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a b s t r a c t

Ultralong organic phosphorescence (UOP) materials have attracted increasing attention due to its po-

tential applications in opto-electronics, bioelectronics, and security protection. However, it is still a

formidable challenge to develop a material with simultaneous efficiency and lifetime enhancement under

ambient conditions. Here, highly efficient UOP is achieved by doping crown ether derivatives into rigid

poly(vinyl alcohol) (PVA) matrix. Two crown ether derivatives exhibited weak yellow UOP. Impressively,

after doped into PVA films, the resultant PVA films demonstrated bright blue UOP with a long lifetime of

595.9ms and high phosphorescence efficiency of 13.3 %. The sharp enhancement of efficiency and lifetime

can be ascribed to abundant hydrogen bonding between the crown ether derivatives and PVA polymer

chains. This work provides a new avenue for developing highly efficient UOP materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ultralong organic phosphorescence (UOP) materials have at-

tracted considerable attention, owing to their low cost, excellent

processability, and superior biocompatibility compared with inor-

ganic and metal-organic materials [1,2]. These materials showed

potential applications in optical sensing [3–5], bioimaging [6,7],

and information encryption [8–10]. However, achieving high-

performance UOP remains a great challenge due to weak spin-

orbit coupling (SOC) and intense non-radiative relaxation of triplet

excitons [11,12]. Therefore, there are two key approaches to con-

structing efficient UOP: (i) Facilitating the intersystem crossing

(ISC) from singlet to triplet states by the introduction of heavy

atoms (Cl, Br) [13,14], heteroatoms (O, N, S, P) [15,16], or aro-

matic carbonyl groups [17]; and (ii) reducing non-radiative decay

of triplet excitons through H-aggregation [18,19], crystal engineer-

ing [20,21], host-guest doping [22–29], and so on [30,31]. Recently,

the researchers proposed a series of strategies of simultaneously

improving efficiency or lifetime of organic phosphorescence, such

as supramolecular self-assembly based on cocrystals [32], copoly-

∗ Corresponding authors.

E-mail addresses: ifeszhcai@fjnu.edu.cn (S. Cai), ifexwang@xmu.edu.cn (X.

Wang), iamzfan@njtech.edu.cn (Z. An).
1 These authors contributed equally to this work.

merization [33], host-guest interaction [34,35], among others [36–

40]. Although impressive results have been accomplished, organic

materials with both long phosphorescence lifetimes (τ P) and high

phosphorescence quantum yields (ΦP) are rare.

Crown ethers, as the first generation of macrocycles in

supramolecular chemistry, represent an intriguing molecular scaf-

fold for designing organic phosphorescent systems [41]. The struc-

tural tunability of crown ether derivatives enables precise modula-

tion of their photophysical properties through systematic variations

in ether chain length and targeted functional group modifications

[42–44]. The oxygen atoms within the crown ether framework can

not only facilitate the ISC to populate the triplet excitons [45],

but also provide host-guest interactions to enhance conformational

rigidity [46,47]. Consequently, crown ethers have been employed to

construct functional phosphorescence materials. For example, Tang

and coworkers discovered a maximum 10-fold increase of phos-

phorescence lifetime after traditional crown ethers interacted with

potassium ion (K+) [42]. Similarly, Pan group reported phosphores-

cence property of crown ethers was greatly enhanced upon com-

plexation with CdCl2, owing to heavy atom effect and abundant

intermolecular hydrogen bonds [48]. Moreover, Huang group de-

signed and prepared a random copolymer of acrylamide and a

crown ether derivative, the copolymer exhibits satisfactory room
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Fig. 1. (a) Schematic diagram of achieving highly efficient and ultralong organic

phosphorescence by doping CEO8 and CEO10 into PVA. (b) Chemical structures of

CEO8 and CEO10.

temperature phosphorescence [43]. In another study, Wu and col-

leagues endowed polyacrylamide hydrogels with room temperature

phosphorescence through the aggregation-induced crystallization

of crown ethers [47]. Despite these advances, UOP polymers con-

taining crown ethers often suffer from phase separation due to the

intrinsic poor solubility of crown ether units.

