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A B S T R A C T   

The dual band purely organic room temperature phosphorescent (p-ORTP) materials with persistent thermally 
activated delayed fluorescence (TADF) and room-temperature phosphorescence (RTP) can achieve time 
dependent afterglow and unique afterglow response under heating and mechanical force, show very important 
values on theoretical and practical application. Here, 2-benzylmalononitrile derivatives and a series of impurities 
were characterized and confirmed by NMR, HR-MS, and single-crystal X-ray diffraction, forming host–guest 
bicomponent systems with dual-band and long-lived TADF (410 nm) and RTP (490–510 nm). At room tem
perature, TADF and RTP lifetimes are up to 1056 ms and 1027 ms in sequence. The intensity ratio between TADF 
and RTP can be well adjusted by grinding, temperature, as well as host and guest materials, presenting color- 
tunable and time-dependent afterglow from green to blue. Owing to the excellent crystallinity, the bicompo
nent systems also display lower sensitivity to external environments such as water vapor and oxygen. The high- 
level digital and program encryption, and anti-counterfeiting patterns were successfully constructed based on 
temperature sensitivity, and different TADF and RTP afterglow lifetimes of the doping systems. The work also 
provides deep blue persistent glow and clears the obstacles for large-scale production. Most importantly, this 
work will provide a novel and efficient method for the development of dual band and long-lived TADF and RTP 
materials.   

1. Introduction 

Purely organic room temperature phosphorescent (p-ORTP) mate
rials can overcome the drawbacks of traditional inorganic phosphores
cent materials such as high cost, biological toxicity, and environmental 
pollution, and show better flexibility, color tunability, and transparency 
[1–6]. Recently, p-ORTP materials show tremendous potential for con
structing high-level information encryption [7–9], advanced optoelec
tronic devices [10,11], and biosensing and imaging without background 
interference [12–14]. However, p-ORTP materials suffer from ineffec
tive intersystem crossing (ISC) between singlet and triplet and rapid 
nonradiative transition, causing scarcity of p-ORTP materials with high 
efficiency (＞10 %) and long lifetime (＞100 ms)[15]. Based on crystal 
engineering and host–guest doping, the above issues have been 

effectively alleviated [16–19]. However, there are still very few p-ORTP 
materials with phosphorescence lifetime exceeding 1000 ms. Further
more, triplet excitons are sensitive to external environments such as 
oxygen, water vapor, and mechanical forces, and thereby most of p- 
ORTP materials experience rapid attenuation or quenching of triplet 
excitons in aqueous solution or after grinding, while some p-ORTP 
materials generate bright afterglows requiring 20–60 s UV irradiation 
for deoxygenation [17,20,21]. Currently, constructing efficient and 
stable p-ORTP materials still faces significant challenges by more reli
able mechanism and convenient strategies. Most importantly, the 
introduction of dual band persistent luminescent species with thermally 
activated delayed fluorescence (TADF) and room-temperature phos
phorescence (RTP) can achieve time dependent afterglow and unique 
afterglow response under heating and mechanical force by adjusting the 
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components of TADF and RTP, and thereby significantly enhance the 
difficulty of forgery [22–26]. However, the lifetime of TADF type p- 
ORTP materials rarely exceeds 1000 ms, not to mention dual band p- 
ORTP materials with persistent TADF and RTP [27–30]. 

Notably, many luminogens based on commercial carbazole as start
ing materials showed bright ultralong organic room-temperature phos
phorescence (UORTP), but the same compounds derived from 
laboratory synthesized carbazole usually provide poor RTP lifetimes and 
quantum yields, even imperceptible RTP to the naked eyes [31–33]. 
Furthermore, the trace impurities Bd (1H-benzo[f]indole) are still 
difficult to completely eliminate by column chromatography, recrys
tallization, and even sublimation [34,35]. Thereby, the impact of trace 
impurities on RTP performance has attracted widespread attention of 
researchers during the synthesis process [36,37]. Recently, some Bd 
derivatives were prepared and used as guest materials by Ma and his 
group [38,39], and the mechanism and influencing factors of charge 
separation states were further explored in detail. However, preparation 
of Bd needs strict reaction conditions and long synthesis steps, which 
combined with a low yield limit its wide applications in p-ORTP mate
rials and doping systems. Therefore, the exploration of new and feasible 
alternatives imitating the function of Bd is significance and full of 
challenges. Unfortunately, few impurity research was reported in the p- 
ORTP systems [38,39]. 

By one pot multi-step reactions under the catalysis of triethylamine 
(Scheme S1), 2-benzylmalononitrile and its halogenated derivatives 
named as TCN-H, TCN-F, TCN-Cl and TCN-Br were designed and syn
thesized, emitting green or blue persistent RTP. Different synthesis 
routes and careful separation and purification indicate a series of trace 
impurities are essential to generate RTP. Then, a series of trace impu
rities were characterized and confirmed to be 3-amino-[1,1′-biphenyl]- 
2,4-dicarbonitrile (BTDA-H) and its halogenated derivatives (BTDA-F, 
BTDA-Cl and BTDA-Br). Further research confirmed phosphorescent 
nature of BTDA series luminogens, but not for TCN series luminogens 
themselves. TCN and BTDA series luminogens were used as host and 
guest materials in sequence, whose doping systems were established and 
optimized by melt blending and adjusting the doping mass ratios of host 
and guest materials from 10000:1 to 10:1. Taking 1 % TCN-H/BTDA-H 
and 1 % BTDA-H@PMMA film as examples, BTDA-H was doped sepa
rately in TCN-H and PMMA at the mass ratio of 1:100 in turn. According 
to this rule, other doping systems were named. Among of the doping 
systems, the maximum RTP lifetime is up to 1027 ms simultaneously 
with RTP quantum yield of 0.107 for the pure organic 1 % TCN-H/ 
BTDA-H doping system. More amazing, 1 % TCN-H/BTDA-H also pre
sents a strong TADF peak at room temperature (RT), with TADF lifetimes 
of 1056 ms. Taking 1 % TCN-H/BTDA-H as an example, the influences of 
host and guest materials on RTP and TADF were investigated in detail by 
choosing different host and guest materials, confirming the superiority 
of TCN-H, stability of TADF emission maxima, and adjustability of in
tensity ratio (ITADF/IRTP) between TADF and RTP. Subsequently, a new 1 
% TCN-H/BTDA-Me doping system were constructed based on similar 
molecular structure between BTDA-Me and BTDA-H, as well as a more 
efficient synthesis method, also generating efficient TADF and RTP. It is 
worth noting that the synthesis of TCN-H and BTDA-Me can be easily 
expanded to the kilogram level due to short synthesis steps, mild reac
tion conditions (RT), and high yield (>80 %). More importantly, the 
doping systems display lower sensitivity to external environments such 
as water vapor, oxygen, and mechanical forces, indicating dynamic 
persistent afterglow after grinding. When four guests were doped in 
polymethyl methacrylate (PMMA) at the weight ratio of 1:100, the 
doping films also showed dual band persistent TADF and RTP emission, 
with high sensitivity to surrounding temperatures due to reverse 
responsive TADF and RTP. Finally, high-level digital and program 
encryption, and anti-counterfeiting patterns were successfully con
structed based on temperature sensitivity, and different TADF and RTP 
afterglow lifetimes of the doping systems. Based on trace impurity 
research, this work provides a series of new host–guest doping systems, 

