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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

• A butterfly-shaped molecule was 
constructed.

• The luminogen simultaneously pos
sesses TADF and RTP emissions.

• Strain sensing was achieved.
• Flexible and foldable materials with 

long afterglow were achieved.
• High-level information encryptions 

were successfully constructed.
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A B S T R A C T

Flexible materials with dual-state emission, featuring thermally activated delayed fluorescence (TADF) and 
room-temperature phosphorescence (RTP), remain relatively rare, and the influence of different rigid and flex
ible doping matrices on the luminescence and stretchability properties of dual state emission luminogens are 
obscure. Here, a butterfly-shaped molecule named AN-Br was successfully prepared, presenting strong phos
phorescence emission and dual-state emission in glassy THF and DMSO solutions respectively. By choosing 
different rigid and flexible doping matrices, luminescence and stretchability properties of AN-Br were investi
gated. The results demonstrated that AN-Br had similar dual-state emission in both rigid and flexible matrices, 
but with different RTP lifetimes ranging from 280.85 ms to 616.24 ms and afterglow durations from 4 s to 9 s, as 
well as time and temperature dependent dynamic afterglows. Notably, 0.5% AN-Br@PVC film presented obvi
ously reduced RTP emission intensity and lifetime, as well as completely disappearing TADF emission with 
increasing strain, while 0.5% AN-Br@SIS film showed relatively stable RTP and TADF emission intensities and 
lifetimes. Moreover, 0.5% AN-Br@PVC and 0.5% AN-Br@SIS film exhibited excellent flexibility, especially for 
0.5% AN-Br@SIS film with an elongation at break of 1000%. Long-lived red afterglow materials and high-level 
information encryptions were also achieved by constructing two ternary doping systems and leveraging the 
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distinct afterglow colors and durations. The work not only expands the application scope of dual-state emission 
materials in strain sensing but also elucidates the luminescence properties and underlying mechanisms of dual- 
state emission in various matrices, thereby advancing technological progress and innovative development of 
flexible dual-state emission materials.

1. Introduction

The excitons transition from the lowest singlet excited state (S1) to 
the lowest triplet excited state (T1) via intersystem crossing (ISC), then 
return to the ground state (S0) through S1 state, resulting in thermally 
activated delayed fluorescence (TADF) [1–6]. In contrast, phosphores
cence involves the transition of excitons directly from the triplet excited 
state to the ground state. Theoretically, both TADF and room- 
temperature phosphorescence (RTP) involve triplet excitons and 
compete with each other [7–9]. More importantly, RTP-type persistent 
luminescent materials experience increased non-radiative dissipation 
with rising temperature, leading to a significant decrease in afterglow 
lifetime and phosphorescence intensity, whereas TADF-type persistent 
luminescent materials exhibit an increase in luminescence brightness 
within a certain temperature range as the temperature rises, due to the 
accelerated thermal activation of excitons [10–13]. Therefore, persistent 
dual-state luminescent materials with TADF and RTP (TR) emission can 
exhibit temperature-dependent dynamic afterglow, which is beneficial 
for visual temperature sensing and complex encryption in anti- 
counterfeiting materials [14–20]. Additionally, TADF and RTP typi
cally have different radiative rates and sensitivities to oxygen, enabling 
TR emission materials to display time-dependent dynamic afterglow and 
hold promise for visual oxygen sensing. However, there are few reports 
on TR emission materials in visualizing strain sensing [21,22].

To enhance the luminescent properties of organic TR materials, re
searchers primarily employ strategies such as molecular structure opti
mization [23–27], crystal engineering [28–32], self-assembly [33,34], 
host-guest doping and so on [35–39]. Among these approaches, the 
host-guest doping strategy is considered highly advantageous due to its 
wide availability of materials and its ability to effectively regulate the 
microenvironment of luminescent materials [40]. This regulation opti
mizes energy transfer processes and luminescence efficiency while 
suppressing non-radiative transitions [41,42]. Despite the significant 
benefits of host-guest doping in improving luminescence performance, 
the investigation and application of TR luminescent materials in flexible 
matrices remain relatively limited. Flexible long afterglow materials can 
maintain excellent luminescence properties during bending and 
stretching, demonstrating superior mechanical flexibility and durability 
[43]. These characteristics make flexible long afterglow materials an 
ideal choice for wearable electronics and flexible display technologies 
[44]. They also offer vast potential for applications in material damage 
prediction, limb motion monitoring, smart clothing, and portable de
vices [45–47]. Therefore, developing flexible TR materials remains an 
important direction for current research [48,49]. However, flexible 
matrices generally lack strong intermolecular interactions (such as polar 
bonds), which exacerbate oxygen diffusion and non-radiative energy 
loss, thereby adversely affecting the stability of triplet excitons [49]. It is 
worth noting that, to date, there have been no reports in the literature on 
the changes in the intensity ratio and emission wavelengths of TADF and 
RTP emissions for TR luminescent materials under mechanical stretch
ing of different flexible doping matrices.