To address the aforementioned issues, we propose a chemical

modification strategy to obtain highly efficient UOP homogeneous

polymers based on crown ethers (Fig. 1a). Two crown ethers

were modified with carboxyl groups to produce two crown ether

derivatives, namely, CEO8 and CEO10 (Fig. 1b). Their chemical

structures were confirmed by 1H NMR and 13C NMR spectroscopy

(Fig. 1b, Figs. S1-S13, Schemes S1 and S2 in Supporting informa-

tion). Homogeneous polymer films were then fabricated by doping

CEO8 or CEO10 into PVA matrix. Compared with the powder coun-

terpart, the phosphorescence lifetime significantly increased from

10.7ms to 595.9ms for 2wt% CEO10 in PVA films. Meanwhile,

the phosphorescence quantum yield rose from nearly 0 in the

powder state to 13.3% for 0.5wt% CEO10 in PVA films. The control

experimental results revealed that the phosphorescence originated

from isolated crown ether derivative molecules, and hydrogen

bonding between crown ether derivatives and PVA polymer chains

restrict the molecular vibration and rotation of the guests, thus

contributing to highly efficient and ultralong phosphorescence. In

addition, these UOP materials have been successfully applied in

afterglow decorations.

Both CEO8 and CEO10 powders showed weak blue emission

with the peak at 351nm excited by 272nm and faint yellow phos-

phorescence with the emission peak at 543nm after the removal

of the excitation source (Fig. 2a). The phosphorescence lifetime

of CEO8 and CEO10 powders are 24.7ms and 10.7ms, respec-

tively, corresponding to a short-lived yellow afterglow (Fig. S14 in

Supporting information). Transparent PVA films doped with dif-

ferent doping concentrations of CEO8 and CEO10 were prepared

via a drop-casting method. Interestingly, these transparent PVA

films exhibited bright blue emission under 275nm UV irradiation,

which persisted even after the light source was turned off. Yel-

low UOP from CEO8 and CEO10 in powder and blue UOP from

1wt% CEO8 in PVA and 1wt% CEO10 in PVA can be ascribed to

the aggregated and isolated phosphorescence chromophores, re-

spectively. As shown in Fig. 2b and Fig. S16 (Supporting informa-

tion), PVA films showed a polarized photoluminescence emission.

Excitation-photoluminescence emission mapping of 1wt% CEO8 in

PVA was collected from the edge of films, exhibiting intense emis-

sion peaks at 328nm (1.3 ns) and 433nm, while 1wt% CEO8 in PVA

showed intense emission at 328nm and relatively weak emission

at 433nm when excitation-photoluminescence emission mapping

was collected from the front of films (Figs. S15 and S16, Table S1

in Supporting information). The lifetimes of 1wt% CEO8 in PVA

monitoring at 438nm are 491.6ms at the edge and 330.5ms from

the front (Fig. 2c, Fig. S17 and Table S2 in Supporting informa-

tion). Accordingly, photoluminescence and phosphorescence spec-

tra, excitation-phosphorescence emission mapping, and lifetimes

are recorded from the edge of films (Figs. S15, S18, and S21-S25 in

Supporting information). Phosphorescence emission of 1wt% CEO8

in PVA and 1wt% CEO10 in PVA did not change with the exci-

tation wavelength, indicating uniform dispersion of the dopants

within the PVA matrix (Fig. S18 in Supporting information). In

other words, no phase separation was observed in the PVA films,

which was further confirmed by fluorescence microscope images

of CEO8-doped PVA films at different concentrations (Figs. S19 and

S20 in Supporting information).

To optimize the doping concentration of guests on the UOP

properties, PVA films doped with CEO8 and CEO10 at different

concentrations were prepared. Their photoluminescence and phos-

phorescence spectra are similar, but two emission peaks of photo-

luminescence spectra varied with the doping concentration (Figs.

