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A B S T R A C T

Highly efficient blue phosphorescent solid supramolecular assemblies are constructed by three triazine de-
rivatives with different carboxylate substitution positions (TAB, TAC and TAD), hydroxypropyl-β-cyclodextrin 
(HPCD) and polyvinyl alcohol (PVA). The encapsulation of HPCD to TAB/C/D effectively promotes phospho-
rescence lifetimes and quantum yields of the guests by the host-guest interaction and hydrogen bonds sup-
pressing the nonradiative decays. Impressively, TAD-HPCD/PVA with blue phosphorescence boasts an ultrahigh 
phosphorescence quantum yield (ΦP) of 71.65 %. By further separately doping with fluorescent dyes Fluorescein 
sodium, Rhodamine B and Sulfo-Cyanine5, supramolecular polymeric films with water responsiveness, regulable 
lifetimes and multicolor delayed fluorescence are obtained via triplet-to-singlet and singlet-to-singlet Förster 
resonance energy transfer. Polymeric phosphorescence supramolecular materials mediated by HPCD are desir-
able for optical anti-counterfeiting patterns and information encryption.

Introduction

Supramolecular cascade assembly based on host-guest complexation 
can not only induce the fluorescence/phosphorescence emission of the 
guest or host but also achieve effective cascade energy transfer [1–3], 
which is a hot research area because it is widely applied in targeted cell 
imaging [4–6], molecular machines [7–9], multicolor emission [10–12]
and information anti-counterfeiting [13,14]. When the functional guest 
molecule is encapsulated in the hydrophobic cavity of macrocyclic 
molecules such as cucurbituril [15,16] and cyclodextrin [17,18], the 
spatial confinement effect can significantly induce or enhance its 
phosphorescence emission [19]. In particular, functional cyclodextrin 
host-guest complexes can further cascade assembly with energy accep-
tors via multivalent interactions leading to phosphorescence resonance 
energy transfer (PRET) for achieving multicolor delayed fluorescence 
[20–22]. Thus, many studies have been reported on 
cyclodextrin-confined room temperature phosphorescence (RTP) su-
pramolecular assemblies. For example, Li et al. reported that the 
β-cyclodextrin (β-CD) host induced obvious chirality of p-biphenylbor-
onic acid guest through macrocyclic encapsulation and hydrogen 
bonding interactions, as well as promoted the RTP emission in aqueous 
solution, and then further realized the tuning of the afterglows from blue 

to pink after adding Rhodamine B dye through PRET [23]. Recently, Liu 
et al. proposed a thermally responsive deep-blue RTP solid polyvinyl 
alcohol (PVA)-matrix film based on the β-CD encapsulating terephthalic 
acid, and heating can disassemble the host-guest complex to display the 
green phosphorescence emission of the original guest [24]. Notably, the 
PVA polymer matrix can not only avoid emission quenching caused by 
chromophore aggregation, but also improve the flexibility and pro-
cessability of amorphous solid supramolecular assembly [25–27]. Tang 
et al. fabricated a series of blue RTP materials by doping indolocarbazole 
isomers into the PVA matrix, among which an excellent RTP property 
with the highest quantum yield of 44.1 % was achieved due to the strong 
electrostatic attraction generated by the synergistic double hydrogen 
bonds between the isomer 11,12-dihydroindolo[2,3-a]carbazole and 
PVA, and then mixed Fluo/Rh6G/RhB fluorescent dyes to achieve 
color-tunable and time-dependent luminescence [28]. However, blue 
RTP supramolecular materials with quantum yields higher than 50 % in 
PVA-matrix are rarely reported, to the best of our knowledge. Therefore, 
it is highly desirable to propose a new strategy to fabricate a facile, 
efficient and ultra-bright blue phosphorescence system.

