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Abstract: Amorphous organic materials exhibiting room temperature phosphorescence (RTP) are good 

candidates for optoelectronic and biomedical applications. In this proof-of-concept work, we present a 

rational strategy to activate persistent RTP with a wide range of color from doped films in which electron-

rich organic phosphor as donor while electron-deficient polymer matrix as acceptor through electrostatic 

attraction interactions. By tailoring electrostatic attraction interactions between the donor and acceptor, 

an ultralong lifetime of 968.1 ms is achieved for doped film TBB-6OMe@PAN. Control experiments 

combined with theoretical calculations demonstrate that the electrostatic attraction interactions between 

organic phosphor and polymer matrix should be responsible for the persistent RTP of doped films. Besides, 

doped films show reversible thermal response and excellent stability in water, indicating an advantage of 

electrostatic attraction over hydrogen bond in terms of practical application. 

 

Room temperature phosphorescence (RTP) materials show great superiority and prospect in 

applications of optoelectronics, anti-counterfeiting, sensing and bioimaging.[1-4] At present, efficient RTP 

materials are limited to inorganic and organometallic compounds. These metal-containing compounds 

inevitably cause high-cost, environmental pollution and biotoxicity. To address these issues, metal-free 

organic RTP materials have received considerable attention because of inherent merits of low-cost, 

appreciable functionality, good biocompatibility and solution processability. However, it is extremely 

challenging to generate RTP of organic molecules due to inefficient intersystem crossing and ultrafast 

nonradiative decays.  

In the past decade, a variety of organic RTP materials have been obtained by promoting spin-orbit 

coupling and suppressing nonradiative decays.[5-11] Specifically, crystal engineering combined with H-

aggregation, halogen bonding, n,π* transition, heavy atom effect and charge transfer have been 

demonstrated to be effective strategies to obtain efficient and persistent organic RTP materials. [12-17] 



However, tricky growth condition and poor processability of organic crystals limited their practical 

applications. Thus, amorphous and flexible organic RTP materials are better candidates for future 

applications of bioimaging and foldable electronic devices. Nevertheless, it is difficult to suppress the 

nonradiative decays to allow efficient RTP emission in amorphous phase. Until recently, embedding 

organic phosphors into rigid matrices or macrocycle hosts have been proved to be efficient approaches 

to activate RTP from amorphous films.[9a, 18-19] For example, Adachi et al. reported an unique amorphous 

system showing ultralong RTP by doping deuterated organic phosphor into rigid steroidal compound.[19a] 

Kim et al. presented a synergetic strategy to obtain efficient RTP from doped polyvinyl alcohol (PVA) films 

by combining hydrogen bonding interactions with rigidification effect to minimize molecular motions.[19b] 

Subsequently, polymer PVA became the most commonly used yet effective matrix to construct matrix-

assisted amorphous RTP systems. However, hydrogen bonds in doped PVA films are very sensitive to 

humidity, unfavorable for long-term stability in air. Besides, PVA matrix is only applicable to carboxylic 

acid, boric acid and hydroxyl or amine derivates with hydrogen bond donor or acceptor ability. In this 

context, it is essential to utilize a kind of non-covalent interaction with powerful environmental tolerance 

to trigger RTP from amorphous films. 

 It is well known that non-covalent interactions are involved in many biological processes. [20-21] 

Particularly, they play a key role in driving assembly processes for supramolecular systems.[22-23] Non-

covalent interactions mainly includes hydrogen and halogen bonding, electrostatic and hydrophobic 

interaction,π-effects and van der Waals forces. Attractive electrostatic interaction[24-25] between the donor 

and acceptor appears universally if a donor and an acceptor with opposite electrostatic potential 

distributions are confined in a finite distance.[26] Different from covalent bonds, electrostatic interaction has 

no directionality, which benefits effective contact and interaction between the donor and acceptor while 

binding them together. In addition, electrostatic interaction is not only stable at ambient condition, but also 

suitable for most organic molecules with polarity. Hence, tuning electrostatic attraction interaction to 

activate RTP from doped systems consist of a donor and an acceptor should be a rational and feasible 

strategy.  

To prove this idea, a series of novel and tailor-made doped films were prepared by simply doping 

electron-rich organic phosphors into electron-deficient polymer matrix. As illustrated in Figure 1, 

polyacrylonitrile (PAN) is as glassy matrix but also as an acceptor due to abundant electron-withdrawing 

cyano groups. Aromatic compounds substituted with electron-donating methoxy groups are acted as 

donors. Active molecular motions can be restrained by binding organic phosphor and PAN matrix together 

through attractive electrostatic interactions, thus allowing organic phosphor emits long-lived RTP. 

