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Triggering anti-Kasha organic room temperature
phosphorescence of clusteroluminescent
materialsy

Jingyu Zhang,? Yishan Jin,? Xinchi Lu,? Chengxi Sun,® Wei Ma,® Yuhang Li,?
Longyan Zhang® and Runfeng Chen & *a®

Clusterization-triggered emission (CTE) from organic materials without 7t-conjugated structures for room
temperature phosphorescence (RTP) is fascinating with extraordinary photophysical properties and
diversified applications, but rather challenging in material design owing to the limited mechanism
understanding. Here, we demonstrate a facile strategy to construct CTE polymers with stimuli-
responsive emission, anti-Kasha RTP and organic ultralong RTP (OURTP) by introducing ions into the
hydrolyzed nonconjugated maleic anhydride and acrylamide copolymers. Thanks to the synergistic
effects of hydrogen and ionic bonding with the ion-triggered electrostatic and coordinate interactions to
suppress non-radiative decays and promote intersystem crossing, the amorphous copolymers show
efficient photoluminescence with quantum efficiencies up to 13.5%, anti-Kasha RTP blue-shift of 29 nm,
and OURTP lifetime up to 420 ms. Moreover, the temperature-dependent and water-sensitive anti-
Kasha RTP and OURTP are also observed due to the formation of highly emissive CTE structure
regulated by ionization. With the excellent processability and flexibility of the copolymer, lifetime-,
temperature- and color-encrypted information anti-counterfeiting is designed and explored. The anti-
Kasha RTP in CTE materials realized for the first time demonstrates impressive potential for multi-level
encryption/anti-counterfeiting applications and more importantly, providing fundamental mechanism
understanding for the rational modulation and design of CTE materials with extraordinary photophysical
properties.

strategies inevitably lead to red-shifted RTP in comparison to
fluorescence, owing to the large Stokes shift as well as the solid
state and triplet excited state emitting nature of the RTP

Room-temperature phosphorescence (RTP) materials with
unique photophysical properties, rich excited-state features,
high flexibility, and excellent structural designability play
important roles in anticounterfeiting, bioimaging, photody-
namic therapy, and organic light emitting diodes."”* To promote
RTP, efficient intersystem crossing (ISC) to populate the triplet
excited states and suppressed nonradiative decays to support
the radiative transition from the lowest triplet excited state (T;)
to the ground state (S,) are essential.*” Therefore, various
strategies have been proposed to facilitate ISC and restrain
nonradiative decays, including heteroatom incorporation,®
crystallization/aggregation ~ engineering,”  polymerization
approach,’ host-guest doping,"* etc. However, most of these
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emitters.'>"?

According to Kasha's rule,” photons can only be emitted
from the lowest excited state of a given multiplicity, resulting in
the fact that most of the current RTP emissions originate from
the radiative transitions at the T; energy level for the unavoid-
able redshift of the RTP spectrum. Kasha's rule generally holds
true when the rates of internal conversion (IC) and vibrational
relaxation are sufficiently higher than the luminescence rate;
but, when the luminescence rate of the high-lying excited state
is significantly enhanced, the emission will not obey Kasha's
rule and anti-Kasha emissions from the radiative decays of the
high-lying singlet (S,) and triplet (T,) excited states can be
observed. There are three distinct mechanisms of anti-Kasha
emission: (1) direct fluorescence radiative decay from high-
lying S, states due to the S,-S, transitions,'>'® (2) time-
delayed fluorescence originating from the reverse ISC between
upper T, and S, states for the T,-S,-S, emission,'” and (3) the
spin-forbidden RTP emission from high-energy T, states occurs
after efficient ISC following S,-T,~S, transitions.' Notably, the
anti-Kasha phenomenon will lead to the blue-shift of the RTP
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when the oscillator strength (f) of the T,-S, transition for
emission is large. And, there are two ways to realize the anti-
Kasha RTP: (1) the energy gap between T; and T, is large
enough to reduce the rate of IC and the phosphorescence from
T, becomes competitive; (2) the T,-T, energy gap and fof the So—
T, transition are very small, at which the thermal population of
T, from T; is facilitated for the appearance of T, emission
(Fig. 1a). Therefore, there are only a limited number of reports
on anti-Kasha RTP due to the challenges in satisfying the critical
requirements of both anti-Kasha and RTP emission simulta-
neously, although as early as in the 1970s, Chu et al first
observed the anti-Kasha phosphorescence emission of aromatic
carbonyl compounds in a rigid medium at 77 K.** In 2017, Tang
et al. reported the dual RTP in dibenzoketone derivatives,
arising from the radiative decays of the low-lying T; and high T,
states, respectively.”® In 2022, Pan et al. reported a novel organic
ultralong RTP (OURTP) material with dynamic phosphores-
cence from multiple triplet excited states of T,, Ty, and stabi-
lized T; (T*) for blue, green and red OURTP, respectively.”*
These studies demonstrate that it is possible to achieve anti-
Kasha phosphorescence for blue-shifted RTP,'>** but the blue-
shift is generally low and the emission wavelength of the anti-
Kasha RTP is still longer than that of the fluorescence in most
cases (Table S17).

