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In this study, Forster resonance energy transfer (FRET) is harnessed to construct a novel stimulus-responsive
long-persistent luminescence (LPL) system. Two organic molecules, DPSD and DPOD, were initially found
to have no afterglow under ambient conditions, but exhibited prolonged afterglow upon friction with paper,
showing a significantly promoted transition of triplet excited states. Substituting paper with a-cellulose (the
main composition of paper) reveals a novel host—guest long afterglow system and allows for a deeper
investigation of the above paper-promoted LPL phenomenon. The activation of the LPL effect was
achieved by matrixing these components through a grinding process, capitalizing on the efficient FRET
from the host to the guest owing to the appropriate energy level match, and the robust intersystem
crossing (ISC) capability of the guest. This model presents a new matrix strategy to achieve efficient LPL
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Introduction

Long persistent luminescence (LPL), or long afterglow, mate-
rials are a novel class of optical materials that can store the
energy of incident light and continue emitting photons even
after the illumination ceases, garnering widespread attention,'”
especially in the domain of single-component systems.® When
an organic chromophore absorbs a photon, an electron is
excited from the ground state (S,) to a higher singlet state (S,,)
and then relaxes non-radiatively to the lowest singlet state (S;).
Fluorescence results from the fast radiative decay from S, to S,.
The excited singlet state can also relax non-radiatively to
a triplet state (T;) via intersystem crossing (ISC). Phosphores-
cence occurs when T returns to Sy, but this process is slower
due to forbidden transitions. In some organic crystals, triplet
states can be stabilized, leading to LPL (100 ms-10 s).’ Despite
the historical notion that transitioning to the triplet state is
a challenging process for luminogens at room temperature
(RT), recent breakthroughs have substantially improved
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intersystem crossing (ISC) efficiency. Notably, significant
advancements have been achieved in extending LPL lifetimes
from milliseconds to seconds or even minutes, rendering them
easily discernible to the naked eye.'** This enhancement has
been achieved by bolstering spin-orbit coupling (SOC) through
the incorporation of heteroatoms,**"*> heavy atoms,'* and mul-
timers."”” However, many of these advancements are contingent
on special crystal structures,® presenting challenges in terms of
maintenance, cultivation, and practical applications, thereby
limiting their widespread utility. Additionally, various multi-
component phosphorescent systems have emerged, employing
co-crystallization, rigid matrix encapsulation, hardening in
polymer matrices, or interactions with molecules of similar or
different types.'®'** While promising, the practical imple-
mentation of these multi-component materials is somewhat
intricate, with specific conditions and flexibility constraints.
Against this backdrop, LPL materials based on host-guest
doping systems, independent of crystalline structures, offer
a promising avenue to address these challenges. In comparison
to conventional phosphorescent materials, LPL materials with
stimulus-responsive properties, particularly those independent
of specific crystal structures, offer distinct advantages and
possess significant commercial value across various applica-
tions, including anticounterfeiting, sensing, and detection.?*”
Despite sporadic reports on such materials, comprehensive
studies remain scarce,”?® necessitating a more systematic
exploration of their mechanisms and influencing factors in LPL
generation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Paper, a remarkable invention originating from China and
composed of cellulose, stands as a fundamental medium for
communication, information storage, and cultural dissemina-
tion. Notably, recent advancements have led to the successful
construction of LPL cellulose by various research groups.***
Despite the strides in LPL cellulose construction, there is still
a notable gap in understanding how cellulose responds to
stimuli in the context of LPL. Further research in this direction
could provide valuable insights into the practical applications
and potential improvements in the synthesis and processing of
LPL cellulose. We report an unexpected finding of organic
afterglow triggered by grinding on paper. Two organic mole-
cules, DPSD and DPOD, showed no afterglow initially, but
exhibited prolonged afterglow upon friction with paper,
promoting the transition of triplet excited states. Substituting
paper with a-cellulose allowed for a deeper investigation,
revealing a novel host-guest long afterglow system. This LPL
system, utilizing commercially available compounds, offers
cost-effectiveness, the absence of halogen atoms, easy prepa-
ration, and high performance, promising widespread attention
and further innovations.