Herein, we wish to report blue phosphorescent solid supramolecular 
assemblies with high quantum yield constructed by three triazine de-
rivatives modified by carboxy-phenylamino groups, hydroxypropyl- 
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β-cyclodextrin (HPCD) and PVA, which can further coassemble with 
fluorescence dyes for achieving multicolor delayed fluorescence. Due to 
the influence of different substitution positions of the carboxyl group on 
the intramolecular hydrogen bonding (IHB), steric hindrance effect and 
the host-guest binding, the supramolecular assemblies of para-/meta-/ 
ortho-carboxy-phenylamino triazine derivatives (TAB, TAC and TAD) 
and HPCD display obviously different phosphorescence emission be-
haviors. Apparently, the TAD-HPCD supramolecular assembly gives the 
highest phosphorescence quantum yield (ΦP) of 52.75 % benefitting 
from the macrocyclic confinement and multiple hydrogen bonding in-
teractions. Moreover, the secondary assembly of TAD-HPCD nano-
particles and PVA matrix can provide a more rigid microenvironment to 
restrict the chromophore motion and inhibit non-radiative transition, 
ulteriorly extending the ultra-bright blue emission with ΦP up to 
71.65 %. This is an ultrahigh blue phosphorescent quantum yield in the 
PVA system in current reports. TAB-HPCD/PVA and TAC-HPCD/PVA 
also exhibit blue phosphorescence with the quantum yields of 29.87 % 
and 9.54 % at ambient conditions. The ultralong lifetimes of TAD- 
HPCD/PVA, TAC-HPCD/PVA and TAB-HPCD/PVA are 102.99 ms, 
126.06 ms and 526.03 ms, respectively, which are regarded as stable 
and ideal phosphorescence energy transfer platforms to realize multi-
color delayed fluorescence. The delayed fluorescence peaks at 520 nm or 
590 nm were observed by doping commercial dyes Fluorescein sodium 
(Flu) or Rhodamine B (RhB) into supramolecular films via triplet-to- 
singlet Förster resonance energy transfer (TS-FRET). Furthermore, by 
adding the secondary dye Sulfo-Cyanine5 (Cy5) into the above systems, 
the singlet-to-singlet Förster resonance energy transfer (SS-FRET) pro-
cess took place from RhB to Cy5 with the highest energy transfer effi-
ciency of 90.70 % (Scheme 1). The macrocycle-confined solid 
supramolecular PVA films can produce not only highly efficient blue 
phosphorescence with water responsiveness but also multicolor delayed 
fluorescence with tunable lifetimes, which provides sufficient conditions 
for information encryption and colored drawing.

Results and discussion

2,4,6-tri ((p-carboxyphenyl) amino)-1,3,5-triazine (TAB), 2,4,6-tri 

((m-carboxyphenyl) amino)-1,3,5-triazine (TAC) and 2,4,6-tri ((o-car-
boxyphenyl) amino)-1,3,5-triazine (TAD) were synthesized as the guests 
and their structures were determined by hydrogen nucleus magnetic 
resonance (1H NMR) spectroscopy, carbon nuclear magnetic resonance 
(13C NMR) spectroscopy and high-resolution mass spectrometry 
(Scheme S1; Fig. S1-S6). The guest molecules contain not only the 
triazine moiety as a phosphorescence-active unit [29,30] but also mul-
tiple N atoms and carboxyl groups promoting the n-π* leaps and 
spin-orbit coupling (SOC), which can construct H-bonding cross-linked 
networks with the hosts and polymer matrix to efficiently suppress 
non-radiative decay channels [31–34]. Considering the excellent water 
solubility and hydrophobic cavity, HPCD was chosen as the host mole-
cule that could bind with guest molecules to induce or promote the 
phosphorescence emission via the macrocyclic confinement effect [35]. 
In our work, we prepared the TAD-HPCD supramolecular assembly by 
sonicating and lyophilizing an aqueous mixture with a molar ratio of 
1:3, and demonstrated that the host-guest binding of HPCD to TAD could 
realize an efficient blue phosphorescence due to the spatial confinement 
restricting chromophores. TAB-HPCD and TAC-HPCD with para-/-
meta-carboxy groups were also prepared and investigated their lumi-
nescence properties and host-guest binding behaviors under ambient 
conditions. The X-ray powder diffraction (XRD) experiment confirmed 
that these three freeze-dried powders were in an amorphous state 
(Fig. S7).

