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Efficient Persistent Afterglow Modulation for Extended
Indolo[2,3-a]carbazole with Six-Membered Ring in Polymer Matrix

Yu Lang?, Jiahui Sun?, Mengyao lJiang?, Qingyun Jiang?, Yongkang Du?, Feng Wang®¢, Jiadong Zhou®",
Guang Shi*”", Bingjia Xu¢, Cong Liu®"

Organic persistent afterglow materials exhibit tremendous promise for applications in optoelectronic displays, anti-
counterfeiting, and information encryption. Here, we introduce a structural modulation strategy, in which a flexible
cyclohexyl or rigid phenyl substituents are expended to 11,12-dihydroindolo[2,3-a]carbazole (ICz) scaffold, namely HICz and
BICz respectively, to precisely manipulate the (hybrid) afterglow emission with long lifetime and high efficiency in melamine-
formaldehyde (MF) polymer matrix. The flexible HICz promotes reverse intersystem crossing (RISC) for hybrid afterglow,
whereas rigid BICz enlarges singlet-triplet energy gaps (AEst), consequently driving the ISC process for pure phosphorescence
afterglow, featuring an ultralong lifetime of 3.05 s and an impressive phosphorescence quantum yield of 17.59%. The
afterglow durations for BICz-MF film exceeds 30 s under ambient environment, substantially outperforming conventional
ICz systems. Furthermore, a triplet-sensitized Forster resonance energy transfer (TS-FRET) strategy enables multicolor
afterglow for optical encryption. This study establishes a generalizable molecular design principle for high-efficiency and

long-afterglow organic materials.

Introduction

Ultralong afterglow materials have attracted enormous attention
owing to their distinguished merits of long-lived emissive behavior,
enabling advanced applications in biological imaging, information
security, anti-counterfeiting, and organic light-emitting diodes
(OLEDs). 10 However, unlike inorganic phosphors or organometallic
complexes, purely organic luminophores typically suffer from
intrinsically weak spin-orbit coupling (SOC) and rapid nonradiative
deactivation of triplet excitons, leading to the very weak
phosphorescence under ambient conditions. To circumvent these
limitations, various strategies in molecular design and material
processing, such as crystal engineering, 117 host-guest doping, 1823
and supramolecular assembly, 24-26 have been developed to enhance
intersystem crossing (ISC) and stabilize triplet states, thereby
enabling long-lived organic afterglow emissions. 2732 Although
substantial efforts have been devoted to rigidifying the molecular
environment and suppressing nonradiative decay, achieving both
ultralong  phosphorescence lifetimes (>3 s) and high
phosphorescence quantum yield (@phos) (>15%) still remains highly
challenging (Table $1-52).33-40
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For room temperature phosphorescence (RTP) materials, I1SC
process generates meta-stable triplet excitons, which undergoes
radiative decay from Ty to Sp state, resulting in afterglow emission
with extended lifetimes. In contrast, for thermally activated delayed
fluorescence (TADF) materials, a sufficiently minimized singlet-triplet
energy gap (AEst) enables efficient reverse intersystem crossing
(RISC). The excitons harvest thermal energy to populate the S; state,
generating delayed fluorescence via S;—Sp radiative decay. This
dynamic control over the ISC/RISC competition ultimately dictates
the dominant afterglow pathway.*> 42 The suppressed RISC directly
favors radiative decay from the triplet state (i.e., RTP), whereas
accelerated RISC sustains efficient cycling between S; and T; to
enable TADF. Currently, TADF design strategies primarily focus on
minimizing AEst, accelerating the RISC rate (krisc), and balancing
charge transfer.#3-45 Consequently, although both TADF and RTP rely
on manipulation of triplet excitons, they adopt opposing approaches
to RISC regulation. The TADF requires “activating” RISC to enable
upconversion of triplet excitons, while RTP necessitates “blocking”
RISC to confine excitons within the triplet state for phosphorescent
emission and the suppression of nonradiative decay pathways from
the triplet state is also essential for achieving RTP. Such precise
tailoring of excited-state dynamics is the cornerstone for achieving
diverse organic afterglow emissions.

