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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• RTP of organic luminogens were finely 
tuned.

• 1 % 2M-TBTDA@PMMA film showed 
efficient RTP.

• Dynamic anti-counterfeiting and digital 
encryption were successfully 
constructed.

• Long reddish-brown or orange after
glows were achieved.

• FRET efficiency of the ternary doping 
systems were up to 90 %.
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A B S T R A C T

Organic room-temperature phosphorescence (RTP) luminogens have showed significant potential in the fields of 
diagnostics, sensing, and information encryption. However, it is difficult to achieve high RTP yield (ΦP) and long 
RTP lifetime simultaneously. By methyl substitution, positional isomerism, and host–guest doping, three new D- 
π-A type luminogens named as TBTDA, 2M-TBTDA, and 3M-TBTDA were designed and synthesized, whose RTP 
properties were tuned and optimized. In various solvents and glassy THF solution, similar solvatochromism and 
phosphorescence nature of three luminogens were revealed. In poly (methyl methacrylate) (PMMA) and poly
vinyl alcohol (PVA) matrixes, the luminogens showed high-contrast RTP properties. TBTDA emitted invisible 
afterglow in PMMA films, but with strong RTP and long green afterglow in PVA films. More importantly, 2M- 
TBTDA showed RTP and afterglow lifetimes of 809.81 ms and 8 s, as well as ΦP of up to 0.64 in PMMA at 1 
% doping concentration. Taking advantage of Foerster resonant energy transfer (FRET), reddish-brown or orange 
afterglow were observed, with emission maxima of 593–617 nm, RTP and afterglow lifetimes of 299–566 ms and 
5–6 s, ΦP of 0.34–0.46, as well as FRET efficiency of 70–90 %. Finally, dynamic anti-counterfeiting and digital 
encryption were successfully constructed via different fluorescence, RTP colors, and afterglow lifetimes. This 
work not only obtained an efficient host–guest doping RTP system, but also can be expected to provide more 
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theoretical guidance and experimental supports for molecular design, dynamic anti-counterfeiting and digital 
encryption.

1. Introduction

Organic room temperature phosphorescence (ORTP) materials can 
emit long afterglow, lasting for seconds, or even hours, after removing 
the radiation source. With large Stokes shift, excellent biocompatibility 
[1,2], long phosphorescence and afterglow lifetimes [14] and high 
triplet excitons utilization [15] ORTP materials have become a hot 
research topic and showed huge potential in the fields of diagnostics 
[3,4], organic light-emitting diodes (OLEDs) [12,13], sensing [5–7], and 
information encryption [2,8–11]. However, molecular design of ORTP 
materials with high ΦP and ultralong RTP lifetime faces significant 
challenges due to spin-forbidden intersystem crossing between singlet 
and excited triplet states, and rapid energy dissipation induced by 
environmental oxygen and molecular motions [16,17]. By introducing 
heteroatoms such as carbonyl [18,19], sulfone [20], heavy atoms [21], 
oxygen [22], or nitrogen in molecular skeleton [23], spin-orbital 
coupling (SOC) [24] and intersystem crossing (ISC) [25–28] of ORTP 
materials are effectively improved, generating more triplet excitons. 
Thereby, ΦP of ORTP materials are significantly enhanced, but generally 
accompanied by a decrease in RTP lifetime [29]. Delightingly, crystal 
engineering and host–guest doping can offer more rigid and anaerobic 
microenvironments to minimize oxygen quenching and molecular mo
tions [30–36], resulting in simultaneous improvement of ΦP and RTP 
lifetime. Compared with crystal engineering, host–guest doping can 
overcome the brittleness of crystals and the uncertainty of phospho
rescence performance caused by crystallization conditions, and 
contribute to achieving flexible large-area display, low cost, outstanding 
processability, and various mechanical properties [30–33]. Of note, 
polymer matrixes, as the host materials, not only provide a rigid envi
ronment, but also affect the excited state energy levels, molecular con
formations, and ISC of luminogens by intermolecular interactions 
between host and guest molecules [37–39]. As a result, manipulating 
internal mechanism of RTP and optimizing RTP performance of host–
guest doping systems remains a challenging task [39,40].

