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a b s t r a c t

Room temperature phosphorescence (RTP) films have recently attracted increasing attention due to their

excellent luminescent properties for information encryption, optoelectronic devices, and sensors. How-

ever, polyvinyl alcohol (PVA) films with abundant hydrogen bonds to suppress triplet energy dissipation

suffered from the humidity induced phosphorescence quenching under storage in the air for a long time.

In this work, poly(acrylic acid) (PAA) was selected to crosslink PVA matrix through esterification reactions

for preparing water resistant RTP films. The blue, cyan, and orange emissive RTP films were successfully

obtained by incorporating three different organic compounds into PVA-PAA crosslinking films. Crosslink-

ing strategy significantly improved the phosphorescence emissions of the doped films, and effectively

blocked the absorption of water molecular, leading to the excellent photostability of the developed films.

As a proof of concept, the white light phosphorescence film and anti-counterfeiting applications were

successfully demonstrated.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Luminescent films as smart solid-state materials have attracted

broad research interests due to their diverse applications in op-

toelectronic devices, information storage, anti-counterfeiting, and

sensors [1–5]. The luminescent films can be easily achieved by in-

troducing phosphors into host matrices [6–9]. In this case, the lu-

minophore can be immobilized into the film by covalent linkage,

hydrogen bond interactions, and others. Depending on the nature

of the doped phosphors, the films can produce different forms of

luminescence such as fluorescence, phosphorescence, upconversion

luminescence [10–12].

Long-lived room temperature phosphorescent (RTP) materials

exhibit unique optical properties and essential applications due to

their sustained luminescence after removing the excitation light

source [13–17]. However, achieving long-lived RTP remains a sig-

nificant challenge because of weak intersystem crossing (ISC), inci-

dental non-radiative transitions, and undesirable molecular vibra-

tions/rotations. Some strategies, such as crystallization engineering,

H-aggregation, and construction of metal-organic framework, were

adopted to obtain long-lived RTP [18–21], but suffering from the

difficulties of processability, high cost, and metal toxicity. To over-

come these problems, various film matrices with excellent prop-
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erties were designed to enhance RTP. For example, bright RTP

can be obtained with a quantum yield of 7.5% by doping small

molecules in poly(methyl methacrylate) (PMMA) through directed

halogen bonding that vibrational dissipation of triplet excitons can

be effectively suppressed [22]. Recently, nacre-inspired nanocom-

posite with controlled RTP retention time was achieved through in-

troducing waterborne RTP polymers into the self-assembled poly-

mer/nanoclay films [23]. The nanocomposite films possess out-

standing mechanical properties and processability, and can achieve

oxygen permeation and diffusion inside by adjusting the ratio of

polymeric nanoclays. Unfortunately, the specific film matrix has

disadvantages of complicated design and operation, which cannot

be used as a universal film matrix for obtaining RTP.

Polyvinyl alcohol (PVA) has been widely used as film-former

material due to its good hydrophilicity, optical transparency, and

flexible processability [24–26]. Su et al. completed excitation-

dependent ultralong organic luminescence (UOL) via doping var-

ious pyrene derivatives into the host PVA matrix while control-

ling the aggregation state of the luminescent molecules and hydro-

gen bonds formation to extend the color of the afterglow to the

red range [27]. PVA contains many hydroxyl groups to construct

tight hydrogen bond networks, but it is susceptible to absorb wa-

ter and damp leading to the destruction of hydrogen bonding in-

teractions and phosphorescence quenching. In this work, we de-

veloped a novel crosslink-enhanced strategy to achieve multicolor
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Fig. 1. Schematic illustration of the fabricating processes of PVA-PAA crosslinking

phosphorescent film and the chemical structures of NHPI, NNHPI and NHNI.

long-lived phosphorescent films with excellent photostability. PVA

was selected as film matrix, which was crosslinked by poly(acrylic

acid) (PAA) under thermal treatment. The multicolor emissive RTP

polymer films were successfully obtained by incorporating differ-

ent organic molecules into PVA-PAA crosslinking films. Esterifica-

tion crosslinking occurred between the carboxyl group of PAA and

the hydroxyl group of PVA formed stable chemical bonds to sup-

press the dissipation of triplet excitons. Meanwhile, the crosslink-

ing strategy significantly improved the water resistance properties

of the PVA-based phosphorescent films. In addition, the obtained

crosslinking films have not only reliable water resistance to guar-

antee phosphorescent emission, but also excellent optical trans-

parency and processability properties, providing potential applica-

tions in many fields.