S21 and S22). The phosphorescence intensity of PVA films progres-

sively increased as the doping concentration rose from 0.05wt%

to 2wt%, but decreased at 3wt% due to phase separation and

aggregation-caused quenching (Fig. 2d). Correspondingly, phospho-

rescence lifetimes of PVA films followed a similar trend with in-

creasing concentration (Figs. S24 and S25 in Supporting informa-

tion). Ultimately, the optimal doping concentration of PVA films

doped with CEO8 and CEO10 was determined to be 2wt%. Their

longest phosphorescence lifetime of PVA films doped with CEO8

and CEO10 are 527.3ms and 595.9ms, respectively (Figs. S24 and

S25, Table S2). The blue afterglow can last 6 s after the cease of

excitation (Figs. S26 and S27 in Supporting information). The phos-

phorescence quantum yields of PVA films doped with CEO8 and

CEO10 sharply increased compared with those of their correspond-

ing powder (Fig. 2e). The highest phosphorescence efficiency is

12.1% for 0.1wt% CEO8 in PVA film and 13.3% for 0.5wt% CEO8

in PVA film (Table S3 in Supporting information).

We then measured temperature-dependent photoluminescence

spectra and lifetime decay profiles of 1wt% CEO8 in PVA and

1wt% CEO10 in PVA over the temperature range of 110–350K, in

order to confirm the phosphorescence property of emission. As

expected, the emission intensity of photoluminescence spectra

remained nearly constant from 110K to 170K, and decreased with

the increasing temperature from 170K to 350K (Fig. 3a and Fig.

S28 in Supporting information), suggesting the emission at 438nm

belong to phosphorescence emission. Consistently, the lifetimes

of PVA films doped with crown ether derivatives decreased with

varying the temperature from 140K to 350K (Figs. 3b and c,

Tables S4 and S5 in Supporting information), further confirming

the phosphorescence property of emission.

Aiming to investigate the influence of the complexation with

K+, Na+, and Li+ ions on phosphorescence properties, 1wt% CEO8-

M+ (M= Li, Na, K) in PVA films and 1wt% CEO10-M+ (M= Li, Na,

K) in PVA films were prepared. Photoluminescence and phospho-

rescence spectra of 1wt% CEO8-M+ (M= Li, Na, K) in PVA films and

1wt% CEO10-M+ (M= Li, Na, K) in PVA films are similar to those of

the corresponding uncomplexed films (Fig. 2a and Fig. S29 in Sup-

porting information). However, their phosphorescence lifetimes are

shorter than that of 1wt% CEO8 in PVA films (491.6ms) and 1wt%

CEO10 in PVA films (478.3ms) (Figs. S24, S25, and S30 in Support-

ing information). After the complexation of crown ether derivatives

with metal ions (Li+, Na+, and K+), the phosphorescence lifetime

and blue afterglow of the doped PVA films declines gradually with

increasing radius of the metal ions (Li+, Na+, and K+) (Figs. S30

and S31 in Supporting information). Phosphorescence quantum

yields of the doped PVA films also decreased upon the formation of

complexes between CEO8 or CEO10 and Li+, Na+, or K+ (Table S3).
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Fig. 2. Photophysical properties of guests in powder and doped into PVA films under ambient conditions. (a) Normalized steady-state photoluminescence (dash lines) and

phosphorescence spectra (solid lines) of CEO8 and CEO10 in powder, 1wt% CEO8 in PVA film, and 1wt% CEO10 in PVA film. Inset: Photographs of CEO8 and CEO10 in

powder excited by 365nm, 1wt% CEO8 in PVA film and 1wt% CEO10 in PVA film excited by 275nm. (b) Excitation-photoluminescence emission mapping of 1wt% CEO8 in

PVA collected from the edge (top) or the front (bottom). (c) Lifetime decay profiles of CEO8 in powder and 1wt% CEO8 in PVA films. (d) Phosphorescence spectra of CEO8

in PVA at various concentrations excited by 290nm. (e) Phosphorescence efficiencies of the guests in powder and the guests doped into PVA films.

