I ROYAL SOCIETY
Chemical OF CHEMISTRY

»
Science -

View Article Online
View Journal

EDGE ARTICLE

Minimum effort, maximum effect: modulating
twisted intramolecular charge transfer for ultralong
room temperature phosphorescence

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d6sc02382g

All publication charges for this article
have been paid for by the Royal Society

of Chemistry Wu-Jie Guo,T Shirong Yan,T Shihao Xu, Tongfei Qi and Hui-Qing Peng(®*

Achieving efficient organic ultralong room temperature phosphorescence (OURTP) hinges on populating
and stabilizing triplet excitons. Herein, we demonstrate a “minimum effort, maximum effect” strategy by
precisely modulating the twisted intramolecular charge-transfer (TICT) process in minimalist single-
benzene luminophores (SBLs). A synergistic attenuation of steric hindrance in electron-donating groups
and electron-withdrawing potency in accepting groups is shown to facilitate TICT formation. The
resulting TICT state acts as a pivotal relay, efficiently narrowing the singlet—triplet energy gap (AEst) and
enhancing spin—orbit coupling (SOC) to foster rapid intersystem crossing and triplet population.
Subsequent stabilization of these triplet states is achieved through a rigid hydrogen-bonding network
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Introduction

Pure organic ultralong room temperature phosphorescence
(OURTP) has emerged as a promising candidate for next-
generation optoelectronic devices, data encryption systems, and
bioimaging probes due to its merits of millisecond-scale lifetime,
large Stokes shift, and unique excited-state characteristics.'®
Despite these advantages, the practical development of efficient
OURTP materials still faces fundamental challenges rooted in the
spin-forbidden nature of intersystem crossing (ISC) and the high
susceptibility of triplet excitons to nonradiative decay. The ISC
efficiency critically determines the population of triplet excited
states and follows the relationship:®

kisc = |(S|Hsoc|T)|’exp(—AEst’) (1)

where both spin-orbit coupling (SOC) matrix elements and
singlet-triplet energy gaps (AEsy) serve as key parameters.
Current strategies to enhance ke primarily focus on two
complementary approaches: (1) SOC enhancement through
strategic incorporation of heavy atoms, heteroatoms, or
aromatic carbonyls into the molecular skeletons'** and (2)
AEsy reduction through donor-acceptor architectures that
generate intramolecular charge-transfer (ICT) excited states.'*°
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revealing a molecular-level “butterfly effect”, where subtle structural
modifications yield dramatic photophysical enhancements. The findings provide a novel paradigm for
designing high-performance OURTP materials from simple and compact molecular systems.

While conventional ICT configurations have demonstrated
some success, their twisted counterparts (TICT systems) remain
significantly underexplored for OURTP optimization despite
offering distinct advantages in excited-state modulation. On
one hand, the characteristic orthogonal donor-acceptor geom-
etry in TICT systems can induce substantial orbital angular
momentum redistribution, thereby promoting spin-flip
processes.”* On the other hand, compared to planar ICT
configurations, TICT configurations demonstrate intensified
charge separation character and decreased singlet-state energy
levels, potentially yielding markedly reduced AEgr values that
further boost the ISC efficiency (Fig. 1a).?*** These inherent
advantages position TICT manipulation as a cornerstone
strategy for high-performance OURTP material design.
Emerging evidence suggests that the strategic selection of
electron-donating (EDGs) and electron-withdrawing groups
(EWGs) provides a powerful avenue for fine-tuning TICT char-
acteristics.”?® Nevertheless, the development of clear structure-
property relationships to enable precise control over triplet
excitons and ultimate OURTP performance remains a consider-
able challenge. To address this, we propose that rational modu-
lation of the steric and electronic properties of EDGs and EWGs
in simple structures could serve as a fundamental molecular-level
strategy to regulate triplet population dynamics. Concurrently,
immobilization of these minimalist luminophores within a poly-
mer matrix (e.g, polyvinyl alcohol) offers a macroscopic
complement by imparting structural rigidity to suppress non-
radiative decay of triplet excitons.””~*° The integration of these two
approaches, namely molecular design through TICT engineering
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(a) Illustration of the TICT state as an intermediate state for enhancing OURTP. (b) The chemical structures of single-benzene lumino-

phores. (c) Illustration of the single-benzene luminophore in the PVA matrix.

together with macroscopic stabilization via matrix confinement,
establishes a highly synergistic framework capable of achieving
high efficiency in OURTP systems.