Non-traditional cluster luminescent (CL) materials without
m-conjugated structures or even m-electrons but with strong
emissions have recently attracted considerable attention due to

their excellent processability, structural diversity, and
g, - mmmmmmmmmmmmmmmmmmay  pemmmeemmememsmmaee-
! \
S ¥
) A ) 1 :
i g ,
1 c 1
Lol 8 {4
1 E_ Q ! 1
1 o @ ! 4
1 o 9 : 1
1 g e} 1
1 < =) P
i o X
i '
' So ¥
1 !
! b
1 P!
! |
1 S1_ -
Y |
1 8 : 1
! c 1!
y o S 1!
RE 19at
i g| @ Bl X 1o
. gl § T L
Y B P MA
'S 4 '
1 !
1 ol
:S T, ! 4 mmn- Hydrogen bond
I ¥ 7 eC 1!
N \S c |
: Q b 4 il
Z CC) % T1: ; N 12N Y
- |l H\ i :
= RS H H
C9l 5 g b0 2 = ’i'/‘l
2l e E 5 > 6o N
! < = o 1 (0]
Y| T i Y
! ;
' Sy ) 19
N Anti Kasha AN PAMMA

View Article Online

Edge Article

fascinating photophysical properties.” Generally, the cluster
refers to the aggregates of materials with entirely non-
conjugated structures based on saturated C-C, C-O, or C-N
bonds that exhibit bright visible emission in aggregated or
solid-state forms. The formation of a cluster can be identified by
the following features: (1) the chemical structure of the lumi-
nescent material is non-conjugated and functional groups
containing non-bonding or m-electrons are separated by
a saturated o-bonded backbone; (2) when the material is dis-
solved in solution at low concentrations, it is non-luminescent,
but strong luminescence appears at high concentrations,
especially in the solid state; (3) the emission wavelengths are
excitation-dependent and the excitation at longer wavelengths
results in red-shifted emissions.”*** To stimulate cluster-
triggered emission (CTE) from m-conjugation-free structures,
the electron-rich atoms (N, O, S, etc.) should be aggregated in
the cluster to generate the through-space conjugation (TSC) by
intermolecular weak interactions including hydrogen bonding,
orbital overlap, and electrostatic interactions.>**® In this way,
CTE has been modulated to achieve fluorescence,?”*® thermally
activated delayed fluorescence (TADF),>® RTP/OURTP,* hybrid-
ized local and charge transfer,®* and circularly polarized lumi-
nescence.*> Specifically, CL materials with TSC aided by
heteroatom incorporation and strong intermolecular interac-
tions are promising for RTP with facilitated ISC and suppressed
nonradiative decays; the photoluminescent quantum yield
(PLQY) and lifetime of their RTP can reach up to 87.5% and
1.7 s, respectively.** Compared to the RTP materials based on -
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Fig.1 Material design of anti-Kasha RTP. (a) Kasha and anti-Kasha rules for RTP emission. (b) Molecular design and preparation procedure of the

jonic CL polymers based on AM and MA.
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conjugated structures, the non-conjugated CL materials with
highly tunable and versatile TSC that are sensitive to many
means have rich photophysical properties, but the lack of clarity
in their structure-property relationship leads to difficulties in
finely modulating the energy levels, let alone the high-lying
excited states for anti-Kasha emission.'® Therefore, it remains
a formidable challenge to realize anti-Kasha RTP in non-
conjugated chromophores and an anti-Kasha RTP CL material
is yet to be developed.