Electrostatic attraction interactions between the donor and acceptor can be tuned by regulating molecular 

structure of organic phosphors, thus achieving ultralong and wide-color range RTP. Experimental results 

show that doped films consist of different organic phosphors and PAN matrix exhibit persistent RTP 

covering whole visible region. By tuning electrostatic attraction interactions between the donor and 

acceptor, an ultralong lifetime of 968.1 ms was achieved for doped film TBB-6OMe@PAN. Control 

experiments reveal that persistent RTP of doped films might be caused by electrostatic interactions 

between the donor and acceptor instead of rigidification effect. Theoretical studies confirm the formation 

of electrostatic attraction interactions between the donor and acceptor by mapping ESP distributions and 

calculating binding energy. The higher binding energy, the slower nonradiative decay rate, further proving 

that electrostatic attraction interactions between the donor and acceptor should be responsible for 

persistent RTP of doped films. The relationship between molecular structure and property reveals that 

organic phosphor with richer electrons is conducive to prolong lifetime by forming stronger electrostatic 



attraction interaction between the donor and acceptor. Besides, doped film TBB-6OMe@PAN still emit 

bright phosphorescence to naked eyes after soaking in water for over one month. This excellent water-

resistance not only facilitates practical application, but also demonstrates an advantage of electrostatic 

attraction interaction over hydrogen bonding interaction. 

 

Figure 1. Chemical structures of polymer PAN and organic phosphors TBB-6OMe, TPE-4OMe, NA-2OMe and PY-

OMe. 

As illustrated in Figure 1, doped films are composed of polymer PAN containing abundant cyano groups 

and organic phosphors substituted with methoxy groups, namely 2,3,6,7,10,11-

hexamethoxytribenzobenzene (TBB-6OMe), 1,1,2,2-tetrakis (4-methoxyphenyl) ethene (TPE-4OMe), 

2,6-dimethoxynaphthalene (NA-2OMe) and methoxypyrene (PY-OMe), respectively. As polymer PAN and 

organic phosphors are soluble in N, N-dimethylformamide (DMF), doped films were prepared through 

drop-casting a DMF mixture of organic phosphor/PAN (1 mg/70 mg in 1 mL DMF) onto the quartz 

substrate with a thermal annealing treatment at 110 °C for 1 h to remove DMF residues. Thermal 

annealing treatment can also enhance rigidity of matrix and intermolecular interactions between organic 

phosphor and matrix to improve RTP property of doped films. 

 

Figure 2. (A-D) Prompt and delayed PL spectra of doped films (delay 1 ms); (E) phosphorescent decay curves of 

doped films; (F) CIE chromaticity diagram of delayed PL spectra of doped films; (G) Luminescence photographs of 

doped films under UV irradiation and after removal of UV irradiation with different duration time. 

As expected, all the doped films exhibit obvious afterglow to naked eyes under ambient conditions. As 

shown in Figure 2G, after removing UV irradiation, blue, green, yellow and red afterglows were observed 

for doped film TBB-6OMe@PAN, TPE-4OMe@PAN, NA-2OMe@PAN and PY-OMe@PAN, respectively. 

Emission bands on the prompt PL spectra of doped films were ranged from 379 to 468 nm, consistent 



with blue fluorescence observed under UV irradiation. After delaying 1 ms, emission bands on the PL 

spectra were redshifted, revealing phosphorescence emissions derived from lower triplet states. In 

addition, lifetimes estimated by fitting the phosphorescent decay curves are in the scale of hundreds of 

milliseconds (Figure 2E), confirming the persistent RTP characteristics of doped films. It’s worth 

mentioning that doped film TBB-6OMe@PAN exhibits an ultralong lifetime up to 968.1 ms, which might 

be ascribed to strong electrostatic attraction interactions between the donor and acceptor. Besides, the 

Commission Internationale de l'Eclairage (CIE) coordinate of phosphorescence spectra moves gradually 

from blue to red region (Figure 2F), agreeing well with various afterglow colors observed to naked eyes. 

These experimental results demonstrate that long-lived RTP with various colors can be successfully 

achieved for doped films with a donor-acceptor construction in which electron-rich organic phosphor is as 

donor while electron-deficient polymer PAN is as acceptor.  