with rare dual-band persistent TADF and RTP emission. Moreover, 
BTDA-Me shows scare deep-blue afterglow in PMMA film. By designing 
dual state long afterglow materials, and further adjusting TADF and RTP 
luminescent modes, this work contributes to solve the problems of ho
mogenization and singularity in long afterglow materials. More impor
tantly, this work not only provides a solid theoretical foundation for dual 
state long afterglow materials, but also supports for the development of 
high-level anti-counterfeiting and digital encryption. 

2. Results and discussion 

2.1. Impurity in RTP organism 

As shown in Scheme 1 and Scheme S1-S3, TCN-H, TCN-F, TCN-Cl and 
TCN-Br were synthesized via a one-step reaction and purified by column 
chromatography and recrystallization. Switching-on/off 365 nm UV 
lamp, the four luminogens emit persistent green RTP with afterglow of 
0.5–4 s (Fig. 1b). What is more, RTP spectra of the four luminogens have 
the following two characteristics:(1) crystal TCN-H shows dual-band 
delayed emission at 410 nm and 500 nm, but inconspicuous for the 
other three luminogens at 410 nm; (2) phosphorescence maxima of 
crystal TCN-Br display an obvious red shift compared with the other 
three luminogens due to a larger atomic radius for Br than Cl, F, and H 
(Fig. 1c). Furthermore, a new synthesis route was selected by conden
sation and reduction reactions under the catalysis of K2CO3 and 
BH3⋅NH3 (Scheme 2) due to poor reaction yields for Scheme 1. As ex
pected, the luminogens were obtained with high yields, and their 
structures were further analyzed and characterized by TLC, NMR, HR- 
MS, and X ray single crystal diffraction. Comparison of afterglows 
indicated that the RTP of TCN series luminogens come from the trace 
impurities. To ascertain molecular structures of the impurities, a large 
number of TCN-H TCN-F, TCN-Cl and TCN-Br were synthesized by 
Scheme 1. Fortunately, the impurities named as BTDA-H, BTDA-F, 
BTDA-Cl and BTDA-Br were successfully separated and purified by flash 
column chromatography and high-performance liquid chromatography 
(Fig. S27, Fig. S28), whose structures were characterized by 1H NMR, 
13C NMR and HR-MS (Fig. S13-S24). By slow solvent diffusion from n- 
hexane to DCM solution of BTDA-Cl, a colorless needle-like crystal was 
obtained, presenting blue fluorescence under radiation of 365 nm, 
whose structure was further confirmed by single crystal diffraction. 
Furthermore, no afterglow can be observed by switching on/off UV lamp 
at room temperature, and the same phenomenon also occurs on crystals 
BTDA-H, BTDA-F and BTDA-Br. When DCM solution of BTDA series 
luminogens were cooled to 77 K, bright green afterglows were observed 
by switching on/off UV lamp, confirming phosphorescent nature of the 
luminogens (Fig. 2a). Moreover, phosphorescence spectra continue to 
red shift with the the increasing atomic number from H, F, Cl to Br, 
indicating that halogen atoms can affect triplet state energy levels of the 
luminogens. Subsequently, phosphorescence performance of TCN series 
luminogens were also investigated in DCM solution at 77 K, but no 
afterglow could be perceived. In view of the above situation, we reached 
the following preliminary conclusions: 1) a series of novel bicomponent 
RTP systems can be constructed by one pot multi-step reactions; 2) TCN 
and BTDA series luminogens serve as host and guest materials respec
tively in bicomponent RTP systems, and the two series luminogens have 
excellent compatibility; 3) Halogen atoms are not conducive to persis
tent RTP and dual-band delayed emission of the bicomponent systems, 
and the pure organic TCN-H/BTDA-H system shows the longest after
glow lifetime among of the bicomponent RTP systems, without a definite 
doping ratio. 

2.2. Photophysical properties in solution. 

When trace guests are uniformly dispersed in hosts, guests exist in 
the form of monomer, and thereby show guest monomer phosphores
cence. In host–guest doping systems, host materials are not limited to 
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restrict non-radiative decay of triplet excitons, they also serve as an 
energy bridge between the singlet and triplet states between guests 
[35,40–42]. Besides, BTDA series derivatives are new fluorescent 

chromophores, whose photophysical properties have not been reported 
yet. To reveal the mechanism behind phosphorescence and clarify the 
photophysical properties of BTDA series luminogens, photophysical 

Fig. 1. (a) Synthesis routes of the two series luminogens (Scheme S1-S3.); (b) Digital photographs of TCN series luminogens containing trace BTDA derivatives by the 
on–off switching of 365 nm UV lamp; (c) Delayed RTP spectra of TCN series luminogens containing trace BTDA derivatives (delayed time τd: 1 ms, λex: 365 nm);. 