Among various organic persistent afterglow materials, 11,12-
dihydroindolo[2,3-a]carbazole (ICz) has emerged as a particularly
attractive molecular scaffold due to its rigid, planar heteroaromatic
framework and outstanding chemical stability. These structural
features are conducive to stabilizing triplet excitons and suppressing
nonradiative deactivation, rendering ICz derivatives promising
candidates for persistent luminescence (Table S3). 34 46-48 To date,
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strategies for enhancing ICz-based afterglow performance have
largely N-site
functionalization, copolymerization, or isomer regulation. Tang et al.

focused on conformational engineering,
achieved an afterglow lifetime of 2.04 s and a quantum yield of 44.10%
via conformational locking in PVA matrices.3* Xu et al. introduced a
benzoic acid moiety at the N-position of ICz to obtain dual-mode
emissive 1Cz-PVA films with a lifetime of 1.81s and a @phpos Of
19.80%.%” Ren et al. copolymerized ICz into a polyurethane-urea
elastomer, producing a flexible afterglow material exhibiting a
phosphorescence lifetime of 1.89 s.48 Despite these advances, the
ICz-based afterglow remains confined to short lifetimes (<3.0 s),
primarily due to suboptimal ISC/RISC balance and incomplete
suppression of triplet deactivation. Prior strategies rely exclusively

on external rigidification or peripheral substitution and are thus
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incapable of directly modulating the intrinsic ISC and RISC processes
of the chromophore. DOI: 10.1039/D5SC10031C

In this work, two ICz derivatives were designed and synthesized via
site-specific annulation of a six-membered ring at a previously
unexplored position on the ICz core, and subsequently incorporated
into a melamine-formaldehyde (MF) polymer matrix to achieve
highly efficient persistent afterglow (Fig. 1a). The 5,6,7,8,13,14-
hexahydrobenzo[c]-indolo[2,3-a]carbazole (HICz) incorporates a
flexible cyclohexyl group and the 13,14-dihydrobenzo[clindolo[2,3-
a]carbazole (BICz) contains a rigid phenyl m-extension. Although the
cyclohexyl group of HICz promotes RISC-favorable conformations, its
flexibility simultaneously accelerates nonradiative decay, resulting in
a photoluminescence quantum vyield (®p) of only 53.12% for HICz,
while that of BICz is 83.81%. Incorporating a rigid r-extended frame-
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Fig. 1. a) Preparation process of MF film. b) Simplified Jablonski diagram describing the photo-physical processes of fluorescence and
phosphorescence. c) Afterglow photographs of HICz-MF and BICz-MF in the dark room (Aex=330 nm).

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc10031c

Page 3 of 12

Open Access Article. Published on 06 March 2026. Downloaded on 3/7/2026 11:13:29 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Chemical Science

a) b) i View Article Online
HiczME  —— Steady state PL spectrum 10 HICZMF (Ex @sLﬁb“h#an 039/D55C10031C
Delayed PL spectrum —_ :
210 - @402nm r =120s
g \ @441nm r =161s
dpL=5312% @ 107 M
(= 5
3 10°
Q
10°
- 0 2 4 6 8 10
—— Steady state PL spectrum 10% Time (s)
e Delayed PL spectrum BICz-MF (Ex. @330 nm)
2 10% @502nm 7 =3055
Pphos = 17.59% o ; @543 nm t =3.02s
op =8381% & 10% o
3 10"
(@]
- 10°4
350 450 550 650 0 2 4 6 8 10

Wavelength (nm)

Time (s)

Fig. 2. a) Steady-state PL spectra, and delayed PL spectra of HICz-MF and BICz-MF under ambient conditions. b) Emission decay curves of