Altering substituent groups and substitution positions are usually 
employed to achieve desired luminescent properties and explore struc
ture–property relationship. For examples, Li et al. [40,41] adjusted RTP 
properties of phenothiazine derivatives by modifying push–pull electron 
ability of different substituent groups, and thereby found intermolecular 
π–π stacking interactions could be strengthened by electron- 
withdrawing substituent, leading to long-lived RTP. By 2-benzylmalono
nitrile (TCN), 3-amino-[1,1′-biphenyl]-2,4-dicarbonitrile (BTDA), and 
their halogenated derivatives [42,43], our research group obtained a 
series of dual-band emission host–guest doping systems with long-lived 
thermally activated delayed fluorescence (TADF) and RTP, and then 
found halogen atom substitution reduced intensity ratio between TADF 
and RTP due to the increased ISC transitions and phosphorescence ra
diation. Subsequently, six aryl acetonitrile (CBM) and aryl dicyanoani
line (AMBT) derivatives were synthesized and used as host and guest 
materials respectively based on ortho-, meta-, and para-position isom
erization effect, where excellent TADF and RTP emission for m-CBM/o- 
AMBT were attributed to H-aggregation of m-CBM and the enhanced ISC 
for m-CBM and o-AMBT [42,43]. An et al. [44,45] modulated RTP of 
phenothiazine dioxide by different flexible alkyl chains and halogen 
atoms, highlighting a special C-Cl⋯π interaction for the development of 
ultralong phosphorescent materials. Although ΦP and RTP lifetime of 
ORTP materials have been significantly optimized based on isomeric 
engineering and different substituent groups, a precise RTP performance 
prediction for luminogens with similar molecular structures is within 
sight but beyond reach, especially the doping systems with polymer 
matrixes as host materials [51–53].

As an efficient molecular design strategy for RTP luminogens, con
structing electron donor (D)-electron acceptors (A) or D-π-A type mo
lecular skeleton can effectively induce intramolecular charge transfer 
(ICT) mechanism and reduce the singlet–triplet energy gap (ΔEST) 
[46,47], and thereby boost the SOC between singlet charge transfer 
(1CT) and triplet charge transfer (3CT), generating more triplet excitons. 
Moreover, finely tuning the ΔEST of luminogens is still an important 
means of achieving dual state emission with RTP and TADF character
istics. Furthermore, triphenylamine (TPA) with propeller-shaped spatial 
molecular conformation is usually used as D, while dicyanoaniline 
(DCA) unit is a typical A due to the strong electron-withdrawing effect 
for CN [48,49]. Here, a D-π-A type luminogen named as TBTDA was 
firstly designed by choosing TPA and DCA as D and A units respectively, 
linked by a benzene bridge, whose molecular conformation and ΔEST 
were tuned by a methyl and different substitution sites, generating the 
corresponding luminogens called as 2M-TBTDA and 3M-TBTDA 
(Scheme S1). The experiments found that three luminogens showed 
significant solvatochromism in different solvents. Among them, 3M- 
TBTDA exhibited bigger ICT effect, followed by 2M-TBTDA and 
TBTDA. They presented phosphorescent nature in glassy THF solution, 
but unlike expected, TBTDA (0.22 eV) had a smaller ΔEST compared 
with 2M-TBTDA (0.36 eV) and 3M-TBTDA (0.25 eV). In the rigid PMMA 
environment, no visible afterglow was observed for TBTDA, but RTP and 
afterglow lifetimes, as well as ΦP of 2M-TBTDA and 3M-TBTDA were up 
to 809.81 ms, 8 s, 0.64, 360.45 ms, 6 s, and 0.45 in sequence. Different 
from PMMA matrix, TBTDA showed time dependent dynamic afterglow, 
with RTP lifetimes of 496.94 ms and afterglow of 6 s, as well as ΦP of 
0.36 in PVA film, while the main photophysical parameters of 2M- 
TBTDA and 3M-TBTDA declined comprehensively, presenting RTP and 
afterglow lifetimes of 631.25 ms, 7 s, 326.93 ms, and 5 s, as well as ΦP of 
0.32 and 0.33 respectively. Ternary doping systems were constructed by 
PVA, TBTDA/2M-TBTDA/3M-TBTDA, and Rhodamine B (RB), with RTP 
lifetimes of 362.51–475.09 ms and reddish-brown or orange afterglow, 
lasting for 4–5 s. Of note, ΦP and FRET efficiency of the ternary doping 
systems were up to 0.46 and 90 % in turn. Based on different afterglow 
lifetimes and colors, complex dynamic digital encryptions were suc
cessfully constructed. More importantly, the high contrast RTP proper
ties exhibited by the three luminogens were discussed in detail through 
experimental analysis and theoretical calculations.