Fig. 2. (a) Delayed spectra of BTDA-H, BTDA-F, BTDA-Cl, and BTDA-Br in DCM solution at low temperatures (77 K); (b) Digital photographs of 1 % TCN-H/BTDA-H, 
1 % TCN-F/BTDA-F, 1 % TCN-Cl/BTDA-Cl and 0.01 % TCN-Br/BTDA-Br by the on–off switching of 365 nm UV lamp; (c) Delayed spectra of1% TCN-H/BTDA-H, 1 % 
TCN-F/BTDA-F, 1 % TCN-Cl/BTDA-Cl and 0.01 % TCN-Br/BTDA-Br at room temperature (τd = 1 ms, λex: 365 nm); (d) TADF (e) and RTP decay curves of 1 % TCN-H/ 
BTDA-H, 1 % TCN-F/BTDA-F, 1 % TCN-Cl/BTDA-Cl and 0.01 % TCN-Br/BTDA-Br; (f) Temperature-variable phosphorescence spectra of 1 % TCN-H/BTDA-H. 
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properties of TCN and BTDA derivatives were firstly investigated in 
solution. Fig S27 shows that TCN derivatives have two absorption bands 
at 230 and 265 nm in DCM solution (10 μM), corresponding to E2 and B- 
band absorption of substituted benzene ring respectively. Interestingly, 
all four TCN derivatives present two fluorescence emission bands 
around 400 nm and 500 nm (Fig S28) when excited at absorption 
maxima (265 nm), and two fluorescence emission bands with different 
excitation spectra (Fig S29). Moreover, excitation dependent emission 
spectra were also observed, which show different intensity ratios be
tween two fluorescence emission bands under excitation of 230 nm, 265 
nm, and 275 nm, but with stable emission peaks. As we know, quinine 
sulfate may have multiple molecular conformations at different excita
tion wavelengths, and the energy levels of these conformations vary, 
resulting in dual-band fluorescence emissions at different excitation 
wavelengths. Thereby, dual band and excitation dependent emission 
spectra of the TCN derivatives may be attributed to different molecular 
conformations. Significantly, Stokes shifts of TCN derivatives are up to 
280 nm, which may be due to the strong molecular relaxation induced 
by sp3-methylene linkers in solution. To obtain a secondhand evidence, 
emission spectra of TCN derivatives were investigated in crystalline 
state, whose emission maxima show significant blue shifts compared 
with that in solution due to twisted molecular conformation and strong 
intermolecular interactions (Fig S30). In DCM solution (10 μM, Fig S31), 
BTDA derivatives have four absorption bands from 225 nm to 380 nm, 
whose fluorescence emission spectra almost completely overlap be
tween BTDA-H and BTDA-F, but with bathochromic-shifts of 25 nm for 
BTDA-Cl and BTDA-Br than BTDA-H and BTDA-F, indicating fluores
cence emission maxima are related to the radius of halogen atoms. By 
selecting THF and H2O as benign and non-benign solvents (Fig S32-33), 
aggregation-induced emission (AIE) activity of BTDA derivatives were 
measured. Overall, BTDA derivatives show aggregation-induced 
enhanced emission (AIEE) activity, emitting strong blue fluorescence 
in THF-H2O solution, while significant decrease in emission intensity for 
BTDA-Cl and BTDA-Br is due to the precipitation of two luminogens at 
water fraction of 90 %. When DCM solutions of the luminogens are 
spotted on the thin layer silicone plate (TLC, Fig S34), the above phe
nomenon can be revealed by directly observing under ultraviolet light. 
With the continuous volatilization of DCM, BTDA-H always emits strong 
violet fluorescence. Furthermore, the relative fluorescence quantum 
yields (PLQYs) of the luminogens were determined in DCM by using 
quinine sulfate as a reference, with PLQYs of 0.57, 0.49, 0.40 and 0.34 
for BTDA-H, BTDA-F, BTDA-Cl and BTDA-Br in turn (Table S1), which 
should be attributed to the enhanced spin-orbital coupling (SOC), 
leading to the reduced PLQYs. As a summary of this paragraph, the 
BTDA derivatives show dual-band fluorescence emissions, with bright 
fluorescence in solution and solid state, but the introduction of halogen 
atoms, especially heavy atom (Br), plays a negative role in the fluores
cence emission, leading to lower PLQYs for BTDA-F, BTDA-Cl and BTDA- 
Br than BTDA-H in DCM solution. 

2.3. Design of trace ingredient-mediated bicomponent RTP systems 

The impurities BTDA-H, BTDA-F, BTDA-Cl and BTDA-Br were 
discovered by chance, but it was common for RTP induced by trace 
impurity. As documented, TCN and BTDA series luminogens function as 
host and guest materials, respectively. Furthermore, the bicomponent 
RTP systems can be optimized and redesigned by adjusting the doping 
ratio and combination mode between host and guest materials. Based on 
the lower melting point for the host materials (85–110 ℃), BTDA series 
luminogens were doped into the corresponding TCN derivatives by 
melting method, with doping ratios from 10:1 to 10000:1. The persistent 
afterglows display (Fig. S35-38) that the optimal doping ratio of TCN-H/ 
BTDA-H, TCN-F/BTDA-F and TCN-Cl/BTDA-Cl is 100:1, but 10000:1 for 
TCN-Br/BTDA-Br doping system possibly due to heavy-atom effect, 
which boost ISC and the resulting collision quenching between triplet 
excitons at high concentrations. Amazing, afterglow lifetime of 1 % 