HICz-MF and BICz-MF under ambient conditions (delayed 1ms, Aex=330

work in BICz substantially facilitates the ISC process, thereby greatly
amplifying the RTP contribution with @p_ of 83.81%. The rigid -
extension in BICz not only facilitates the ISC process but also enlarges
the singlet-triplet energy gap (AEst). As a result, RISC is effectively
suppressed, leading to purely RTP-dominated afterglow with an
ultralong phosphorescence lifetime of 3.05 s and a high
phosphorescence quantum yield (®phos) of 17.59% (Fig. 1b). The
superior phosphorescence performance and higher
phosphorescence quantum yield of BICz-MF relative to HICz-MF
translate directly into markedly longer afterglow durations. Upon
330 nm UV excitation, the visible afterglow of HICz- MF persists for
approximately 18 s, whereas BICz-MF exhibits an extended afterglow
lasting over 30 s (Fig. 1c). Furthermore, by implementing a triplet-
sensitized Forster resonance energy transfer (TS-FRET) strategy,
multicolor afterglow emission was achieved, allowing for visually
encrypted coding, anti-counterfeiting authentication, and
hierarchical information storage, thereby significantly broadening
the practical applicability of long-afterglow materials. Such exciting
results indicate that this structural modulation strategy provides a
molecular design principle for achieving efficient and long-lived
organic afterglow materials.

Results and discussion

The synthetic routes for HICz and BICz are depicted in Scheme S1.
Briefly, HICz was synthesized via the coupling of two indole units with
2-chlorocyclohexanone, while BICz was prepared by coupling 2,3-
diaminonaphthalene with two equivalents of 2-bromoiodobenzene,
followed by debromination and intramolecular cyclization. The crude
products were purified by silica-gel column chromatography and
recrystallization to afford the target molecules in high purity. Their
chemical structures were confirmed by '"H and *C NMR spectroscopy
and high-resolution mass spectrometry (HRMS) (Fig. S1-59).4°
Thermogravimetric  analysis (TGA) revealed decomposition

This journal is © The Royal Society of Chemistry 20xx

nm).

temperatures of 348 °C for HICz and 370 °C for BICz, respectively (Fig.
$10), indicating excellent thermal stability, which was advantageous
for subsequent material processing.

The photophysical properties of the solid powders of HICz and BICz
were investigated. Both compounds exhibited deep-blue emission
with maximum emission wavelengths (Aem) at 396 nm (HICz) and 378
nm (BICz) (Fig. S11a). Their prompt emission decayed rapidly with
short lifetimes of 6.23 and 24.46 ns (Fig. S11b), and long-lived
emission was not detected. To evaluate their intrinsic excited-state
properties, the molecules were dispersed in dilute tetrahydrofuran
(THF) solutions. The UV-vis absorption spectrum of HICz exhibited
the absorption bands at 271 and 325 nm, while BICz showed a
gradual redshift, with absorption peaks at 276 and 362 nm, indicating
the reduced HOMO-LUMO energy gaps with extension of n-
conjugation (Fig. S12a). The delayed emission spectra of HICz and
BICz in dilute solutions at 77 K showed distinct peaks at 432 and 489
nm for HICz and BICz respectively, which were attributed to the
phosphorescence. Moreover, the phosphorescence emission peaks
showed almost unchanged positions across different concentrations
(103-10® M) (Fig. S12c-d), confirming that the delayed emission
originated from monomeric phosphorescence rather than
aggregated species.

To decipher the intrinsic photophysical properties of the
luminophores, the compounds were dispersed into a rigid MF
polymer matrix to simultaneously minimize nonradiative relaxation
and isolate the environmental oxygen. As shown in Fig. S13, a series
of MF-based composite films with dopant concentrations ranging
from 0.01 to 0.50wt% exhibited room-temperature afterglow
emission. With increasing dopant concentration, the afterglow
lifetime initially increased and then decreased, with the optimum
doping concentration at 0.05wt%, which was used for the
subsequent studies (Fig. S14, Table S4). As shown in Fig. 23, in the
steady-state PL spectra, both HICz-MF and BICz-MF films exhibited
dominated emission peaks at about 400 nm, which were attributed

J. Name., 2013, 00, 1-3 | 3
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to the fluorescence bands consistent with those in the dilute THF
solution (Fig. S12b). Although HICz-MF and BICz-MF showed similar
fluorescence features, their delayed emission profiles were quite
different. HICz-MF exhibited dual delayed emission bands in the
deep blue region (Aem = 383 nm, 402 nm) and the blue region (Aem =
441nm, 470 nm) which might be attributed to delayed fluorescence
and phosphorescence, respectively. In contrast, BICz-MF exhibited
only a single phosphorescence band with fine structural peaks (Aem =
502 nm and 543 nm), indicating a purely RTP-dominated ultralong
afterglow.