2. Results and discussion

Referring to previous reports, TBTDA, 2M-TBTDA, and 3M-TBTDA 
were prepared by using benzaldehyde derivatives and self-made 4- 
bromo-triphenylamine as raw materials, whose molecular structures 
and purities were characterized by 1H NMR, 13C NMR, HRMS, and high- 
performance liquid chromatography (HPLC) (Figs. S10–S21). TBTDA, 
2M-TBTDA, and 3M-TBTDA showed similar absorption spectra and 
solvatochromism in various solvents, with two absorption bands 
centered at about 305 nm and 360 nm respectively, corresponding to 
π–π* and ICT transitions. Owing to bigger dipole moments for excited 
states than ground states, three luminogens presented significant sol
vatochromism and wavelength redshifts in emission spectra compared 
to UV–vis absorption spectra with the increasing solvent polarity, 
accompanied by stokes shifts of 157 nm, 163 nm, and 180 nm in 
sequence, as well as obvious color variance from deep blue, light blue, 
green to red (Fig. 1a–f). Lippert-Mataga plot indicated that 3M-TBTDA 
had largest ICT effect, followed by 2M-TBTDA and TBTDA, which 
should be attributed to the introduction of methyl groups increasing 
molecular distortion (Fig. S2). The relative fluorescence quantum yields 
(ΦPLQYs) were tested and calculated by using quinine sulfate as a 
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reference (Table S1). Overall, the luminogens showed bright emission in 
diluted Tol, THF, and DMSO, especially in Tol and DMSO. Possibly 
because of the local state emission, the luminogens gave lower ΦPLQYs in 
n-hexane compared to other solvents. More importantly, the luminogens 
emitted brilliant green afterglow in glassy THF solutions (77 K), indi
cating phosphorescence nature (Fig. 1g). However, visible afterglow 
could not be perceived for solid state samples of three luminogens due to 
molecular motions and oxygen quenching. Of note, three luminogens 
exhibited two phosphorescent peaks, located at 500 nm and 543 nm for 
TBTDA, 504 nm and 540 nm for 2M-TBTDA, 507 nm and 580 nm for 3M- 
TBTDA (Fig. 1h). Furthermore, two phosphorescent peaks of each 
luminogen had almost completely overlapping excitation spectra, which 
illustrated that the high-energy level phosphorescent peaks at 500 nm, 
504 nm, and 507 nm should come from the lowest triplet state energy 
level (T1) of unimolecular TBTDA, 2M-TBTDA, and 3M-TBTDA, while 
the low-energy level phosphorescent peaks were attributed to molecular 
fine vibration. Based on the fluorescence and phosphorescence emission 
maxima (77 K), ΔEST of TBTDA, 2M-TBTDA, and 3M-TBTDA were 0.22 
eV, 0.36 eV, and 0.25 eV respectively (Table S1). Obviously, the intro
duction of methyl did not cause a decrease in ΔEST. As a control, c- 
TBTDA with the same molecular structure with TBTDA was prepared by 
using benzaldehyde derivatives and commercial 4-(diphenylamino) 
phenyl)boronic acid via a two-step synthesis reaction. According to the 
reported literature [50], commercial triphenylamine (TPA) contained 
trace DPN-1 and DPN-2, which might lead to the presence of trace 
TBTDA-1 and TBTDA-2 due to similar chemical property between TPA 
and DPN-1/DPN-2 (Scheme S2). However, no impurity peak was 
observed in HPLC (Fig. S13), and molecular ion peak of DPN-1/DPN-2 

was not captured either in HRMS spectrum (Fig. S12). By contrast, c- 
TBTDA and TBTDA exhibited negligible differences in fluorescence, 
phosphorescence spectra, and afterglow, demonstrating the minor 
impact of commercial triphenylamine’s trace impurities on lumines
cence performance in glassy THF solutions.

