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a b s t r a c t

The construction of triplet-to-singlet Förster resonance energy transfer (TS-FRET) systems has significantly

contributed to the advancement of high-performance optoelectronic materials, particularly in the devel-

opment of metal-free organic environmental afterglow materials. Despite these notable advancements,

achieving highly efficient energy transfer between luminescent donor and acceptor molecules remains

a formidable challenge. In this study, we present the utilization of cation-π interactions as an effective

strategy to enhance TS-FRET efficiency, with the ultimate objective of further advancing fluorescence af-

terglow materials. Our results demonstrate that the cation-π interaction in 1D supramolecular nanorods

(1D-SNRs) enhances the dipole-dipole coupling, a crucial parameter for regulating TS-FRET between the

triplet state phosphorescent donor and singlet state fluorescent acceptor. As a result, we achieved an

outstanding TS-FRET efficiency of up to 97%. Furthermore, the 1D-SNRs exhibit a long-lifetime afterglow

property, which suggests their potential application as a cost-effective and secure medium for informa-

tion encryption. Thus, our findings highlight the promising prospects of cation-π interactions in enhanc-

ing TS-FRET efficiency and advancing the field of organic photo-functional materials.

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

Medica, Chinese Academy of Medical Sciences.

Förster resonance energy transfer (FRET) is a distance-

dependent nonradiative process mediated by long-range dipole-

dipole interactions. It involves the transfer of energy from an

excited donor to a ground-state acceptor. This phenomenon has

found extensive applications in chemical analysis, biosensors and

imaging, energy harvesting, photocatalysis, and light-emitting ma-

terials, owing to its high sensitivity [1–8]. One innovative and

promising energy transfer methodology is the triplet-to-singlet

FRET (TS-FRET), where energy is transferred from an excited donor

phosphor in its triplet state to the singlet state of the acceptor. TS-

FRET offers a fast transition rate and exceptional material proper-

ties, making it of great interest, especially in the context of organic

fluorescence afterglow materials [9–11]. However, the efficiency of

TS-FRET systems is often limited by the random arrangement of

the donor and acceptor molecules, leading to suboptimal energy

transfer efficiency [12,13]. To advance many optoelectronic devices,

it is crucial to increase and control TS-FRET efficiency [14]. Never-

theless, achieving high-efficiency TS-FRET systems remain a fasci-
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nating yet challenging issue. Thus, there is a need for a simple ap-

proach to overcome this limitation and enhance TS-FRET efficiency

effectively.

Until now, several excellent strategies have been reported to

achieve TS-FRET systems, such as doping systems, crystal forms,

molecular engineering, supramolecular complexation, and poly-

merization [15–23]. However, these strategies rely on achieving

suitable distances and spectral overlap between the energy donor

and acceptor. Additionally, the efficiency of TS-FRET is influenced

by key parameters, including the radiative emission rate of the

donor, the relative orientation (k2), and the dipole-dipole inter-

action between the donor and acceptor, as per Förster theory

[24,25]. Of particular importance is the dipole-dipole interaction,

acting as a bridge between the donor and acceptor in the spin

angular momentum space, especially when either the donor

or acceptor chromophore possesses an anisotropic dipole state

[26,27]. Regrettably, most reported TS-FRET systems suffer from

weak dipole-dipole coupling interactions, resulting in inefficient

energy transfer due to insufficient intersection of the spin angular

momentum space formed by the ground and excited states of

the donor and acceptor. Thus, the development of a new strategy

to enhance the dipole-dipole interaction for efficient TS-FRET is
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of utmost importance, not only from a fundamental perspective

but also to provide innovative ideas for the advancement of

fluorescence afterglow materials.