The afterglow lifetimes of HICz-MF and BICz-MF reached 1.61 and
3.05 s, respectively, whereas the blank MF film exhibited only
negligible and short-lived afterglow (Fig. 2b, S15). Relative to the
lifetimes observed for the powders, both
molecules exhibited significantly prolonged lifetimes when doped

nanosecond-scale

into the MF matrix, which can be attributed to the suppression of
nonradiative decay by the rigid, three-dimensional cross-linked
polymer microenvironment. For HICz-MF, two delayed emission
bands with lifetimes of 1.20 (Aem = 402 nm) and 1.61 s (Aem = 441 nm)
were observed. In contrast, BICz-MF exhibited two dominant
afterglow emission peaks at 502 nm and 543 nm, with corresponding
lifetimes of 3.05 and 3.02 s, respectively. This lifetime surpassed that
of most previously reported polymer-based afterglow systems
(Tables $1-S2).3340  Excitation-dependent delayed
measurements (250-360 nm) revealed consistent spectral shapes

emission

across all films, confirming the presence of a single-component
emissive center and the uniform dispersion of dopant molecules
within the MF matrix (Fig. S16). The @p, of HICz-MF and BICz-MF was
53.12% and 83.81%, respectively (Table S4), confirming high
emission efficiencies of HICz-MF and BICz-MF. The slightly reduced
®p. observed for HICz-MF may be attributed to enhanced
nonradiative decay arising from the dynamic motion of the flexible
cyclohexyl substituent. The afterglow quantum yields (@attergiow) Of
HICz-MF and BICz-MF were 14.07% and 17.59%, respectively, with
BICz-MF exhibiting notably superior afterglow efficiency. Collectively,
these results can be attributed to the introduction of a rigid -
extended framework in BICz, which not only facilitated ISC, thereby
enhancing afterglow efficiency, but also stabilized the triplet excitons
through structural rigidification, thereby prolonging the afterglow
lifetime.

To reveal the nature of the delayed emissions, temperature-
dependent photoluminescence spectra of HICz-MF and BICz-MF
films were recorded (Fig. 3). The 402 nm emission peak of the HICz-
MF film was almost absent between 78 K and 250 K but gradually
emerged upon heating to 298 K and eventually became the dominant
emission at higher temperatures (Fig. 3a), indicating a thermally
activated delayed fluorescence (TADF) mechanism. The intensity of
the TADF emission peak increased from 273 to 320 K and then
(Fig. 3b).
Correspondingly, the relative contribution of the TADF component

gradually diminished at higher temperatures
increased significantly with temperature. As observed, the TADF
emission of the HICz-MF film exhibited photophysical behavior
distinct from that of typical RTP systems. This indicated that thermal

activation was required for generating the deep-blue afterglow.

4| J. Name., 2012, 00, 1-3

Meanwhile, triplet-triplet annihilation (TTA) can be ruled out due to
the low dopant concentration and the bbseratiohDihatoBoth
emission bands exhibited comparable ultralong lifetimes. Similar
behavior was also observed in the ICz-MF film (Fig. S17). Therefore,
the delayed fluorescence observed in HICz can be attributed to TADF
emission. In parallel, the phosphorescence emission band of HICz-MF
at 441 nm consistently decreased in intensity with increasing
temperature (Fig. 3c). At lower temperatures (e.g., 273 K), the
afterglow is nearly pure phosphorescence, appearing as a bright sky-
blue emission. Upon heating, RTP was gradually suppressed while
the TADF contribution was enhanced, ultimately leading to a blue-
violet afterglow above 298 K (Fig. 3d).* In addition, the lifetime of
these emissions at 402 nm, 441 nm and 470 nm decreased with
increasing temperature (Fig. 3e-g), which was consistent with the
characteristic behavior of systems exhibiting both TADF and RTP. In
contrast, BICz-MF did not exhibit a discernible delayed-fluorescence
component, confirming that the emission originated from RTP-
dominated single-mode afterglow (Fig. 3h). As the temperature
increases from 250 K to 400 K, both the phosphorescence intensity
and delayed lifetime of BICz-MF gradually decreased (Fig. 3i),
whereas the afterglow color remained unchanged (Fig. 3j). This
temperature-dependent responses matched the RTP characteristics,
in which triplet exciton decay dominated the emission process.
Compared with HICz-MF, the BICz-MF film exhibited a significantly
longer afterglow lifetime (3.05 s) and a higher afterglow quantum
yield (17.59%), demonstrating its superior persistent luminescence
performance.