By physical encapsulation, doping, covalent bonding, and cross- 
linking, phosphors were introduced into polymer matrices to suppress 
molecular motions and oxygen diffusion. Among of them, PVA and 
PMMA were the most common polymer matrices, while the solution- 
doping was a simple and efficient method. A series of doping films 
were prepared and optimized by dissolving phosphors and PVA/PMMA, 
as well as tuning their mass ratios from 0.5 %, 1 %, 5 % to 10 %. Taking 
1 % TBTDA@PVA film as an example, it was prepared by dissolving 
TBTDA and PVA in THF-H2O solution at the mass doping ratios of 1:100, 
and the other doping films were named according to this rule. Surpris
ingly, TBTDA@PMMA films at different doping concentrations emitted 
invisible afterglow after 60–180 s irradiation with a 365 nm ultraviolet 
lamp (Fig. S3), but with bright green or yellow-green afterglow for 2M- 
TBTADA@PMMA and 3M-TBTDA@PMMA films at different doping 
concentrations (Figs. S5a and S6a). When the TBTDA@PMMA films 
were cooled to 77 K, or placed to in a nitrogen atmosphere, they pre
sented green afterglow lasting for over 3 s (Fig. S3). Therefore, we 
speculated that PMMA had inferior inhibition ability on molecular 
motions and oxygen diffusion due to weak intermolecular hydrogen 
bonds, resulting in invisible afterglow for the TBTDA@PMMA films, 
while bright afterglows of 2M-TBTDA@PMMA and 3M-TBTDA@PMMA 
films should lie in the improved phosphorescent radiation rate (KP). 
Notably, 1 % 2M-TBTDA@PMMA and 5 % 3M-TBTDA@PMMA films 

Fig. 1. (a) (c) (e)Normalized UV–vis absorption and (b) (d) (f) fluorescence emission spectra of TBTDA, 2M-TBTDA, and 3M-TBTDA in different solvents (λex: 365 
nm, solution concentration: 10− 5 M); (g) Photos of TBTDA, c-TBTDA, 2M-TBTDA and 3M-TBTDA by turning on/off a 365 nm UV light lamp at 77 K in THF solution; 
(h) Fluorescence and phosphorescence emission spectra of TBTDA, c-TBTDA, 2M-TBTDA and 3M-TBTDA at 77 K in THF solution (λex: 365 nm, solution concen
tration: 10− 5 M).
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showed the strongest RTP emission intensity and longest afterglow 
lifetimes in different doping concentrations, with RTP and afterglow 
lifetimes of 809.81 ms, 8 s, 360.45 ms, and 6 s, as well as ΦP of 0.64 and 
0.45 in sequence, whose fluorescence and RTP emission maxima were 
located at 477 nm, 481 nm, 477 nm and 500 nm in turn (Figs. S5 and 
S6). Compared with fluorescence and RTP emission maxima in THF 
solution at 77 K, fluorescence emission maxima of 1 % 2M- 
TBTDA@PMMA and 5 % 3M-TBTDA presented red shifts of 37 nm 
and 17 nm respectively, while their RTP emission maxima showed blue 
shifts of 23 nm and 7 nm in sequence, leading to the decreasing ΔEST for 
2M-TBTDA (0.02 eV) and 3M-TBTDA (0.12 eV) in PMMA films, which 
might be due to the enhanced intermolecular interactions in host and 
guest materials. Considering the close fluorescence and phosphores
cence emissions, the varied temperature phosphorescence spectra of 1 % 
2M-TBTDA@PMMA and 5 % 3M-TBTDA@PMMA films were investi
gated, which indicated phosphorescence intensity of 1 % 2M- 
TBTDA@PMMA and 5 % 3M-TBTDA@PMMA films presented 
continued to decrease from 77 K, 127 K, 187 K, 237 K to 297 K (Figs. S5b 
and S6b). Thereby, long afterglow of two doping films should come from 
RTP rather than thermal activated delayed fluorescence (TADF). RTP 
materials with long lifetime and high ΦP are of interest but challenging. 
Recently, Deng et al. [24] designed and synthesized a phosphor based on 
heteroaromatic sulfone-locked triphenylamine core, whose RTP lifetime 
and ΦP were up to 818 ms and 0.20 respectively in PMMA matrix. 
Phenanthrene (Phe) was doped with the monmers (methyl methacry
late, MMA) followed by in situ polymerization to obtain well-dispersed 
Phe@PMMA systems, presenting RTP and afterglow lifetimes of 1.27 s 
and 12 s in turn [54]. When 7H-benzo[c]carbazole (BCz) and its de
rivatives were doped into PMMA, RTP lifetime of 1.3 s was achieved 
[55]. By the chemical locking of internal rotation units in advance, 
Zhang et al. [56] obtained two new luminogens, which emitted green 
and blue ultralong RTP in PMMA film, with lifetimes of 2146 ms and 