The ion-π interaction, which involves anions/cations and aro-

matic groups in a non-covalent manner, has been extensively stud-

ied for its crucial role in various biological and photochemical pro-

cesses [28–30]. Specifically, the cation-π interaction, a subtype of

ion-π binding force occurring between positively charged cations

and electron-rich π systems, is known to be one of the strongest

non-covalent interactions [31–35]. Furthermore, it can be mod-

ulated by off-axis interactions, allowing for well-defined control

over the interaction distance and strength. Considering these char-

acteristics, it is reasonable to speculate that the cation-π interac-

tion could be leveraged to develop efficient TS-FRET systems, and

the following factors support this notion. Firstly, the cation-π in-

teraction induces an uneven distribution of the electron cloud be-

tween the donor and acceptor, resulting in a greater dipole mo-

ment. This, in turn, enhances the dipole-dipole interaction between

the donor and acceptor, facilitating efficient energy transfer [36].

Secondly, during the self-assembly process, the cation-π interac-

tion enables precise control over the orientation of donor-acceptor

dipole moments, leading to an organized structure and excellent

fluorescence afterglow properties.

Building upon our previous research [37], we propose a novel

approach to constructing an efficient TS-FRET system by utiliz-

ing cation-π interactions to enhance dipole-dipole interactions and

adjust donor-acceptor geometrical orientation (Fig. 1). To achieve

this, we employed a C3-symmetric monomer Trz-(Cbz)3 contain-

ing a triazine group and three carbazole arms as the triplet state

donor. As the representative singlet state acceptor chromophore,

we used Rhodamine 6G (Rh6G), a commercially available cationic

dye. Through the strategic use of cation-π interactions between

the N+ in the quaternary ammonium group of Rh6G and the car-

bazole in Trz-(Cbz)3, we successfully constructed 1D supramolec-

ular nanorods (1D-SNRs) with well-ordered structures (Fig. 1a).

These 1D-SNRs exhibited significantly enhanced dipole-dipole in-

teractions between Trz-(Cbz)3 and Rh6G, resulting in a remark-

able TS-FRET efficiency of 97% between the donor and acceptor

(Fig. 1b). In addition to their efficient TS-FRET properties, the 1D-

SNRs displayed afterglow luminescence with a lifetime of 226ms

and a quantum yield of approximately 16.6% at 608nm under

ambient conditions. These exceptional characteristics of 1D-SNRs

based on RTP materials, along with the efficient TS-FRET system,

Fig. 1. Schematic illustration of the formation process of 1D SNRs and their TS-FRET

mechanism diagram. (a) Cation-π interaction driven the formation of 1D-SNRs. (b)

Simplified Jablonski diagram to explain the process of TS-FRET.

Fig. 2. Morphology characterization of the obtained 1D-SNRs. (a, b) SEM images

showing the solid nanorods structures with various magnifications. (c) TEM, (d)

HAADF-STEM images and corresponding EDS-mapping images of 1D-SNRs.

indicate their potential applications as cost-effective and secure

materials for information encryption.

In Fig. 1a, we present the desired triplet state phosphorescent

donor, Trz-(Cbz)3, and the singlet state fluorescent acceptor, Rh6G.

Trz-(Cbz)3 is comprised of three sets of symmetrical carbazolyl

groups linked on the periphery of the cyanuric unit (Scheme S1

in Supporting information). Notably, these three carbazolyl groups

serve as both phosphorescent groups and provide the necessary

π moiety to interact with the commercially available dye, Rh6G,

which exhibits strong cation-π interaction with the donor, the

cation-π can induce the non-uniform distribution of the donor-

acceptor electron cloud and enhance the dipole-dipole interaction

between them. Detailed synthetic procedures and characterization

results of the two monomers are provided in Supporting informa-

tion and the purity of the Trz-(Cbz)3 was verified by HPLC (Fig. S1

in Supporting information).

