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a b s t r a c t

Pure organic materials with ultralong room-temperature phosphorescence (RTP) and persistent lumines-

cence in broad color gamut exhibit tremendous potential and broad application prospects due to their

unique optical properties. This article proposes a simple strategy, polyatomic synergistic effect, to en-

dow persistent luminescent materials with ultralong lifetime and broad color-tunability through poly-

atomic synergistic effect and non-traditional phosphorescence resonance energy transfer (PRET). By lever-

aging the polyatomic synergistic effect to enhance the intersystem crossing (ISC) in bibenzimidazole

(BBI) derivatives and suppress the non-radiative transition process, ultralong persistent room-temperature

phosphorescence has been successfully achieved after incorporating BBI-Cl-M into poly(methyl methacry-

late) (PMMA) to form a rigid matrix(BBI-Cl-M@PMMA). Specifically, the ester functionalized bibenzimida-

zole with modified chlorine on molecular skeleton (BBI-Cl-M) demonstrates a remarkable phosphorescent

lifetime (τ p) of up to 256.4 ms. In addition, the behaviors and mechanism of RTP via polyatomic syner-

gistic effect have been further understood by theoretical calculation and single crystal analysis. Subse-

quently, utilizing BBI-Cl-M as the energy donor and Rhodamine B (RB) as the energy acceptor, persistent

and multicolor organic afterglow covering from green to red has been realized successfully by simply reg-

ulating the doping composition and concentration of PRET systems. These RTP materials have also been

applied in underwater afterglow emission and multilevel anti-counterfeiting technology successfully.

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

Medica, Chinese Academy of Medical Sciences.

Ultralong organic room temperature phosphorescence (UORTP)

materials, owning individual long-lasting triplet excitons and sig-

nificant Stokes shift, is captivating for their diverse nature, such

as affordability, low toxicity, tunable optical properties and respon-

siveness to stimuli [1-4], which benifit UORTP to be applied poten-

tially in bioimaging [5], advanced encryption, anti-counterfeiting

[6-9] and high-sensitivity sensors [10-12]. The design and fabrica-

tion of UORTP materials with excellent performance have emerged

as a leading area over the past few years [13-20]. However, the

spin-forbidden intersystem crossing (ISC) process from singlet to

triplet states and the weak spin-orbit coupling (SOC) pose signif-

icant challenges for organic luminophores to demonstrate RTP. Up

to now, a variety of strategies have been put forward to improve

the RTP properties of pure organic systems. For example, the in-

troduction of carbonyl groups [21], heteroatoms [22] and halogen

atoms [23] can raise spin–orbit coupling (SOC) to generate triplet

excitons. Meanwhile, strategies such as utilizing crystallization en-
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gineering [24,25], incorporating organic phosphorescent materials

into solid polymeric matrix [26,27] or supramolecular host cav-

ity [28] and constructing H-aggregation [29] or 3D networks [30]

can be capable of reducing non-radiative transitions channels ob-

viously [31-35]. Despite of above significant advancements, devel-

oping new strategies to achieve UORTP remains challenging.

Materials with broad multi-color luminescent properties have

a critical function in the realm of anti-counterfeiting technology.

Therefore, the development of materials that not only have an

ultralong lifetime but also offer a broad range of color adjust-

ments in continuous luminescence is of great significance for re-

alizing multi-level anti-counterfeiting. Accordingly, a range of at-

tempts have been done to achieve this target [36], principally con-

sisting of the investigation of novel chromophores, the assembly

of diverse clusters and aggregates, the incorporation of minor in-

gredients, the covalent connection of multiple chromophores and

the implementation of phosphorescence resonance energy trans-

fer (PRET). Among these approaches, the PRET strategy stands out

for its distinct benefit of eliminating the need for intricate molec-

ular design and synthesis processes. The process of PRET is de-

https://doi.org/10.1016/j.cclet.2024.110375
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Fig. 1. (a) Chemical structures of energy donors (organic RTP emitters). (b) Depic-

tion of the processes involved in PRET.