In this paper, a butterfly-shaped molecule named AN-Br was suc
cessfully designed and synthesized. As a control, a linear molecule with a 
similar structure named BTDA was prepared. AN-Br showed phospho
rescence nature in the glassy THF solution, presenting strong phospho
rescence emission and long-lived green afterglow (11 s). In various 
doping matrices, including rigid matrices like poly(methyl methacry
late) (PMMA), poly(vinyl alcohol) (PVA), and polyacrylonitrile (PAN), 
as well as flexible matrices such as poly(vinyl chloride) (PVC) and 

styrene-isobutylene-styrene block copolymer (SIS), AN-Br exhibited 
similar dual-state emission characterized by long-lived TADF and RTP. 
However, distinct time and temperature-dependent dynamic afterglows 
were observed. Most importantly, 0.5% AN-Br@SIS and 0.5% AN- 
Br@PVC films presented RTP lifetime of 502.11 ms and 363.52 ms, as 
well as afterglow duration of 7 s and 5 s in sequence, displaying excellent 
foldable and stretchable performance. Furthermore, 0.5% AN-Br@PVC 
film could be used as a potential visual strain detector, presenting 
completely disappearing TADF emission, obviously reduced RTP emis
sion intensity and lifetime with increasing strain, but with relatively 
stable RTP and TADF emission intensities and lifetimes for 0.5% AN- 
Br@SIS film. Besides, long-lived red afterglow materials and high- 
level information encryptions were achieved by constructing two 
ternary doping systems and leveraging the distinct afterglow colors and 
durations. It is worth mentioning that AN-Br shows significantly 
extended RTP lifetime and stronger afterglow compared to BTDA in 
different doping matrices due to reduced ISC and relaxation energy 
levels.

2. Results and discussion

As shown in Fig. 1 and Scheme S1, a new butterfly-shaped luminogen 
named AN-Br was designed and synthesized by using methoxybenzene 
and bromodicyano benzidine as electron donor and electron acceptor 
respectively. By 1H NMR, 13C NMR, HR-MS, and HPLC, its molecular 
structure and purity were characterized and confirmed (Figs. S15–S18). 
In n-hexane, the main absorption bands of the compound were located at 
200–350 nm, corresponding to π-π* transition. In Tol, THF, and DMSO, 
the increased solvent polarity resulted in a new absorption band located 
at 350–425 nm, corresponding to the intramolecular charge transfer 
(ICT) state. Moreover, the absorption maxima of AN-Br at 350–425 nm 
showed continuous redshifts as the polarity of the solvent increased 
from Tol, THF, to DMSO. Compared to absorption maxima, fluorescence 
emission maxima of the luminogen gave more pronounced red shifts 
with increasing solvent polarity, corresponding to Stokes shifts of 42 nm 
(Fig. S1a and S1b). In diluted THF solution at 77 K, AN-Br had two 
emission maxima at 432 nm and 510 nm, emitting blue-green fluores
cence under the irradiation of a 365-nm UV lamp. After ceasing the 
irradiation, AN-Br displayed green bright afterglow with phosphores
cence emission maxima at 510 nm, lasting for 11 s (Fig. S1c and S1d). 
Notably, the fluorescence maxima of AN-Br at the low-energy level in 
the glassy THF solution precisely coincided with its phosphorescence 
maxima. This observation highlighted the dual-state emission charac
teristics of AN-Br and indicated a big ΔEST value (0.44 eV) between S1 
and T1 states. However, powder AN-Br showed invisible afterglow at 
room temperature (RT) due to molecular motions by turning on/ off a 
365 nm UV light lamp.