The 1D-SNRs were prepared using a solution co-assembly

method (Section 3 in Supporting information). To characterize their

morphology, scanning electron microscopy (SEM), transmission

electron microscopy (TEM), high-angle annular dark-field scan-

ning transmission electron microscopy (HAADF-STEM), and energy-

dispersive X-ray spectroscopy (EDS) were employed. The SEM and

TEM images revealed the formation of 1D-SNRs with straight, uni-

form width (approximately 600nm), and randomly oriented struc-

tures (Figs. 2a-c). Most 1D-SNRs exhibited lengths of several mi-

crometers, with smooth surfaces and right-handed superhelices

throughout their entire length. Although no chiral signals were de-

tected, it is likely that the inability to control the system’s chiral-

ity during the assembly process led to this observation (Fig. S3 in

Supporting information). The HAADF-STEM and EDS results pro-

vided evidence that the 1D-SNRs were solid nanorods with a uni-

form distribution of C, N, O, and Cl elements throughout their en-

tire structure (Fig. 2d). In comparison, when Trz-(Cbz)3 was self-

assembled independently, only thin nanofibers with a width of

about 200nm were observed, and the aggregates of Rh6G formed

three-dimensional blocky structures (Fig. S2 in Supporting infor-

mation). This indicates that no similar nanorods were observed in

the individual self-assemblies of the two monomers. Consequently,

the co-assembly of Trz-(Cbz)3 and Rh6G resulted in the formation

of 1D-SNRs with compact, uniform, and ordered structures.

Understanding the photophysical properties of the donor (Trz-

(Cbz)3) and acceptor (Rh6G) is crucial for studying the TS-FRET

processes in 1D-SNRs. In the solid state, the fluorescence emission

spectrum of Trz-(Cbz)3 solid powders showed a strong emission

peak at 452nm with 43% fluorescence quantum yield and 153ns

lifetime under 365nm irradiation (Figs. S4a and b in Supporting in-

formation). Interestingly, excitation-phosphorescence mapping re-

vealed phosphorescent emission peaks at 554nm with lifetimes

of 232ms (Figs. 3a and b), confirming its RTP emission charac-

teristics. After removing the UV light source, a significant yel-

low long afterglow emission was observed (Fig. S5 in Support-
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Fig. 3. Photophysical properties of Trz-(Cbz)3 and 1D-SNRs. (a) Excitation-

phosphorescence mapping and (b) lifetime decay profiles of Trz-(Cbz)3 at 554nm.

(c) Excitation-phosphorescence mapping and (d) long-life fluorescence decay life-

times of 1D-SNRs (the ratio of D/A is 5:1) at 608nm. (e) Luminescence photos of

1D-SNRs powders under UV light irradiation at 365nm and at different time inter-

vals after removing the UV light.

ing information). The small energy gap between S1 and Tn was

thought to enhance the intersystem crossing (ISC) process, thus

generating the phosphorescent properties of Trz-(Cbz)3. Surpris-

ingly, in the excitation-phosphorescence mapping of the 1D-SNRs

solid powders co-assembled by Trz-(Cbz)3 and Rh6G, a new emis-

sion peak appeared at 608nm (Fig. 3c). The delayed emission

spectrum (λex =328nm, delay time=5ms) of 1D-SNRs showed a

strong fluorescence afterglow band in the 525–750nm range along

with a relatively weak delayed fluorescence band at shorter wave-

lengths (400–500nm range) (Fig. S6 in Supporting information).

The emission peak at 554nm in the phosphorescence mode orig-

inated from Trz-(Cbz)3, while the emission peak at 608nm over-

lapped with the fluorescence peak of Rh6G. It was reasonably in-

ferred that the 608nm peak was the long lifetime fluorescence

peak of Rh6G through the TS-FRET process. The fluorescence af-

terglow band exhibited an ultralong average lifetime of 226ms

(λmonitored =608nm) with an excellent quantum yield (φP =16.6%)

in air (Fig. 3d). Additionally, visible red afterglow with remarkable

ambient stability of the 1D-SNRs solid powders was evident from

the photographs (Fig. 3e), indicating the delayed-fluorescence na-

ture of the Rh6G emission originating from the long-lifetime triplet

state of Trz-(Cbz)3.