Luminescence behaviors of solid supramolecular assembly

The steady-state PL and phosphorescence spectra of TAD-HPCD 
powder were performed and the emission peak curves almost over-
lapped presenting blue emission at 430 nm (Fig. 1a). The fluorescence 
emission band at 370 nm in the PL spectrum recorded a lifetime of 
4.10 ns, and the time-resolved decay curve monitored at 430 nm had a 
lifetime of 4.11 ms (Fig. 1f; Fig. S8). The CIE coordinate chart in Fig. 1d 
also revealed that the phosphorescence emission of TAD-HPCD was 
located in the blue region at the coordinates (x: 0.16, y: 0.16). However, 
freeze-dried TAD powder without HPCD exhibited very weak RTP with a 
lifetime of 3.71 μs (Fig. S9, S10). This could be the cause of aggregation- 

Scheme 1. Schematic illustration of the multilevel assembly mechanism of TAD-HPCD/PVA supramolecular film, multicolor TS-FRET and SS-FRET systems.
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induced phosphorescence quenching. The phosphorescent quantum 
yield of TAD-HPCD supramolecular assembly was 52.75 %, which was 
16 times higher than that of TAD (ΦP=3.22 %). As expected, compared 
with the original TAB (ΦP=1.28 %) and TAC (ΦP=0.64 %) powders, 
TAB-HPCD and TAC-HPCD also promoted the blue phosphorescence 

emission, and the phosphorescent quantum yields were increased to 
5.17 % and 2.65 %, respectively (Fig. 1b, c, e; Table S1). Thus, HPCD 
played an important spatial confinement role in this amorphous organic 
blue RTP system.

Considering that the abundant hydroxyl groups of PVA can form a 

Fig. 1. Normalized steady-state PL (solid line) and phosphorescence (dotted line) spectra of (a) TAD-HPCD, (b) TAC-HPCD and (c) TAB-HPCD powders (λex=280 nm, 
delayed time=100 μs); (d) CIE 1931 chromaticity diagram of TAB/C/D-HPCD solids according to (a, b, c); (e) Phosphorescent quantum yields of six solids; (f) Time- 
resolved decay spectra of TAB/C/D-HPCD assemblies ([TAB/C/D]:[HPCD]=1:3, recorded at 430 nm).

Fig. 2. (a) Normalized steady-state PL and phosphorescence spectra of TAD-HPCD/PVA ([TAD]:[HPCD]=1:3, mTAD:mPVA=1:200, λex=280 nm, delayed time=100 
μs); (b) Histogram of quantum yields of TAB/C/D-HPCD/PVA at different host-guest molar ratios; (c) Time-resolved decay spectra of six PVA films; (d) CIE 1931 
chromaticity diagram of TAB/C/D-HPCD/PVA films according to their phosphorescence spectra; (e) The afterglow photographs of six PVA films after the 300 nm UV 
lamp was turned off.
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rigid hydrogen bond network to restrict the motion of TAD [36–38], we 
further prepared TAD/PVA films with different doping mass ratios from 
0.01 wt% to 10 wt%. According to the trend of emission spectra and 
phosphorescent quantum yields, the best doping concentration is 0.5 wt 
% (Fig. S11, S12; Table S2). It is worth noting that adding HPCD to the 
TAD/PVA film can further improve the phosphorescence lifetime and 
quantum yield. When the doping molar ratio of TAD and HPCD was 1:3, 
the TAD-HPCD supramolecular nanoparticles were doped into PVA. The 
prepared 0.5 wt%-TAD-HPCD/PVA presented excellent RTP property 
with an ultralong lifetime of 102.99 ms and the highest phosphores-
cence quantum yield of 71.65 % (Fig. 2a, b, c; Table S3). As far as we 
know, it is the highest ΦP ever recorded in blue phosphorescent PVA 
films (Table S4). The optimal luminescence performance was achieved 
when the mass ratio of TAD: PVA is 1:200 and the molar ratio of TAD: 
HPCD is 1:3. The phosphorescence emission of TAD-HPCD/PVA was 
located at the coordinates (x: 0.16, y: 0.09) in the deep-blue region 
through its CIE coordinate chart, which was consistent with its afterglow 
photograph in Fig. 2d, e. In the control experiment, doping TAB and TAC 
into PVA produced dual-emission of fluorescence and phosphorescence, 
and the luminescence performance was best when the doping ratio was 
also 0.5 wt% (Fig. S11). When the molar ratio of TAB or TAC:HPCD 
reached 1:3, the phosphorescent quantum yields of 0.5 wt 
%-TAB-HPCD/PVA and 0.5 wt%-TAC-HPCD/PVA were measured at 
29.87 % and 9.54 %, respectively, which were lower than that of 0.5 wt 
%-TAD-HPCD/PVA. Similarly, the host molecule HPCD also signifi-
cantly lengthened the phosphorescent lifetimes of 0.5 wt%-TAB/PVA 
and 0.5 wt%-TAC/PVA up to 526.03 ms and 126.06 ms, respectively, 
which might be due to the host-guest binding effect (Fig. S13, S14). 
TAB/C/D-HPCD/PVA films exhibit the highest quantum yield compared 
to α, β, γ-cyclodextrin (α, β, γ-CD) as the macrocyclic hosts (Table S5). 
Therefore, we inferred that the synergistic effect of the spatial 