By crystal engineering, host-guest doping, supramolecular self- 
assembly, charge interactions, etc., suppressing molecular motion and 
isolating oxygen have become the important measure to achieve long- 
lived and efficient RTP. Secondly, PVA, and PMMA are the most 
commonly used host materials due to rigid structure and strong inter
molecular hydrogen bonds. Therefore, a series of doping systems were 
constructed by using AN-Br and PVA/PMMA as guest and host materials 
respectively, whose RTP performance were optimized by altering the 
doping mass ratios between AN-Br and PVA/PMMA. Furthermore, 
different host-guest doping systems were named based on host and guest 
materials, as well as their doping mass ratio. For example, 15% AN- 
Br@PVA film was that AN-Br was doped into PVA matrix at the mass 
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ratio of 15:100 between AN-Br and PVA matrix. In various m% AN- 
Br@PVA films (m% is different mass ratio between AN-Br and PVA 
matrix), 15% AN-Br@PVA film presented the highest delayed emission 
intensity and the longest afterglow lifetimes (6 s) (Fig. S2). In compar
ison, the delayed emission peaks of 15% AN-Br@PVA film at 502 nm and 
434 nm approached phosphorescence (510 nm) and fluorescence 
emission maxima (432 nm) of AN-Br in glassy THF solution respectively, 
speculating that 15% AN-Br@PVA film had simultaneously TADF and 
RTP of monomer AN-Br (Fig. S1d and S2d). In the phosphorescence 
excitation spectra, the spectral curves obtained with detection wave
lengths at 434 nm and 502 nm showed a high degree of overlap, and 
both exhibited two main excitation peaks at 295 nm and 353 nm 
(Fig. S7c). This result indicates that the two emissions at 434 nm and 
502 nm originate from two different excited states that transform into 
each other. The time-resolved delay spectra further confirmed the above 
speculation, presenting TADF and RTP lifetimes of 138.51 ms and 
409.03 ms in sequence, as well as a subtle dynamic afterglow from blue 
to blue-green (Fig. 1c and d). The variable temperature phosphorescence 
spectra indicated that the emission intensity of the two peaks gradually 
decreased with the increase of temperature from 77 K to 297 K, but with 
stable emission maxima, confirming phosphorescence characteristics of 
the emission peak at 502 nm (Fig. S2b). However, TADF peak at 434 nm 
did not exhibit enhanced emission with increasing temperature, which 
might be due to self-quenching of TADF emission at high doping con
centration. The elevated temperature may result in the reduced inter
molecular distance, thereby enhancing self-quenching of TADF 
emission. Noteworthy, fluorescence emission maxima of 15% AN- 
Br@PVA showed significant redshifts than its TADF emission maxima 
at the same excitation wavelength (Figs. 1c and S2c). This is because 
high doping concentration leads to enhanced intermolecular interac
tion, which reduces the energy level of S1 state, while TADF emission 
originates from AN-Br monomer. For m% AN-Br@PMMA films at 
different doping concentrations, 0.5% AN-Br@PMMA film showed the 
strongest RTP intensity, and the longest RTP (280.85 ms) and afterglow 
lifetimes (4 s) (Fig. 1b and c). In contrast, RTP and afterglow lifetimes of 
0.5% AN-Br@PMMA film were shorter than that of 15% AN-Br@PVA 
film, indicating the significant influence of different host matrixes on 
luminescent properties of the guest material. Different from the dynamic 
afterglow of 15% AN-Br@PVA film, 0.5% AN-Br@PMMA film emitted 
constant green afterglow, with a single RTP peak at 510 nm, corre
sponding to phosphorescence emission of monomer AN-Br (Fig. 1b and 
c). By increasing decay time (τd) to 3 ms, 0.5% AN-Br@PMMA film also 
gave two emission peaks at 429 nm and 510 nm, corresponding to TADF 
and RTP emission in turn (Fig. 1c and d). Besides, 0.5% AN-Br@PMMA 
(light blue) and 15% AN-Br@PVA (deep blue) films presented high 
contrast fluorescence color. Fluorescence spectrum of the former 
simultaneously presented fluorescence and RTP emissions, located at 
429 nm and 510 nm respectively, but with single fluorescence emission 
at 460 nm for the fluorescence spectrum of 15% AN-Br@PVA film 
(Figs. S2b and S3b), illustrating that AN-Br had a higher RTP radiation 
rate (Kp) in PMMA compared to in PVA. By expanding host material and 
optimizing doping mass ratio, RTP performance of AN-Br was further 
improved, and flexible TR emission materials and strain detection were 
achieved. 1% AN-Br@PAN film showed significantly prolonged RTP 
(616.24 ms) and afterglow (9 s) lifetimes, with TADF and RTP emission 
maxima at 429 nm and 507 nm respectively (Fig. 1b and d). Further
more, TADF and RTP emission of 1% AN-Br@PAN film were confirmed 
by the variable temperature phosphorescence spectra (Fig. S4b). The 
emission intensity at 429 nm descended first then ascended, while 
emission intensity at 507 nm continually declined with the increase of 
temperature from 77 K to 297 K. Under a 365 nm UV lamp irradiation, 
1% AN-Br@PAN film emitted blue fluorescence, whose fluorescence 
spectra also displayed dual state emission with TADF and RTP. 
Switching on/ off the 365 nm UV lamp, dynamic afterglow of 1% AN- 
Br@PAN film could be perceived from blue-green to yellow-green 
(Fig. S4a and S4c). Amazingly, AN-Br demonstrated outstanding RTP 