As noted previously, the new emission peak at 608nm in the

delayed emission spectrum of 1D-SNRs may be attributed to TS-

FRET between Trz-(Cbz)3 and Rh6G. In Förster theory, the spec-

tral overlap between the donor and acceptor is a critical factor in

energy transfer [38]. To investigate whether this process occurred,

the absorption spectrum of Rh6G and the delayed emission spec-

trum of Trz-(Cbz)3 were measured and analyzed. The absorption

spectrum of Rh6G showed a characteristic band with a maximum

at 551nm, and Trz-(Cbz)3 exhibited a phosphorescence emission

with a maximum at 554nm, indicating significant spectral over-

lap between them (Fig. 4a). To explore the TS-FRET process, gated

emission spectra of 1D-SNRs with different amounts of Rh6G were

analyzed.

Fig. 4. TS-FRET studies of 1D-SNRs. (a) Absorption spectrum (blue line) of Rh6G

and delayed emission (red line) spectrum of Trz-(Cbz)3. (b) Delayed emission spec-

tra of 1D-SNRs solid powder at different ratios of Trz-(Cbz)3 and Rh6G (delay

time=5ms) (λex =328nm). (c, d) Lifetime decay plot of 554nm and 608nm of 1D-

SNRs solid powders with different ratios of Trz-(Cbz)3 and Rh6G showing a quench-

ing of the Trz-(Cbz)3 triplet lifetime with increasing percentage of Rh6G.

The emission peak at 554nm, attributed to Trz-(Cbz)3, de-

creased gradually, while the emission peak at 608nm, attributed

to Rh6G, increased remarkably (Fig. 4b). This observation strongly

suggests energy transfer processes, confirming the delayed sensi-

tization of Rh6G by TS-FRET from Trz-(Cbz)3. As a result, 1D-SNRs

function as long-lived organic phosphors, exhibiting multi-color af-

terglow emission from yellow to red, with corresponding changes

in CIE coordinates from (0.42, 0.58) to (0.62, 0.33) (Fig. S7 in Sup-

porting information). Importantly, various assemblies with differ-

ent ratios of Trz-(Cbz)3 and Rh6G maintained their regular 1D

nanorod structures (Fig. S8 in Supporting information). This find-

ing provides valuable insights for designing phosphorescent mate-

rials with multiple luminescent colors. To further understand the

TS-FRET process, the quenching of the donor’s lifetime by the ac-

ceptor was analyzed. Time-resolved emission lifetime analyses of

Trz-(Cbz)3 revealed a gradual decrease in the average lifetime from

232ms to 6.9ms as the Rh6G content increased (Fig. 4c). Similarly,

the lifetime of Rh6G monitored at 608nm showed a corresponding

decrease (Fig. 4d).

These decay profiles clearly indicate the efficient transmission

of energy from the triplet states of Trz-(Cbz)3 to the singlet states

of Rh6G acceptors without radiation in 1D-SNRs [39]. The TS-

FRET efficiency of 1D-SNRs was quantitatively estimated to be 97%,

which surpasses the efficiency of most previously reported energy

transfer systems [40]. And the antenna effect value was calculated

to be 30.58. To further confirm that the long-lived emission peak

at 608nm results from sensitization of the singlet states via TS-

FRET, emission spectra in the phosphorescence mode of 1D-SNRs

were measured at 554nm excitation wavelength. No long-lived

emission peak at 608nm was observed (Fig. S9a in Supporting in-

formation), only resulting in prompt fluorescence in the nanosec-

ond timescale (3.6 ns) (Fig. S9b in Supporting information). This

experimental evidence strengthens the conclusion that the emis-

sion at 608nm in the phosphorescent spectrum of 1D-SNRs is in-

deed due to the sensitization of singlet states through TS-FRET.