Results and discussion

The synthesis of the D-A type organic molecules 4,4'-((2,5-
dicyano-1,4-phenylene)bis(sulfanediyl))dibenzoic acid (DPSD)
and 4,4’-((2,5-dicyano-1,4-phenylene)bis(oxy))dibenzoic acid
(DPOD) is described in the ESI (Fig. S1-S5 and Table S1).T DPSD
and DPOD have similar structures, but one contains two oxygen
atoms (DPOD) and the other contains two sulfur atoms (DPSD).
The electrostatic potential (ESP) surface reveals the charge
distribution on its molecular surface (Fig. S67).

At RT, DPSD and DPOD do not exhibit long afterglow prop-
erties initially. However, when applied onto filter paper and
ground, they show significantly long afterglow, with lifetimes of
7.77 ms and 62.25 ms, respectively (Fig. S7 and S81). Compared
to paper + DPSD and paper + DPOD, the paper's photo-
luminescence is negligible. Considering that paper's primary
component is cellulose, we believe that the afterglow arises
from energy transfer between cellulose (host) and organic
molecules (guest) induced by grinding. To validate, we con-
ducted research with a-cellulose (180-280 um) instead of paper
and observed long afterglow in a-cellulose + DPSD and o-
cellulose + DPOD systems, with the afterglow colors of yellow
and green, absolute quantum yields (QY) of 7.9% and 17.6%,
and decay lifetimes of 11.47 and 535.21 ms, respectively (Fig. 1a
and b, and Table S27).

To achieve a stimulus-responsive LPL effect in a host-guest
doping system based on FRET, three main criteria must be met:
(1) compatible energy levels between the host and guest to
facilitate the FRET process; (2) a rigid environment within the
host molecules; and (3) efficient ISC from the singlet to the
triplet state in the guest molecules to enable potential LPL
emission.?*?? Based on these criteria, a-cellulose was chosen as
the host due to its ability to form intermolecular hydrogen
bonds. DPSD and DPOD were selected as the guests, as they
have LPL emission in rigid environments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We first investigated the energy levels between the host and
guest, observing a spectral overlap between the host emission
and guest absorption (Fig. S9t). The highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the guests were entirely within the host (a-cellulose)
(Fig. 1c). That indicates that the energy levels between the host
and guest were matched. Next, the photoluminescence and
corresponding excitation spectra of the o-cellulose host were
recorded (Fig. S107). As shown in Fig. S10,f its photo-
luminescence emission peak was located at 440 nm, while the
corresponding best excitation wavelength was 425 nm. On this
basis, its Stokes shift was calculated to be just 15 nm, indicating
a rigid environment in host molecules.**** Third, the photo-
luminescence spectra of DPSD and DPOD were recorded at both
room temperature and 77 K. At 77 K, while no LPL was observed
at room temperature, significant LPL was detected with life-
times of 49.13 ms for DPSD and 185.02 ms for DPOD, attributed
to restricted molecular motion (Fig. S14-S19, Tables S6 and
S127). These findings confirm efficient ISC from singlet to
triplet states in DPSD and DPOD, thereby validating the three
criteria for the stimulus-responsive LPL effect. Based on these
findings, we propose FRET as crucial in transferring energy
from a-cellulose to DPSD and DPOD (Fig. 1d), thereby inducing
interesting LPL properties in the matrixed system, which is
further validated in the detailed photophysical studies below.

The photoluminescence spectra of a-cellulose are shown in
Fig. S10-S12 and Tables S2-S4.1 At RT, under 340 nm excitation,
a-cellulose exhibited an emission band with a shorter lifetime
(T440nm = 3.38 ns), which can be referred to as its fluorescence
emission (Fig. S10, S12a and Table S3t). Remarkably, the fluo-
rescence emission peaks gradually red-shifted with increasing
excitation wavelength, likely due to the polymorphism of
excited states induced by different o-cellulose aggregates (Fig.
S11at). The emission band with a longer lifetime (t470nm = 5.60
ms) is designated as its phosphorescence emission band (Fig.
S11b-d, S12b and Table S4f). Since the photoluminescence
intensity is too weak (QY = 6.3), we cannot observe its long
afterglow properties at RT. Meanwhile, the fluorescence and
phosphorescence lifetime of a-cellulose were enhanced at 77 K
(Fig. S11a, S12 and Tables S3-547%).