The PVA-PAA films were prepared by blending different mass

ratios of PVA:PAA in solution (Table S1 in Supporting informa-

tion) and drying in a hot oven for 3h at 70 °C. Thereafter,

the crosslinked film was fabricated by thermal treatment at 150

°C for 1h through an esterification reaction. The obtained films

were colorless and transparent with excellent transmittance in the

range of 400–700nm (Fig. S1 in Supporting information). To ver-

ify that the PVA-PAA crosslinking film was suitable as RTP matrix,

three different organic compounds N-(2-hydroxyethyl)phthalimide,

N,N’-(2-hydroxyethyl)pyromelitimide, and N-(2-hydroxyethyl)-1,8-

naphthalimide, named NHPI, NNHPI, and NHNI (Fig. 1 and Figs.

S2-S4 in Supporting information) were selected and doped into the

films to achieve long-lived RTP. The three organic compounds have

different degree of conjugation, indicating that they could display

various colors of RTP emission [28].

Detailed experiments were carried out to investigate the RTP

emissions of three organic compounds in crosslinking films. Three-

dimensional (3D) phosphorescent spectra of the doped PVA-

30%PAA crosslinking films illustrated the main emission centers of

NHPI and NNHPI are 450 and 480nm, respectively, when the ex-

citation wavelength varied from 200nm to 360nm (Figs. 2a and

b). The main emission centers of NHNI doped film were 545 and

580nm, when the excitation wavelength varied from 200nm to

400nm (Fig. 2c). The emission peaks of the three films showed

excitation-independence, which can be proved from the phospho-

rescence spectra under different excitation wavelengths in Fig. S5

(Supporting information). Interestingly, NHPI, NNHPI, and NHNI

doped PVA-PAA crosslinking films exhibited noticeable phospho-

rescence afterglow to the naked eyes (∼1.5 s) under ambient con-

ditions when the UV light source was turned off. Due to the dif-

ferent emission centers of the three films, they exhibit the corre-

sponding phosphorescent colors: blue for NHPI (Fig. 2d), cyan for

NNHPI (Fig. 2e), and orange for NHNI (Fig. 2f), respectively. The

corresponding Commission International de l’Eclairage (CIE) coor-

dinates were (0.15, 0.14), (0.17, 0.32), and (0.44, 0.54), respectively

(Fig. S6 in Supporting information). The quantum yields (QYs) of

the three films can reach 21.55%, 10.24% and 18.26%, respectively.

All of the doped films were transparent under daylight (Fig. S7 in

Supporting information), and the phosphorescence lifetimes were

527.67, 392.54, and 365.20ms, respectively (Fig. S8 and Table S2

in Supporting information), which were higher than reported RTP

films (Table S3 in Supporting information).

To further reveal this interesting long-lived RTP phenomenon

in PVA-PAA crosslinking film, we performed the phosphores-

cence spectra of the three compounds as solid powder (Fig. S9

in Supporting information) or in ethanol solution (Fig. S10 in

Supporting information). Solid powders and ethanol solutions of

these compounds were all without phosphorescent emission. How-

ever, strong phosphorescence emerged when the three organic

molecules were doped into the PVA-PAA crosslinking films, indi-

cating that the crosslinking films significantly inhibited the non-

radiative transition process and improved phosphorescence emis-

sion. Previous reports have indicated that doping concentrations in

the film could influence luminescence behavior [26]. Hence, dif-

ferent doping concentrations in the films were systematically in-

vestigated. NHPI, NNHPI, and NHNI with the different mass frac-

tion in the PVA-30%PAA films (0.05%, 0.1%, 0.5%, 1%, 2%, and 5%)

are prepared (Table S4 in Supporting information). As shown in

Fig. S11 (Supporting information), the three phosphorescent films

at low concentrations can lead to phosphorescent emission. The

three compounds are dispersed in the film with molecular state,

which can be supported by the UV-vis absorption spectra (Fig.