TCN-H/BTDA-H doping system lasts for 9 s, but it continues to decrease 
with the introduction of halogen atoms and the increase of atomic 
number (Fig. 2b). Different from green afterglow of BTDA derivatives in 
DCM solution at 77 K, 1 % TCN-H/BTDA-H bicomponent system pre
sents blue afterglow due to the emergence of a new and strong delay 
peak at 410 nm. The delayed phosphorescence spectra of four doping 
systems show dual-band emission at 410 nm and 490–510 nm, but the 
intensity ratio between 410 nm and 490–510 nm decreases sequentially 
from 1 % TCN-H/BTDA-H, 1 % TCN-F/BTDA-F, 1 % TCN-Cl/BTDA-Cl to 
0.01 % TCN-Br/BTDA-Br, which is consistent with the observed after
glow color from blue to green (Fig. 2c). The emission maxima of the four 
guests also show continuous redshifts from BTDA-H, BTDA-F, BTDA-Cl 
to BTDA-Br, which are consistent with the emission in DCM solution 
at 77 K, further demonstrating that the introduction of halogen atoms 
can reduce the triplet state energy level of BTDA-H. More amazingly, the 
emission maxima at 410 nm and 490–510 nm show ultralong delay 
lifetimes with 172–1056 ms at RT, confirming their RTP or TADF 
characteristic (Fig. 2d-2e). Owing to equivalent delay lifetimes between 
410 nm and 490–510 nm, triplet–triplet annihilation mechanism is 
eliminated. To further investigate characteristics of the two long-lived 
emission peaks, temperature-variable phosphorescence spectra of 1 % 
TCN-H/BTDA-H were performed (Fig. 2f). 1 % TCN-H/BTDA-H presents 
two emission peaks from 77 K to 157 K, located at 470 nm and 490 nm 
respectively, which is attributed to fine vibration of the emission band. 
Subsequently, a single emission peak at 480 nm can be observed, 
accompanied by a continuous decrease in emission intensity. Of note, 
the emission peak at 410 nm begins to appear when the temperature 
rises to 297 K, and significantly enhances with the temperature further 
increases to 327 K. Thereby, the emission peaks of 1 % TCN-H/BTDA-H 
at 410 nm and 490 nm belong to TADF and RTP in turn. Furthermore, 
the energy gaps (ΔEST) of the four doped systems between the lowest 
singlet(S1) and lowest triplet (T1) states were calculated based on the 
above spectral test results (Table 1). The absolute TADF and RTP 
quantum yields of four doping systems were measured by the integrating 
sphere in crystalline state, and the corresponding data were listed in 
Table 1. By contrast, the introduction of halogen atoms and increasing 
atom radius shorten TADF and RTP lifetimes, reduce the TADF quantum 
yield (ФTADF), but improve the RTP quantum yield (ФP). Li et al39 found 
the host with bromide ions results in the absence of TADF emission in 
the dual-state afterglow systems, which is ascribed to the heavy-atom 
effect of bromide ions, enhancing SOC and ISC. Thereby, the reduced 
ФTADF and the enhanced ФP should be due to the gradually enhanced 
SOC and ISC for the four host–guest doping systems. Notably, TADF and 
RTP lifetimes of 1 % TCN-H/BTDA-H are up to 1056 ms and 1027 ms in 
turn, which is rare for a pure organic doping system simultaneously 
possesses such long-lived RTP and TADF (Table.1). To elucidate RTP 
mechanism of the above doping systems, fluorescence spectra of TCN 
and BTDA series luminogens, as well as absorption spectra of BTDA 
series luminogens were recorded in crystalline state (Fig. S39-40). The 
results indicate that emission maxima of crystals BTDA-H, BTDA-F and 
BTDA-Br are located at 438 nm, but emission maxima of crystal BTDA-Cl 
redshifts to 455 nm probably due to different intermolecular arrange
ments and stacking modes. By comparison, RTP maxima of four doping 
systems around 500 nm approach that of guest monomers in DCM at 77 
K, which belong to the intrinsic phosphorescence of guests. Meanwhile, 
we also ruled out the possibility that TADF emission of the doping sys
tems comes from host materials due to the obvious discrepancy between 
TADF emission maxima and crystalline fluorescence emission of host 
materials. Notably, the TADF emission maxima are very close to fluo
rescence emission maxima of the guests in DCM solution rather than 
crystalline state. Therefore, The TADF emission of the doping systems 
may come from the guest monomer. Besides, crystalline fluorescence 
emission spectra of TCN derivatives overlap with absorption spectra of 
BTDA derivatives in solution very well (Fig. S40), illustrating effective 
FÖster resonance energy transfer can occur from the hosts to the guests 
in the doping systems. Furthermore, taking TCN-H/BTDA-H as an 
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example, UV–Vis absorption spectra of TCN-H, BTDA-H, TCN-H/BTDA- 
H were investigated in solid state (Fig S41). Owing to the absence of a 
new absorption peak, exciplex is excluded. At different excitation 
wavelengths, 1 % TCN-H/BTDA-H presents the strongest RTP emission 
under 365 nm excitation, followed by 280 nm and 430 nm. Given ab
sorption spectra of TCN-H, BTDA-H, and TCN-H/BTDA-H, RTP mecha
nism of 1 % TCN-H/BTDA-H should mainly be coexcitation of guest and 
host, energy transfer from host to guest, and host sensitized RTP. 

The influences of hosts on RTP and TADF emission of the doping 
systems were further investigated by constructing new doping systems, 
which were called as 1 % TCN-F/BTDA-H, 1 % TCN-Cl/BTDA-H, and 1 
% TCN-Br/BTDA-H. The results show that 1 % TCN-H/BTDA-H is still 
better doping system compared with the other new doping systems, 
whose afterglows are shortened to 8 s, 8 s and 3 s from 9 s, corresponding 
to RTP (TADF) lifetimes of 921 ms (788 ms), 772 ms (625 ms), and 310 
ms (381 ms) in sequence. Notably, RTP and TADF lifetimes of 1 % TCN- 
Cl/BTDA-Cl and 1 % TCN-Br/BTDA-Br are shorter than the corre
sponding 1 % TCN-Cl/BTDA-H and 1 % TCN-Br/BTDA-H due to the 
heavy atom effect of guests, but longer for 1 % TCN-F/BTDA-F than 1 % 
TCN-F/BTDA-H, which should be ascribed to better compatibility for the 
former than the latter. More importantly, TADF and RTP emission 
maxima of the doping systems maintain constant with the changing of 
hosts, whereas ITADF/IRTP is significantly reduced from 1 % TCN-H/ 
BTDA-H to 1 % TCN-F/BTDA-H, 1 % TCN-Cl/BTDA-H, and 1 % TCN- 
Br/BTDA-H. Moreover, ITADF/IRTP of 1 % TCN-Cl/BTDA-H and 1 % 
TCN-Br/BTDA-H also show slight increase compared with 1 % TCN-Cl/ 
BTDA-Cl and 1 % TCN-Br/BTDA-Br, further indicating the hosts and 
guests with strong SOC facilitate RTP emission of the doping systems, 
but not for TADF emission. The reported literature39 indicated that 
ITADF/IRTP is negatively correlated with energy differences (ΔET1T1) 
between T1 states of host and guest. In other words, ITADF/IRTP gradually 
increases as the ΔET1T1 decreases. Therefore, energy levels of T1 state 
were calculated for TCN-H (2.81 eV), TCN-F (2.77 eV), TCN-Cl (2.46 
eV), TCN-Br (2.39 eV) and BTDA-H (2.06 eV), indicating continuous 
decline of ΔET1T1 from TCN-H (0.75 eV), TCN-F (2.71 eV), TCN-Cl (0.40 
eV) to TCN-Br (0.33 eV). Obviously, the calculation results are incon
sistent with the the above conclusion. Furthermore, the main energy 
levels and spin orbit coupling constants (ξ) of BTDA-H show that there 
are two triplet states (T3 and T4) above the S1 state and two triplet states 
(T1 and T2) below the S1 state, but it is difficult to generate effective ISC 
and reversible intersystem transition (RISC) between S1 and T1 due to 
tiny ξ (0.095 cm− 1) and large energy gap (1.25 eV). Owing to the large 
energy gap (0.75 eV) between T1 and T2, as well as tiny ξT1→S0 (0.082 
cm− 1) relative to ξT2→S0 (0.318 cm− 1), the ISC process of T2 → S0 is more 
competitive than T1 → S0. Therefore, RTP of BTDA-H should come from 
ISC from T2 → S0 rather than T1 → S0. It is worth mentioning that the 
energy level corresponding to T2 (2.81 eV) is close to the phosphores
cence emission (480 nm) of BTDA-H in glass state solution (77 K). Of 
note, the energy differences (ΔET1T2) between T1 states of hosts and T2 
state of BTDA-H are gradually increasing from TCN-H (0.00 eV), TCN-F 
(0.04 eV), TCN-Cl (0.35 eV) to TCN-Br (0.42 eV), which is consistent 
with the reduced ITADF/IRTP in sequence. According to the energy levels 
of four hosts and BTDA-H, it is easier for the energy transfer from T2 of 
BTDA-H to T1 of hosts rather than RISC. To further investigate effects of 
halogen atoms on TADF and RTP, 1 % TCN-H/BTDA-F, 1 % TCN-H/ 
BTDA-Cl, and 1 % TCN-H/BTDA-Br were constructed by changing the 
guests and stabilizing the host. Compared with 1 % TCN-F/BTDA-F, 1 % 