Here, we propose a new strategy to design anti-Kasha CL
materials with efficient RTP by copolymerizing the widely used
CL RTP monomer of acrylamide (AM) with maleic anhydride
(MA), which can be hydrolyzed and can interact with metal
ions.** The thus-obtained ionic copolymers have abundant ionic
and hydrogen bonding as well as electrostatic and coordinate
interactions, which are important for the formation of TSC with
promoted ISC and suppressed nonradiative decays and thus
efficient RTP and even OURTP.** Impressively, the anti-Kasha
RTP from radiative decay of T, was observed in the non-
conjugated copolymers (Fig. 1), which is due to the effectively
elevated T, energy levels in the aggregated structure to mini-
mize the IC of T, — T, after ionization. More importantly,
a large blueshift of up to 29 nm compared to the fluorescence
peak was observed, representing the largest blue-shift to date
for anti-Kasha RTP materials (Table S17). This blue-shifted anti-
Kasha RTP (~399 nm) with a lifetime of 36 ms shows
temperature-dependent but excitation wavelength-independent
emission properties due to the formation of a highly emissive
RTP cluster with efficient T, emission through copolymeriza-
tion and ionization. Moreover, the ionic CL copolymer also
shows OURTP behavior with a green-colored emission and
a lifetime of 420 ms. This is the first time that anti-Kasha RTP
has been realized in CL materials. Based on these extraordinary
anti-Kasha RTP and OURTP with different emission colors and
lifetimes, a heart/lock pattern with temperature-/water-
responsive multilevel encryption was realized. This work not
only demonstrates an efficient method in modulating the TSC
and energy levels of CL materials for anti-Kasha RTP emission
but also offers important clues in understanding the CTE
mechanism for the stimuli-responsive RTP/OURTP emission,
paving the way for the design of nonconventional luminophores
with extraordinary photophysical properties and applications.

Results and discussion
Design and preparation of CL copolymers

The polymeric and oligomeric MA is a typical non-conjugated
emitter with relatively abundant carbonyl groups that can
promote ISC and the formation of hydrogen bonding
networks.***” In addition, the MA unit can be easily hydrolyzed
in alkaline solutions to form ionic bonds with metal ions, which
can further suppress the nonradiative decays and enhance the
emission of the polymers.** On the other hand, polyacrylamide
(PAM), which is rich in carbonyl groups and hydrogen bonding
for a rigid network, is a well-known RTP polymer with excellent
CTE characteristics and RTP performance.®® Therefore, highly
pure MA and AM were chosen as comonomers to prepare their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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copolymers (PAMMA) with 2 mol% MA by free radical copoly-
merization at 75 °C for 6 h in 1,4-dioxane (Scheme S1 and
Fig. S17). After stirring the obtained copolymer in tetrahydro-
furan/H,O at room temperature for 1 h, the MA unit is hydro-
lyzed to afford the hydrolyzed copolymer (PAMMA-h).*” Then,
the copolymer was reacted in NaOH aqueous solution at 60 °C
for 12 h to obtain the ionic copolymer (PAMMA-Na, Scheme
S21). The ionic copolymer can be turned back to the hydrolyzed
copolymer (PAMMA-H) by treating its aqueous solution with
hydrochloric acid to break the ionic bonds (Fig. 1b).>* All these
copolymers were carefully purified by Soxhlet extraction using
acetone, petroleum ether, and dichloromethane each for 12 h.
The copolymers are highly soluble in water and can be facilely
prepared in film state by drying their aqueous solution in an
oven for 12 h. Gel permeation chromatography data suggest
that the number average molecular weight of PAMMA is about
8200 g mol ' with a polydispersity of 3.2. From the proton areas
of MA to AM revealed by the nuclear magnetic resonance
hydrogen spectra (Fig. S21), the ratio of MA to AM in the
copolymer was found to be 1:48.7, which is rather close to the
feed ratio (1 : 50). For comparison studies, the homopolymer of
PAM and copolymers with different contents of MA in the feed
were also prepared; similar molecular weights and copolymer
composition close to the feeding content were observed (Table
S27t).

Compared to PAM, PAMMA shows a similar Fourier trans-
form infrared spectrum since the actual content of MA is only
2 mol% (Fig. S37). After the introduction of Na‘, PAMMA-Na
exhibits reduced stretching vibration of the carbonyl groups at
1664 cm™ " owing to the formation of electrostatic interaction
between the metal ions and lone-pair electrons of C=0, while
the strengthened and broadened stretching vibration band of
the N-H bond near 3346 cm ™' suggests the presence of stronger
hydrogen bonding in the ionic copolymer with the aid of a large
number of carbonyl and amide groups.* The strengthened
intermolecular interaction with both hydrogen bonds and ionic
bonds for the rigid copolymer was further confirmed by the X-
ray diffraction (XRD) spectra and wide-angle X-ray scattering
(WAXS) patterns (Fig. S4 and 5%). The broad XRD bands and
scattering bands around 1.5 A from WAXS suggest the amor-
phous nature and disordered molecular stacking structure of
the polymers; the increased diffuse scattering peaks after ioni-
zation indicate the reduced packing distances for the compact
molecular structures of the ionic polymers.*® Moreover, the
ionic PAMMA-Na with a decomposition temperature (T4) of 167
°C and a glass transition temperature (T,) of 125 °C shows close
thermal stability to PAMMA (Tq = 177 °C; Ty = 145 °C) as
revealed by thermogravimetric analyses (Fig. S61). These good
physical properties of the ionic CL copolymers are important to
stimulate efficilent RTP and fabricate diversified devices for
applications.