The temperature has a great influence on the fluorescence after-

glow. As shown in Fig. S10 (Supporting information), on increasing

the temperature from 300K to 400K, the delayed emission spec-

tra and time-resolved emission decay of 1D-SNRs decreased ob-
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viously. Such phenomenon is attributed to the energy of molec-

ular vibrations and nonradiative loss increased with increasing

temperature.

To elucidate the TS-FRET process occurring between Trz-(Cbz)3
and Rh6G within 1D-SNRs, the electronic structure and energy

level were investigated using time-dependent density functional

theory (TD-DFT) calculations. As indicated in Fig. S11 (Supporting

information), Trz-(Cbz)3 exhibits multiple Tn values, with T2∼T6
either above or below the S1 energy level at 0.3 eV, thereby en-

abling two channels (S1 →T6 and S1 →T5) to partake in the ef-

ficient ISC process, ensuring the phosphorescent emission of Trz-

(Cbz)3, the kr of Trz-(Cbz)3 is 2.91672432×10−5 s−1, and the τ ISC

is 3.43ns. Additionally, the T1 ∼ T6 values are higher than those of

S1 in Rh6G, which permits the possibility of engendering TS-FRET

between them. Furthermore, molecular mechanics calculations re-

vealed that the intermolecular distance between Trz-(Cbz)3 and

Rh6G is 3.6 Å, a distance within the range (typically 10–100 Å) at

which FRET occurs [41], thereby providing theoretical support for

the realization of the TS-FRET process (Fig. S12 in Supporting in-

formation). Based on the experimental and theoretical findings, a

plausible energy-transfer mechanism for 1D-SNRs (Fig. 1b) is pro-

posed, whereby Trz-(Cbz)3 absorbs UV excitation light (328nm)

and undergoes a ground state transition to the excited singlet

states S1. Subsequently, S1 states undergo intersystem crossing to

the excited triplet states Tn, leading to yellow phosphorescence

emission at 554nm. Trz-(Cbz)3 has multiple Tn values that are

higher than the S1 of Rh6G. Therefore, the triplet excited state en-

ergy can be effectively transferred to the singlet excited state be-

tween them. Due to the effective restriction of non-radiative tran-

sition of rigid environment in one-dimensional nanorods, more en-

ergy emits fluorescence and shows afterglow phenomenon when

S1 transitions back to S0.