TCN-Cl/BTDA-Cl, and 1 % TCN-Br/BTDA-Br, the new corresponding 
doping systems show longer afterglows, lasting for 9 s, 5 s and 1 s 
respectively (Fig. S3a). Based on previous literatures, constructing 
host–guest doping system requires consideration of compatibility, 
intermolecular interactions, and energy levels between host and guest 
[43,44]. Crystalline emission spectra show TCN-H and TCN-F have the 
same singlet state energy level (Fig. S40), while TCN-F, TCN-Cl and 
TCN-Br compared with TCN-H should have better compatibility with 
their corresponding BTDA luminogens due to more similar molecular 
structure. Therefore, the prolonged afterglows of new doping systems 
should be attributed to the reduced heavy-atom effect, as well as 
different intermolecular arrangement and stacking mode between TCN- 
H and the other hosts, better stabilizing the triplet excitons, which are 
confirmed by crystal analysis. To explore a time-saving and efficient 
method for lighting TADF and RTP, BTDA-Me was prepared based on 
similar molecular structure by a simple (Fig. 1a), gentle, and efficient 
synthesis method, and used as guest to build up a new doping system (1 
% TCN-H/BTDA-Me) at doping ratio of 100:1 (Fig. 3f). Owing to the 
introduction of a methyl group, RTP emission maxima show 
bathochromic-shifts of 10 nm from 1 % TCN-H/BTDA-H to 1 % TCN-H/ 
BTDA-Me, accompanied by the decreasing ITADF/IRTP. As expected, the 
new doping system, like 1 % TCN-H/BTDA-H, generates efficient RTP 
and TADF, with bright green afterglow lasting up to 6 s (Fig. 3f). 
Obviously, BTDA-Me provides a more time saving and active alternative 
for the impurities. 

Polymethyl methacrylate (PMMA) can effectively suppress the non- 
radiative energy attenuation of the triplet exciton, boost large-scale 
fabrication of devices due to rigid environment, excellent flexibility, 
and transparency [45–48]. To further verify the adjustability of the in
tensity ratio between TADF and RTP, and explore the source of TADF 
emission, 1 % BTDA-H@PMMA, 1 % BTDA-F@PMMA, 1 % BTDA- 
Cl@PMMA, 1 % BTDA-Br@PMMA, and 1 % BTDA-Me@PMMA films 
were prepared by doping BTDA-H, BTDA-F, BTDA-Cl, BTDA-Br, and 
BTDA-Me into PMMA at doping concentration of 1:100 (Fig. 4a). 
Switching on/off a UV lamp of 365 nm (deoxygenation after irradiation 
of 60 s), 1 % BTDA-F@PMMA film presents the longest afterglow, lasting 
for 4 s, followed by 1 % BTDA-Cl@PMMA, 1 % BTDA-Me@PMMA, 1 % 
BTDA-H@PMMA and 1 % BTDA-Br@PMMA films, with TADF and RTP 
lifetimes of 126–315 ms and 102–341 ms separately. By comparison, the 
doping films show shorter TADF and RTP lifetimes than TCN-BTDA se
ries, highlighting superiority of TCN-BTDA doping systems. When the 
temperature drops to 0 OC, afterglows of 1 % BTDA-F@PMMA, 1 % 
BTDA-Cl@PMMA, 1 % BTDA-Me@PMMA films prolong to more than 9 
s, 7 s and 8 s in turn, indicating that PMMA films cannot effectively 
suppress molecular motion at RT (Fig. S46). Furthermore, RTP emission 
maxima of BTDA-H, BTDA-F, BTDA-Cl, and BTDA-Me shows blue shifts 
of 10 nm, 20 nm, 10 nm, and 15 nm in PMMA films compared with TCN 
series luminogens respectively, but with stable TADF emission maxima 
for BTDA-H and BTDA-F, as well as red shifts and blue shifts of 5 nm for 
BTDA-Cl and BTDA-Me in sequence. ΔEST of 1 % BTDA-H@PMMA, 1 % 
BTDA-F@PMMA, 1 % BTDA-Cl@PMMA, and 1 % BTDA-Me@PMMA 
films are 0.44 eV, 0.41 eV, 0.46 eV, and 0.50 eV, indicating slight de
creases relative to that of TCN/BTDA systems. Based on the emission 
maxima, energy gaps (ΔES1T2) of BTDA-F, BTDA-Cl, and BTDA-Me are 
significantly reduced (Fig. S47), which should take responsible for the 
enhanced ITADF/IRTP. Notably, ITADF/IRTP of BTDA-Me, BTDA-F and 
BTDA-Cl are up to 0.8, 1.1, and 0.65 respectively. More interesting, 

Table 1 
Photophysical properties of 1% TCN-H/BTDA-H, 1% TCN-F/BTDA-F, 1% TCN-Cl/BTDA-Cl and 0.01% TCN-Br/BTDA-Br.   