performance in flexible PVC and SIS matrixes, especially for 0.5% AN- 
Br@PVC and 0.5% AN-Br@SIS films. By contrast, 0.5% AN-Br@PVC 
film presented shorter RTP (363.52 ms) and afterglow (5 s) lifetimes 
compared with 0.5% AN-Br@SIS films (502.11 ms and 7 s) (Fig. 1b and 
d). Similar to 0.5% AN-Br@PMMA film, 0.5% AN-Br@PVC film could 
not present dual-state emission with TADF and RTP until τd was 
extended to 3 ms, with constant green afterglow. However, 0.5% AN- 
Br@SIS film could show TADF and RTP emission at τd = 0 ms, with 
TADF and RTP emission maxima of 415 nm and 499 nm in turn, as well 
as dynamic afterglow from blue to green (Fig. 1b and c). Thereby, 
whether there is a perceptible dynamic afterglow for the above doping 
films is related to τd when TADF can be detected. By contrast, 15% AN- 
Br@PVA, 1% AN-Br@PAN, and 0.5% AN-Br@SIS films possess long RTP 
lifetime, leading to immediately detectable TADF emission and the 
resulting dynamic afterglow. However, this is not the case for the 0.5% 
AN-Br@PVC and 0.5% AN-Br@PMMA films. As speculation, the short 
RTP lifetime of 0.5% AN-Br@PVC and 0.5% AN-Br@PMMA films means 
that the time for triplet excitons to stabilize in triplet state is relatively 
short, which are more likely to decay via non-radiative pathways or 
phosphorescence, thereby reducing the chances of reverse intersystem 
crossing (RISC). Of note, TADF (442 nm) and RTP (518 nm) maxima of 
0.5% AN-Br@PVC film presented red shifts of 2–27 nm and 8–19 nm in 
turn compared with 15% AN-Br@PVA, 0.5% AN-Br@PMMA, 1% AN- 
Br@PAN, and 0.5% AN-Br@SIS films, which was not consistent with 
the polarity order of the five polymers (Fig. 1c). The chlorine atom effect 
might take responsibility for the above red shifted TADF and RTP 
emission, which allowed AN-Br to alter electron cloud distributions. For 
comparison, 0.5% AN-Br@PMMA film had the highest RTP (ΦP) quan
tum yield, followed by 15% AN-Br@PVA, 1% AN-Br@PAN, 0.5% AN- 
Br@SIS, and 0.5% AN-Br@PVC films. Obviously, flexible matrix was 
not conducive to improving ΦP, whose underlying reason should be the 
lower intersystem transition rate (KISC), rather than the increased non 
radiative phosphorescence rate (Knr) (Table 1). For rigid doping 
matrices, high ΦP and Knr took responsibility for the short RTP and TADF 
lifetimes of 0.5% AN-Br@PMMA film, while 1% AN-Br@PAN film gave 
the smallest ΦP and Knr, leading to the longest RTP and TADF lifetimes 
(Table 1). Furthermore, 1% AN-Br@PAN film showed lower Knr and 
higher KISC compared to 15% AN-Br@PVA and 0.5% AN-Br@PMMA 
films. However, ΦP of 1% AN-Br@PAN film was lower than that of 
15% AN-Br@PVA and 0.5% AN-Br@PMMA films, which was attributed 
to the small room temperature phosphorescence radiation rate (Kp) of 
1% AN-Br@PAN film. In summary, AN-Br showed dual-band emissions 
with long-lived TADF and RTP in five doping matrixes, but with big ΔEST 
(0.39–0.50 eV), leading to weaker TADF emission compared with RTP. 
More importantly, AN-Br has long RTP and afterglow lifetimes in flex
ible PVC and SIS matrices. Such large ΔEST are not consistent with 
TADF-type luminogens reported in the literatures. What is the internal 
mechanism leading to the unusual dual state emission? Firstly, TADF 
and RTP lifetimes of luminogens with dual state emissions should show 
significant differences according to the triplet-triplet annihilation 
(TTET) mechanism, but they were close for 1% AN-Br@PAN film. Be
sides, the TTET process was usually very sensitive to temperature, and 
would be significantly enhanced at low temperature, because low tem
perature was conducive to the stability of the triplet excitons. However, 
1% AN-Br@PAN and 0.5% AN-Br@SIS films gave TADF emission at 297 
K rather than 77 K (Figs. S4b and S6b). Therefore, TADF of AN-Br did not 
come from the TTET process, but from AN-Br itself. Secondly, did TADF 
of the five doping films come from AN-Br monomers or aggregates? The 
variable temperature phosphorescence spectra of AN-Br in DMSO (10− 5 