Fig. 3. (a) Temperature-dependent photoluminescence spectra of 1wt% CEO8 in PVA at different temperatures ranging from 110K to 350K. Lifetime decay profiles of (b)

1wt% CEO8 in PVA and (c) 1wt% CEO10 in PVA at different temperatures ranging from 110K to 350K. (d) Normalized steady-state photoluminescence (dash lines) and

phosphorescence spectra (solid lines) of CEO8 in THF (1×10−5 mol/L) (top) and 1wt% CEO8 in PVA (bottom) at 77K. (e) The chemical structure of CE, luminescent photos

and fluorescence microscope image of 0.5wt% CE in PVA. (f) Normalized steady-state photoluminescence (dash line) and phosphorescence spectra (solid line) of 1wt% CEO8

in PVP at room temperature. (g) Lifetime decay profiles of 1wt% CEO8 in PVP at room temperature.

For a deeper insight into the mechanism of UOP, a set of

control experiments were conducted. The phosphorescent behav-

iors of CEO8 and CEO10 in tetrahydrofuran (THF, 1×10−5 mol/L)

and in PVA films at 77K were investigated. Notably, the emis-

sion profile and peaks of 1wt% CEO8 in PVA are similar with

that of CEO8 in THF (Fig. 3d). Therefore, it can be reasonably

inferred that phosphorescence originates from the isolated guest

molecules. Natural transition orbitals (NTOs) for theoretically sim-

ulated CEO8 and CEO10 in monomer revealed that the phosphores-

cence chromophores of CEO8 and CEO10 are 3,4-dimethoxybenzoic

acid (MOA) group (Figs. S32 and S33 in Supporting information).

Theoretically, for isolated CEO8 and CEO10 monomers, there are

four main transitions from S1 to Tn (S1 →T7, T8, T9 and T10)

for intersystem crossing (�EST < 0.3 eV) (Fig. S34 in Support-

ing information). The calculated energy levels of a CEO8 and

CEO10 monomer at the lowest singlet (ES1 =4.51 eV) and triplet ex-

cited states (ET7 =4.58 eV and ET8 =4.58 eV) are considerably close,

which enables the facilitation of single-triplet intersystem crossing

processes. It was further confirmed by the largest spin-orbital cou-

pling (ξ ) constants of CEO8 and CEO10 monomer between S1 and

T7, T8 (Fig. S34 in Supporting information).

Considering MOA is the phosphorescence chromophore of CEO8

and CEO10, MOA as a control compound was synthesized (Scheme

S3 and Fig. S35 in Supporting information). The photolumines-

cence (PL) and phosphorescence spectra of MOA in powder form

closely resemble those of CEO8 and CEO10 in powder, while the

PL and phosphorescence spectra of MOA in PVA match those of

CEO8 and CEO10 in PVA (Fig. S36 in Supporting information). It

further confirms that the MOA structure serves as the phosphores-

cent chromophore of CEO8 and CEO10. CEO8 and CEO10 powders

3



K. Ling, S. Li, Y. Wang et al. Chinese Chemical Letters 37 (2026) 112110

Fig. 4. Photographs of (a) brooch, (b) butterfly, (c) rose and two bear’s paw coatings by 1wt% CEO8 in PVA under room light and a 275-nm lamp off.

showed yellow afterglow with the lifetime of 24.7ms and 10.8ms

respectively, longer than that of MOA (5.3ms) (Figs. S14 and S37

in Supporting information). The triplet exciton quenching was sig-

nificantly suppressed by the crown ether’s macrocyclic structure.

1wt% MOA in PVA, 1wt% CEO8 in PVA, and 1wt% CEO10 in PVA

films contain the phosphorescence chromophore of 10.98, 7.45, and

6.40mmol, respectively. Phosphorescence lifetimes of 1wt% CEO8

in PVA and 1wt% CEO10 in PVA films are longer than that of

0.5wt% MOA in PVA, and shorter than that of 1wt% MOA in PVA

(Figs. S24, S25, and S37 in Supporting information). The phospho-

rescence lifetime highly depended on the concentration of phos-

phorescence chromophore MOA in PVA.