2656 ms, respectively. By doping of synthesized polymeric phosphors 
into PMMA matrix, long-lived RTP systems (1258.62 ms) were obtained, 
even in an aqueous environment [57]. By contrast, such a high ΦP (0.64) 
combined with long RTP (809.81 ms) and afterglow (8 s) lifetimes for 1 
% 2M-TBTDA@PMMA was rare in existing reports.

Owing to stronger intermolecular hydrogen bonding for PVA film 
than PMMA film, molecular vibration and oxygen diffusion might be 
better suppressed, leading to long-lived RTP. Among of them, 1 % 
TBTDA@PVA film showed RTP lifetimes of 496.94 ms and afterglow of 
6 s, as well as ΦP of 0.36, which confirmed the stronger inhibitory effects 
on molecular motions and oxygen diffusion for PVA than PMMA matrix. 
Noteworthy, the corresponding photophysical parameters of 1 % 2M- 
TBTDA@PVA and 0.5 % 3M-TBTDA@PVA films were 631.25 ms, 7 s, 
0.32 and 326.93 ms, 5 s, 0.33 in turn (Figs. S7–S8 and Table S4). Further 
comparison showed that ΦP of 1 % 2M-TBTDA@PMMA (0.64) and 5 % 
3M-TBTDA@PMMA (0.45) films were 1.94 and 1.41 times those of 1 % 
2M-TBTDA@PVA (0.32) and 0.5 % 3M-TBTDA@PVA (0.33) films in 
sequence, and with longer RTP and lifetimes for the first two than the 
latter two (Figs. 2–3 and Table S4), fully demonstrating the importance 
of polymer matrix selection and the corresponding unpredictable impact 
on RTP properties. In above-mentioned PVA films, 2M-TBTDA displayed 
the longest RTP and afterglow lifetimes, as well as equivalent ΦP to 
TBTDA. Overall, 2M-TBTDA showed the best RTP performance not only 
in PVA but also in PMMA film (Figs. 2a–b and 3a–b). Of note, 1 % c- 
TBTDA@PVA and 1 % TBTDA@PVA films showed the same fluores
cence and RTP spectra, as well as equally long afterglow lifetime, whose 
fluorescence (490 nm) and RTP maxima (550 nm) gave bathochromic- 
shifts of 31 nm and 50 nm in turn compared with those in the diluted 
THF solution at 77 K. As a speculation, fluorescence and RTP emission of 
1 % c-TBTDA@PVA and 1 % TBTDA@PVA films should come from 
aggregates c-TBTDA and TBTDA. More interestingly, 1 % c- 
TBTDA@PVA and 1 % TBTDA@PVA films displayed an obvious 