M) indicated that TADF emission peak did not appear until the tem
perature increased to 227 K from 77 K, and TADF emission intensity 
further enhanced from 227 K to 257 K, thereby confirming AN-Br 
monomers with dual-state emissions (Fig. S7b). Based on the reverse 
temperature responses between TADF and RTP, four patterns were 
constructed by using 15% AN-Br@PVA, 0.5% AN-Br@PMMA, 1% AN- 
Br@PAN, and 0.5% AN-Br@PVC films respectively. Under 365 nm UV 
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irradiation, the four doping films emitted bright blue fluorescence at 
different temperatures. Upon switching off the 365 nm UV lamp, after
glow lifetimes and color changes of the four patterns were not signifi
cantly affected when the temperature increased from 0 ◦C to 25 ◦C, but 
their afterglow lifetimes were dramatically reduced at 45 ◦C. The com
parison revealed that 1% AN-Br@PAN film exhibited the best stability 
and temperature responsiveness, with blue afterglow lasting for 2 s 
(Fig. S13). As a control, a linear molecule (BTDA) containing AN-Br 
partial structural units was designed and synthesized, whose afterglow 
was investigated under different doping matrices and concentrations. 
The results indicated that 5% BTDA@PVA film showed the longest 
afterglow lifetimes (3 s), followed by 1% BTDA@PVC film, but without 
visible afterglow in PAN and PMMA matrices (Fig. S14). The overall 
comparison displayed that AN-Br had longer RTP and TADF lifetimes, as 

well as higher brightness than BTDA in four doping matrixes, confirming 
the effectiveness of molecular design strategies of AN-Br. The excellent 
dual-state emission of the doping systems was closely related to inter
molecular interactions of host and guest materials. Thereby, corre
sponding binding energy and electrostatic interactions between AN-Br 
and five doping hosts were calculated (Figs. S11 and S12). For flexible 
matrices, the bonding energy between AN-Br and SIS is significantly 
higher than that between AN-Br and PVC. The intermolecular electro
static interactions between AN-Br and SIS not only involve stronger 
hydrogen bonds but also van der Waals forces, whereas the interactions 
between AN-Br and PVC mainly come from van der Waals forces. The 
enhanced bonding energy and hydrogen bonding interactions lead to 
0.5% AN-Br@SIS film exhibiting a lower Knr compared to 0.5% AN- 
Br@PVC film. For rigid matrices, AN-Br has the biggest bond energy, 

Fig. 1. (a) The molecular structure of the butterfly-shaped AN-Br; (b) Photographs of 15% AN-Br@PVA, 0.5% AN-Br@PMMA, 1% AN-Br@PAN, 0.5% AN-Br@PVC 
and 0.5% AN-Br@SIS films by turning on/ off a 365 nm UV light lamp; (c) The decay spectra of 15% AN-Br@PVA, 0.5% AN-Br@PMMA, 1% AN-Br@PAN, 0.5% AN- 
Br@PVC and 0.5% AN-Br@SIS films at different decay times (τd); (d) The time-resolved phosphorescent decay curves of 15% AN-Br@PVA, 0.5% AN-Br@PMMA, 1% 
AN-Br@PAN, 0.5% AN-Br@PVC and 0.5% AN-Br@SIS films (τd: 0/3 ms, λex: 365 nm).

Table 1 
Photophysical properties of various doping films.

λF 

(nm)
λP 

(nm)
τF 

(ns)
τTADF 

(ms)
τP 

(ms)
ΦF 

(%)
ΦTADF 

(%)
ΦP 

(%)
KTADF 

(s− 1)
KISC 

(s− 1)
KP 

(s− 1)
Knr 

(s− 1)
ΔEST 

(eV)

① 450 502 3.26 138.51 409.03 1.22 1.19 4.24 0.09 3.03 × 108 0.10 2.34 0.39
② 429 510 2.18 126.39 280.85 8.98 2.23 5.82 0.09 4.18 × 108 0.23 3.33 0.46
③ 429 507 1.86 438.50 616.24 11.28 1.53 3.74 0.04 4.77 × 108 0.07 1.55 0.44
④ 456 518 3.50 155.00 363.52 3.05 0.66 1.75 0.04 2.77 × 108 0.05 2.70 0.41
⑤ 447 499 2.88 87.23 502.11 15.62 0.36 2.93 0.05 2.93 × 108 0.37 1.62 0.50

①: 15% AN-Br@PVA, ②: 0.5% AN-Br@PMMA, ③: 1% AN-Br@PAN, ④: 0.5% AN-Br@PVC, ⑤: 0.5% AN-Br@SIS.
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Fig. 2. (a) Photographs of 0.5% AN-Br@PVC stretching from original length 0% (2.0 cm) to 80% (3.6 cm) under 365 nm light irradiation; (b) Stress-strain curves of 
blank PVC film and 0.5% AN-Br@PVC film with a thickness of 0.158 mm and different tensile speeds (10, 20, and 50 mm/ min); (c) The variation tendency of RTP 
intensity and lifetime of 0.5% AN-Br@PVC film at different elongation; (d) Phosphorescence emission spectra of 0.5% AN-Br@PVC film stretching from original 
length 0% (2.0 cm) to 80% (3.6 cm); (e) – (f) The time-resolved TADF and RTP decay curves of 0.5% AN-Br@PVC film.