S12 in Supporting information). The maximum absorption peaks

of NHPI, NNHPI, and NHNI in ethanol solution were identical with

the peaks in PVA-30%PAA films (0.5% doped), but not coincide

with solid powder. Unfortunately, the high doping concentrations

(more than 0.5%) caused the decline of phosphorescence intensity

in NHPI and NNHPI doped films, which could be attributed to ag-

gregation caused quenching effect (Figs. S13a and b in Supporting

information). For NHNI doped films, high doping concentrations

(more than 1%) induced precipitation of dopants in the film, which

can be explained by the poor solubility of NHNI in water (Fig. S13c

in Supporting information). Therefore, the weight fraction of 0.5%

is the most suitable doping concentration for PVA-PAA film to ac-

complish long-lived phosphorescent emission under ambient con-

ditions.

We also study the PAA content that affects the phosphorescence

performance, the 0.5% NHPI doped PVA-PAA crosslinking films

with PAA composition of 0, 10, 20, 30, 40, and 50 wt% were syn-

thesized (Table S5 in Supporting information). As shown in Fig. 3a,

with increasing PAA content, the phosphorescent emission inten-

sity of NHPI doped crosslinking films enhanced remarkably. Com-

pared with doping in pure PVA films, the phosphorescence intensi-

ties of NHPI, NNHPI, and NHNI doped in PVA-30%PAA crosslinking

films were increased by 16.23, 9.54, and 1.86 times, respectively

(Fig. S14a in Supporting information). More attractively, the life-

times were increased by 4.67, 2.87, and 1.38 times for NHPI, NNHPI,

and NHNI doped crosslinking films when 30% PAA was used (Fig.

S14b and Table S6 in Supporting information). The possible mech-

anism can be attributed to the crosslinking esterification reaction

between PVA and PAA through heat-treatment.

To verify the crosslinking process, PVA-PAA films were char-

acterized by FT-IR spectroscopy, X-ray diffraction measurement

(XRD), and thermogravimetric analysis (TGA). Fig. 3b showed the

FT-IR spectra of the pure PVA film and various ratios of crosslink-

ing films. The broad and strong peak at 3340 cm−1 could be at-

tributed to the stretching vibration of the O–H bond. The peak at

2920 cm−1 was caused by the stretching vibration of C–H in the -

CH2 functional group. A new peak appeared at 1710 cm−1 when

PAA was continuously added in the film, which originated from

the stretching vibration of C=O functional group. It is important

to note that the stretching vibration of C–O bond at 1240 cm−1
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Fig. 2. Optical properties of phosphorescent PVA-PAA crosslinking film. 3D phosphorescence spectra of (a) NHPI, (b) NNHPI, and (c) NHNI doped PVA-30%PAA crosslinking

films. The photographs of the (d) NHPI, (e) NNHPI, and (f) NHNI doped PVA-30%PAA crosslinking films taken after ceasing 254nm irradiation.

Fig. 3. (a) Phosphorescence spectra of PVA-PAA crosslinking films (doped with 0.5% of NHPI) with different PAA content; (b) FT-IR spectra, (c) XRD patterns, (d) TGA curves,

(e) stress-strain curves of PVA-PAA crosslinking films with different PAA content; (f) the ultimate strength of PVA-PAA crosslinking films with different PAA content.

effectively strengthened by esterification crosslinking between hy-

droxyl and carboxyl groups [29]. Moreover, a wide range of ab-

sorption from 2800 cm−1 to 2400 cm−1 indicated the intermolec-

ular and intramolecular hydrogen bonds in the crosslinking films.