As illustrated in Fig. S13,T DPSD exhibits blue luminescence
with a shorter lifetime (7455n,m = 1.52 ns), which is assigned to
the singlet state fluorescence emission (Fig. S14a and Table
S51). In addition, at 77 K, time-gated spectra from 0-9.0 ms were
recorded. We can observe a new emission peak with a longer
lifetime (t570nm = 49.13 ms) (Fig. S14b-d and Table S67),
manifesting phosphorescence properties. However, at RT, the
phosphorescence is quenched by thermal deactivation, and we
cannot observe its afterglow properties.

Through 35 s of grinding, we homogeneously mixed DPSD
with o-cellulose, creating an a-cellulose + DPSD-matrixed
system. Prompt and delayed emission spectra were recorded
for different mass ratios of a-cellulose to DPSD (Fig. 2a-c). As
the mass ratio varied from 0:1 to 200:1, the fluorescence
intensity at 470 nm increased, while a new phosphorescence
signal emerged around 554 nm. The phosphorescence intensity
at 554 nm increased with o-cellulose concentration until

Chem. Sci., 2024, 15, 17600-17607 | 17601


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04746j

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

Open Access Article. Published on 26 September 2024. Downloaded on 7/23/2025 9:02:58 PM.

(cc)

View Article Online

Chemical Science Edge Article
a
Host Uvon UVoff
|t
G e s S g
53 D
\“;\ 4 \; 01 0.2 0.3 0.4 0.5 0.6 0.7s
L L 7
/\‘J /\‘) ” !
f. |
a-Cellulose 5
HE
0.1 1.0 2.0 3.0 4.0s
b s e ————
rompt emission -Cellul
Delayed emission BF(,:;DU ose 1.2 Prompt emission a-Cellulose
........... . > DPOD
—~ Cellulose+DPSD|l = ] Delayed —
° ed AN\ Z 8:::3:2:Z+DPSD N eayed Smission a-Cellulose+DPOD
< . e104 [\ a-Cellulose
; -------- E%ZII:I) lose+DPSD = DPOD
< -eld sesd /0 e a-Cellulose+DPOD
~ (]
3‘ 4 4 ~
> 206
5 2
[
f 2 £ 04+ \
o -
o 4 \
0.2 \_
0 1 . o it s irrrrers 0.0
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
¢ d Tw Sin P 810
a-Cellulose DPSD DPOD cee 4 \‘/ CCCTw
b7 Qe ) T ==
.- g ’ =a | . 1sC/
LUMO 2
® 'y Phos g F FRET *-....... . F Phos
0 P ' \
0.27 ;/% e G.,w&&A o) S \ Sec
-1 4 - Y 5% 4 oH 2 NO afterglow
’ \w \GWO()
s -2 lost (a-Celll Mixed
)
= 34 - -2.69 -2.85 N
] E 1 mixed
s 4 Host X Guest Oueat ) T minea
b s ¢
5 \ "
-6 '
7 714 48 -6.97 ¢ afterglow

Fig. 1

F
p ” [ HOMO
# < A %A‘Ff e ,«!*“&.S%‘\“‘ RO G
¢ ! S U

(a) Schematic illustration of the preparation of a-cellulose + DPSD/DPOD LPL materials and LPL performance in the air; (b) prompt and

delayed emission spectra of a-cellulose, DPSD, DPOD and a-cellulose + DPSD/DPOD (mass ratio = 100 : 1) under 340 nm excitation; (c) the
calculated energy and molecular orbital (MO) diagrams of donors and acceptors; (d) proposed mechanism of photophysical processes based on
ISC at RT (S, singlet; T, triplet; ISC, intersystem crossing; F, fluorescence; Phos, phosphorescence; FRET, Forster resonance energy transfer).

reaching a mass ratio of 100 : 1 for a-cellulose + DPSD. Through
grinding, the transition from the “afterglow OFF state” to the
“afterglow ON state” of the host and guest has been achieved
(Fig. 2c¢).