λTADF[nm] λp[nm] τTADF[ms] τp[ms] ФTADF[%] ФP[%] KISC[s¡1] Kp[s¡1] Knr[s¡1] ΔEST[eV] 

TCN-H/BTDA-H 410 490 1056 1027 2.6  10.7 4.6x108  0.15  0.82  0.49 
TCN-F/BTDA-F 410 495 986 923 0.27  10.03 2.7 x108  0.14  0.94  0.51 
TCN-Cl/BTDA-Cl 410 500 531 442 0.14  14.86 4.6 x108  0.42  1.84  0.54 
TCN-Br/BTDA-Br 410 510 – 305 –  24.1 3.2 x108  1.05  2.23  0.59  
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BTDA-H shows the reduced ITADF/IRTP, despite tiny decrease in ΔES1T2. 
As speculation, the PMMA matrix with carbonyl groups significantly 
enhances SOC of BTDA-H, leading to the reduced ITADF/IRTP, which is 
like the heavy atom effect mentioned above. By the on–off switching of 
365 nm UV lamp, they show different afterglows. BTDA-H, BTDA-F and 
BTDA-Cl emit purple or blue fluorescence with emission maxima at 425 
nm in PMMA films (Fig. 4c), while BTDA-Br generates near white 
fluorescence due to dual band emission with the same intensity, corre
sponding to fluorescence emission at 438 nm and phosphorescence 

emission at 507 nm respectively. 

2.4. Stability bicomponent RTP system 

Crystal engineering can stabilize triplet excitons and inhibit the 
diffusion of and oxygen, and thereby become the most important means 
to construct RTP materials [49–51]. Meanwhile, crystals have regular 
spatial arrangement and stacking modes, contributing to explore the 
underlying mechanisms behind phosphorescence by crystal analysis and 

Fig. 3. (a) Digital photographs and (b) delay spectra of four doping systems with the same guest. (c) TADF and (d) RTP decay curves of 1 % TCN-H/BTDA-H, 1 % 
TCN-F/BTDA-H, 1 % TCN-Cl/BTDA-H and 1 % TCN-Br/BTDA-H (τd = 1 ms, λex: 365 nm). (e) RTP decay spectra of 1 % TCN-H/BTDA-Me; (f) TADF and RTP decay 
curves of 1 % TCN-H/BTDA-Me (Inset: Digital photographs of 1 % TCN-H/BTDA-Me). 

L. Shi et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 493 (2024) 152492

7

theoretical calculations. However, crystal engineering is often influ
enced by the environment, leading to poor repeatability, and resulting 
drastic fluctuations in phosphorescence performance. Fig. S35, shows 
that 1 % TCN-H/BTDA-H can emit ultralong phosphorescence within the 
large span adjustment range of doping ratio. What’s more, the ultralong 
phosphorescence can be observed by rapid precipitation of the receiving 
liquid during the process of column chromatography and reduced 
pressure rotary evaporation (Fig. S42). More importantly, the above 
sample with long afterglow does not require prolonged exposure to ul
traviolet light. The results indicate that 1 % TCN-H/BTDA-H doping 
system has high repeatability and stability in oxygen environments, 
which should be attributed to excellent crystallinity and compatibility of 
TCN and BTDA. In aqueous environments, intermolecular hydrogen 
bonds and interactions in host–guest doping systems are often 
destroyed, causing the disappearance or severe weakening of RTP. When 
four doping systems were soaked in water for more than one week, 
afterglow 1 % TCN-F/BTDA-F, 1 % TCN-Cl/BTDA-Cl and 1 % TCN-Br/ 
BTDA-Br, can last for more than 7 s, 5 s and 3 s respectively (Fig.S43), 
only showing slight attenuation relative to anhydrous environment. 
More interesting, ground samples of four doping systems did not show 
an obvious reduction in afterglow lifetime, especially in the 1 % TCN-H/ 
BTDA-H system. Compared with the initial sample, 1 % TCN-H/BTDA-H 
shows slightly extended afterglow lifetime and obviously increased 
ITADF/IRTP after grinding (Fig. 2a and Fig. 5a), leading to time-dependent 
afterglow from green to blue. The situation is rare due to grinding, 
which exposes the triplet excitons more to oxygen and destroys 

intermolecular interactions, often leading to phosphorescence quench
ing. To reveal the underlying mechanism, taking 1 % TCN-H/BTDA-H as 
an example, X-ray diffraction (XRD) of TCN, as well initial and ground 1 
% TCN-H/BTDA-H samples were recorded. Fig. 5c shows that TCN-H 
displays a strong XRD signals at 24◦ before/after doping, indicating 
strong crystallizability. For 1 % TCN-H/BTDA-H system, grinding only 
leads to recession or disappear of a small amount of weak XRD signals, 
but main XRD signals remain stable. Obviously, the stable crystalline 
state and excellent compatibility make the RTP and TADF performance 
of 1 % TCN-H/BTDA-H basically unaffected by external mechanical 
forces. In addition, even if the 1 % TCN-H/BTDA-H sample is stored in 
the environment for one month, its phosphorescence activity also re
mains basically stability. By and large, the doping systems is insensitive 
to water, oxygen, and mechanical force. 

2.5. Mechanism of trace ingredient-mediated bicomponent RTP 

To reveal the intrinsic mechanism of trace ingredient-mediated 
bicomponent RTP systems, it is necessary to explore the intermolec
ular interactions and stacking modes of host and guest materials. Crystal 
analysis (Fig. S48-52) show TCN-H and TCN-F are monoclinic systems 
with a space group P 1 21/c 1, and a cell unit contains four molecules. In 
crystals (Fig. 6), two adjacent TCN-H molecules adopt antiparallel 
stacking patterns, and the centroid-to-centroid (Cg-Cg) and plane-to- 
plane (CP-CP) distances between two adjacent benzene rings are 4.064 
Å and 3.637 Å respectively, corresponding a pitch angle of 63.5◦, which 

Fig. 4. (a) Digital photographs, (b) delay spectra, (c) TADF and (d) RTP decay curves of 1 % BTDA-H@PMMA, 1 % BTDA-F@PMMA, 1 % BTDA-Cl@PMMA, 1 % 
BTDA-Br@PMMA, and 1 % BTDA-Me@PMMA films (τd = 1 ms, λex: 365 nm). 
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Fig. 5. (a) Digital photographs and (b) delay spectra of four doping systems after grinding (τd = 1 ms, λex: 365 nm). (c) TADF and RTP decay curves of 1 % TCN-H/ 
BTDA-H doping systems after grinding. (d) XRD patterns of crystal TCN-H, crystal, and ground 1 % TCN-H/BTDA-H samples. 