confinement of HPCD and the rigid microenvironment of PVA resulted 
in the ultrahigh phosphorescence quantum yields and ultralong 
lifetimes.

Mechanism of the efficient blue RTP emission

To explore the RTP emission mechanism of TAD-HPCD/PVA, it is 
essential to verify the attribution of blue phosphorescence emission first. 
TAD exhibited a blue emission at 430 nm in the delayed emission 
spectrum at 78 K in diluted N, N-dimethylformamide, which overlapped 
well with the RTP emission bands of 0.5 wt% doping PVA films 
(Fig. S15). It indicated that TAD possessed good dispersion and stability 
in the PVA matrix at an ultralow doping concentration. Additionally, we 
performed the 1H NMR spectra to analyze the host-guest binding be-
haviors between TAD and HPCD. With the addition of HPCD, the proton 
on the phenyl groups experienced a shift toward the high field, and the 
apparent binding constant (Kobs) of TAD-HPCD was 71 M− 1 (Fig. 3a, b). 
Transmission electron microscopy (TEM) revealed TAD-HPCD to be 
larger nanoparticles (Fig. S16). Furthermore, the Fourier transform 
infrared (FTIR) spectra of TAD/PVA showed a shorter wavenumber of 
the O-H group vibration peak located at 3284.68 cm− 1 than that of TAD- 
HPCD/PVA located at 3286.77 cm− 1. The FTIR spectra of TAB-HPCD/ 
PVA and TAC-HPCD/PVA displayed that the characteristic absorption 
peaks shifted from 3299.42 cm− 1 to 3314.86 cm− 1 and moved from 
3285.45 cm− 1 to 3286.38 cm− 1, respectively, as compared with TAB/ 
PVA and TAC/PVA (Fig. S17). The above further indirectly verified that 
the abundant hydroxyl groups of HPCD could strengthen the hydrogen 
bond association between the supramolecular assembly and PVA to 
construct a more rigid network to enhance the RTP emission. These 
results suggested that in addition to the host-guest inclusion interaction, 
the hydrogen bonding interactions generated by the abundant hydroxyl 

Fig. 3. (a) 1H NMR spectral changes of TAD after adding 0–20 equivalents of HPCD ([TAD] = 5×10− 4 M, 400 MHz, D2O, 298 K); (b) The nonlinear least-squares 
analysis to calculate the association constant between TAD and HPCD; (c) Illustration of IHB of TAD; (d) Energy level distributions of TAD.
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groups of HPCD also played an important role in developing the deep- 
blue phosphorescence.

Given that the triazine moiety was regarded as a phosphorescence- 
active unit [39], we investigated the luminescence properties of 2-ami-
nobenzoic acid (AD), 3-aminobenzoic acid (AC) and 4-aminobenzoic 
acid (AB) without the triazine element. Even though they also showed 
blue phosphorescence emission, the phosphorescent quantum yields and 
lifetimes of AB-HPCD/PVA (20.17 %, 166.78 ms), AC-HPCD/PVA 
(2.11 %, 58.75 ms) and AD-HPCD/PVA (11.80 %, 47.96 ms) were all 
lower than those of triazine derivatives (Fig. S18, S19; Table S6). 
Therefore, the presence of triazine moiety can promote the blue phos-
phorescence emission in this system. Subsequently, theoretical calcula-
tions further revealed the effect of carboxyl substitution sites on 
phosphorescence emission. When the -COOH group was substituted at 
the ortho position of the phenylamine, intramolecular hydrogen bonds 
(IHB) were found at distances of 1.81 Å. The IHB strengthened the 
overall structural rigidity of TAD and lowered the molecular vibrational 
relaxation, thereby suppressing the nonradiative rate [39,40]. More-
over, the HOMO-LUMO distributions of TAB/C/D were evaluated and 
shown in Fig. 3d and Fig. S20. TAD had the minimum energy gap of 
6.43 eV, compared to TAB (6.70 eV) and TAC (6.66 eV). The smaller 

energy gap can facilitate ISC and then enhance the phosphorescence 
property [41]. The above may be the reason why TAD-HPCD/PVA dis-
plays impressive blue phosphorescence with ultrahigh quantum yield.