To investigate the potential force-responsive LPL effect, we
ground a-cellulose + DPSD (100 : 1) (Fig. 2d and e). We observed
a gradual decrease in the donor emission intensity at 440 nm,
with little change after 35 s of grinding (Fig. 2d). Simulta-
neously, the corresponding fluorescence lifetime decreased
from 3.93 ns to 1.85 ns (Table S7}). Additionally, we observed
a gradual enhancement in the fluorescence of the acceptor at
470 nm, indicative of a typical FRET process (Fig. 2d).***” To

17602 | Chem. Sci,, 2024, 15, 177600-17607

quantify the FRET efficiency (Egrer), We estimated it based on
the observed changes in the fluorescence lifetime of the donor
(Table S7). An increase in the grinding degree led to an
enhanced resonance energy-transfer efficiency. After grinding
for 5 s, the Exger was 38.93%, which then increased to 47.58% at
15 s and reached a maximum of 52.93% at 35 s. At this point,
the LPL emission was gradually increasing at 554 nm (Fig. 2e).

The observed LPL at 554 nm in a-cellulose + DPSD matches
the phosphorescence of DPSD at 570 nm in the solid state at 77
K, confirming DPSD as the origin of the grind-induced LPL. The
slight shifts in phosphorescence spectra compared to the DPSD
solid suggest hydrogen bond interactions between DPSD and o-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Prompt and (b) delayed emission spectra of a-cellulose + DPSD (mass ratio = 0: 1-200 : 1) under 340 nm excitation; (c) photos of a-

cellulose + DPSD with different a.-cellulose contents under 365 nm excitation; (d) prompt and (e) delayed emission spectra of a-cellulose and a.-
cellulose + DPSD after grinding for different times (mass ratio = 100 : 1); (f) prompt and (g) delayed emission spectra of a.-cellulose + DPOD (mass
ratio = 0:1-200 : 1) under 340 nm excitation; (h) photos of a-cellulose + DPOD with different a-cellulose contents under 365 nm excitation; (i)
prompt and (j) delayed emission spectra of a-cellulose and a-cellulose + DPOD after grinding for different times; (k) photos of a-cellulose +
DPOD (mass ratio = 100 : 1) and DPOD under 365 nm excitation at different temperatures.

cellulose.®® Additionally, slight changes in the fluorescence
spectra can be attributed to the grinding of DPSD (Fig. S157).
Temperature-dependent PL spectra and decay curves of a-
cellulose + DPSD further support its phosphorescence proper-
ties at 554 nm (Fig. S16, S17, Tables S8 and S97).

We then switched to another guest molecule DPOD. The
photophysical characteristics of DPOD are first measured (Fig.
$18-520 and Tables S10-S12+). DPOD exhibited emission bands
with a shorter lifetime (7437nm = 0.61 ns) and a longer lifetime
(tsoonm = 7.97 ps), attributed to its fluorescence and

© 2024 The Author(s). Published by the Royal Society of Chemistry

phosphorescence emissions, respectively (Fig. S18, S19a, b,
Tables S10 and S11t). Furthermore, at 77 K, a time-gated
spectral study within a range of 1-100 ms unveiled a new
emission peak with a long lifetime (t575nm = 185.02 ms) (Fig.
S19c¢, S20 and Table S127), accompanied by a yellow afterglow.
However, this afterglow cannot be observed at RT. Conse-
quently, we attribute the phosphorescence emission at 500 nm
to the radiative decay of high-lying triplet excitons (T;). Upon
cooling at 77 K, the afterglow at 575 nm stems from the lowest-
lying triplet excited state (T;), as indicated by a red-shifted

Chem. Sci., 2024, 15, 17600-17607 | 17603
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emission (Fig. S21}). From the single crystal structure
perspective, DPOD has a tighter m---7 stacking than DPSD,
which may be one of the main factors inducing the T; energy
level of DPOD (Fig. S221).