As previous work reported, blue RTP with a short lifetime were detected from polymer PAN (Figure 

S3).[27] To verify RTP attribution of doped films, phosphorescent emission and excitation spectra of doped 

films were compared with those of pure PAN film (Figure S4-6). Both emission and excitation bands of 

doped films are significantly different from pure PAN film, indicating that persistent RTP of doped films are 

not derived from the intrinsic triplet emission of polymer PAN. Then, phosphorescent emission spectra of 

doped films were compared with that of organic phosphors in both solution and solid state to determine 

whether RTP property of doped films is stemmed from intrinsic triplet emission of organic phosphors. As 

shown in Figure S7, the emission band of doped film TBB-6OMe@PAN and compound TBB-6OMe in 

dilute solution can overlap with each other, indicating that RTP feature of doped film TBB-6OMe@PAN 

origins from the single molecular phosphorescence of compound TBB-6OMe. However, the emission 

bands of powders NA-2OMe and PY-OMe are overlapped well with that of doped films NA-2OMe@PAN 

and PY-OMe@PAN, respectively, which implies that persistent RTP of doped films NA-2OMe@PAN and 

PY-OMe@PAN can be ascribed to the aggregate phosphorescence of compounds NA-2OMe and PY-

OMe. Unlike other doped films, the emission band of doped film TPE-4OMe@PAN falls between the dilute 

solution and solid state’s emission bands of compound TPE-4OMe. In addition, absorption and 

phosphorescent emission spectra of doped film TPE-4OMe@PAN display no obvious shift with increasing 

doping concentration of compound TPE-4OMe (Figure S9-10). Thus, the RTP property of doped film TPE-

4OMe@PAN should be derived from the single molecular phosphorescence of compound TPE-4OMe. 

Single crystal X-ray diffraction (XRD) analysis were performed onto organic phosphors to gain insight 

into the impact of molecular geometry and intermolecular interactions on the attribution of RTP of doped 

films (Figure S11-12). Fused-ring compounds TBB-6OMe, NA-2OMe and PY-OMe have good planarity, 

whereas compound TPE-4OMe exhibits a non-planar conformation (Figure S11). No π···π stacking is 

observed in crystal TBB-6OMe with a large conjugated plane, which might be due to electron repulsion 

between electron-rich cores. Without π···π stacking interaction, compound TBB-6OMe tends to form a 

monodisperse state in doped film. On the contrary, strong π···π stacking interactions exist in crystal PY-

OMe, which is conducive to form aggregate state when doping compound PY-OMe into PAN matrix. 

Crystal NA-2OMe displays a tight packing style with strong intermolecular interactions, which also 

facilitates to form aggregate state when doping compound NA-2OMe into PAN matrix. Notably, the highly 

distorted geometry and weak intermolecular interactions were observed in crystal TPE-4OMe, which 

hinders the aggregate formation when doping compound TPE-4OMe into PAN matrix. Single crystal XRD 

data demonstrate that RTP attribution of doped films are determined by the single molecular geometry 

and intermolecular interactions of organic phosphors. 



 

Figure 3. (A) Molecular structures and calculated ESP distribution of polymer PAN and organic phosphors, binding 

energy between organic phosphors and PAN; (B) Relationships between binding energy, lifetime and nonradiative 

decay rate; (C) illustration diagram of RTP emission mechanism. 

To further understand the underlying mechanism of RTP emission, we first carried out control 

experiments. Polymers polymethyl methacrylate (PMMA) and polystyrene (PS) which are not electron-

deficient acceptors but have a similar recorded Tg value (~105 and 95°C) to polymer PAN (~ 95°C) were 

selected as a reference to assess rigidification effect of matrix. Surprisingly, doped PMMA and PS films 

exhibit very weak or even no detectable phosphoresce under ambient conditions, indicating that 

rigidification effect alone is not sufficient to trigger RTP of organic phosphors in doped films. Compared to 

PMMA or PS, PAN is not only as matrix, but also as acceptor due to abundant cyano groups with strong 

electron-withdrawing ability. If electron-rich organic phosphors are doped into PAN matrix, electrostatic 

attraction interactions should be formed between the donor and acceptor. To confirm this hypothesis, the 

electrostatic potential (ESP) distribution on the molecular surface of PAN and organic phosphors TBB-

6OMe, TPE-4OMe, NA-2OMe and PY-OMe were mapped by DFT calculations to qualitatively describe 

the electrostatic interactions between the donor and acceptor. As illustrated in Figure 3A, the ESP value 

on the main chain surface of PAN is positive, whereas that on the core surface of organic phosphor is 

negative. As a result, the negative core of organic phosphor will attract positive main chain of PAN to 

combine them together, thus leading to restricted molecular motions. The binding energies between 

organic phosphors and polymer PAN were calculated to be 37.40, 22.08, 21.21 and 19.35 Kcal/mol for 

doped films TBB-6OMe@PAN, TPE-4OMe@PAN, NA-2OMe@PAN and PY-OMe@PAN, respectively, 

implying the strong electrostatic attraction interactions between the donor and acceptor. As shown in 