Fig. 3. (a) Photographs of 0.5% AN-Br@SIS stretching from original length 0% (2.0 cm) to 80% (3.6 cm) under 365 nm light irradiation; (b) Stress-strain curves of 
blank SIS film and 0.5% AN-Br@SIS film with a thickness of 0.668 mm and different tensile speeds (10, 20, and 50 mm/ min); (c) The variation tendency of RTP 
intensity and lifetime of 0.5% AN-Br@SIS film at different elongation; (d) Phosphorescence emission spectra of 0.5% AN-Br@SIS film stretching from original length 
0% (2.0 cm) to 80% (3.6 cm); (e) – (f) The time-resolved TADF and RTP decay curves of 0.5% AN-Br@SIS film.
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strong hydrogen bond and van der Waals interactions with PVA. 
Thereby, 1% AN-Br@PVA film gives smaller Knr than 0.5% AN- 
Br@PMMA film. Despite weaker electrostatic interactions and very 
small bond energy, 1% AN-Br@PAN film shows the smallest Knr. As 
shown in Table 1, 1% AN-Br@PAN film has a long RTP lifetime, which 
allows triplet excitons to persist for a longer duration before undergoing 
non-radiative decay, thereby resulting in relatively smaller Kp and Knr.

To investigate the flexibility of the 0.5% AN-Br@PVC film, a series of 
uniaxial tensile tests were conducted (before the test, 0.5% AN-Br@PVC 
film was cut into a standard dumbbell shape, and the thickness was 
measured three times at different positions, with an average value of 
0.158 mm). As shown in the stress-strain curve (Fig. 2b), the maximum 
tensile strength of the blank PVC film was 9.12 MPa at the tensile rate of 
20 mm/min, and the maximum elongation at break was 109.17%. As the 
tensile rate increased from 10 mm/min to 50 mm/min, the tensile 
strength of 0.5% AN-Br@PVC film gradually increased to 19.91 MPa, 
20.25 MPa, and 28.50 MPa, respectively, corresponding to the 
maximum stress of 4.22 × 103 kN, 4.96 × 103 kN and 6.14 × 103 kN, as 
well as the elongation at break of 237.16%, 215.63%, and 194.10%, 
respectively. At the same tensile rate (20 mm/min), the tensile strength 
and the elongation at break of the 0.5% AN-Br@PVC film were signifi
cantly higher than those of the blank PVC film (Fig. 2b), indicating that 
the host-guest doping between AN-Br and the PVC matrix could form 
more intermolecular interactions. Furthermore, the luminescent prop
erties of 0.5% AN-Br@PVC film were investigated. When 0.5% AN- 
Br@PVC film was stretched to 3.6 cm from 2.0 cm, the corresponding 
RTP intensity decreased slowly, but with the stable RTP emission max
ima. Of note, the TADF peak of 0.5% AN-Br@PVC film disappeared at 
elongation of 20–80%, which should be due to changes in molecular 
conformation during the stretching process (Fig. 2d). We know that 
TADF process involves reverse intersystem crossing (RISC) from T1 to S1, 

which requires efficient intramolecular energy transfer. When stretching 
alters the molecular conformation of AN-Br, the above energy transfer 
efficiency is reduced, thereby decreasing emission intensity of TADF. 
However, the RTP peak is primarily determined by the electronic 
structure of AN-Br, and therefore it does not change. Meanwhile, RTP 
lifetime continuously decreased to 224.68 ms from 363.52 ms, corre
sponding to afterglow of 5 s and 4 s respectively. More importantly, RTP 
intensity and elongation showed a linear relationship (y = 294.21–1.38 
x, R2 = 0.9966), which contributed to achieving visual strain detection 
(Fig. 2c). Similarly, 0.5% AN-Br@SIS film was cut into a standard 
dumbbell shape, and the thickness was measured three times at different 
positions, with an average value of 0.668 mm. As shown in Fig. 3b, the 
maximum tensile strength and elongation at break of the blank SIS film 
were 7.79 MPa and 997.46% in turn at a tensile rate of 20 mm/min. As 
the tensile rate increased from 10 mm/min to 50 mm/min, the elon
gation at break of 0.5% AN-Br@SIS films reached 1000.65%, 791.03% 
and 736.39%, respectively, corresponding to the maximum tensile 
strength of 2.55 MPa, 3.14 MPa, and 3.22 MPa, as well as the maximum 
fracture stress of 6.91 × 104 kN, 8.70 × 104 kN and 8.81 × 104 kN, 
respectively. By contrast, 0.5% AN-Br@SIS film showed extremely su
perior elongation at break and reduced tensile stress compared with 
0.5% AN-Br@PVC film. At the same tensile rate (20 mm/ min), the 
tensile stress and elongation at break of 0.5% AN-Br@SIS film were 
lower than those of the blank SIS film. This can be attributed to the 
introduction of phosphorescent chromophores, which interfere with the 
normal arrangement and interaction of the SIS molecular chains, 
thereby reducing the material’s overall mechanical properties. Different 
from 0.5% AN-Br@PVC film, RTP and TADF emission intensity and 
lifetime of 0.5% AN-Br@SIS film remained almost constant (Fig. 3d). 
PVC is a hard polymer with relatively rigid molecular chains, which lack 
the flexibility of SIS. During stretching, the interactions and stress 