Based on the above hypothesis, we selected a library of single-
benzene luminophores (SBLs) with modifying different di-
alkylamino groups as EDGs and carbonyl-containing substituents
as EWGs (Fig. 1b). These structurally simplified guests were
embedded into rigid polyvinyl alcohol (PVA) matrices to construct
tunable OURTP systems, allowing for a direct and precise
dissection of the correlation between TICT and OURTP (Fig. 1c).
Controlled attenuation of the steric hindrance in EDGs and
electron-withdrawing potency in EWGs produced striking perfor-
mance enhancements, viz. phosphorescence lifetimes surged
from 112 ms (QL-CHO) to 1368 ms (N-COOMe), while quantum
yields increased from 3.2% to 29.6%, accompanied by a hyp-
sochromic afterglow shift from green to blue (Fig. 2a and Table 1).
Experimental results coupled with theoretical calculations
revealed a direct proportionality between the enhancement of
OURTP and the TICT formation capacity. The lowered energy
barrier (Egg) from 0.22 eV (N-CHO) to —0.76 eV (N-COOMe)
through the synergistic EDG and EWG modifications enabled
enhanced dialkylamino rotor motion, which improved TICT-
driven AEgr reduction and SOC intensification. This dual modu-
lation establishes TICT states as potent intermediate gateways for
triplet exciton accumulation. The resultant materials exhibit
intriguingly afterglow tunability and show promising potential in
dynamic information encryption and flexible afterglow displays.

Results and discussion

A series of ten SBLs with different dialkylamino donors and
carbonyl acceptors were employed, in which synthesized
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derivatives 5-(dimethylamino)-2,3-dihydro-1H-inden-1-one
(N-YT) and 4-(dimethylamino)-N,N-dimethylbenzamide
(N-CONMe) were characterized by "H NMR spectroscopy, >C
NMR spectroscopy, and high-resolution mass spectrometry,
while other commercial compounds were purified through
dichloromethane/petroleum ether recrystallization (see Fig. S1-
S6 and the SI for details). These compounds, including
julolidine-based QL-CHO, dimethylamino-modified N-CHO,
and ester-functionalized N-COOMe, were embedded in PVA
matrices by drop-casting their aqueous mixture onto a quartz
substrate followed by heating to remove water. This process
facilitates the formation of rigid host-guest film architectures
(SBL@PVAs) through hydrogen bonding between the guest
molecules and the PVA matrix. The optimal doping concentra-
tion (1 wt%) of guest molecules in PVA was determined by
taking N-CHO as an example via comprehensive evaluation of
its corresponding phosphorescence intensity, lifetime, and film
transparency (Fig. S7). As shown in Fig. 2a, these doped films
can exhibit tunable afterglow emission ranging from blue to
green after being appropriately excited by UV light at either
254 nm or 365 nm (Fig. S8).

Photophysical analysis revealed dual emission characteris-
tics across all SBL@PVAs in the prompt spectra (Fig. 2b). The
short-wavelength emissions with nanosecond-level lifetimes (t
= 1-3 ns) were identified as fluorescence (Fig. S9 and Table 1).
However, time-gated measurements (1 ms delay) confirmed the
phosphorescent nature of the long-wavelength emission bands,
which exhibited millisecond lifetimes (t = 112-1369 ms) and
quantum yields up to 29.6% (Fig. 2b-e and Table 1). Two
interdependent substituent effects, with a focus on EDGs and
EWGs, had pronounced impacts on these OURTP enhance-
ments. With the guest changing from QL-CHO to N-CHO

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Photographs of SBL@PVAs under UV irradiation and after turning off the UV light. (b) The normalized prompt and delay emission
spectra (delay time = 1 ms). (c) The phosphorescence decay curves, (d) the phosphorescence lifetimes, and (e) the total photoluminescence
quantum yields and phosphorescence quantum yields of SBL@PVAs.