Multicolor delayed fluorescence through TS-FRET and SS-FRET

The constructed blue RTP materials with ultralong lifetime are ideal 
as energy donors to obtain color-tunable organic afterglows through 
efficient TS-FRET [42]. Two commercialized water-soluble fluorescence 
dyes (Flu and RhB), were selected as energy acceptors due to the good 
overlap between their absorption spectra and the phosphorescence 
spectra of doping PVA systems (Fig. 4a). The delayed emission spectra of 
Flu/PVA and RhB/PVA showed no characteristic peaks of dyes (Fig. 4d; 
Fig. S21). However, the delayed spectra of TAD-HPCD@Flu/PVA and 
TAD-HPCD@RhB/PVA prepared by doping Flu and RhB into 0.5 wt% 
TAD-HPCD/PVA ([TAD]:[HPCD] = 1:3) showed dual emission peaks of 
energy donor (430 nm) and energy acceptors (530 nm or 590 nm) in 
Fig. 4b, e. The delayed fluorescence emissions of TAD-HPCD@Flu/PVA 
at 530 nm and TAD-HPCD@RhB /PVA at 590 nm enhanced gradually as 
the ratio of dyes increased. When the molar ratio of TAD:Flu or RhB was 
4:1, the optimal delayed fluorescence property of dyes was obtained. 

Fig. 4. (a) Normalized phosphorescence spectra of TAB/C/D-HPCD/PVA films (λex=280 nm, delayed time=100 μs) and normalized absorption spectra of the energy 
acceptors Flu, RhB and Cy5; The delayed emission spectra of (b) TAD-HPCD@Flu/PVA, (d) Flu/PVA and RhB/PVA, (e) TAD-HPCD@RhB/PVA and (h) TAD- 
HPCD@RhB@Cy5/PVA films at different donor/acceptor ratios; Time-resolved decay spectra (recorded at 430 nm) of (c) TAD-HPCD@Flu/PVA and (f) TAD- 
HPCD@RhB/PVA; (g) CIE chromaticity diagram of TAB/C/D-HPCD@Flu/PVA and TAB/C/D-HPCD@RhB/PVA films according to their phosphorescence spectra; 
(i) Schematic illustration of TS-FRET and SS-FRET processes.
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Meanwhile, the lifetime of the doping film decreased from 102.99 ms 
(TAD-HPCD/PVA) to 71.26 ms (TAD-HPCD@Flu/PVA) and 84.25 ms 
(TAD-HPCD@RhB/PVA), corresponding to the energy transfer effi-
ciency (ΦET) of 30.46 % and 18.19 %, respectively (Fig. 4c, f). Notably, 
TAD-HPCD@Flu/PVA possessed a delayed fluorescence lifetime of 
63.37 ms at 530 nm and TAD-HPCD@RhB/PVA had a lifetime of 
65.57 ms at 590 nm (Fig. S22), which further demonstrated the efficient 
TS-FRET process between the energy donors and acceptors. Similarly, as 
the doping molar ratio of Flu or RhB increased from 1 % to 25 %, the 
phosphorescence intensity of TAB-HPCD/PVA gradually reduced, 
accompanied by a lifetime decrease from 526.03 ms to 180.03 ms 
(ΦET=64.49 %) or 246.13 ms (ΦET=53.21 %), respectively (Fig. S23, 
S24). The delayed fluorescence lifetimes of TAB-HPCD@Flu/PVA at 
530 nm and TAB-HPCD@RhB/PVA at 590 nm were 118.71 ms and 
171.76 ms. In addition, TAC-HPCD@Flu/PVA and 
TAC-HPCD@RhB/PVA also produced the delayed fluorescence emission 
with lifetimes of 43.37 ms (ΦET=43.23 %) and 64.81 ms 
(ΦET=18.34 %) (Fig. S25, S26). The energy transfer efficiency from 
TAB/C/D-HPCD/PVA to Flu was higher than that to RhB under the same 
doping ratio (4:1) and excitation wavelength at 280 nm, which might be 
due to the better overlap between the Flu absorption and the 
TAB/C/D-HPCD/PVA emission. Multicolor delayed fluorescence of PVA 
film has been realized by simply regulating the composition and doping 
ratio of Flu and RhB through the TS-FRET process. The CIE coordinates 
showed a significant transition from blue to green and orange regions in 
Fig. 4g. In particular, multicolor afterglows with tunable lifetimes can be 
observed by the naked eyes after turning off the 300 nm ultraviolet lamp 
(Fig. S27).