Based on the above results, we put forward a hypothesis that

the formation of cation-π interactions between Trz-(Cbz)3 and

Rh6G is a crucial factor in enhancing TS-FRET. To test this hy-

pothesis, we conducted a series of experiments to confirm the ex-

istence of cation-π interactions in 1D-SNRs. In 1H NMR titration

spectra (Fig. 5a), the peak related to protons Ha of carbazolyl in

Trz-(Cbz)3 underwent upfield shifts with the gradual addition of

Rh6G, indicating the complexation of N+ with the carbazolyl moi-

ety. Fluorescence emission spectra experiments (Fig. 5b) in solution

showed that the cation-π complexes show a new emission peak

at 576nm, which gradually enhanced with the addition of Rh6G

to the Trz-(Cbz)3 solution. Furthermore, the solid-state 13C NMR

spectra (Fig. 5c) demonstrated clearly upfield of the Ca next to the

N+ cation in Rh6G due to the higher shielded environment of car-

bazole. However, the N+–carbazole interaction cannot cause large

perturbations to the electronic structure of ethyl in the Rh6G, only

a small downfield shift of C1 and C2 of ethyl group. This result

further confirmed the existence of strong cation-π interactions be-

tween Trz-(Cbz)3 and Rh6G in the 1D-SNRs. Raman spectra anal-

ysis (Fig. 5d) showed that the absorption peaks around 1187 and

1308 cm−1 represent breathing mode and out-of-plane bending of

benzene rings in Trz-(Cbz)3. The value of I1187/I1308 decreases from

1.072 to 0.969 with and without Rh6G, implying that the vibration

mode of carbazole rings in Trz-(Cbz)3 is changed due to the cation-

π interaction. Non-covalent interaction (NCI) and DFT calculation

analysis of monomers and 1D-SNRs provided further evidence for

the cation-π interaction between Trz-(Cbz)3 and Rh6G. As shown

in Figs. 5e and f, the NCI shows a yellow-green bowl area in the

3D space between N+ and carbazole, belonging to the cation-π in-

teraction between them. The optimized conformation that the in-

teraction strength between Trz-(Cbz)3 and three Rh6G molecules

(−71.01 kcal/mol) is greater than that between Trz-(Cbz)3 dimer

(−41.09 kcal/mol) (Fig. S13 in Supporting information). Taken to-

gether, these results provide strong evidence for the existence of

Fig. 5. Confirmation of the existence of strong cation-π interactions in 1D-SNRs. (a)

Partial 1H NMR spectra recorded (400MHz, 298K, CDCl3). (b) Fluorescence titration

of individual Trz-(Cbz)3 (5.0mmol/L) in CHCl3 in the presence of 0–3.0 equiv. of

Rh6G concentrations (λex =328nm). (c) Solid-state 13C NMR spectra of Trz-(Cbz)3
(top), 1D-SNRs (middle) and Rh6G (bottom); (d) Raman spectrum of Trz-(Cbz)3
(top) and 1D-SNRs (bottom). (e) Noncovalent interaction (NCI) analysis of the com-

plexs of Trz-(Cbz)3 and Rh6G. (f) DFT optimized structures and interaction energies

of Trz-(Cbz)3–3Rh6G complexs.

cation-π interactions in 1D-SNRs and suggest that this interaction

is a key factor in enhancing TS-FRET.

Besides, we aimed to investigate the role of cation-π in-

teractions in enhancing the dipole-dipole interaction between

Trz-(Cbz)3 and Rh6G within 1D-SNRs and leading to efficient

TS-FRET. For this purpose, we performed density functional theory

(DFT) calculations and molecular dynamics (MD) simulations to

gain insight into the molecular organization of 1D-SNRs. The

MD simulations revealed that the Rh6G molecules form a helical

packing arrangement around the Trz-(Cbz)3 monomers (Fig. 6a),

which is consistent with the ordered helical organization observed

in electron microscopy results (Fig. 2). During the MD trajectory,

we studied the impact of the structural organization of donors and

acceptors on the macro-dipole moment. As shown in Figs. 6a-c,

the mean macro-dipole moment for 1D-SNRs (5.43 D) is found

to be significantly higher than that of Trz-(Cbz)3 (0.03 D). This

enhancement in the dipole moment is attributed to the signif-

icant increase in dipole moments caused by the asymmetry of

the positions of the electron cloud, resulting from the cation-π
interactions between Trz-(Cbz)3 and Rh6G. Consequently, this

leads to an intensified dipole-dipole interaction along the twisted

helix, which is beneficial for efficient TS-FRET. To further support

this observation, we performed DFT calculations to map the elec-

trostatic potential (ESP) surfaces, which describe the asymmetric

distribution of electron clouds. In the ESP mapping of Trz-(Cbz)3
(Fig. S14 in Supporting information), negative charge is delocalized

in the carbazole group, while triazine acts as an acceptor and

stabilizes the negative charge, resulting in a small dipole moment

(0.0027 debye). However, when considering the cation-π dimer,

the dipole moments were found to be as large as 5.3725 debye,

indicating a significant enhancement in the dipole-dipole inter-

actions due to cation-π interactions, which accelerates TS-FRET

substantially. Moreover, the orientations of the dipoles of Trz-

(Cbz)3 and Rh6G can be adjusted to a suitable arrangement where

their dipole moments are helically aligned along the central axis

4
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Fig. 6. Cation-π interactions enhanced dipole-dipole interactions confirmed by the-

oretical calculations. (a) Snapshot illustrating the arrangement of molecules in the