To gain deeper theoretical insight into the distinct photo-physical
properties of HICz-MF and BICz-MF, density functional theory (DFT)
calculations were conducted (Fig. 4). The ground-state geometries of
HICz and BICz were optimized using the B3LYP/6-311G (d,p), whereas
their excited-state energy levels and SOC constants were evaluated
at the M06-2X/6-311G (d,p) level.5153 Time-dependent DFT (TD-DFT)
results revealed that HICz (S1>Ts-Ts) and BICz (S;=>Ts-Ts) both
possess three feasible ISC channels. The calculated SOC constants
between Ty and So [€ (T4, So)] gradually increased from 0.30 (HICz) to
0.43 cm! (BICz), indicating that the ISC process in BICz-MF is more
efficient than that in HICz-MF (Fig. 4). For HICz, the introduction of a
flexible cyclohexyl substituent enhanced molecular vibration and
orbital mixing, leading to a larger SOC constant and an accelerated
RISC rate. The calculated kgisc of HICz (45.16 s1) was 6.44 times higher
than that of ICz, consistent with its markedly enhanced TADF
quantum yield (Table S5). For BICz, theoretical calculations showed
that the SOC values associated with the ISC channels were not
substantially larger than those of HICz, suggesting that SOC
enhancement was not the primary factor governing its photophysical
behavior. Instead, the much larger energy gap in BICz seemed to play
a decisive role in severely suppressing the RISC process, thereby
forcing the system toward pure phosphorescence emission.>* In
particular, BICz exhibited a larger energy gap (AEt,t, = 0.99 eV)
between the concerning triplet energy levels, while its T, level (3.45
eV) remained similar to that of HICz (AEr,.r, = 0.69 eV). Although the
theoretically calculated AEr,.s, for BICz is extremely small (0.008 eV),
which in principle strongly favors RISC, the ISC and RISC processes are

This journal is © The Royal Society of Chemistry 20xx
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collectively governed by three factors: energy gap, spin-orbit
coupling (SOC), and reorganization energy.>*5¢ Given that the SOC
value for this pathway is only 0.04 cm™, RISC is significantly
suppressed. We recalculated the Huang-Rhys factors and total
reorganization energies for the T; — Sp transition of HICz and BICz,
and found that both the Huang-Rhys factors (0.475) and total
reorganization energy (2219.26 cm) of BICz are generally larger
than those of HICz (Fig. S18). According to Marcus theory, a larger
reorganization energy suppresses the RISC rate, making the RISC

H |

Sciencer-| {11

ARTICLE

process less competitive with phosphorescence. Conseguently, B|Cz
likely to exhibit TADF. MoreoVét; 1@Re3NargerlOtstsl
reorganization energy of BICz indicates more pronounced structural
relaxation upon excitation,
stabilization and the formation of localized excited states. Thus,

is less

leading to a significant energy

excitons in BICz first underwent the internal conversion (IC) from
higher triplet states to T, and followed by a very slow IC process from
T, to Ty, resulting in the prolonged phosphorescence lifetime
observed in BICz-MF films. This stepwise relaxation pathway effect-
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Fig. 3. a) Temperature-dependent delayed PL spectra of HICz-MF in a vacuum. b) TADF intensity peaked at 402 nm at different temperatures
in a vacuum. c) RTP intensity peaked at 441 nm at different temperatures in a vacuum. d) CIEx,y chromaticity of the HICz-MF film along with

the evolution of temperature in a vacuum. e) Emission decay curves probed at 402 nm of the HICz-MF at different temperatures in a vacuum.