pendent on the proximity of the donor and acceptor, involving

the transfer of energy from the donor’s excited triplet state to

the acceptor’s excited singlet state, which then leads to the ac-

ceptor releasing fluorescence over an extended period. In compar-

ison with common fluorescence resonance energy transfer (FRET),

PRET is capable of not only modulating the color of the organic af-

terglow but also significantly enhancing the fluorescence lifetime

by multiple orders of magnitude. For example, PRET have been in-

troduced to achieve adjustable and even near-infrared (NIR) after-

glow by controlling the dopant compositions and concentrations

[37-41]. Thus far, organic afterglow systems featuring color tunabil-

ity, stimulus sensitivity and NIR emission have been constructed

by co-assembly of energy donor and acceptor units within a poly-

meric rigid framework [35,37,42-45]. Although substantial progress

has been made, organic afterglow materials that possess the com-

bined characteristics of ultralong-lasting emission, adaptable color

and phosphorescence-fluorescence linkage luminescence are sel-

dom documented.

In this work, a simple strategy to endow luminescent materials

the qualities of an ultralong lifetime and broad color-tunability by

polyatomic synergistic effect in conjunction with non-traditional

PRET was proposed. Firstly, the design of BBI-Cl-M@PMMA takes

into account the following factors: (i) The synergistic action of

multiple atoms can promote intersystem crossing (ISC) while sup-

pressing non-radiative transition processes simultaneously, (ii) the

polymethyl methacrylate (PMMA) matrix can further enhance the

rigidity of the material and suppress the occurrence of non-

radiative transitions. After doping BBI-Cl-M into the PMMA ma-

trix, it exhibits UORTP characteristics as expected, with a lifetime

reaching up to 265.2 ms. Consequently, BBI-Cl-M as selected triplet

energy donor, paired with RB as the energy acceptor, has demon-

strated exceptional PRET performance (Fig. 1). By the PRET mech-

anism, an impressive persistent red emission with a lifetime of

99.8 ms has been achieved. Moreover, RTP emission of the com-

posite materials spans a broad wavelength range from green to

red, realizing multicolored luminescence effect. Excitingly, its un-

derwater phosphorescent performance such as intensity and life-

time, both surpasses that in air, owning to the embedment ef-

Fig. 2. (a-c) Optical characteristics of doped PMMA films BBI-Br@PMMA, BBI-

Cl@PMMA and BBI-Cl-M@PMMA (Instantaneous and delayed photoluminescence

spectra). Optical characteristics of co-doped PMMA film with RB/BBI-Cl-M@PMMA:

(d) Combined absorption, fluorescence and phosphorescence spectra. (e) Variation

in prompt and delayed emission spectra with the concentration of RB. (f) Alter-

ations in delayed emission spectra based on the excitation wavelength. (g) Data

chart for the photophysical parameters of the PRET process. (h) Images of the lu-

minescence during and subsequent to the cessation of UV light exposure (365 nm)

for various time intervals.

fect of the PMMA film. Furthermore, we have explored various

encryption patterns to showcase the potential of bibenzimidazole

derivatives in multilevel anti-counterfeiting. The BBI-Cl-M@PMMA

film, with its unique UORTP characteristics, has also been success-

fully applied in underwater model making. All of above offer new

possibilities for future applications in complex environments, such

as underwater phosphorescence, security marking, information en-

cryption and bioimaging.