assembled state. Linkers are highlighted in yellow, blue and cyan to aid in the vi-

sualization of the helical packing. (b) Macro-dipole along the stacking direction as

a function of time. Solid horizontal line is drawn to represent the mean dipole mo-

ment value for the system. (c) Weighted probability distribution of macro-dipole

obtained from (b). (d) Electrostatic potentials (ESP) mapped onto the electron den-

sity surfaces (δ =0.01) (top view) calculated at the B3LYP/6–31+G(d, p) level for

stacking structures of donor-acceptor complex (up) and the calculation of dipole

moment of Trz-(Cbz)3, Rh6G and cation-π complex (below).

Table 1

Photophysical parameters and TS-FRET properties of assemblies based different

cationic dyes with good spectral overlap with the Trz-(Cbz)3.

Cations λabs (nm) λFA (nm) φP (%)a τ P (ms)b E (%)c

Rh6G 551 608 16.5 226 97

Eosin B 598 617 9.2 213 92

Congo Red 519 621 7.5 209 90

Acid Blue 93 521 648 6.8 216 93

Acid Red 27 503 619 4.9 202 87

a φP is quantum yield.
b Triplet lifetime of the assemblies based different cationic dyes with Trz-(Cbz)3.
c TS-FRET efficiency (E) of the assemblies according to the equation E=1- τDA/τD.

of 1D-SNRs, promoting a successful energy transfer process [42].

To investigate the role of the cation component in influencing the

TS-FRET process, we designed a structure control experiment. In

this experiment, monomers Trz-(Cbz)3 and Rh6G-2, without the

N+ cation, were assembled under the same conditions. However,

no regular assembly morphology was observed, and the phos-

phorescence spectrum only exhibited 554nm, indicating that no

energy transfer occurred (Fig. S15 in Supporting information).

Theoretical calculations and control experiment results collectively

demonstrated that the cation-π interaction is indeed responsible

for the enhanced TS-FRET within 1D-SNRs.

In addition to investigating the cation-π enhanced TS-FRET

between Trz-(Cbz)3 and Rh6G, we aimed to demonstrate the

universality of this phenomenon through a series of control ex-

periments. To achieve this goal, we constructed supramolecular

assemblies using other typically cationic dyes that exhibit good

spectral overlap with Trz-(Cbz)3. The selected dyes included Eosin

B, Congo Red, Acid Blue 93 and Acid Red 27. The photophysical

parameters of these assemblies were investigated and presented

in Table 1 and Figs. S16-S19 (Supporting information). The results

indicated that the cation-π enhanced TS-FRET has a wide range of

applicability across these systems due to the existence of cation-π
enhanced dipole-dipole interactions. Among these cationic dyes,

1D-SNRs based on Rh6G showed the highest energy transfer

efficiency, primarily due to its highest spectral overlap with the

Fig. 7. Application of 1D-SNRs in information encryption. (a, b) Schematic diagram

of some patterns of writing with 1D SNRs as filler before and after UV light and at

different time intervals after removing the UV light. (c) Appearances of multimodal

optical signals in Morse code of 1D-SNRs. The outer yellow circle and wreath are

the Trz-(Cbz)3 and internal red flowers for the 1D-SNRs in (a); In (b), the red lotus

part is the 1D-SNRs, and the root part is anthracene; The red dots in (c) represent

the 1D-SNRs and the yellow dots represent the Trz-(Cbz)3.

Trz-(Cbz)3 triplet emission. As the overlap area of absorption spec-

tra of these cationic dyes and the emission spectrum of Trz-(Cbz)3
decreased gradually, we observed a decrease in the corresponding

energy transfer efficiency. Moreover, the afterglow wavelength (λp)

and lifetime (τ P) of 1D-SNRs can be tuned by changing the kind

of cationic dyes used. This finding offers valuable insights into the

design and application of cation-π enhanced TS-FRET in various

systems, providing a versatile approach to achieve efficient energy

transfer between donor and acceptor molecules.