Then the emission spectra of a-cellulose + DPOD after
grounding for 45 s were recorded. The phosphorescence emis-
sion intensity at 492 nm reached its highest peak at a mass ratio
of 100:1 of a-cellulose + DPOD (Fig. 2f-h). Similarly, through
grinding, we found that the fluorescence and phosphorescence
intensity of DPOD increased with increasing grinding time,
until grinding for 45 s (Fig. 2i-k). As the grinding time prolongs,
the Eprer gradually increases. After grinding for 45 s, the Egger
reached 39.95% (Table S71). It is crucial to highlight that the
afterglow emission color of a-cellulose + DPOD differs from that
of the DPOD solid at 77 K (Fig. 2k). The yellow afterglow at
575 nm is indicative of DPOD, and this may be attributed to the
aggregated state of DPOD. Contrastingly, DPOD was present in
a monomer state in a-cellulose + DPOD, so the green afterglow
is observed. To validate this hypothesis, we investigated the
solution state of DPOD in 2-MTHF and confirmed the absence
of an emission peak at 575 nm, with only a long phosphores-
cence peak at 486 nm at 77 K (Fig. S23, S24 and Tables S13,
S147). Consequently, we posit that the grinding-induced LPL
originates from the DPOD monomer state. The LPL of a-cellu-
lose + DPOD was verified through temperature-dependent
spectra and lifetime measurements (Fig. 2k, S25, S26, and
Table S15, S16%). Interestingly, we can still observe its afterglow
up to 380 K, indicating that the afterglow has high temperature
tolerance (Fig. 2k).

Summarizing the above, by grinding, DPSD/DPOD is doped
at a lower concentration into a non-conjugated pure organic
host matrix (a-cellulose). This doping strategy utilizes the rigid
matrix provided by the host to stabilize the triplet excitons of
DPSD/DPOD, reduce the oscillator strength, and ultimately
achieve efficient long afterglow luminescence. We successfully
synthesized o-cellulose + DPSD and a-cellulose + DPOD mate-
rials, which exhibited yellow and green afterglow, respectively.
Notably, a-cellulose + DPOD displayed a longer lifetime (535.21
ms) and higher QY (17.6%) compared to a-cellulose + DPSD
(11.47 ms and 7.9%). Additionally, the afterglow of a-cellulose +
DPOD showed high temperature tolerance, with its afterglow
still observable at 380 K. By employing these two different guest
molecules, we effectively tuned the long afterglow emission
from yellow to green, enhancing both the afterglow lifetime and
QY, as well as high temperature tolerance. These variations in
the lifetime and emission color enable applications such as
Morse code creation and the production of decorative items
with diverse colors. Both compounds are inexpensive
commercial reagents, making them advantageous for practical
applications. To delve deeper into the correlation between host-
guest interaction and the LPL effect, we conducted a compre-
hensive analysis using single crystals of a-cellulose, DPSD, and
DPOD (Fig. 3 and Table S1t). Fig. 3a illustrates the crystal
structure of a-cellulose, which provides a rigid environment. On
one hand, the planar conformation of a-cellulose in the crystal
significantly restricts molecular motion, including rotation and
vibration.>*?**® On the other hand, efficient intermolecular

17604 | Chem. Sci, 2024, 15, 17600-17607
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Fig. 3 (a) Single-crystal structure of a-cellulose. a-Cellulose crystal
showed a rigid environment with a planar conformation and efficient
intermolecular hydrogen bonds, the dihedral angle was 0°; intermo-
lecular interactions and packing modes in DPSD and DPOD crystals. In
crystal, the molecules presented a twisted conformation, and the
dihedral angles of the two benzene rings were 79.96° and 3.90°,
respectively; (b) the calculated molecular orbital (MO) diagrams of a.-
cellulose + DPSD and a-cellulose + DPOD; (c) energy level diagram
and SOCME (&) for DPSD and DPOD.

hydrogen bonding can be observed, forming a rigid network
structure that hinders nonradiative decay processes. These
factors make a-cellulose an excellent host for LPL.