Initially, halogen atoms were introduced on both sides of the

bibenzimidazole skeleton. Given the existence of multiple isomers

for the monohalogenation of the benzimidazole group, we opted to

introduce halogen atoms both at the 5 and 6 positions of each ben-

zimidazole (BBI-Cl and BBI-Br). Upon doping these derivatives into

the PMMA matrix and irradiating with a 365 nm UV lamp, a brief

green afterglow was observed. Specifically, the afterglow time for

BBI-Br was close to 0 s with a phosphorescence lifetime of 0.69 ms,

whereas for BBI-Cl, the afterglow time approached 1 s with a phos-

phorescence lifetime of 160.2 ms (Figs. 2a-c and Fig. S19 in Sup-

porting information). These results indicate that the introduction of

halogen atoms offers the possibility of achieving room-temperature

phosphorescence in BBI derivatives. To achieve a longer phospho-

rescence lifetime (τ p), we are wondering photophysical properties

through polyatomic synergistic effect. Subsequently, through a one-

step substitution reaction, ester whether other kinds of atom could

be introduced into the same molecular skeleton to alter molec-

ular orbitals and further affect groups were introduced into the

bibenzimidazole skeleton, incorporating a chlorine atom and ester

groups (BBI-Cl-M). Upon incorporation of these derivatives into the

PMMA matrix, a luminous green afterglow with a duration of 3 s
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was noted, accompanied by a marked extension of the phospho-

rescence lifetimes to 256.2 ms (Figs. S16 and S19 in Supporting in-

formation). In BBI derivatives where only ester groups were intro-

duced without the presence of chlorine atoms, room-temperature

phosphorescence was not observed. Thus, the simultaneous pro-

motion effect of halogen atoms and ester groups, polyatomic syn-

ergistic effect may be a crucial factor in achieving ultralong RTP in

BBI derivatives (Fig. 1).

Given that BBI-Cl-M@PMMA demonstrates ultralong RTP within

the spectral range of 450-600 nm, it is possible to endow tradi-

tional red dye molecules with lasting luminescence by employing

the PRET approach. As the fundamental requirements of Förster-

type resonance energy transfer, the necessity for spectral overlap

between the persistent luminescence emission band of the energy

donor and the absorption band of the energy acceptor is crucial.

Consequently, the commercially available fluorescent dye known as

Rhodamine B (RB) was chosen as the energy acceptor, with the aim

of attaining a broad spectrum of persistent afterglow that could be

flexibly tuned in color (spanning from green to red). There is an

obvious overlap between the absorption spectrum of RB and the

RTP emission spectrum of the doped film BBI-Cl-M@PMMA (Fig.

2d), which suggests that employing RB as an energy acceptor to

harvest the triplet energy from the energy donor BBI-Cl-M is vi-

able. Indeed, a notable decline in the delayed emission intensity of

BBI-Cl-M and a corresponding rise in that of RB are observed as

the doping concentration of RB is progressively elevated from 30%

to 150%.

The consistent alterations in the intensity of delayed emission

suggest that PRET is taking place between the energy donor BBI-

Cl-M and the energy acceptor RB. The RTP duration of BBI-Cl-M

diminishes from 120.5 ms to 79.3 ms progressively, while the life-

time of the fluorescence emitted by RB extends from the nanosec-

ond to the millisecond (Fig. 2g, Table S2 in Supporting informa-

tion). Specifically, the color of the persistent afterglow can be pro-

gressively shifted from green to red as the concentration of RB

doping is increased (Fig. 2h). In order to provide additional val-

idation that the sustained delayed fluorescence in RB is initiated

through PRET mechanism, the time-resolved emission spectra of

the co-doped film RB/BBI-Cl-M@PMMA and the single-doped film

RB@PMMA were obtained (Fig. 2e). Regarding the co-doped film

RB/BBI-Cl-M@PMMA, the persistent fluorescence of RB is stimu-

lated at the most suitable excitation wavelength for BBI-Cl-M (λex

=365 nm) rather than the most suitable excitation wavelength for

RB (λex =554 nm). Nonetheless, the doped film RB@PMMA, lack-

ing the energy donor BBI-Cl-M, does not exhibit significant delayed

fluorescence excited at 365 nm. Meanwhile, using the λmax of RB’s

absorbance as excitation wavelength, persistent fluorescence also

cannot be radiated for the acceptor RB (Fig. 2f). These above re-

sults reaffirm that the persistent triplet excitations of the energy

donor BBI-Cl-M serve as the sole origin for imparting the fluores-

cent dye RB with enduring fluorescence properties through an ef-

fective PRET process. Additionally, as the doping weight concentra-

tion progressively rises from 30% to 150%, the lifetime of the en-

ergy donor decreases from 120.5 ms to 79.3 ms correspondingly.