f) Emission decay curves probed at 441 nm of the HICz-MF at different temperatures in vacuum. g) Emission decay curves probed at 470 nm

of the HICz-MF at different temperatures in a vacuum. h) Temperature-dependent delayed PL spectra of the BICz-MF film in a vacuum. i)

Emission decay curves probed at 502 nm of the HICz-MF at different temperatures in a vacuum. j) CIEx,y chromaticity of the BICz-MF film

along with the evolution of temperature in a vacuum.
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tively trapped the excitons in the T; state and substantially retarded
their decay, giving rise to the ultralong phosphorescence lifetime
observed in BICz-MF films.

Natural transition orbital (NTO) analysis further revealed that the
triplet states (T1) of HICz and BICz possessed the dominant (m, mt*)
characters (Fig 4b; Table S6-S7). Such orbital transition patterns
conformed to El-Sayed’s rule, enabled the spin-allowed ISC transition
for the realization of efficient and long-lived RTP materials. In
general, (rt, *) triplet states lied at a lower energy level and were
spatially delocalized compared with (n, t*) states, which significantly
enhanced their intrinsic stability. The extensive conjugation within
for the realization of efficient and long-lived RTP materials. In general,
(m, *) triplet states lied at a lower energy level and were spatially
delocalized compared with (n, m*) states, which significantly
enhanced their intrinsic stability. The extensive conjugation within
the m-framework effectively reduced vibronic coupling, thereby
suppressing nonradiative decay pathways. Consequently, triplet
excitons in BICz, with its more pronounced (m, n*) character, were

a)
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&(T3 S1)=0.18 cm™  TADF T
&T,4, Sp)=0.30 cm'!
RTP

Journal Name

View Article Online

more effectively confined within the T; mBrifdld18Ad RitdepPwent
substantially slower radiative decay. The enhanced delocalization
and rigidity associated with the enlarged (m, m*) framework
suppressed vibrational dissipation and nonradiative pathways,
thereby extending the lifetime of the triplet population and yielding
markedly prolonged RTP emission. Furthermore, the dominance of
the (m, m*) configuration also reinforced host-guest interaction with
the rigid MF polymer matrix. The large, planar nt-systems facilitated
stronger noncovalent confinement and reduced molecular motions,
further diminishing the probability of vibrationally induced
quenching. This synergistic stabilization was particularly pronounced
in BICz, whose extended rigid m-conjugation enlarged the (m, t*)
contribution, resulting in a remarkably long T; lifetime and a
significantly enhanced phosphorescence quantum yield. Altogether,
the NTO results demonstrated that the amplified (m, *) nature in Ty
was a key factor governing the improved @phos and ultralong lifetimes
observed for the ICz derivatives, offering a clear molecular-level
explanation for their exceptional afterglow performance.

b)

i Te

QezeE

- T
», Bl - ——— : ;
BICz IsSC | 3
Hic
E(TEr 81)=012 cm-! !
f(Tch 81)=004 cm-! A 4 | T2
&T,, S4)=0.07 cm" !
&T4, Sp)=0.43 cm'! ! slow IC
4 T
1

Fig. 4. a) Calculated energy levels, intersystem crossing (ISC) channels, and SOC constants between singlet and triplet states; optimized
molecular geometry and natural transition orbitals (NTOs) and transition probability for the T; state of HICz. b) Corresponding data for BICz.
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Benefiting from the facile processability and excellent
photophysical properties of HICz-MF and BICz-MF, they can be
fabricated large-area patterns

counterfeiting applications. For example, they can be further applied

into luminescent for anti-

to prepare multicolor luminescent patterns, such as the cat-shaped
pattern shown in Fig. 5a. Furthermore, BICz-MF was used as anti-

Chemical Science

View Article Online

counterfeiting ink to print a phosphorescent@R ¢6de>Wher-the QR
code was scanned, the South China Normal University emblem
appeared clearly, demonstrating that highly complex micro-patterns
can be distinctly displayed with bright and long-lasting afterglow

emission (Fig. 5b).