In contrast, although intermolecular C-H---7 exist, the
twisted conformation with the torsion angle between two
benzene ring units would result in free nonradiative
motion.*>*** This twisted structure limits the observation of
LPL in pure guests, despite achieving efficient ISC transitions
from singlet to triplet states. As depicted in Fig. S27,T we can
observe weak interactions between the host and guest through
interaction region indicator (IRI) analysis. The oxygen atoms of
the host and the hydrogen atoms of the guest form hydrogen
bonding interactions, while van der Waals (vdW) forces also
contribute to the host-guest interaction. The diverse weak
interactions between the host and guest are crucial for main-
taining the rigid conformation of the doped system and effec-
tively limiting non radiative pathways by restricting the
movement of the structure.*” Furthermore, grinding the mate-
rials enables effective intermolecular interactions between o-
cellulose and the acceptor molecules, facilitating FRET
processes between them.** Therefore, applying distance sensi-
tive FRET to host-guest doping systems can develop stimulus-
responsive LPL materials. The host and guest molecules
initially separate and gradually approach each other under force
stimulation. As their molecular distance decreases, diverse

© 2024 The Author(s). Published by the Royal Society of Chemistry
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weak interactions occur, while energy transfer between the host
and guest occurs, resulting in excellent LPL performance.

Moreover, we observed a notable weakening of the PXRD of
DPSD and DPOD crystals after grinding, suggesting that the
guests are more susceptible to fragmentation under external
stimuli, thereby facilitating their incorporation into the host.
Additionally, a-cellulose, characterized by their relatively rigid
structure, maintains strong PXRD even after grinding (Fig.
S287). Crucially, through the host-guest doping system, we
successfully demonstrated the FRET effect, culminating in the
LPL phenomenon.

To get an in-depth understanding of the photophysical
properties, time-dependent density functional theory (TD-DFT)
calculations were performed (Fig. 3b and ¢, and see the ESIf for
details). The excitation energies, frontier molecular orbitals
(FMOs) and spin-orbital coupling matrix elements (SOCMEs, &)
were calculated to further elucidate the underlying transition
characters.

We explored the energetic match of molecular pairs
involving a-cellulose and DPSD/DPOD through TD-DFT calcu-
lations. In the case of the two-component self-assembled
systems, o-cellulose + DPSD and a-cellulose + DPOD, the
HOMO was observed to be situated on a-cellulose, while the
LUMO was localized to DPSD/DPOD (Fig. 3b). This assignment
of MO suggests the potential for energy transfer between the
two components. For a-cellulose + DPSD, the energy of the S;
state is 2.13 eV, and the T, state is at 1.80 eV, with a AE(S;, T,) of
0.33 eV. Similarly, for a-cellulose + DPOD, the energy of the S;
state is 2.28 eV, and the T, state is at 1.97 eV, with a AE(S;, T4) of
0.31 eV (Fig. S29 and Tables S17 and S187). At RT, notable ISC
rates of 1.09 x 10”7 s~' and 6.67 x 10” s~ ' were observed for a-
cellulose + DPSD and a-cellulose + DPOD, respectively. This
indicates the efficient migration of excited electrons within the
doping system, transitioning from singlet to triplet energy
levels. These findings further elucidate why the most effective
energy transfer occurs in the doping systems of a-cellulose +
DPSD and a-cellulose + DPOD.

Following energy transfer, the triplet emission ability of the
guest emerges as a crucial factor influencing the LPL in the
matrixed systems. Notably, the HOMO and LUMO of all guests
exhibit spatial separation (Fig. S30-S321), implying the poten-
tial for intermolecular electron transitions upon light absorp-
tion. To delve deeper into these observations, the SOCMEs (&)
between S; and T, for DPSD and DPOD were analyzed (Fig. 3c
and Tables S19-S227). A comparison reveals a larger coupling
constant in DPOD (4.32 cm ™) compared to DPSD (0.47 cm ™).
This disparity elucidates why a-cellulose + DPOD exhibits
a prolonged lifetime and higher QY. Therefore, the ISC ability of
the guest is deemed to exert a significant impact on phospho-
rescence efficiency and lifetime. Lastly, the favorable rigid
environment provided by the host creates an optimal setting for
the guest, effectively suppressing non-radiative transitions.