Table 1 Photophysical properties of SBL@PVAs

Compound Ag/nm Tp/NS Drrorall % Ap/nm Tp/ms Dp/% kisc/s ™ KPs71? kb /ste
QL-CHO 419 0.65 9.4 523 112 3.2 4.88 x 107 0.28 8.65
Aze-CHO 400 1.03 13.0 492 165 5.9 5.75 x 107 0.36 5.70
Pyr-CHO 400 1.16 10.5 494 173 4.6 4.00 x 107 0.27 5.51
Pip-CHO 400 1.66 13.7 500 199 7.4 4.44 x 10’ 0.37 4.65
N-CHO 400 1.16 13.0 500 171 6.0 5.15 x 107 0.35 5.50
N-CO 393 1.98 21.9 486 571 10.6 5.37 x 107 0.19 1.56
N-YT 393 2.77 17.8 484 726 9.6 3.45 x 107 0.13 1.25
N-CONMe 365 1.31 18.1 449 450 11.5 8.78 x 107 0.26 1.97
N-COOH 350 2.46 25.8 440 697 10.6 4.31 x 107 0.15 1.28
N-COOMe 358 2.01 66.7 450 1368 29.6 1.47 x 108 0.22 0.51

% The apparent kisc was estimated according to kisc = Pisc/te = Pp/Tp. bR = @pftp. S KB = (1 — Pp)/tp.

© 2026 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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system, the phosphorescence lifetime and quantum yield of
SBL@PVAs increased by 53% and 88%, respectively (Table 1). It
is worth noting that the transition from QL-CHO to N-CHO
system demonstrated the progressively liberating dialkylamino
group rotation through controlled alkyl chain cyclization, which
was consistent with changes in phosphorescence properties of
SBL@PVAs. Simultaneously, strategic attenuation of the
electron-withdrawing capacity along the CHO — COMe —
COOMe series induced 50 nm hypsochromic shifts while
boosting phosphorescence lifetimes and quantum yields by
factors of 8 and 5, respectively. The systematic control of both
steric and electronic parameters through simple and straight-
forward substituent engineering established an unprecedented
structure-property paradigm that enabled the optimization of
TICT-mediated OURTP within minimalist molecular
frameworks.

Notably, the spatially separated donor-acceptor geometry of
the TICT state may intrinsically weaken the radiative transition
probability compared with the planar ICT state. However, the
rate analysis suggests that the phosphorescence radiative decay
rate (k) exhibits only marginal variation across the series,
indicating that it is unlikely to be the dominant factor governing
the observed phosphorescence performance (Table 1). By
contrast, the apparent intersystem crossing rate (kisc) increases
from 5.15 x 10’ s~* for N-CHO to 1.47 x 10® s~* for N-COOMe,
while the phosphorescence nonradiative decay rate
(kb)) decreases from 5.50 s~* to 0.51 s~ *. These results suggest
that the ultralong lifetime and relatively high phosphorescence
quantum yield are more closely associated with enhanced
triplet-state population and effective suppression of triplet-state
nonradiative deactivation, rather than to substantial modula-
tion of the k;.

To elucidate the origin of the OURTP properties, further
characterization studies were carried out on the doped films,
crystals, and solutions of these SBLs. Powder X-ray diffraction
(XRD) analysis confirmed the amorphous nature of SBL@PVAs,
eliminating their crystalline matrix contributions (Fig. $10). At
77 K, SBLs in dilute 2-methyltetrahydrofuran exhibited emis-
sion profiles comparable to those of the corresponding doped
films, indicating that the phosphorescent nature inherent to
SBL@PVAs originated from the SBLs themselves (Fig. S11 and
S12). Moreover, we obtained the crystalline counterparts of N-
CHO, N-CO, and N-COOMe (Table S1). Multiple C=0---H
interactions were observed in these crystals, suggesting the
potential for forming a hydrogen-bonding network involving
these SBLs in the hydroxyl-rich PVA matrix (Fig. S13). Addi-
tionally, these crystals displayed redshifted emission and
reduced lifetimes, providing direct evidence that molecular
isolation within PVA effectively suppressed aggregation-caused
photoluminescence quenching (Fig. S14). Replacing PVA with
the hydrogen-deficient poly(methyl methacrylate) (PMMA)
polymer led to SBLs showing negligible phosphorescence
intensity and lifetime compared to SBL@PVAs (Fig. S15 and
S16), highlighting the critical role of PVA in enabling non-
covalent molecular immobilization through hydrogen bonding
for efficient OURTP. "H NMR measurements further supported
this hydrogen-bond-assisted incorporation, as the N-CHO, N-
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CO, and N-COOMe proton signals showed slight upfield shifts
upon doping into PVA, indicating a PVA-induced microenvi-
ronmental change (Fig. S17).