Fig. 6. The intermolecular stacking modes of (a) four hosts and (b) BTDA-Cl.  
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belongs to intermolecular H type stacking. Compared with TCN-H, the 
Cg-Cg and CP-CP distances between two adjacent benzene rings are 
shortened to 3.863 Å and 3.138 Å respectively in crystal TCN-F, corre
sponding a pitch angle of 54.3◦, which belongs to intermolecular π-π 
stacking. TCN-Cl and TCN-Br also present monoclinic systems with a 
space group C 1 2/c 1, but a cell unit contains eight molecules. Between 
two adjacent molecules, intermolecular antiparallel stacking patterns 
can also be found in crystals TCN-Br and TCN-Cl. For TCN-Cl, the Cg-Cg 
and Cp-CP distances are 4.001 Å and 3.423 Å respectively, corresponding 
a pitch angle of 58.8◦. In crystal TCN-Br, the Cg-Cg and CP-CP distances 
between two adjacent benzene rings are 3.983 Å and 3.470 Å respec
tively, corresponding a pitch angle of 60.6◦ and intermolecular H type 
stacking. As reported in the literatures, intermolecular H type stacking 
can stable triple excitons [52–54], resulting in long phosphorescence 
lifetime for the doping systems. By comparison, TCN-F shows the 
strongest intermolecular π-π stacking, hydrogen bonds and weak in
teractions, whose one molecule forms twelve intermolecular hydrogen 
bonds with neighboring molecules, followed by TCN-Cl and TCN-Br, 
with ten intermolecular hydrogen bonds between one molecule and 
neighboring molecules. TCN-H has the the least intermolecular 
hydrogen bonds. Compared with PMMA, H type stacking and strong 
intermolecular π-π stacking of four hosts should play a more important 
role in prolonging RTP lifetimes of the doping systems. In a unit cell, 
four BTDA-Cl molecules are arranged like a windmill. Furthermore, 
BTDA-Cl shows twisted molecular configuration, with a dihedral angle 
of 44.49◦ between chlorobenzene unit and dicyanoaniline unit, but it 
presents face-to-face stacking mode along the a-axis direction, whose Cg- 
Cg and CP-CP distances between two adjacent chlorobenzene units are 
3.824 Å and 3.450 Å respectively, as well Cg-Cg distance of 3.824 Å and 
CP-CP distance of 3.430 Å between two adjacent dicyanoaniline units, 
with a typical H stacking. Besides, two CN groups form dihedral angles 
of 5.94◦ and 2.09◦ with the benzene ring respectively, while NH2 and the 
benzene ring are coplanar. For the single molecule, BTDA-Cl forms 
eleven intermolecular hydrogen bonds and weak interactions with its 
surrounding molecules (2.176, 2.376, 2.367, 2.889, 3.028 and 3.370 Å). 
Even so, BTDA-Cl still shows invisible afterglow at room temperature in 
crystalline state, which may be due to intermolecular parallel stacking 
reducing the dipole moment of the excited state, leading to slow ISC 
rate. 

Combining X-ray single crystal diffraction data, the geometric 
configuration of four hosts and BTDA-H were optimized at the B3LYP/ 
def2-SVP level using D4 dispersion correction. Then the highest 

occupied molecular orbitals (HOMO) and the lowest unoccupied mo
lecular orbitals (LUMO) distribution, energy level, and ξ were obtained. 
With the introduction of halogen atoms and the increase of atomic 
number, HOMO energy level continuously increases, while LUMO en
ergy level continues to decrease, resulting in a reduced optical bandgap, 
which is consistent with the redshifted fluorescence emission for TCN-Br 
and TCN-Cl than TCN-H and TCN-F (Fig. 7f and Fig. S40). HOMO and 
LUMO energy levels of BTDA-H embedded between HOMO and LUMO 
energy levels of four hosts, confirming that fluorescence emissions of 1 
% TCN-H/BTDA-H, 1 % TCN-F/BTDA-H, 1 % TCN-Cl/BTDA-H and 1 % 
TCN-Br/BTDA-H come from BTDA-H. TCN-H gives tiny ξ(S1 → T3), ξ(S1 
→ T4) and ξ(T1 → S0), leading to ineffective ISC and phosphorescence 
radiation. ξ(S1 → T3) and ΔES1T3 of TCN-F are 0.165 cm− 1 and 0.49 eV in 
sequence, but its ξ(T1 → S0) is only 0.020 cm− 1, which is consistent with 
the absence of afterglow in the crystalline state. Compared with TCN-H, 
TCN-F has the enhanced ISC ability, but its T1 is slightly lower than T2 of 
BTDA-H, resulting in partial energy transfer between T1 of TCN-F and T2 
of BTDA-H, which become ineffective phosphorescence radiation 
because of tiny ξ(T1 → S0) for TCN-F (0.020 cm− 1). The above tiny ξ(T1 
→ S0) combined with energy transfer should take the responsible for the 
reduced ITADF/IRTP, ΦP and ΦTADF for 1 % TCN-F/BTDA-H than 1 % TCN- 
H/BTDA-H. Different from TCN-H and TCN-F, phosphorescence radia
tion ability of TCN-Cl (0.368 cm− 1) and TCN-Br (3.653 cm− 1) is signif
icantly enhanced due to large ξ(T1 → S0). Owing to equivalent ξ(S1 → T3) 
between TCN-Cl and TCN-F, as well as higher ξ(T1 → S0) for TCN-Cl than 
TCN-F, 1 % TCN-Cl/BTDA-H gives the shortened phosphorescence life
time, increased ΦP, and decreased ITADF/IRTP. TCN-Br has the strongest 
ISC and phosphorescence radiation ability in four hosts, whose ξ(S1 → 
T3) and ξ(T1 → S0) are 0.500 cm-1and 3.653 cm− 1 in turn, and energy 
transfer from T2 of BTDA-H to T1 of TCN-Br is feasible. Therefore, TCN- 
Br/BTDA-H has the highest ΦP and the lowest ITADF/IRTP due to signif
icantly increased ISC transitions and phosphorescence radiation. Be
sides, ΔES1T2 between S1 and T1 states of BTDA-H is 0.54 eV based on 
theoretical calculation, which is close to 0.49 eV of 1 % TCN-H/BTDA-H 
and 0.44 eV of 1 % BTDA-H@PMMA, indicating that TADF of BTDA-H 
comes from the reversible intersystem crossing from T2 to S1. 