It is important to observe that the persistent fluorescence lifetime

of RB still remains constant at ms (51.7 ms) even as its lifetime

undergoes a progressive reduction (Fig. 2g), which also proves that

the energy transfer goes smoothly.

To delve into the basic mechanisms of phosphorescence en-

hancement through polyatomic synergistic effects, single-crystal

structural analysis was conducted, followed by a suite of compu-

tations using density functional theory (DFT) and time-dependent

density functional theory (TD-DFT). These computations were de-

signed to investigate the connection between the excited-state en-

ergy levels and the structural features. The mechanism of phos-

phorescence enhancement through polyatomic synergistic effects

Fig. 3. HOMO and LUMO molecular orbital structures calculated by DFT, energy lev-

els determined by TD-DFT, principal orbital configurations and potential ISC path-

ways (at the B3LYP/6-311G∗∗ computational level) for (a) BBI, (b) BBI-Br, (c) BBI-Cl-

M. The S1 represents the lowest singlet excited state, T1 denotes the lowest triplet

excited state and Tn refers to higher-level triplet excited states. The ISC channels

that are likely to occur from the S1 to the triplet states (Tn) are indicated with blue

dashed arrows. More details were showed at Fig. S22 and Tables S5 and S6 (Sup-

porting information).

is further elucidated through calculations using density functional

theory and analysis of the single crystal structure. The triplet state

T2 energy levels of BBI, BBI-Br, BBI-Cl, BBI-M and BBI-Cl-M were

calculated to be 2.8356 eV (437 nm), 2.7181 eV (456 nm), 2.7438

eV (452 nm), 2.7686 eV (448 nm) and 2.7538 eV (450 nm), respec-

tively. The results align well with the detected ultralong phospho-

rescence bands, as evidenced in Fig. 3 and further confirmed by

the entries in Tables S5 and S6.

Simultaneously, augmenting the spin-orbit coupling (SOC) ma-

trix element that exists between the singlet and triplet states is

likewise beneficial in boosting the intersystem conversion (ISC)

rate, as shown by the equation:

kISC = 2π

h̄

∣
∣
∣

〈

S

∣
∣
∣ĤSOC

∣
∣
∣T

〉∣
∣
∣

2
√

π

λkBT
exp

[

−
(
EISC − λ

)2

4λkBT

]

(1)

In this expression, 〈S|ĤSOC|T〉 stands for the matrix element of

spin-orbit coupling (SOC) between singlet and triplet states, h̄ is

the Planck constant, λ is the total reorganization energy, kB is the

Boltzmann constant, T is the temperature and EISC denotes the en-

ergy gap between the singlet state S1 and a specific triplet state

Tn [46,47]. BBI-Br and BBI-Cl exhibit significantly higher spin-orbit

coupling values: BBI-Br (〈T2|ĤSOC|S0〉 = 2.94 cm−1, 〈S1|ĤSOC|T3〉 =
0.17 cm−1) and BBI-Cl (〈T2|ĤSOC|S0〉 = 0.41 cm−1, 〈S1|ĤSOC|T3〉 =
0.03 cm−1), compared to BBI (〈T2|ĤSOC|S0〉 = 0.06 cm−1,

〈S1|ĤSOC|T3〉 = 0.01 cm−1) (Table S5 in Supporting information).

This phenomenon can be ascribed to the influence of the heavy

atom effect, which explains why BBI-Br and BBI-Cl exhibit strong

and long-lasting phosphorescence dispersed in PMMA matrices.

Interestingly, BBI-Cl exhibits the strongest long-lasting phos-

phorescence among the three BBI derivations. In order to obtain

more profound understanding of the reason behind superior phos-

phorescence capabilities of BBI-Cl, a single crystals X-ray analysis

was conducted. Among these single crystal structures, C-X acts as

a halogen bonding donor, C-H from benzene or π-electrons from

imidazole serves as halogen bonding acceptor. As shown in Fig. 4,

the distances of C-X�π in bibenzimidazole derivatives are 3.472

and 3.779 Å for BBI-Cl and BBI-Br, respectively. What’s more, the

distance for C-X�π halogen bonding of BBI-Cl is much shorter

than BBI-Br, indicating much stronger intermolecular interactions

in BBI-Cl (Fig. 4a, Tables S3 and S4 in Supporting information). Ad-

ditionally, BBI-Cl is observed to possess a multitude of robust inter-
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Fig. 4. Illustration of (a) the structures and intermolecular interactions in BBI-Cl,