Furthermore, we examined the absorption and fluorescence
spectra of isolated SBLs in various solvents. All spectra exhibi-
ted a clear red shift with increasing solvent polarity, demon-
strating pronounced solvent effects (Fig. 3a, S18 and S19). In
particular, except for QL-CHO and Aze-CHO, the fluorescence
spectra of other SBLs in highly polar solvents (i.e., acetonitrile)
showed dual emission characteristics. As shown in Fig. 3b-d,
S20, Tables S2 and S3, the correlation between the Stokes shift
of the two emission bands and solvent orientation polarizability
(Af) was then estimated, in which the long-wavelength emission
(A band) exhibited a larger slope of the linear correlation
between the Stokes shift (v,-v,) and Af than that of the short-
wavelength fluorescence (B band). This observation demon-
strated that the A band resulted from the TICT state with twisted
geometry, while the B band was derived from the localized
excited (LE) state or the ICT state with planar geometry.*'=*> The
solvent-dependent transition dipole moment (u) values further
support the polarity-regulated charge separation, leading to
a more pronounced CT/TICT character (Fig. 3b-d and Table S4).
The Lippert-Mataga analysis was further performed separately
using the LE/ICT and TICT emission bands. The dipole-
moment change (Au) between S, and S; derived from the A
band is significantly larger than that obtained from the B band,
indicating that the TICT state possesses a more pronounced
charge-separate character (Fig. 3b-d). Subsequently, the fluo-
rescence intensity ratio (I,/Iz) for the A and B bands was
calculated based on the fluorescence profile in acetonitrile,
showing an increasing trend from QL-CHO to N-COOMe
(Fig. 3e). Specifically, the ratio increased from 0.11 for Pyr-CHO
to 7.69 for N-COOMe, suggesting that the fluorescence in N-
COOMe is more prominently attributed to the TICT state.
Moreover, it was found that N-COOMe had a significantly
stronger dependence of fluorescence on viscosity compared to
other SBLs, which is consistent with its more prominent TICT
character (Fig. S21-S23). Based on these findings, it can be
concluded that the trend in the generation of the TICT state of
SBLs is largely in agreement with that observed in the phos-
phorescence lifetimes and quantum yield of SBL@PVAs
(Fig. 3e). The control compounds, O-CO and S-CO, containing
methoxy or methylthio units instead of the dialkylamino group,
displayed no effective OURTP in the PVA matrix. This indicates
that the dialkylamino group, a typical TICT-capable moiety, is
essential for enabling the OURTP behavior (Fig. S24 and Table
S5). Thus, the attenuation in both the steric hindrance of the
EDGs and the electron-withdrawing strength of the EWGs from
QL-CHO to N-COOMe is expected to have facilitated the rotation
of the dialkylamino group. This, in turn, influences the TICT
state and thereby optimizes the OURTP properties.

To further explore the mechanisms underlying the positive
correlation between the TICT formation capacity and OURTP
enhancement in SBL@PVAs, density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations were per-
formed on these SBLs at the PBEO/Def2-TZVP level (Table S6).
First, the potential energy of the lowest singlet excited state (S,)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The absorption and fluorescence spectra of N-CHO, N-CO, and N-COOMe in different solvents, C =5 x 107> mol L™. The S to S,
transition electric dipole moment (u, top) and the relationships between the Stokes shift and Af (bottom) for (b) N-CHO, (c) N-CO, and (d) N-
COOMe. v, vp, and vg: the wavenumber of the absorption maximum, A-band emission maximum, and B-band emission maximum, respectively.
(e) The trends in the ratio of fluorescence intensity (/a//g), phosphorescence lifetime, and phosphorescence quantum yield for the SBLs. (f) The
Egg of the optimized S; for N-CHO (top), N-CO (middle), and N-COOMe (bottom) with different ¢ values between the benzene ring and the

EDGs. (g) The trends of Egg of the optimized S; for the SBLs.

and ground state (S,) was calculated as a function of the dihe-
dral angle (¢) between the benzene ring and the EDGs (Tables
S7 and S8). It was found that the S; potential energy decreased
for N-COOMe and N-COOH with the increase of ¢ from 0° to
90°, whereas it increased for the other SBLs from 0° to 120°. In
contrast, the S, potential energy exhibited an increasing trend
for all SBLs. On this basis, the energy barriers (Egg) associated
with rotations of the EDGs were further evaluated. A lower Egg
suggests a greater propensity for TICT state formation.**?** It was
found that the Egg values in S; are lower than those in S,
suggesting that twisted geometry is more readily accessible in S;
for SBLs (Fig. 3f, S25 and 526). As shown in Fig. 3g, the Egp of S;
displays a clear downward trend from Aze-CHO to N-COOMe.
The negative Egg values observed for N-COOMe and N-COOH
suggest that they were more prone to adopt twisted geometries
characteristic of the TICT state in S;, compared to others SBLs.
This finding was consistent with the trend in solvent effects and
further supports the correlation between the TICT formation
capacity and the OURTP enhancement in SBL@PVAs. The
electron paramagnetic resonance (EPR) measurements show
a clear free-radical signal for N-COOH®@PVA, while no obvious
radical signal was observed for N-COOMe@PVA under UV
irradiation (Fig. S27). Therefore, although N-COOH showed
a smaller Egg, it exhibited a shorter phosphorescence lifetime