Room temperature phosphorescent and fluorescence afterglow

materials have great application prospects in the field of informa-

tion encryption [43–50]. Therefore, after elucidating the mecha-

nism for efficient TS-FRET emission in the 1D-SNRs system, we ex-

plored their potential applications, particularly in the field of in-

formation encryption. The ease of preparation of 1D-SNRs as solid

powders with good thermal and air stability (Fig. S20 in Support-

ing information) and solvent tolerance (Fig. S21 in Supporting in-

formation) makes them highly promising as stuffing materials for

mould used in information encryption. In Fig. 7, we demonstrate

the application of 1D-SNRs in creating visually distinct patterns

using 3D-printed mould. By filling the mould with Trz-(Cbz)3 and

1D-SNRs, we can create intricate shapes with different colors un-

der natural and UV lights. For instance, a mould with a surround-

ing wreath of Trz-(Cbz)3 and an inner flower core comprising 1D-

SNRs creates a blue flower appearance under UV light. Upon cessa-

tion of the 365nm UV excitation, the surrounding wreath and in-

ner flower core emit yellow and red afterglow, respectively, which

can be easily distinguished by the naked eye and lasts for sev-

eral seconds due to the ultralong RTP lifetime of Trz-(Cbz)3 and

1D-SNRs. Additionally, we demonstrated the use of 1D-SNRs with

a fluorescent molecule, anthracene, as an interference agent in a

3D-printed lotus flower with a stem. By filling the stem with an-

thracene and the flower with 1D-SNRs, a blue-lotus flower with

a green stem pattern is visible under 365nm excitation. However,

upon cessation of the 365nm lamp, the green stem immediately

disappears, and the number of petals in the red lotus flower gradu-

ally decreases over time due to the ultra-long afterglow lifetimes of

1D-SNRs (Fig. 7b). Furthermore, luminescent Morse code patterns

were prepared by adding 1D-SNRs and Trz-(Cbz)3 to the printed

5
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containers, with red representing "underscore" and yellow repre-

senting "dot" (Fig. 7c). During the encryption process (UV on), the

Morse code is not visible, displaying "No information." However,

upon removal of the UV lamp, obvious afterglow emissions reveal

the first encryption message "TSFRET." After 3.0 s of UV light re-

moval, the pattern transforms into another new encryption mes-

sage "SSIE". These experiments demonstrate that 1D-SNRs have

significant potential for use in the field of phosphorescent anti-

counterfeiting and information encryption. The versatility of 1D-

SNRs and their unique afterglow properties open up exciting pos-

sibilities for various applications, including security materials, anti-

counterfeiting measures, and information encryption, where their

long-lived luminescence and tunable colors can add value and ef-

ficiency to these technologies.

In summary, we present a successful cation-π enhanced TS-

FRET strategy using 1D nanorods matrix. By co-assembly of a long-

lived organic phosphor Trz-(Cbz)3 and a commercially available

fluorescent dye Rh6G, the efficiency of TS-FRET reaches a high of

97%, resulting in delayed sensitization of Rh6G singlet and after-

glow luminescence. The effectiveness of the cation-π interactions

on the dipole moments of Trz-(Cbz)3 and Rh6G along the stack-

ing direction of 1D-SNRs was demonstrated by a series of experi-

mental data and theoretical calculation results. The wavelength of

TS-FRET could be easily tuned by selecting appropriate acceptor

dyes, indicating that the cation-π enhanced TS-FRET has broad ap-

plicability. Furthermore, the afterglow luminescence resulting from

the cation-π enhanced TS-FRET exhibited clear photos by camera,

making it a promising candidate for anti-counterfeiting applica-

tions and information encryption. Our findings offer a generalized

strategy for enhancing TS-FRET through the regulation of the or-

dered arrangement and dipole-dipole interaction of donor and ac-

ceptor.
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