Fig. 2. (a) Photos of 0.5 % TBTDA@PMMA, 0.5 % c-TBTDA@PMMA, 1 % 2M-TBTDA@PMMA and 5 % 3M-TBTDA@PMMA films by turning on/off a 365 nm UV 
lamp; (b) Normalized fluorescence and phosphorescence emission spectra of 1 % 2M-TBTDA@PMMA and 5 % 3M-TBTDA@PMMA films (λex: 365 nm); (c) The time- 
resolved phosphorescent decay curves of 1 % 2M-TBTDA@PMMA and 5 % 3M-TBTDA@PMMA films.
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dynamic afterglow, presenting a high-contrast color transition from 
orange yellow to green (Fig. 3), which should be due to multi-state 
emission with different lifetimes. To clarify the above mechanism, 
delayed spectra of 5 % TBTDA@PVA and 5 % c-TBTDA@PVA films were 
investigated under different delay times. When delay time (τd) was 1 ms, 
5 % TBTDA@PVA film displayed a wide RTP emission spectrum, spec
ulated to include delayed fluorescence, monomer and aggregate RTP. As 
τd continued to increase to 3 ms, the emission spectrum became nar
rower and remained stable (monomer RTP) until τd = 30 ms, and the 
corresponding tunable CIE chromaticity coordinates were shown in 
Fig. 4b. Similar to 5 % TBTDA@PVA film, 5 % c-TBTDA@PVA film also 
gave a wide RTP emission at τd = 1 ms. As τd continued to increase to 3 
ms, the emission peak gave bathochromic shifts of 27 nm, accompanied 
by the narrowing of the emission spectrum and the appearance of a 
shoulder peak at 580 nm. With further increase in τd from 5 ms to 30 ms, 
only monomer RTP remained. Thereby, 5 % c-TBTDA@PVA film also 
presented tunable CIE chromaticity coordinates, whose multi-state 
emission characteristics were confirmed.

The geometry optimizations of TBTDA, 2M-TBTDA, and 3M-TBTDA 
were performed at the B3LYP/def2-TZVP level using D4 dispersion 
correction, and all single-point calculations were performed at B3LYP/ 
def2-TZVP level. The results showed that the highest occupied molec
ular orbitals (HOMO) electron density distribution of three luminogens 
concentrated on TPA unit, while their lowest unoccupied molecular 
orbitals (LUMO) electron density mainly distributed on benzene bridge 
and dicyanoaniline unit, indicating typical ICT effect, which was 
responsible for solvatochromism of three luminogens (Fig. 5d). 
Compared with TBTDA, the introduction of methyl group leaded to the 
reduced LUMO energy levels for 2M-TBTDA and 3M-TBTDA, but HOMO 
energy levels showed increase of 0.01 eV and decrease of 0.04 eV in 
turn, and thereby producing increasing optical gaps. Overall, 2M- 

TBTDA and 3M-TBTDA showed blue shifted fluorescence emission in 
comparation to TBTDA in various solvents, which was consistent with 
the increasing optical gaps for 2M-TBTDA and 3M-TBTDA than TBTDA. 
Furthermore, S1 state energy levels of TBTDA, 2M-TBTDA and 3M- 
TBTDA were 2.28, 2.43, and 2.38 eV, corresponding to blue-shifted 
fluorescence emission maxima for 2M-TBTDA than TBTDA and 3M- 
TBTDA very well in various solutions and PVA films. Three lumi
nogens had three triplet states T1, T2, and T3 near S1 state, and TBTDA 
showed smaller energy gaps and bigger spin orbit coupling constants (ξ) 
between S1 and T1, T2, T3 compared with 2M-TBTDA and 3M-TBTDA, 
contributing to boosting the generation of more triplet excitons for 
TBTDA than 2M-TBTDA and 3M-TBTDA. However, ξ(T1 → S0) (0.153 
cm− 1) of TBTDA were significantly lower than those of 2M-TBTDA 
(0.822 cm− 1) and 3M-TBTDA (0.735 cm− 1), which was not conducive 
to boost phosphorescence radiation and compete with RTP quenching 
caused by oxygen and molecular motions (Fig. 5a–c), thereby 1 % 2M- 
TBTDA@PMMA films and 1 % 3M-TBTDA@PMMA films could emit 
bright RTP, but not for 1 % TBTDA@PMMA film in the atmospheric 
environment. Of note, the experimental results showed that 2M-TBTDA 
gave the minimum ΔEST in PMMA (0.02 eV) and PVA (0.16 eV) films, 
which was inconsistent with theoretical calculations due to the neglec
ted intermolecular interactions between host and guest materials. 
Theoretically, TBTDA should show longest afterglow and RTP lifetimes 
due to small energy gaps and big ξ between S1 and T1, T2, T3, as well as 
small ξ(T1 → S0).