BBI-Br single crystal, (b) the FVFs obtained with Multiwfn 3.8 (dev) package.

molecular interactions, such as C-H�Cl-C and C-Cl�Cl-C. It is evi-

dent that the chlorine atom presented in BBI-Cl can establish ro-

bust interactions, effectively restricting molecular movements that

lead to non-radiative transitions. This can also be explained as

the reason for the optimal phosphorescent performance of BBI-Cl

among three BBI derivatives. For BBI-Br single crystal, as a result

of the decrease in intermolecular hydrogen bonding and the large

size of bromine atoms, a loose packing is formed, furnishing a high

free volume fraction (FVF) up to 32.06% (Fig. 4b). Therefore, choos-

ing the appropriate atomic size and ensuring dense packing are

two critical elements in reducing non-radiative to enhance ultra-

long RTP.

Since heavy atoms invariably lead to considerable energy dissi-

pation [48], in the ester-modified bibenzimidazole derivatives, only

one chlorine atom is introduced at the 5-position of each benz-

imidazole skeleton. Consistent with our predicted results, BBI-Cl-

M displays the most pronounced phosphorescent properties (Fig.

S16 in Supporting information). The theoretical calculations have

also confirmed the results, as shown in Fig. 3 the configurations

of the highest occupied molecular orbital (HOMO) and the low-

est unoccupied molecular orbital (LUMO), along with the energy

level diagrams for each of the three compounds, have been pre-

sented. Essentially, when the energy level of a triplet state (Tn)

falls within the identical range as the energy level of the lowest

excited singlet state (S1) and shares identical transition orbital con-

figurations (such as H→ L and H-1→ L), the transition from S1 to

Tn constitutes a viable route for intersystem crossing (ISC). Taking

these guidelines into account, for BBI, BBI-Br and BBI-Cl, there ex-

ist only two potential pathways for the transition from singlet to

triplet states with the triplet state (Tn) possessing lower energy

than the singlet state (S1) and sharing the same transition config-

uration (H→ L), which is not conducive to ISC. However, the intro-

duction of ester groups resolved the issue of inadequate channels.

Upon the integration of ester groups into the BBI-Cl-M system, four

possible intersystem crossing (ISC) routes from the S1 state to the

triplet states T1, T2, T3 and T4 have been recognized. All these

pathways involve transition configurations from the HOMO to the

LUMO and from the HOMO-1 to the LUMO and the multiplication

of ISC channels facilitates the ISC process, which in turn results in

the strengthening of phosphorescence emission [49]. The coexis-

tence of ester groups and chlorine atoms can generate a synergis-

tic effect, which significantly enhances the phosphorescence per-

formance of BBI-Cl-M. This synergy optimizes the molecular elec-

tronic structure, opens more intersystem crossing (ISC) channels

and increases the efficiency of ISC. The intermolecular interactions

between chlorine atoms and other atoms enhance the rigidity of

the molecular structure, suppressing non-radiative transitions and

thus promoting phosphorescence emission. The introduction of es-

ter groups increases the polarity of the molecule and improves the

interaction between molecular orbitals, which helps promote the

release of energy through radiative transitions. Meanwhile, chlo-

rine atoms increase the probability of the ISC process due to their

so-called heavy atom effect, which facilitates the transition from

singlet to triplet states. Our hypothesis is verified: these factors

work together to give BBI-Cl-M more pronounced phosphorescent

properties.