Considering the light-harvesting system is composed of multiple 
multicolor components [43,44], we further investigated the potential of 
cascade energy transfer processes in the doping PVA system. 
Sulfo-cyanine 5 (Cy5) with 670 nm NIR emission was adopted as the 
secondary acceptor, of which the absorption spectrum had a better 
overlap with the emission spectra of TAD-HPCD@RhB/PVA ([TAD]: 
[RhB]=4:1). With the addition of Cy5, the emission intensity of 
TAD-HPCD@RhB/PVA at 590 nm decreased, and a new emission peak 
at 670 nm gradually emerged in Fig. 4h. This result indicated that there 
was an SS-FRET from the singlet of RhB to the singlet of Cy5. Based on 
the intensity data of TAD-HPCD@RhB/PVA at 590 nm, the ΦET was 
calculated to be 88.53 % when the molar ratio of TAD:RhB:Cy5 was 
20:5:1. Besides, both TAB-HPCD@RhB@Cy5/PVA and 
TAC-HPCD@RhB@Cy5/PVA exhibited NIR delayed fluorescence emis-
sion with ΦET of 90.70 % and 86.79 %, respectively (Fig. S28). The CIE 
coordinate chart was displayed in the purple region (Fig. S29). 
Furthermore, we also demonstrated the host-guest binding behaviors 
between HPCD and dyes by UV–vis spectroscopic experiments, and the 
binding constants (KS) of HPCD with Flu, RhB and Cy5 were respectively 
determined to be 17436 M− 1, 9567 M− 1 and 48111 M− 1 by the 
nonlinear least-squares fitting method (Fig. S30). As illustrated in TEM 
images (Fig. S31), the nanoparticles were gradually enlarged with the 
addition of fluorescent dyes, which also confirmed the encapsulation of 
HPCD. Therefore, HPCD is crucial for this supramolecular solid system, 
not only to enhance the phosphorescence properties of TAB/C/D, but 
also to confine the dyes to restrain the non-radiative transitions. 
Flu/PVA, RhB/PVA and Cy5/PVA films possessed nanosecond lifetimes 
and the delayed emission spectra showed no characteristic peaks of dyes 
(Fig. S21). TAB/C/D-HPCD@Cy5/PVA did not generate significant 
delayed fluorescence at 670 nm in the absence of primary acceptors Flu 
and RhB (Fig. S32). In a word, the cascaded phosphorescence capturing 
system involving TS-FRET and SS-FRET processes was achieved by 
simply physically doping dyes into TAB/C/D-HPCD/PVA, thus realizing 
multicolor delayed fluorescence emissions of primary and secondary 
energy acceptors and conductively expanding its practical application.

Application in information anticounterfeiting

Considering UV-irradiation-responsive RTP and the tunable organic 
afterglows of the solid supramolecular PVA system, we explored its 
potential applications in luminescent display, optical anti-counterfeiting 
and information encryption. As is well known, the RTP property is 
sensitive to water [45,46]. First, the delayed emission spectra of 
TAD-HPCD/PVA were investigated under dry/wet stimuli. The dry 
TAD-HPCD/PVA film had a phosphorescence emission at 430 nm, but 
the emission intensity decreased greatly in the presence of water. After 
the film was heated and dried, the blue phosphorescence peak appeared 
again. TAB-HPCD/PVA and TAC-HPCD/PVA films also showed similar 
dry/wet responsiveness. The multiple cycles can be repeated more than 
5 times (Fig. S33). Subsequently, the TAB/C/D-HPCD/PVA solutions 
were written “chemistry” word according to Morse code on the surface 
of non-fluorescent paper and then dried, as shown in Fig. 5a. The blue 
pattern can be visible to the naked eye under 300 nm UV light irradia-
tion. However, due to different durations after UV off, only the password 
“chem” was left. The supramolecular film materials possessed high 
stability and still had a good luminescent display after two months under 
ambient conditions. Interestingly, only the password “try” could be 
observed under UV light when water was applied to the written paper, 
and all letters disappeared after the UV light was turned off. What counts 
is that all the information reappeared after drying (Fig. S34). Thus, the 
2D information encryption was successfully constructed based on the 
different afterglow lifetimes and humidity responsiveness.