Fig. 4. (a) Photographs of RhB & AN-Br@PAN and RhB & AN-Br@PVA by turning on/ off a 365 nm UV lamp; (b) - (c) Normalized UV–vis absorption and fluo
rescence and phosphorescence emission spectra of RhB & AN-Br@PAN and RhB & AN-Br@PVA films; (d) - (e) The time-resolved phosphorescent decay curves of RhB 
& AN-Br@PAN and RhB & AN-Br@PVA films.

W. Ji et al.                                                                                                                                                                                                                                       Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 348 (2026) 127139 

6 



distribution among PVC chains can alter the molecular environment of 
phosphorescent compounds, thereby affecting their luminescent prop
erties. In contrast, SIS is a block copolymer with a flexible isobutene 
block that can absorb and disperse stress during stretching, reducing 
stress concentration and providing a more stable environment for 
phosphorescent compounds. Thereby, 0.5% AN-Br@PVC and 0.5% AN- 
Br@SIS films showed different luminescent stability.

Red and near-infrared afterglow materials exhibit strong tissue 
penetration and minimal damage to biological tissues, making them 
highly promising for applications in bioimaging and biosensing. How
ever, these materials often suffer from enhanced non-radiative energy 
loss, which poses a significant challenge in developing highly efficient 
red and near-infrared afterglow materials. In recent years, Förster 
resonance energy transfer (FRET) theory and the heavy atom effect have 
played significant roles in the development of red and near-infrared 
materials. Thereby, two ternary doping systems named as RhB & AN- 
Br@PAN and RhB & AN-Br@PVA were constructed by using AN-Br 
and Rhodamine B (RhB) as FRET donor and acceptor in sequence, 
whose doping mass ratios were 0.5: 1: 100 between RhB, AN-Br and 
PAN, as well as 0.5: 15: 100 between RhB, AN-Br and PVA respectively. 
RhB & AN-Br@PAN film showed emission maxima (of 603 nm, RTP 
lifetime of 294.25 ms, afterglow of 4 s, and ΦP of 0.07, while RhB & AN- 
Br@PVA film gave emission maxima of 595 nm, RTP lifetime of 210.07 
ms, afterglow of 2 s, and. ΦP of 0.10. Compared to the 15% AN-Br@PVA 
film (with TADF and RTP FRET efficiencies of 0.33 and 0.52, respec
tively), the 0.5% RhB@1% AN-Br@PAN film exhibited higher TADF and 
RTP FRET efficiencies (0.39 and 0.53, respectively) (Table S1). This 
improvement was attributed to the better spectral overlap between the 
decay spectrum of the 1% AN-Br@PAN film and the UV–Vis absorption 
spectrum of RhB, compared to that between 15% AN-Br@PVA film and 
RhB (Fig. 4b and c). Notably, compared to 0.1 s after the UV lamp was 
turned off, the afterglow of two ternary doping systems was brighter at 
0.5 s, which should be attributed to the delay in FRET (Fig. 4a).

The geometry optimizations of AN-Br 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 
indicated that the highest occupied molecular orbital (HOMO) of AN-Br 
was predominantly localized on the rest units except for bromobenzene, 
while the lowest unoccupied molecular orbital (LUMO) was mainly 
distributed over bromobenzene and dicyanodiamine moieties, demon
strating a pronounced intramolecular charge transfer (ICT) character
istic (Fig. 5a). The S1 state energy level of AN-Br was 2.88 eV. Near the S1 
state, there existed three triplet states, T1, T2, and T3, with energy gaps 
(ΔEST, ΔEST2, and ΔEST3) of 0.65 eV, 0.08 eV, and 0.39 eV, as well as the 
spin-orbit coupling constants (ξ) of 1.424 cm− 1, 1.627 cm− 1, and 0.293 
cm− 1 between S1 and T1, T2, T3 respectively, indicating AN-Br had 
strong ISC ability. The experimental results and theoretical calculations 
both showed that AN-Br had a bigger ΔEST. Therefore, TADF emission of 
AN-Br should be attributed to the small ΔEST2 and large ξ between S1 
and T2 (Fig. 5d). By contrast, there were three triplet states levels (T2, T3, 
and T3) near the S1 state of BTDA, corresponding to energy gaps of 0.67 
eV, 0.08 eV, and 0.18 eV, as well as ξ of 0.654 cm− 1, 1.627 cm− 1, and 
0.460 cm− 1 in sequence, presenting ISC ability not weaker than AN-Br. 
However, the significantly increased ΔEST (1.53 eV) and ΔET1T2 (0.886 
eV) is not conducive to the formation of T1 triplet excitons for BTDA 
(Fig. 5c), leading to weaker RTP performance compared to AN-Br.