Owing to deep penetration and weak destruction to biological tis
sues, as well as the enhanced non radiative decay, long wavelength 
afterglow materials have important application prospects in bioimaging 
and biosensing, but they are difficult to obtain. Recently, FRET theory 
and heavy-atom effect have played an important role in obtaining red 
and near-infrared materials. Based on FRET theory and RTP 

Fig. 3. (a) Photos of 1 % c-TBTDA@PVA, 1 % TBTDA@PVA, 1 % 2M-TBTDA@PVA and 0.5 % 3M-TBTDA@PVA films by turning on/off a 365 nm UV lamp; (b) The 
time-resolved phosphorescent decay curves of 1 % c-TBTDA@PVA, 1 % TBTDA@PVA, 1 % 2M-TBTDA@PVA and 0.5 % 3M-TBTDA@PVA films (τd = 0.1 ms); (c) 
Normalized fluorescence and phosphorescence emission spectra of 1 % c-TBTDA@PVA, 1 % TBTDA@PVA, 1 % 2M-TBTDA@PVA and 0.5 % 3M-TBTDA@PVA films 
at a 365 nm UV lamp.
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performance of the above mentioned doping films, four ternary doping 
systems named as 1 % RB&TBTDA@PVA, 1 % RB&2M-TBTDA@PMMA, 
1 % RB&2M-TBTDA@PVA, and 0.5 % RB&3M-TBTDA@PVA were 
constructed and investigated, corresponding to the mass ratio of 
0.2:1:100 between RhB, TBTDA/2M-TBTDA, and PVA/PMMA, as well 
as 0.2:0.5:100 between RhB, 3M-TBTDA, and PVA. The ternary doping 
systems showed reddish-brown or orange afterglow, with emission 
maxima of 593–617 nm, indicating that effective energy transfer from 
three luminogens to RhB (Figs. 6 and S9). FRET efficiencies were 
calculated by decay lifetimes, listed in Table S3. By contrast, 1 % 
RB&2M-TBTDA@PMMA presented the shortest RTP (114.91 ms) and 
afterglow (2 s) lifetimes, the lowest FRET efficiency (14 %) (Table S3 
and Fig. S9), which were attributed to the terrible overlap between RTP 
spectra of 2M-TBTDA and absorption spectra of Rhodamine B (RhB) in 
PMMA film, while 1 % RB&TBTDA@PVA, 1 % RB&2M-TBTDA@PVA 
and 0.5 % 3M-TBTDA@PVA had RTP lifetimes of 299–566 ms, afterglow 
lifetimes of 5–6 s, ΦP of 0.34–0.46, as well as FRET efficiency of up to 
70–90 % due to the excellent spectral overlap. It was worth mentioning 
that the ternary doping systems displayed postponed afterglow emis
sion, showing the brightest afterglow after 0.5 s turning off a UV lamp, 
which should be due to the extension of energy transfer routine.

3. Application

Based on different afterglow lifetimes and colors, the dynamic pro
cess of candle extinguishing was simulated by choosing 1 % 2M- 
TBTDA@PMMA and 1 % RB&2M-TBTDA@PMMA as the “flame and 
candle”. Switching on a 365 UV lamp, bright white flame and candle 
were observed, which became brown flame and green candle after 
switching off the 365 UV lamp. The candle went out after 3 s, leaving 
only the green candle, which lasted for another 3 s (Fig. 7a). As shown in 
Fig. 7b, a series of doping films were selected, corresponding to ten 
numbers from 0 to 9 respectively via different fluorescence and 

afterglow colors. Taking the first line as an example, four pictures of 
different colors represented numbers “1929” under UV irradiation, 
which transformed into numbers “5060” and “5000” as time passed after 
turning off the UV lamp. Thereby, complex dynamic digital encryption 
was implemented by switching on/off a 365 nm UV lamp.