Moreover, the dyes doped PVA materials can be used for multiple 
anticounterfeiting encryptions of numbers and painting. Due to the 
excellent transparency of the initial supramolecular materials, the 
numbers composed of five encoding materials only showed “12” under 
sunlight, but emerged “12250618” of green, orange and blue colors 
upon the UV light irradiation. Ceasing the irradiation, it became “2253” 
four blue numbers due to the longer afterglow lifetimes (Fig. 5b). Except 
for the letter and number encryption, an “NKU” school badge pattern 
was fabricated to enrich the diversity of encryption methods in Fig. 5c. 
The school badge emitted multicolor fluorescence under 300 nm UV 
light, which was quite different from the natural color under sunlight. 
After turning off the light, only the “NKU 1919” pattern remained visible 
to the naked eye as time went by. The above results proved that the 
constructed supramolecular system with multicolor afterglow had great 
potential applications in optical anti-counterfeiting technology.

Conclusion

In conclusion, we have developed an effective approach to construct 
an amorphous blue phosphorescence supramolecular system based on 
HPCD and triazine derivatives to achieve multicolor delayed fluores-
cence. Benefiting from the macrocyclic hydrophobic cavity and abun-
dant hydrogen bonds to inhibit nonradiative transitions of the guests, 
HPCD can effectively induce and enhance the blue phosphorescence of 
TAB/C/D. A series of supramolecular assembly films was obtained by 
further doping TAB/C/D-HPCD nanoparticles into the PVA matrix. 
Among them, TAD-HPCD/PVA film exhibited the best RTP property 
with an ultrahigh phosphorescent quantum yield of 71.65 % and a long 
lifetime of 102.99 ms. Finally, multicolor and lifetime-tunable delayed 
fluorescences were achieved by doping suitable dyes into supramolec-
ular films through the TS-FRET and SS-FRET, utilizing for coding and 
decoding, multi-level encryption and luminescent display applications. 
This work provides an attractive approach for constructing great per-
formance blue phosphorescence supramolecular materials with high 
phosphorescence efficiency to create cascaded energy transfer systems 
for achieving multicolor delayed fluorescence.
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Experimental section and methods

Materials

All reagents and solvents were purchased from commercial suppliers 
and used without purification unless specified otherwise. The PVA was 
purchased from Macklin (MW ≈ 200,000).

Synthetic route of TAB

4-aminobenzoic acid (3 g, 22 mmol), NaHCO3 (1.5 g, 18.3 mmol) 
and NaOH (1 g, 25 mmol) were added to deionized water (30 mL). The 
mixture was stirred at 0 ºC for 30 minutes. The trimeric cyanamide (1 g, 
5.5 mmol) was dissolved in 1, 4-dioxane (10 mL) and then added to the 
above mixture, which was agitated at 115 ºC for 24 hours. The resulting 
solution was acidified with 20 % hydrochloric acid to pH ≈ 3. The 
formed precipitate (TAB) was filtered and washed with ultrapure water, 
and then dried in vacuo, to give a yellow powder (Yield: 80 %). TAB: 1H 
NMR (400 MHz, DMSO-d6, 298 K) δ: 12.66 (s, 3 H), 9.84 (s, 3 H), 7.98 
(d, J = 8.4 Hz, 6 H), 7.89 (d, J = 8.8 Hz, 6 H). 13C NMR (100 MHz, 
DMSO-d6, 298 K) δ: 167.56, 164.40, 144.50, 130.52, 124.36, 119.74. 
HR-ESI-MS: m/z calculated for C24H17N6O6

- : [TAB-H]-, 485.121; found, 
485.1209.

Synthetic route of TAC

TAC was synthesized according to TAB with a 72 % yield. 1H NMR 
(400 MHz, DMSO-d6, 298 K) δ: 9.51 (s, 3 H), 8.28 (s, 3 H), 8.08 (s, 3 H), 
7.57 (d, J = 7.6 Hz, 3 H), 7.39 (t, J = 7.8 Hz, 3 H). 13C NMR (100 MHz, 
DMSO-d6, 298 K) δ: 167.87, 164.63, 140.39, 131.76, 129.08, 125.16, 
123.44, 121.77. HR-ESI-MS: m/z calculated for C24H17N6O6

- : [TAC-H]-, 
485.121; found, 485.1206.