3. Application

Leveraging the distinct afterglow colors and durations, the outer and 
inner petals of the lotus were meticulously crafted using RhB & AN- 
Br@PVA and RhB & AN-Br@PAN films, respectively. The stems and 
leaves were fashioned from 1% AN-Br@PAN films. This setup dynami
cally mimicked the lifecycle of a lotus, from its vibrant bloom to its 
eventual withering, all accompanied by captivating color transitions. 
Under irradiation with a 365 nm UV lamp, the lotus displayed vivid red 
petals and striking blue stems and leaves. Upon switching off the UV 
lamp, a remarkable transformation occurred: the inner petals shifted 

Fig. 5. (a) – (b) HOMO and LUMO distribution of BTDA and AN-Br; (c) – (d) Energy levels and spin orbit coupling constants (ξ) of BTDA and AN-Br.
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from a bright red to a subdued red-gray hue, while the stems and leaves 
transitioned from blue to green. Within 1 to 5 s of turning off the lamp, 
the five petals of the lotus gradually withered away, illustrating the 
ephemeral beauty of this natural process (Fig. 6a). As depicted in Fig. 6b, 
a digital pattern illuminated by a 365 nm UV lamp showcased a dynamic 
display constructed from distinct afterglow materials. The red segments 
were meticulously crafted by cutting and assembling RhB & AN- 
Br@PVA film, while the blue segments were formed by cutting and 
assembling 0.5% AN-Br@PVC and 1% AN-Br@PAN films. Switching on/ 
off a 365 UV lamp, the afterglow properties of the materials came into 
play, revealing a sequence of numbers from “8” to “3” to “7” based on 
their emission durations. This not only demonstrated the potential for 
dynamic number display but also underscored the materials’ utility in 
advanced encryption techniques. As illustrated in Fig. 6c, the three- 
dimensional (3D) models of an airplane and a butterfly were fabri
cated by multiple twisting and folding 0.5% AN-Br@PVC films, indi
cating excellent flexibility. By switching on/ off a 365 nm UV lamp, both 
3D models exhibited a bright green afterglow, lasting for 5 s, which was 
akin to that of the pristine 0.5% AN-Br@PVC film. Finally, four types of 
the above doping films were selected to construct a series of heart and 
star patterns, which were then arranged in a 5 × 5 matrix. By turning 
on/ off a 365 nm UV lamp, the colors of heart and star patterns 
dynamically changed. Based on the distinct shapes and colors of the 
patterns in each row of the matrix, information encryption was ach
ieved. Referring to a specific codebook (Fig. S10), when the UV lamp 
was turned off for 3 s, the matrix could be decrypted to read “LUCKY”. At 
other time intervals, the matrix did not convey any meaningful infor
mation, thereby enabling complex dynamic information encryption 
(Fig. 6d).

4. Conclusion

A butterfly-shaped molecule named AN-Br was successfully synthe
sized, with strong phosphorescence emission and green afterglow in the 
glassy THF solution, lasting for 11 s. The luminogen exhibited TADF and 
RTP emissions in different polymer matrices and glassy DMSO solution, 
and with dynamic afterglow from blue to green for 15% AN-Br@PVA, 
1% AN-Br@PAN, and 0.5% AN-Br@SIS films. Furthermore, 0.5% AN- 
Br@SIS and 0.5% AN-Br@PVC films presented RTP lifetimes of 

502.11 ms and 363.52 ms, with corresponding afterglow durations of 7 s 
and 5 s, respectively, alongside outstanding foldable and stretchable 
mechanical properties. 0.5% AN-Br@PVC film could be used as strain 
detector, presenting reduced RTP emission intensity and lifetime with 
increasing strain, while 0.5% AN-Br@SIS film showed better stretchable 
performance compared with 0.5% AN-Br@PVC film, with elongation at 
break of 1000% at the tensile rate of 10 mm/min. At last, long-lived red 
afterglow and high-level information encryptions were successfully 
constructed. This research enriches pure organic persistent dual-state 
emission materials, achieves time/temperature-dependent dynamic 
afterglow, and expands their strain-sensing applications.
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