The role of hydrogen bonding in modulating UOP was further

examined using a crown ether (CE) without carboxyl groups as

the guest (Fig. 3e). CE-doped PVA films exhibited a short blue af-

terglow (Fig. 3e and Fig. S38 in Supporting information). We can

observe obvious phase separation of 0.5wt% CE in PVA (Fig. 3e

and Fig. S39 in Supporting information), which can be ascribed to

the absence of carboxyl groups. These results suggest that carboxyl

groups from CEO8 and CEO10 not only promote uniform dispersion

of the guest in PVA to avoid the phase separation, but also provide

hydrogen bonding sites to restrict molecular motion of the guest,

thus prolonging the UOP lifetime.

To demonstrate the formation of hydrogen bonds after doping,

Fourier transform infrared spectroscopy (FT-IR) was conducted. The

FT-IR of 1wt% CEO8 in PVA and 1wt% CEO10 in PVA are similar

to that of pristine PVA (Fig. S40 in Supporting information), sug-

gesting that a trace amount of guest molecules does not disrupt

the intermolecular interactions and aggregation of PVA polymer. As

shown in Fig. S41 in Supporting information, the hydrogen posi-

tions a (7.03ppm) and c (7.53ppm) on CEO8 and CEO10 exhibited

significant chemical shifts after CEO8 and CEO10 were doped into

PVA polymer, which can be ascribed to hydrogen bonding between

the hydroxyl groups of PVA and the hydrogen atoms at positions

a and c on CEO8 and CEO10 molecules. To thoroughly investigate

hydrogen bonding, a negative control experiment was conducted.

1wt% CEO8 in polyvinylpyrrolidone (PVP) showed weak UOP with

the lifetime of 4.98ms (Figs. 3f and g). After photoactivation, phos-

phorescence spectra can be collected, its phosphorescence lifetime

was prolonged up to 58.7ms (Figs. 3f and g), still markedly shorter

than that of the PVA-based system. Because hydrogen bonding be-

tween CEO8 and PVP is weaker than that of in PVA. Collectively,

phosphorescence of PVA films doped with crown ether derivatives

originate from the isolated guest molecules. Hydrogen bonding be-

tween the crown ether derivatives and the host matrix plays a cru-

cial role in highly efficient UOP.

Given the feature of excellent UOP property, outstanding pro-

cessability, and high transparency of PVA, afterglow-coated objects

were fabricated. A brooch composed of glass and metal was im-

mersed in an aqueous PVA solution containing 1wt% CEO8, allow-

ing a uniform coating to form on its surface. After coated with

1wt% CEO8 in PVA, the appearance of brooch remains unchanged

under room light, but showed blue afterglow for several seconds

(Fig. 4a). Similarly, a cloth butterfly was fabricated using the same

method, its wings could be folded into different postures, and the

white butterfly turned blue after turning the UV lamp off (Fig. 4b).

In addition, a resin red rose and a glass claw were immersed in the

solution and dried, exhibited a striking afterglow (Fig. 4c). These

results demonstrate that PVA films doped with CEO8 or CEO10 are

highly promising for applications in luminescent coatings and af-

terglow displays.

In summary, we presented a facile strategy to enhance phos-

phorescence efficiency and lifetime of crown ether derivatives

simultaneously. Two crown ether derivatives, CEO8 and CEO10,

were designed and synthesized. While both exhibited weak yellow

room-temperature phosphorescence in the solid state, doping into

PVA films dramatically prolonged the phosphorescence lifetime

from 10.7ms for powered CEO10 to 595.9ms for 2wt% CEO10 in

PVA, and phosphorescence efficiency was sharply enhanced from

approximate 0% for CEO10 in power to 13.3% for 0.5wt% CEO10 in

PVA. A series of control experiments proved the phosphorescence

from PVA films originated from the isolated guest molecules.

Hydrogen bonding between the crown ether derivatives and the

PVA matrix was shown to play a crucial role in achieving highly

efficient UOP. Additionally, the carbonyl groups from crown ether

derivatives can not only avoid the phase separation, but also

restrict the molecular motions of the guests, thus enhancing the

UOP emission. Finally, we have successfully applied these PVA

film in the field of afterglow artworks. These results provide a

strategy to achieve highly efficient UOP and expand the potential

applications of UOP materials.
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