decay offers a compelling opportunity for the visual
sensing of oxygen. Furthermore, differing from emission intensity
and color, lifetime representing the duration of emission intensity
decay serves as a self-referenced parameter, offering an ideal pa-
rameter for sensing applications. However, to achieve efficient RTP,
polar and crystalline polymers are typically employed as a ma-
trix. The robust interaction among the polymer chains and their
dense packing effectively immobilize the chromophore molecules
and suppress nonradiative decay pathways. While this strong in-

teraction and dense packing enhance RTP, they also restrict the
diffusion of oxygen through the polymeric material, posing a chal-
lenge for oxygen sensing (Fig. 1). Therefore, although several long-
lived RTP polymers have been reported [56,57], their exploration
for oxygen detection remains limited.

Herein, we report a novel approach to stabilize triplet excitons
through the utilization of rigid polymer chains. This innovative
strategy leads to the creation of a unique type of amorphous RTP
polymers that possess an exceptionally long lifetime and oxygen
sensitivity. The rigid polymer chains effectively immobilize chro-
mophore molecules through numerous interactions, resulting in ef-
ficient RTP. Simultaneously, the loose packing of the amorphous
polymer chains allows for oxygen diffusion within, conferring oxy-
gen sensitivity to the doped polymers (Fig. 1). As a demonstration
of concept for polymer chain stabilized phosphorescence (PCSP),
an engineering plastic of poly(methyl methacrylate) (PMMA) was
used as a matrix because of its high glass transition temperature
and O, gas permeability. And carbazole derivatives were utilized
as dopants for their strong interaction with PMMA. These resultant
doped amorphous polymer films were flexible and transparent,
and exhibited an impressive ultralong lifetime of 2.57 s at room
temperature in vacuum, which was one of the best performances
of PMMA-based RTP materials. Interestingly, in the presence of
oxygen, their RTP turned off quickly through a dynamic collisional
mechanism. Furthermore, RTP microparticles with a diameter of
1.63 pm were synthesized using in situ dispersion polymerization
technique to verify the universality of PCSP. Finally, quick, visual,
and quantitative sensing of oxygen was fulfilled through phospho-
rescence lifetime and image analysis of the RTP microparticles. To
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Fig. 2. (a) Fluorescence (black) and phosphorescence (delay 100ms, red) emission spectra of DMOC/PMMA at room temperature in N,. Inset showed digital images of
the doped polymer films under daylight and UV light. (b) Decay profile of the RTP lifetime of DMOC/PMMA in N,. Excitation: 365 nm. Inset showed digital images of the
doped polymer films after the cease of UV light. (c) Two-dimensional excitation-phosphorescence emission mapping. (d) Transient photoluminescence decay mapping. (e)
Fluorescence and RTP quantum yields of DMOC powders and DMOC/PMMA (0.5 wt%) in N,. (f) Proposed mechanism of RTP of DMOC/PMMA.

the best of our knowledge, this is the first report on ultralong RTP
microparticles for oxygen sensing. Given the distinctive advantages,
including ultralong lifetime, oxygen sensitivity, ease of fabrication,
and cost-effectiveness, PCSP presents a novel platform for creating
sensitive materials for oxygen detection.