4. Conclusion

Three new D-π-A type luminogens were designed and synthesized, 
whose luminescent properties could be tuned by introducing a methyl 
group and altering its substitution positions, as well as choosing 
different host materials. Owing to the ICT effect, the luminogens showed 
silimar solvatochromism in different dilution solvents. In glassy THF 
solution, phosphorescence nature of three luminogens was revealed. The 
weak ξ(T1 → S0) for TBTDA, together with inferior inhibition ability on 
molecular motions and oxygen for PMMA matrix resulted in invisible 
afterglow for TBTDA@PMMA films at different doping concentrations. 
1 % 2M-TBTDA@PMMA film showed RTP lifetimes of 809.81 ms, 
afterglow lifetimes of 8 s, and ΦP of up to 0.64, demonstrating excellent 
RTP performance, which were attributed to the enhanced ξ(T1 → S0) and 
tiny ΔEST (0.02 eV). Comparison of different RTP properties of three 
luminogens in PMMA and PVA further confirmed the importance of 
polymer matrix selection and their unpredictable impact. TBTDA 
showed significantly enhanced in PVA films compared with in PMMA 
films, while 2M-TBTDA and 3M-TBTDA presented the opposite result. 
The former was due to the stronger inhibitory effects on molecular 
motions and oxygen diffusion for PVA than PMMA matrix, whereas the 
latter lay in different intermolecular interactions between host and guest 
materials and the resulting alterations in molecular energy levels and 
ISC. Based on FRET theory and the excellent spectral overlap, 1 % 
RB&TBTDA@PVA, 1 % RB&2M-TBTDA@PVA, and 0.5 % RB&3M- 
TBTDA@PVA achieved reddish-brown or orange long afterglow, with 
emission maxima of 593–617 nm, RTP lifetimes of 299–566 ms, 

Fig. 4. (a) Photos of 5 % TBTDA@PVA and 5 % c-TBTDA@PVA films by turning on/off 365 nm UV light lamps; (b)–(c) Delayed RTP spectra of 5 % TBTDA@PVA and 
5 % c-TBTDA@PVA @PVA films; (d)–(e) CIE chromaticity coordinates of 5 % TBTDA@PVA and 5 % c-TBTDA@PVA films.
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afterglow lifetimes of 5–6 s, ΦP of 0.34–0.46, as well as FRET efficiency 
of 70–90 %. Based on different afterglow lifetimes, Fluorescence and 
afterglow colors, the dynamic anti-counterfeiting and digital encryption 
were successfully constructed. This work not only obtained a new 

host–guest doping RTP system with long afterglow and high ΦP, but also 
can be expected to provide more theoretical guidance and experimental 
supports for the construction of host guest doping system, dynamic anti- 
counterfeiting and digital encryption.

Fig. 5. Energy levels and spin orbit coupling constants (ξ) of (a) TBTDA, (b) 2M-TBTDA, (c) 3M-TBTDA; (d) HOMO and LUMO distribution of TBTDA, 2M-TBTDA, 
and 3M-TBTDA.

Fig. 6. (a) Photos of 1 % RB&TBTDA@PVA, 1 % RB&2M-TBTDA@PMMA, 1 % RB&2M-TBTDA@PVA and 0.5 % 3M-TBTDA @PVA by turning on/off 365 nm UV 
light lamps; (b) Chemical structures of polymer matrices and dopants; (c)–(f) Normalized UV–vis absorption and fluorescence and phosphorescence emission spectra 
of 1 % RB&TBTDA@PVA, 1 % RB&2M-TBTDA@PMMA, 1 % RB&2M-TBTDA@PVA and 0.5 % 3M-TBTDA@PVA.
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