Synthetic route of TAD

2-aminobenzoic acid was prepared according to the literature.[47]
TAD was synthesized according to TAB with a 65 % yield. 1H NMR 
(400 MHz, DMSO-d6, 298 K) δ: 13.57 (s, 3 H), 10.93 (s, 3 H), 8.64 (d, J 
= 8.2 Hz, 3 H), 8.02 (d, J = 7.9 Hz, 3 H), 7.61 (t, J = 7.8 Hz, 3 H), 7.13 
(t, J = 7.5 Hz, 3 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ: 170.06, 
164.35, 141.82, 133.99, 131.68, 122.18, 121.32, 117.11. HR-ESI-MS: 

m/z calculated for C24H17N6O6
- : [TAD-H]-, 485.121; found, 485.1208.

TAB-HPCD supramolecular assembly

TAB (48.64 mg, 0.1 mmol), HPCD (462.30 mg, 0.3 mmol) and 
K2CO3 (72.96 mg) were added to deionized water (5 mL). The aqueous 
solution was sonicated for 2 h and then lyophilized. The white powder 
was obtained by further vacuum drying. Similar to the above prepara-
tion method, TAC-HPCD and TAD-HPCD have a stoichiometric ratio of 
host and guest at 3:1.

TAB-HPCD/PVA films

A stirred solution of TAB (0.50 mg, 0.001 mmol), HPCD (4.76 mg, 
0.003 mmol) and K2CO3 (0.75 mg) in water (0.5 mL), and 10 % PVA 
water solution 1 mL was added. The mixture was stirred for 2 h. Then 
drop 0.5 mL of the resulting mixed solution on the tinfoil with a syringe. 
Heat the tinfoil until the water evaporates (65 ℃, 3 h). TAC-HPCD/PVA 
and TAD-HPCD/PVA films were prepared according to TAB-HPCD/PVA 
Film.

TAB-HPCD@Flu/PVA films

Add Flu dye to the TAB-HPCD/PVA donor liquid (nTAB:nHPCD = 1:3, 
mTAB:mPVA = 1:200) according to different molar ratios. Then, the 
mixture was ultrasound until completely dissolved. Finally, drop 0.3 mL 
of the resulting mixed solution on the tinfoil and then heat it at 65 ℃ for 
3 h. TAC-HPCD@Flu/PVA, TAD-HPCD@Flu/PVA, TAB-HPCD@RhB/ 
PVA, TAC-HPCD@RhB/PVA and TAD-HPCD@RhB/PVA films were 
prepared according to TAB-HPCD@Flu /PVA films.

Measurements

1H NMR and 13C NMR spectra were recorded on a Bruker DMX 
400 MHz spectrometer at 298 K. High-resolution mass spectra (HRMS) 
were measured on 6520 Q-TOF LC/MS (Agilent). The UV–vis absorption 
spectra were recorded in a quartz cell (light path = 1 cm) on a Thermo 
Fisher Scientific EVO300 PC spectrophotometer with a PTC-348WI 
temperature controller. Photoluminescence (PL) spectra, absolute 
quantum yields (QY) and time-correlated decay profiles were docu-
mented on Edinburgh Instruments FS5 (Livingstone, UK). The Fourier 

Fig. 5. The applications of different supramolecular assemblies in (a) information encryption of Morse code; (b) Multiple anticounterfeiting encryptions of numbers; 
(c) Multi-colored drawing of “NKU” school badge pattern.
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transform infrared spectra (FTIR) were processed on Thermofsher Sci-
entific Nicolet iS5. The powder X-ray diffraction (XRD) patterns were 
recorded by Rigaku SmartLab. The Commission International del’ 
Eclairage (CIE) 1931 chromaticity diagram was determined by FLS1000 
software. Transmission electron microscopy (TEM) experiments were 
accomplished on FEI Tecnai G2 F20 under 200 KV and scanning electron 
microscopy. The luminescent photos were taken by iPhone 15 Pro max 
under the irradiation of a UV lamp at room temperature.
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