A carbazole derivative of DMOC was chosen as an emitter, and
was doped into PMMA by melt mixing them. The doped polymers
of DMOC/PMMA (0.5 wt%) were transparent and flexible, and emit-
ted bright deep blue fluorescence at a wavelength of 398 nm under
UV irradiation (365 nm) (Fig. 2a). And the deep blue color immedi-
ately turned into blue and faded slowly after ceasing UV excitation.
The blue RTP could be observed with the naked eye at room tem-
perature in vacuum. The RTP spectra of DMOC/PMMA showed a
distinct peak at 468 nm with an ultralong lifetime of 2.57s (Fig.
2b). Notably, the RTP spectrum of DMOC/PMMA resembled that
of DMOC (Figs. S1-S7 in Supporting information), demonstrat-
ing that the RTP of DMOC/PMMA emanated from DMOC. Because
neither DMOC nor PMMA emitted RTP, the RTP of DMOC/PMMA
was ascribed to the emitter molecules dispersed in PMMA matrix.
The emitter molecules were anchored onto rigid polymer chains
through strong and abundant interaction between them, which sta-
bilized the triplet excitons and consequently activated their radia-
tive decay pathway, resulting in an ultralong RTP. Excitation-RTP
mapping of DMOC/PMMA revealed that its RTP could be excited in
a broad wavelength range of 270—390 nm. Nevertheless, its max-
imum RTP wavelength rarely depended on excitation wavelength
(Figs. 2c and d, and Fig. S8 in Supporting information), suggest-
ing homogeneous dispersion of DMOC molecules in PMMA ma-
trix likely due to the strong interaction between them. Intrigu-
ingly, DMOC/PMMA exhibited a high RTP quantum yield of 21.1%
(Fig. 2e and Fig. S9 in Supporting information), which is highly
desirable for its further sensing applications. Therefore, the emit-
ter molecules of the doped polymers are excited to singlet ex-
cited states (S;) under UV light. The energy of S; was transferred
to 3CT, followed by further transferring to the triplet excited state
(T¢) of the emitter molecules. When T; returns to the ground state
(Sg) through radiative decay pathway, RTP is emitted (Fig. 2f and
Fig. S10 in Supporting information). Moreover, the energy levels
of singlet and triplet excited states of DMOC/PMMA were theo-

retically calculated using time-dependent density-functional theory
(TD-DFT). The calculated energy levels of singlet and triplet excited
states were well consistent with the experimental results (Fig. S11
in Supporting information). For instance, S; and T; were 3.51 and
2.68 eV respectively, agreeing with the experimental values (3.43
and 2.80eV, respectively).

DMOC/PMMA polymer films were transparent and flexible,
which was favourable for their applications. No emitter aggre-
gates were discerned in the doped film, implying uniform disper-
sion of emitter molecules in polymer matrix. X-ray diffractometry
(XRD) spectra showed that the DMOC crystalline peaks were ab-
sent in the XRD spectra of DMOC/PMMA (Fig. 3a), verifying that
DMOC molecules were uniformly dispersed in PMMA matrix. UV-
vis spectra of DMOC/PMMA showed an absorbance band at 312 nm,
which red-shifted compared to that of emitter (Fig. 3b). More-
over, FT-IR spectra of DMOC/PMMA showed an absorbance band
at 1578 cm~! (Fig. 3c), which was ascribed to bending vibration
of N-H and blue-shifted compared to that of DMOC (1576 cm™1).
Such absorbance shifts revealed the strong interaction between the
emitter molecules and polymer chains. Moreover, electrostatic po-
tential for DMOC and PMMA was analyzed using the wave function
analysis program Multiwfn and the visualization program VMD.
It is evident that oxygen atoms in PMMA present dense electron
clouds with an electrostatic potential of —37.31kcal/mol, which
act as hydrogen-bonding donors. While the hydrogen atoms in
amine moiety of DMOC show fewer electron clouds with an elec-
trostatic potential of +44.58 kcal/mol, serving as hydrogen-bonding
acceptors (Fig. 3d and Fig. S12 in Supporting information). Thus,
hydrogen-bonding forms in DMOC/PMMA. To investigate the con-
formational arrangement of DMOC molecules within the PMMA
matrix, we employed a combined quantum mechanics and molec-
ular mechanics (QM/MM) simulations for the DMOC/PMMA sys-
tem using the Gaussian software (Figs. 3e and f, and Fig. S13
in Supporting information). Our findings revealed that the dis-
tances between DMOC molecules and their adjacent PMMA chains
ranged from 2.16 A to 3.36 A. Notably, a diverse array of interaction
forces were observed between DMOC and PMMA chains, includ-
ing N-H-.-O, C-H---0, C-H---N, and 7 -H---O interactions. Notably, the
preponderance of short-range N-H.--O (2.16A) and w-H---0 (2.69A)
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Fig. 3. (a) XRD spectra of DMOC, PMMA, and DMOC/PMMA. (b) UV-vis spectra of DMOC and DMOC/PMMA. (c) FT-IR spectra of DMOC, PMMA, and DMOC/PMMA. (d)
Electrostatic potential analysis of chromophores and PMMA. (e) Interaction between DMOC and PMMA. (f) Reduced density gradient (RDG) isosurface mapping of DMOC
molecules in PMMA with an isovalue of 0.5. (g) RTP lifetime of PMMA doped with various emitters.

interactions significantly immobilized the DMOC molecules. These
results suggest that the PMMA chains offer a rigid and strongly in-
teractive environment for DMOC, thereby playing a pivotal role in
suppressing the nonradiative decay of triplet excitons.