A novel Morse code-based encryption method was devel-
oped, utilizing differences in sample lifetimes. Short-lived a-
cellulose + DPSD represented the Morse code's horizontal line,
while the dot e was embodied by a-cellulose + DPOD with an
extended lifetime. a-Cellulose denoted the interference symbol

© 2024 The Author(s). Published by the Royal Society of Chemistry
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x. This method effectively encrypted text and numbers, as
demonstrated with the examples of “SYSU” and “1924” (Fig. 4a).
The method's adaptability extends to the encryption of inverted
information. For instance, the short lifetime conveyed point
information, the long lifetime represented horizontal line
information, and the original interference information
described interruptions. Collectively, this information was
utilized to encrypt the extensive statement “CUTE DOG”
(Fig. 4b). Ornamental enhancements were achieved by encap-
sulating LPL materials in epoxy resin within a mold (Fig. 4c).

Furthermore, the phosphorescence emissions of the
matrixed system can change when exposed to water. We studied
a-cellulose + DPOD tabletting under alternating water and heat
stimulation. After exposure to water vapor, the tabletting
showed reduced phosphorescence at 492 nm (Fig. S337%).
However, heating at 80 °C for 10 minutes restored phospho-
rescence (Fig. S347). The tabletting exhibited reversible water/
heat responsiveness for at least five cycles without fatigue,
making it promising for water detection and anti-counterfeiting
(Fig. 4d). We replaced purchased a-cellulose with filter paper,
observing the same luminescence phenomenon. Spreading
DPSD and DPOD onto filter paper, grinding them together, and
turning off the UV light source revealed enduring luminescence,
similar to SYSU (Fig. 4e).

Morse code
o0 000 o0
00009 0000 2
o0 000 o0

Alphabet information

Arabic numerals
LR BN N J o000
LA B N LB N N N J
oo 000 L R
o900 000 LN LA B N X J Iz

365nmUVon| Tum off o — ® Nul ‘ 365 nm UV on

Reverse code & . [ ® ru
00000000 000000000 @ @
Y, 9000000 0 0 000 000 000
um

“ 9@ ®=0® o009 00

c

c
d
3 Unground
% Ground
E Unground
Ground
1 2 3 4 5
Cycle
Fig. 4 (a) Analysis of the encryption and decryption process of the

Morse code (b) and flipping the compilation process; (c) decorations
were achieved by encapsulating the LPL materials a.-cellulose + DPSD
and a-cellulose + DPOD in epoxy resin in a mold; (d) photographs and
water/heat stimulus-responsive repeated cycles for a-cellulose +
DPOD (Xex = 365 nm); (e) placing DPSD and DPOD on filter paper
(mainly composed of cellulose), grinding the sample on the paper, and
recording the photographs before and after grinding, respectively.

Chem. Sci., 2024, 15, 17600-17607 | 17605
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Conclusions

In summary, we designed a new matrix strategy to achieve
efficient and stimulus-responsive LPL, by applying a paper
(cellulose)-matrixed host-guest system attributed to FRET. The
strategy starts with the discovery of the turn-on afterglow
characteristics of DPSD and DPOD organic molecules upon
friction with paper and deepens the investigation by replacing
paper with its main chemical composition, a-cellulose. By
grinding the guests DPSD and DPOD with the host a-cellulose
gently, a new long afterglow system is established. The grinding
process enables the efficient activation of the LPL effect by
facilitating FRET from the host molecule to the guest molecule,
which triggers the guest LPL at room temperature and sustains
it up to 380 K. Further detailed experimental and theoretical
research revealed that the efficient FRET from the host to the
guest owing to the appropriate energy level match and the
effective ISC ability of the guest due to the strengthening of the
paper (cellulose) matrix are pivotal factors for achieving high
phosphorescence efficiency. Furthermore, the newly designed
LPL system is implemented for anti-counterfeiting, encryption/
decryption, decoration, and water/heat stimulus-responsive
applications. In general, this novel type of LPL-obtaining
strategy, by utilizing commercially available matrices, offers
cost-effectiveness, the absence of halogen atoms, easy prepa-
ration, and high performance, promising to attract widespread
attention and drive further innovations.
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