The XRD was conducted to measure the crystallinity of PVA-PAA

crosslinking film. Fig. 3c described the semi-crystalline for pure

PVA films with diffraction peaks at 16.1°, 19.8°, and 22.8°. How-

ever, the intensity dramatically decreased with increasing PAA con-

tent, illustrating that the amorphous region became dominant [30].

The crystalline peak was very weak as the composition of PAA

reached 50 wt%, and the amorphous film can be further indicated

the esterification crosslinking between PAA and PVA. The ther-

mal stability of the developed PVA-PAA crosslinking film was de-

termined using TGA (Fig. 3d). The weight loss with ∼5% of pure

PVA film below 250 °C was related to the loss of low molecular

weight compounds (typically absorbed water). However, for PVA-

PAA crosslinking films, the weight loss is negligible at this stage,

illustrating the elimination of water quencher by heat-treatment

and crosslinking. In the range of 250–350 °C, the weight loss

could be explained by the decomposition of the uncrosslinked car-

boxyl groups in the films [31]. Further increasing the temperature

(>350 °C) resulted in the breakage of the polymer chains in the

films. These results confirmed the esterification crosslinking be-

tween PAA and PVA, and proved that the crosslinking films exhib-

ited higher thermal stability than pure PVA film.

Although increasing the proportion of PAA can improve the

phosphorescent properties of the film, the high crosslinking level

leads to a decline in mechanical properties. Fig. 3e displayed the

tensile stress-strain curves of crosslinking films. The crosslinking

impeded the movement between polymer chain segments, leading

to a reduction in maximum strain. More importantly, the ultimate

strength of the films decreased with increasing the percentage of

PAA (Fig. 3f). That is to say, we have to balance the phosphores-

cent emission and mechanical properties of the film according to

the specific conditions of use. In this work, the PVA:PAA mass ra-

tio of 7:3 was selected to fabricate of crosslinking films to ensure

excellent luminescence and mechanical performance.

Using PAA to crosslink the PVA also significantly improved the

photostability of the phosphorescent films. Traditional RTP films

using a single component of PVA as matrix absorbed moisture

from the air, breaking intermolecular hydrogen bonds and caus-

ing a dramatic decline in the phosphorescent signal. To verify the
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Fig. 4. (a) Water contact angle of PVA-PAA crosslinking films and pure PVA film;

(b) the decline of phosphorescence intensity of 0.5% doped NHPI, NNHPI, and NHNI

in pure PVA films and PVA-30%PAA crosslinking films after seven days of storage;

(c) the decline of phosphorescence lifetime of 0.5% doped NHPI, NNHPI, and NHNI

in pure PVA films and PVA-30%PAA crosslinking films after seven days of storage;

(d) normalized phosphorescence spectra of different ratios of NHPI and NHNI co-

doped PVA-30%PAA crosslinking films (Ex=240nm); (e) the CIE coordinate diagram

of NHPI-NHNI films in accordance with (d); (f) the photographs of NHNI doped

PVA-30%PAA crosslinking films with designed shapes.

moisture resistance, we first tested the water contact angle (WCA)

of PVA-PAA crosslinking films. As shown in Fig. 4a, the WCA in-

creased gradually from 37.8° to 66.1° with the increment of PAA

content from 0 to 50 wt%. Compared with the pure PVA film, the

PVA-PAA crosslinking films exhibited relatively weak hydrophilic-

ity. Besides, we performed the water absorption test to investi-

gate the moisture absorption performance of PVA-PAA crosslinking

films and pure PVA film. The water absorption capacity is defined

as the increment in relative weight before and after 24h expo-

sure to a humid environment (RH: 85%∼90%). Table S7 (Support-

ing information) revealed the water absorption capacity decreased

with adding PAA in the crosslinking films. These results further

confirmed the water resistance by esterification in the crosslinking

films [32].