The effect of dopants on RTP was investigated. A series of
analogs of emitter molecules with similar chemical structures, in-
cluding MC, DMC, DTBC, and DBC, were used to dope PMMA for
comparison (Fig. 3g and Figs. S14-S16 in Supporting information).
Among the doped materials, DMOC/PMMA showed the maximum
RTP lifetime and efficiency, likely due to the high polarity of DMOC
enhancing its interaction with the polymer matrix.

Intriguingly, the RTP properties of DMOC/PMMA exhibited a
dependency on UV radiation duration (Fig. S17 in Supporting in-
formation). Initially, the as-prepared polymer film displayed weak
RTP. However, as the UV radiation duration was extended to 12s,
both the RTP intensity and lifetime underwent a remarkable surge.
Thereafter, the RTP intensity and lifetime reached a stable plateau.
Notably, the RTP characteristics of the doped polymer film were
particularly sensitive to oxygen exposure. Exposure of the film to
air for just 1 min resulted in RTP quenching of the doped polymer
film. This phenomenon holds significant promise for oxygen detec-
tion applications. The residual oxygen present in the as-prepared
film deactivates the triplet excitons, leading to the observed weak
RTP. Prolonging the UV radiation duration effectively consumes
the oxygen within the doped film. This allows the triplet exci-
tons to return to the ground state through a radiative decay path-
way, thereby enhancing the RTP and resulting in UV-triggered RTP.
When the RTP polymer film is subsequently exposed to oxygen,
the oxygen molecules diffuse through the film and quench the RTP.
Consequently, UV-activated and oxygen-sensitive RTP is achieved.

DMOC/PMMA materials could be in situ synthesized by using
dispersion polymerization technique, allowing the fabrication of
monodispersed microparticles of the RTP materials. Scanning elec-

tron microscopy (SEM) images showed that spherical particles with
a diameter of 1.63 +0.47 pm formed after dispersion polymeriza-
tion (Figs. 4a-c). Phosphorescence spectra showed that the mi-
croparticles exhibited similar RTP emission with the bulk materials
(Fig. S18 in Supporting information). RTP lifetime decay profile re-
vealed that the microparticles showed a slightly decreased lifetime
compared to the bulk materials (2.17 s and 2.57 s, respectively, due
to high mobility of polymer chains at the surface of particles, con-
sistent with the previous reports [58]. The microparticles inherited
the oxygen sensitivity from the bulk materials. The microparticles
did not show RTP in air. While upon purging with nitrogen gas,
the RTP of the N,-purged area boosted. Exposure of the N,-purged
microparticle films in air for 1min, their RTP disappeared again.
Such oxygen-sensitive RTP property is highly valuable for oxygen
detection in air.

Encouraged by the remarkable oxygen sensitivity, we devel-
oped oxygen sensors utilizing the RTP microparticles. Employing
a technique based on phosphorescence lifetime and image analy-
sis (PLIA), we achieved rapid, visual, and quantitative oxygen sens-
ing. The RTP microparticles films were exposed to oxygen/nitrogen
mixed gas and excited using a UV flashlight at 365 nm (Fig. 4d).
Videos were recorded using a commercial mobile phone camera.
Video screenshots at various times were analyzed (Fig. S19 in Sup-
porting information). The blue values of RTP images were calcu-
lated using a Matlab program. The plot of blue values versus time
for each oxygen fraction was obtained. The blue values decreased
exponentially against time (Fig. 4e, Figs. S20-S27, and Table S1 in
Supporting information). The RTP lifetime was obtained by data fit-
ting. Intriguingly, the ratio of 7o/t exhibited a linear correlation
with the oxygen fraction, revealing a dynamic collisional quenching
mechanism of RTP by oxygen (Fig. 4f). To demonstrate the practical
applications of our oxygen sensors, we exposed the RTP micropar-
ticle films to air with an oxygen fraction of 0.5%. The RTP lifetime