© 2026 The Author(s). Published by the Royal Society of Chemistry

and lower quantum yield than N-COOMe in the PVA matrix
(Table 1), presumably due to energy transfer from the triplet
excited state to free radicals generated by N-COOH@PVA under
UV irradiation.*%”

N-CHO, N-CO, and N-COOMe were selected as representative
examples to further analyze their electronic configurations and
excited-state characteristics in both planar and twisted geome-
tries. Prior to the excited-state analysis, the electron-withdrawing
ability of these acceptor groups was quantitatively evaluated
using Hammett ¢~ constants (Table $9).** The corresponding
Hammett ¢~ constants decrease from 1.126 to 0.874 and 0.636,
confirming weakened acceptor strength from CHO to COMe and
COOMe. Consistent with the Hammett ¢~ constants, the
decreased S, dipole moments and elevated LUMO energies
further corroborate weakened donor-acceptor polarization and
reduced electron-accepting ability. According to the El-Sayed rule,
ISC processes, *(n, 70*) to *(7, w*) or (7, 7w*) to *(n, w*) transitions,
are allowed for the generation of triplet excited states. Therefore,
based on the hole-electron analysis and the proportion of n
orbitals («), it can be speculated that in the planar geometry, the
S; — T, (n = 1-4) transitions are allowed for N-CHO and N-CO
due to the presence of hybrid (n, 7*) and (7, *) configurations in
S; and triplet excited states (Fig. 4a, b, S28-5S30, Tables S10-S13
and S15).%** However, the transition is inefficient for N-COOMe
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Fig.4 The hole—electron analysis of (a) N-CHO, (b) N-CO, and (c) N-COOMe for their Sy, T;, and T, excited states in planar geometries, as well as
the S’{, T:, and T; excited states in twisted geometries, with the corresponding proportions of n orbitals («). Calculated energy levels and spin—
orbit coupling matrix elements (£) for (d) N-CHO, (e) N-CO, and (f) N-COOMe.

owing to their nearly pure (7, v*) configurations in the S; and T,
(n = 1-4) states (Fig. 4c, S28, S31, Tables S12 and S17). By
comparison, in twisted geometries (¢ = 120° for N-CHO and N-
CO; ¢ = 90° for N-COOMe), these analyses suggest that the
transitions from S to T, (n = 1-4) are allowed for all three SBLs
(Fig. 4a-c, S28-31, Tables S10-S12, S14, S16 and S18). Since the
ISC efficiency is governed by both the S;-T,, energy gap and the
SOC matrix element (&), energetically accessible triplet excited
states with AEg; values below or close to 0.37 eV were further
examined, together with their corresponding & values. Higher-
lying triplet states with larger AEgr values may still contribute to
the ISC to some extent, but their role is expected to be relatively
minor. On this basis, compared with the planar geometry, the
twisted geometry shows more efficient ISC and the subsequent
triplet excited state population, which can be attributed to the
reduced AEgr and enhanced £ (Fig. 4d-f). Although planar N-
COOMe exhibits relatively small AEgr values and appreciable &
values for some channels, the similar (7, 7w¥) character of its S;
and low-lying T,, states makes ISC less favorable according to the
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El-Sayed rule. In contrast, twisting provides more favorable orbital
mixing together with reduced energy gaps and enhanced SOC,
thereby facilitating ISC. These results underscore the critical role
of the TICT character in governing the OURTP performance.