The development of UORTP materials with exhibit intense emis-

sion underwater has been a longstanding challenge in this field. As

shown in Fig. 5a, PMMA can act as a perfect matrix, providing a

rigid setting for the encapsulated molecules and protecting them

from deactivation arisen from oxygen and water. Conversely, since

for the high-level transparency of PMMA film, UV light can pass

through its surface and trigger the encapsulated molecules. Once

triggered, the confined molecules produce triplet excitons that ini-

tially use up the leftover oxygen within the film and the accumu-

lation of triplet excitons begins subsequently. Then ultralong phos-

phorescence emerges and its intensity increases upon irradiation.

Moreover, when the film is submerged in water, PMMA acts as

a natural barrier preventing the re-entry of oxygen and the hy-

drophobic nature of PMMA also prevents water from entering the

film, thereby the doped films underwater should exhibit superior

phosphorescence performance compared to those exposed to air

[35,50].

Considering its distinctive photo-activity and superior RTP per-

formance, we showcased the practical applications of both the BBI-

Cl-M@PMMA film and the RB/BBI-Cl-M@PMMA film. The size and

form of the fabricated PMMA film can be readily adjusted to suit

specific requirements. Firstly, the BBI-Cl-M@PMMA and RB/BBI-Cl-

M@PMMA mixture is added into the mold. As the solvent gradu-

ally evaporates, the BBI-Cl-M@PMMA and RB/BBI-Cl-M@PMMA ma-

terial exhibits excellent plasticity, enabling it to be easily shaped

into various desired forms. To activate the samples, polymer mate-

rials are exposed to a portable ultraviolet lamp. As triggered by the

UV irradiation, BBI-Cl-M@PMMA and RB/BBI-Cl-M@PMMA show vi-

brant and stable blue or red emission. Following the cessation of

the excitation light, the phosphorescence lingers and shines for

several seconds, highlighting the persistent and long-lasting na-

ture of the emission (Fig. S23 in Supporting information). Addi-

tionally, this process demonstrates exceptional reproducibility. This

reliability further enhances the practicality and applicability of the

mold preparation strategy. As shown in Fig. 6a, the numeral "8"

created from three distinct encoding materials provides a more in-

tricate form of encryption. Once the UV light exposure is ceased,

the shape of the numeral "8" gradually transforms into the nu-

merals "9" and "7" in succession. Additionally, a beautiful cutout

of bloomy rose is fabricated to enhance security measures. As de-

picted in Fig. 6b, exposed to UV light, the petals of the "rose" glow

with an orange fluorescence, while the leaves emit a blue fluores-

cence. Interestingly the petals are turned into red afterglow and

the leaves are turned into green afterglow when the UV light is

ceased. With time elapsing, all the petals slowly disappear from

view while the green leaves remain visible to the unaided eye.

In summary, a simple method was proposed to achieve per-

sistent luminescence materials with ultralong lifetimes and broad

color tunability through polyatomic synergistic effects and non-

traditional PRET strategies. Specifically, by functionalizing BBI

derivatives with ester groups and introducing modified chlorine

atoms into molecular skeleton, a significant UORTP lifetime (τ p)

of up to 256.4 ms was realized. BBI-Cl-M, serving as the energy

donor, was paired with traditional red-emitting dyes RB as the en-

ergy acceptor. The accomplishment of long-lasting multicolor or-
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Fig. 5. (a) The possible mechanism of ultralong phosphorescence for doped PMMA films. (b) Luminescence photographs of the BBI-Cl-M@PMMA film submerged in water at

various moments.

Fig. 6. Demonstration of multilevel anti-counterfeiting effects for RTP polymer ma-

terials.

ganic afterglow, spanning from the green to the red part of the

spectrum, was efficiently realized by merely fine-tuning the doping

ratios and concentrations within these unconventional PRET sys-

tems. Furthermore, it was discovered that BBI-Cl-M@PMMA films

exhibit superior phosphorescent performance underwater com-

pared to in air, offering a new perspective for applications such

as underwater imaging. Various of multilevel encryption patterns

were also explored, demonstrating the potential of BBI derivatives

in underwater model making and advanced anti-counterfeiting

fields. this new strategy based on polyatomic synergistic effects

and PRET not only puts forward a potent method for preparing

RTP materials with ultralong lifetime and broad color-tunability,

but also paves the way for potential uses in complex ambient con-

ditions.
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