Z. Chen, J. Shi, Y. Zhou et al.

Chinese Chemical Letters 36 (2025) 110629

(c)30 D =1.63 + 0.47 ym

=3
o

o o

05 10 15 20 25 30
Diameter (um)

() (e) ] (f) 7]
Mobile phone UV light . O, fraction (%) * Working curves 2
. *0 61 %Real sensing
o |} 05
ERNE 1 54
H c15 | . 4]
E} <2 .
o *25 ]
| Vacuum .3 21 Y= 1.880X + 0.873
—= 14 R =0.9965
N, 0 2 4 6 8 0.0 05 1.0 15 2.0 255 3.0

Time (s) O, fraction (%)

Fig. 4. (a, b) Scanning electron microscopy (SEM) images of DMOC/PMMA microparticles. (c) Diameter distribution of DMOC/PMMA microparticles. (d) Schematic illustration
of oxygen detection using the ultralong RTP polymer microparticles films. (e) Blue values of RTP images as function of delay time. (f) The plot of 7o/t (7o and 7 are RTP

lifetime in the absent and presence of oxygen, respectively).

was measured to be 1.33140.066s by PLIA. Using the established
working curve, we calculated the oxygen fraction to be 0.499% +
0.050%, achieving a satisfactory recovery of 99.8% (Fig. 4f, Fig. S28,
and Table S2 in Supporting information). These results demonstrate
the potential of our oxygen sensors based on ultralong RTP poly-
mers for real-world applications. Finally, reproducibility of oxygen
sensors was checked by repeatedly switching between in vacuum
and air. Similar blue values and lifetimes were obtained with in-
creasing cycle numbers (Figs. S29 and S30 in Supporting informa-
tion), demonstrate the superb reproducibility of the oxygen sen-
sors. Our oxygen sensors based on ultralong RTP polymers pos-
sesses overwhelming advantages: (1) Self-referenced. No calibra-
tion is required because self-referenced parameter of lifetime is
used. (2) Simple instruments. Taking advantage of ultralong RTP
lifetimes over 2 s, RTP images can be readily captured with a com-
mon smartphone camera. RTP lifetimes can be determined through
PLIA technique, which are independent of imaging equipment, un-
even color distribution, and possible color discrepancies caused by
background, containers, or light scattering. (3) Simple data analy-
sis. RTP lifetime, depicting decay of RTP intensity, is independent
of RTP color or CIE coordinates. Thus, there is no need to deter-
mine accurately RTP CIE coordinates. Our oxygen sensors are based
on blue RTP (468 nm), and blue value is valid enough to determine
RTP lifetime.

In summary, a novel strategy of polymer chain stabilized phos-
phorescence (PCSP) has been reported, yielding a new family of
RTP polymers that exhibit an exceptionally long lifetime and a
highly sensitive response to oxygen. The polymer chains effec-
tively immobilize chromophore molecules through multiple inter-
actions, promoting efficient RTP. Simultaneously, the amorphous
polymer chains are loosely packed, facilitating oxygen diffusion
within them, thereby conferring oxygen sensitivity to the doped
polymers. These flexible and transparent polymer films exhibit an
ultralong RTP lifetime of 2.57s coupled with a high efficiency of
21.1% at room temperature in vacuum. Notably, their RTP is rapidly
quenched in the presence of oxygen through a dynamic collisional
quenching mechanism. Furthermore, RTP microparticles with a di-
ameter of 1.63 pm are synthesized using in situ dispersion poly-
merization technique. Finally, phosphorescence lifetime and image

analysis of the RTP microparticles enables rapid, visual, and quan-
titative oxygen sensing. With its unique advantages, including an
ultralong lifetime, oxygen sensitivity, ease of fabrication, and cost-
effectiveness, PCSP offers a novel avenue for the development of
sensitive materials for oxygen detection.
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