2.6. Applications 

In program display, different arrangement symbols have their own 
corresponding output results. As shown in Fig. 8a, different symbol se
quences were designed and arranged by using long-lived 1 % TCN-H/ 

Fig. 7. Energy levels and spin orbit coupling constants (ξ) of (a) TCN-H, (b) TCN-F, (c) TCN-Cl, (d) TCN-Br, (e) BTDA-H; HOMO and LUMO distribution of four hosts 
and BTDA-Cl. 
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BTDA-H, 1 % TCN-H/BTDA-F, and 1 % TCN-H/BTDA-Br samples. 
However, the input information sequences are unable to retrieve and 
read under 365 nm UV irradiation due to the absence of password in the 
fifth line. After turning off 365 nm UV lamp for 4 s, the symbols arranged 
with 1 % TCN-H/BTDA-Br disappear. By comparing the visible 
arrangement symbols with the password book, the output information 
can be retrieved and read as “UORTP”. When the time extends to 8 s, the 
arrangement symbols continue to change as the symbols coming from 1 
% TCN-H/BTDA-F samples fade away. At this time, the output infor
mation is recognized as “SOS”. Thereby, different information can be 
obtained over time, which has promising application prospects in anti- 
counterfeiting and confidentiality. 1 % TCN-H/BTDA-H and 1 % TCN- 
Br/BTDA-Br exhibit similar fluorescence emission and high-contrast 
afterglow color and lifetime, which make them very suitable for data 
encryption. Subsequently, number 8 was outlined by 1 % TCN-H/BTDA- 
H and 1 % TCN-Br/BTDA-Br doping systems. Owing to absorption 
spectra of two doping systems concentrated on UV band below 400 nm, 
only the trace of writing “8″ could be found under natural light, corre
sponding to number “0”. Under 365 nm UV irradiation, bright blue 
number “8” was clearly visible, which transformed into number “13” 
after turning off UV lamp due to similar fluorescence emission and 
distinct afterglow colors between 1 % TCN-H/BTDA-H and 1 % TCN-H/ 
BTDA-Br doped systems. When the UV lamp had been turned off for 3 s, 
only number “3” draw by 1 % TCN-H/BTDA-H could be observed, while 
number “1” draw by 1 % TCN-H/BTDA-Br had completely disappeared, 
which were due to 1 % TCN-H/BTDA-H with longer RTP lifetimes 
compared with 1 % TCN-H/BTDA-Br. Setting the numbers “0”, “8”, “13” 
and “3” to t, i, m, and e in turn, the encrypted information can be 
interpreted as “time” by switching on–off UV lamp. Based on long-lived 
RTP and TADF characteristics of 1 % TCN-H/BTDA-H, a tree was 
directly drawn on a piece of common filter paper by using DCM solution 
(1 × 10-4 M) of 1 % TCN-H/BTDA-H. After solvent evaporation, the 
“tree” is invisible in sunlight. Switching on 365 nm UV lamp, a blue 
purple “tree” is clearly visible, which turns into blue “tree” after turning 
off the UV lamp, lasting for 4 s. Based on the reverse temperature re
sponses between TADF and RTP, a “coconut tree” was constructed by 
choosing BTDA-F and BTDA-Cl doped PMMA films. Under 365 nm UV 
radiation, the color change of “coconut tree” is not significant when 
temperature increases to 25 OC from 0 OC. Switching off the 365 nm UV 
lamp, the “coconut tree” presents yellowish green at 0 OC, which 

becomes blue green at 25 OC, indicating a significant vision change. 

3. Conclusions 

By one pot multi-step reactions, a series of TCN luminogens and 
novel BTDA derivatives were prepared and found, whose structures 
were characterized and confirmed by NMR, HR-MS, and single-crystal X- 
ray diffraction. TCN luminogens show excitation dependent dual band 
fluorescence emission in DCM solution, while BTDA derivatives have 
dual-state fluorescence emission or AIEE activity in THF-H2O solution. 
The TCN luminogens containing trace BTDA derivatives firstly achieved 
four bicomponent host–guest doping systems, with green afterglows of 
1.5–3.5 s. By melting and optimizing bicomponent doping ratio, 1 % 
TCN-H/BTDA-H presents persistent dual-band ultralong afterglows at 
410 nm and 490 nm, corresponding to TADF and RTP respectively, 
whose delay lifetimes are up to 1056 ms and 1027 ms in sequence. The 
low-temperature phosphorescence, construction of multiple bicompo
nent systems, and theoretical calculation illustrated the TADF and RTP 
of the bicomponent systems come from BTDA derivatives rather than 
TCN luminogens. Crystal and XRD analyses showed that H type stacking 
and excellent crystallinity took responsible for long lifetime of 1 % TCN- 
H/BTDA-H, as well as water and oxygen resistance stability of TADF and 
RTP. The relative intensity between TADF and RTP is mainly affected by 
energy differences between T1 of host and T2 of guest, and ξ(T1 → S0) of 
host, which can be well adjusted by grinding, temperature, host, and 
guest materials, achieving color-tunable and time-dependent afterglow. 
Besides, the unusual doping systems with long-lived TADF and RTP were 
easily expanded based on the similar molecular structure and efficient 
synthesis method. Finally, the high-level digital and program encryp
tion, and anti-counterfeiting patterns were successfully constructed 
based on temperature sensitivity, and different TADF and RTP afterglow 
lifetimes of the doping systems. This work will provide a novel under
standing of dual band and long-lived TADF and RTP and contribute to 
boost the development of dynamic anti-counterfeiting and information 
encryption. 
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