HICz-MF
BICz-MF
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-MF
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Fig. 5. a) Cat pattern prepared by HICz-MF. b) QR code encryption pattern prepared by BICz-MF. c) Colorful pattern prepared by HICz-MF,

BICz-MF and BICz-RhB-MF. d) Information encryption realized by employing the organic afterglow colors of the HICz-MF, BICz-MF and BICz-

MF@RhB films to define the Morse code symbols.
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To achieve high-efficiency and long-lifetime multicolor afterglow
emission, a triplet-sensitized Forster resonance energy transfer (TS-
FRET) strategy was employed, using Rhodamine B (RhB) as the guest
emitter and BICz-MF as the energy donor.3* By co-doping the organic
luminophores and RhB dye at various mass ratios, a progressive
emissive peak was observed with increasing RhB concentration (Fig.
$19), accompanied by long-lived red afterglow emission on the
millisecond-to-second scale, confirming the efficient energy transfer.
Considering both lifetime and quantum yield (Table S8), the film with
optimal mass ratio of 1:1 (BICz:RhB) yielded an afterglow lifetime of
0.83 s and a quantum yield of 12.28%, which ranked among the best
values reported for polymer-based RTP systems. These materials,
HICz-MF, BICz-MF and BICz-RhB-MF, were further employed to
fabricate large-area multicolor luminescent patterns (Fig. 5c) and
encrypted information displays (Fig. 5d). By freely combining thin
films with different emission properties, information could be
optically encoded, enriching the diversity of encryption strategies. A
particularly secure approach involved defining the multicolor
afterglow emissions of MF films as Morse code symbols, where the
correct decoding sequence revealed hidden information. As shown
in Fig. 5d, a matrix composed of HICz-MF (blue), BICz-MF (yellow),
and BICz-RhB-MF (red) films was used to encode the message
“SCNU”. To decipher it correctly, one must be assigned to the
afterglow colors to specific Morse symbols. For example, blue, yellow,
“blank”

“, n

and and

“_n “w.n
’

red corresponding respectively to
(interference) signals. According to the Morse code table,

” ”

represented S, “----” represented C, “--” represented N, and “:-
represented U, reconstructing the message “SCNU.” In contrast, an
produced the

information, which highlighted the robustness and complexity of the

incorrect  color-to-symbol  assignment false

encryption method.

Conclusions

In this work, two derivatives, HICz bearing a flexible cyclohexyl group
and BICz incorporating a rigid phenyl r-extension, were synthesized
and then embedded into a melamine-formaldehyde (MF) matrix. The
theoretical and experimental results show that introducing six-
membered ring substituents provide an effective strategy to
modulate m-conjugation, molecular flexibility, which are related to
the SOC intensity, AEst, and ISC process, thereby enabling tuning the
competition between TADF and RTP pathways in HICz-MF and BICz-
MF materials. Although the flexible cyclohexyl unit in HICz promote
RISC-favorable conformations, its intrinsic mobility simultaneously
enhances nonradiative decay, limiting the phosphorescence lifetime
(1.61 s) and @p. (53.51%). In contrast, rigid m-extension in BICz
fundamentally alters the excited-state landscape. Comprehensive
photophysical studies and DFT calculations reveal that the rigid
framework not only promotes ISC but also significantly enlarged AEsr,
thereby suppressing RISC and stabilizing the triplet manifold.
Consequently, BICz-MF exhibits purely RTP-dominated emission with
an ultralong lifetime of 3.05 s and a high phosphorescence quantum

8 | J. Name., 2012, 00, 1-3

View Article Online

yield of 17.59%. These results establish rigidFfaméwork/enginééng
as a powerful and generalizable design principle for constructing
efficient, long-lived polymer-based RTP materials. Moreover,
integration of a triplet-sensitized Forster resonance energy transfer
(TS-FRET) strategy enables multicolor afterglow emission, supporting
applications in optical encryption, anti-counterfeiting, and
hierarchical information storage. Overall, this study demonstrates
that rational rigid-flexible structural modulation offers a robust
strategy for tailoring ISC dynamics and unlocking the full potential of

ICz-based organic afterglow systems.
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Data availability
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