Thanks to excellent resistance to moisture, the crosslinking

films exhibited outstanding photostability under ambient condi-

tions. The as-prepared NHPI, NNHPI, and NHNI doped PVA-30%PAA

crosslinking films were stored at room temperature (RH: 50%∼60%)

for seven days, and the spectral characteristics were measured. As

a comparison, three compounds doped pure PVA films were sur-

veyed under identical conditions. As shown in Fig. 4b, the phos-

phorescence intensity of doped pure PVA films decreased severely

compared to crosslinking films. More fascinatingly, the phospho-

rescence lifetimes of PVA-30%PAA crosslinking films only exhib-

ited slight decline (8.6% for NHPI, 6.1% for NNHPI, 8.1% for NHNI

doped films). On the contrary, the phosphorescence lifetimes of

doped pure PVA films quenched sharply after seven days of stor-

age (Fig. 4c). Such results strongly confirmed that the crosslinking

films could prevent the destruction of hydrogen bonds by water

molecules and phosphorescence quenching by oxygen in the air,

providing great convenience for practical applications.

To demonstrate the universality of our proposed crosslinking

enhancement strategy, several hydroxyl–free phosphors (including

phthalimide, N-(2-bromoethyl)phthalimide, pyromellitic diimide,

1,8-naphthalimide, and 1,8-naphthalic acid) were selected to dope

into PVA-30%PAA crosslinking films and pure PVA films by us-

ing same method. Spectral results showed that all these organic

molecules without hydroxyl groups in the crosslinking films have

significantly enhanced phosphorescence lifetimes than that in PVA

films (Table S8 in Supporting information). In addition, carbon

dots (CDs), as a common nanomaterial to achieve RTP, were also

adopted to prove the versatility of crosslinking films. N/P-doped

CDs and nitrogen heterocyclic functionalized CDs in crosslinking

films displayed a remarkable improvement in phosphorescence

lifetime over that in pure PVA films (Table S9 in Supporting in-

formation), which indicated that PAA crosslinked with PVA can

improve the performance of PVA as single matrice to realize RTP

emission.

Benefiting from the high transparency, good stability, and excel-

lent luminescent performance, NHPI (blue emission) and NHNI (or-

ange emission) were co-doped with various mass ratios in 30 wt%

PAA crosslinking films to prepare white light emission film (Table

S10 in Supporting information). Phosphorescence spectra in Fig. 4d

showed the emission peaks at 450, 545, and 580nm of the dual-

doping crosslinking films. Because of the low doping concentration,

the simultaneous doping of the NHPI and NHNI did not affect their

inherent luminescence. At a specific ratio of NHPI (0.3 wt%):NHNI

(0.3 wt%), white light emission with the Commission International

de I’Eclairage (CIE) coordinates of (0.33, 0.35) can be obtained (Fig.

4e). Furthermore, the films can be cut to the desired shapes due

to the advantage of good reprocessability. As shown in Fig. 4f, the

0.5 wt% NHNI doped PVA-30%PAA crosslinking film was carved into

the letters of “RTP”, and the distinctive yellow phosphorescence

could be observed by the naked eye when the UV excitation light

was turned off. These outstanding optical properties make them

potentially apply in information storage and anti-counterfeiting.

In summary, we have demonstrated a promising strategy to ob-

tain long-lived RTP films with high transparency, excellent lumi-

nescence, and outstanding humidity resistance. Our research re-

vealed that the high temperature heat-treatment of crosslinking

esterification reaction between PVA and PAA played an essential

role in immobilizing dopants and protecting triplet excited states.

By doping different dopants in the crosslinking films with reason-

able concentrations, multicolor RTP emissions including white light

can be easily achieved. In addition, crosslinking esterification en-

dows humidity resistance of the developed films, thus the lifetime

of crosslinking film exhibits high stability within seven days. The

crosslinking films can be potential applied in the fields of anti-

counterfeiting and chemical sensors.
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