Figure 3B, with binding energy increased, the nonradiative decay rate is decreased while the lifetime is 

increased, which demonstrates that suppressing nonradiative decays by strong electrostatic attraction 

interactions between organic phosphor and PAN matrix should be responsible for the persistent RTP of 

doped films. The proposed mechanism is illustrated in Figure 3C, electron-deficient polymer PAN is as 

acceptor and electron-rich organic phosphors are as donors. When doping organic phosphors into 

polymer PAN, the electrostatic attraction interactions will present between them and bind them together 

to restrain molecular motions, thus activating persistent RTP of doped films. Besides, due to the richest 



electrons of TBB-6OMe, the binding energy between organic phosphor TBB-6OMe and PAN matrix is the 

highest, thus leading to an ultralong lifetime of doped film TBB-6OMe@PAN.  

 

Figure 4. (A) With UV light on, the word “STONE” consists of doped films TPE@PAN, PY-OMe@PAN, TBB-

6OMe@PAN, TPE-4OMe and NA-2OMe@PAN in turn is visible to naked eyes. After removing UV light, the word 

“STONE” is turned into the new word “TONE” showing various colors. With UV light off for 0.2 s, the word “TONE” is 

turned into another new word “ONE”; (B) illustration of reversible temperature response of doped film TBB-

6OMe@PAN; (C) illustration of thermal and water resistance of doped film TBB-6OMe@PAN. 

After revealing the RTP emission mechanism, we finally studied the potential applications of doped 

films. Different afterglow colour and emission lifetime of these doped films makes them promising for 

advanced-encryption by utilizing time-gated technology. As shown in Figure 4A, the word “STONE” is 

composed of doped films TPE@PAN, PY-OMe@PAN, TBB-6OMe@PAN, TPE-4OMe and NA-

2OMe@PAN in turn. Under UV light excitation, the word “STONE” emits blue fluorescence. After turning 

off the UV light, the letter “S” written with doped film TPE@PAN is disappeared because of short-lived 

fluorescence. Thus, the word “STONE” turns into a new word “TONE” with each letter emitting varied 

afterglow colours. When the UV light is removed for 0.2 s, the letter ”T” written with doped film PY-

OMe@PAN showing short-lived RTP is disappeared too. As a result, the word “TONE” turns into another 

new word “ONE”. Furthermore, thermal and moisture stabilities of doped films were tested. As show in 

Figure 4B, doped film TBB-6OMe@PAN displays bright green afterglow lasting for several seconds to 

naked eyes. When heating to 100 °C, the green afterglow is completely quenched but recovered well after 

cooling to room temperature. By repeating the heating and cooling cycles, the on–off recording via 

reversible temperature response of persistent RTP signal is realized. Besides, when heating to 80 °C, 

below the Tg of PAN matrix, the green afterglow becomes weaker but still maintain bright to naked eyes. 

To our surprise, persistent RTP of doped film TBB-6OMe@PAN remain bright after soaking in water for 

several days and still visible to naked eyes after soaking for over one month, manifesting fairly good water 

resistance. As we all known, doped PVA films depending on hydrogen bonding interaction to generate 

RTP are very sensitive to humidity, which is detrimental to practical applications. Therefore, the excellent 

water resistance of doped PAN films is not only favourable for future applications, but also demonstrating 

an advantage of electrostatic attraction interaction over hydrogen bonding interaction. 

In summary, persistent RTP was successfully achieved from amorphous films by doping electron-rich 

organic phosphors into electron-deficient polymer PAN. By tuning molecular structure of organic 

phosphors, an ultralong lifetime of 968.1 ms was obtained for doped film TBB-6OMe@PAN. 

Spectroscopic data demonstrate that persistent RTP of doped films origins from the intrinsic triplet 



emission of organic phosphors in single molecular or aggregate state. Single crystal XRD data reveal that 

RTP attribution of doped films mainly depend on the molecular geometry and intermolecular interactions 

of organic phosphors. A combination of control experiments and theoretical calculations prove that 

electrostatic attraction interactions between electron-rich organic phosphor and electron-deficient PAN 

matrix instead of rigidification effect should be responsible for the persistent RTP of doped films. Besides, 

doped film TBB-6OMe@PAN exhibits reversible thermal response and excellent water resistance. This 

instructive design strategy to activate persistent RTP from amorphous films by electrostatic attraction 

interactions between the donor and acceptor opens up a new direction for the exploration of organic RTP 

materials. 
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