By exploiting the spectral overlap between the phosphores-
cence of N-COOMe@PVA and the absorption of the commercial
fluorescent dye rhodamine B (RhB, Fig. S32a), we successfully
engineered multicolor afterglow systems through triplet-singlet
Forster resonance energy transfer (TS-FRET). By tuning the N-
COOMe/RhB ratio in PVA films from 100:1 to 100: 20, a clear
afterglow shift from blue to orange was achieved (Fig. 5a, b and
S32b). This shift was accompanied by a significant reduction in
phosphorescence lifetime at 450 nm (from 1321 ms to 437 ms)
and the emergence of millisecond-scale delayed fluorescence at
580 nm (Fig. 5c and d), providing unambiguous evidence of
efficient TS-FRET and dynamic afterglow color tunability.
Additionally, owing to the good processibility of PVA films,
origami cranes were folded from N-CO@PVA, N-COOMe@PVA,
and N-COOMe/RhB@PVA. Upon UV cessation, these origami

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02382g

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:40:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
(a) (b) | s
0.8 a0 CIE 1931
b
’ 100:20 0.6 -
J | 100:15
LA Ay 100:10 @
N T R
2 07 o
i 109;1, ‘\SJ @&°
——
300 400 500 600 700 800
Wavelength (nm)

View Article Online

Chemical Science

100:1
100:5
+ 100:10

100:1
= 100:5

100:10

100:15
100:20

N-COOMe:RhB
(wt%)

N-COOMe:RhB
(wt%)

X 2 4 6 8 0 2 4 6 8
X Time (s) Time (s)
(e) (f) UV On uv off (9) UV On uv off
< <
5 s :
<] ® ®
Q o =
z o S
< = o
a z
1
- (h) N-COOMe@PVA UV On UV Off 0s UV off 1.5s
2 E
z G =
@ S
s {
g E N-CHO@PVA UV On UV Off 0s UV Off 1.8s
2® S £
Fig. 5 (a) The delayed emission spectra (delay time = 5 ms), (b) CIE diagram of the delayed emission spectra, (c) the phosphorescence decay

curves monitored at 450 nm, and (d) the delayed fluorescence decay curves monitored at 580 nm of the hybrid films at varying donor-to-
acceptor ratios. (e) Photographs of the origami cranes folded using N-CO@PVA (Jcx = 365 nm), N-COOMe@PVA (icx = 254 nm), and N-COOMe/
RhB@PVA (e, = 254 nm) under UV irradiation and after turning off the UV light. Photographs of the QR code printed on paper using (f) N-
CO@PVA (Aex = 365 nm) and (g) N-COOMe@PVA (1o, = 254 nm). (h) Photographs of multi-level encrypted information using N-CHO@PVA and

N-COOMe@PVA.

structures exhibited bright cyan, blue, and purplish red after-
glow emissions, highlighting their promising potential for use
in flexible optoelectronic devices (Fig. 5e).

We further investigated the potential applications of the
doped PVA films in information encryption. N-CO@PVA and N-
COOMe@PVA aqueous solutions were then employed as anti-
counterfeiting inks. A quick response (QR) code printed via
screen printing using these inks was nearly invisible under UV
light due to paper fluorescence but exhibited a clear green or blue
afterglow upon UV removal, enabling successful smartphone
scanning (Fig. 5f and g). In a time-dependent encryption
demonstration, the number “2025” written with N-CO@PVA was
overlaid with “8888” using N-CHO@PVA. Under 365 nm UV
irradiation, the image transitioned from “8888” to “2025” over
time due to their distinct phosphorescence lifetimes (Fig. S33).
Similarly, when “1995” written with N-COOMe@PVA was covered
by “8888” in N-CHO@PVA, and only “8888” was observed under
365 nm light, owing to weak phosphorescence emission from N-
COOMe@PVA at this wavelength; however, under 254 nm UV
light, the afterglow gradually shifted from green (“8888”) to blue
(“1995”), demonstrating enhanced security through wavelength-
dependent dynamic encryption (Fig. 5h).

Conclusions

In summary, we demonstrate that precise control of TICT
formation in SBLs enables significant OURTP enhancement
within PVA matrices. Through strategic attenuation of steric

© 2026 The Author(s). Published by the Royal Society of Chemistry

hindrance in EDGs and electron-withdrawing potency in EWGs,
we achieve a 12-fold phosphorescence lifetime extension (t = 1368
ms) and 9-fold quantum yield (¢, = 29.6%) enhancement
compared to systems with suppressed TICT state formation.
Experimental results and theoretical calculations confirm that
these improvements stem from TICT-mediated AEgr reduction
and SOC coefficient amplification. The PVA matrix further stabi-
lizes triplet excitons through a rigid hydrogen-bonding network
that blocks nonradiative decay. The outstanding OURTP perfor-
mance and excellent processability make these SBL@PVAs
promising candidates in afterglow displays and information
encryption. Our “minimum effort, maximum effect” approach
illustrates that sophisticated photophysical control can be ach-
ieved through minimalist structural changes, marking a depar-
ture from conventional complex multicomponent systems.
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