Photophysical properties of the ionic copolymers

To explore the effect of copolymerization, hydrolyzation, ioni-
zation, and deionization on the luminescence properties of the
MA and AM copolymers, the steady state photoluminescence

Chem. Sci., 2025, 16, 7829-7837 | 7831
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(SSPL) and phosphorescence spectra were investigated (Fig. 2a).
Due to the absence of conjugated groups, AM and MA exhibit
very weak emissions and even at low temperatures, very weak
fluorescence and phosphorescence emissions were observed
(Fig. S77). The copolymerization of MA leads to both red-shifted
SSPL (428 nm) and RTP (496 nm) emission bands along with an
elongated RTP lifetime (Fig. 2b) and enhanced PLQY and RTP
efficiency (PhQY) over 1.2 fold (Fig. 2c) in comparison to those
of the homopolymer of PAM. Interestingly, different from the
excitation-dependent emission of PAM due to its CTE nature,*’
the copolymer shows almost identical RTP peaks at different
excitation wavelengths (Fig. S81); this should be because the
incorporation of MA significantly red-shifts and enhances the
UV-vis absorption and emission properties for the much
increased PLQY and PhQY (Fig. 2c and S9t) and the triplet
energy levels of different clusters are almost the same, although
both MA and AM monomers are poor in emission either in
solution or in the solid state.* Hydrolyzation has limited

View Article Online
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influence on the SSPL and phosphorescence spectra, but
effectively increases the RTP lifetime, PLQY, and PhQY, because
of the enhanced hydrogen bonding network after the turning of
the MA unit to MA acid. In sharp contrast to the neglectable
effects on SSPL, ionization shows significant impacts on the
phosphorescence spectrum, resulting in the extraordinary blue-
shifted RTP bands located at 399 and 488 nm. The first RTP
band is even shorter than the SSPL band at 428 nm. Moreover,
the OURTP lifetime of PAMMA-Na is significantly improved to
420 ms and the PLQY and PhQY also reach the maximums of
13.5% and 8.9%, respectively. Upon ionization of the copol-
ymer, the ionic bonding will be generated to create a rigid
environment that can stabilize the triplet excitons and suppress
the non-radiative leaps, resulting in the longest RTP lifetime
and the highest PLQY and PhQY of the copolymer. Upon the
addition of an acid, the carboxylate anions are converted back
into the neutral carboxylic groups and the ionic interactions are
destroyed. Therefore, the deionized PAMMA-H exhibits similar
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emission spectra, RTP lifetime, PLQY, and PhQY to PAMMA-h,
since they have identical polymer structure and substituent
groups. Considering the non-conjugated molecular structure of
the copolymers, the excitation wavelength-dependent SSPL
emission, and enhanced emission at high concentrations
(Fig. S10 and 11%), these copolymers should be CL materials
with the CTE feature.

To investigate the significantly blue-shifted phosphores-
cence spectrum, the lifetimes and emission intensities of the
two RTP bands of PAMMA-Na at different excitation wave-
lengths were measured (Fig. 2d and e). The 399 nm RTP band
has a lifetime of 36 ms, which is much shorter than that of the
488 nm RTP (420 ms); they should have different photophysical
processes.*> Also, the photoluminescence excitation spectra of
the 428 nm SSPL and 488 nm RTP emission peaks show similar
excitation spectra (Fig. S127), whereas the 399 nm emission
peak has a significant difference, suggesting that the 428 and
488 nm emissions are from the same species but the 399 nm
emission is different. Given the long lifetime of 36 ms and
shorter emission wavelength, it should be related to a stable
high-lying triplet exciton. With the rather different lifetimes and
origins of the RTP bands, dynamically changed RTP color from
bluish to green results after switching off the excitation source
(Fig. 2d). Again, excitation wavelength independent RTP peaks
were observed in PAMMA-Na, but when the excitation wave-
length is increased, the intensity of the 399 nm RTP band
decreases first and then enhances while the 488 nm RTP band
has the opposite behavior, suggesting there is a competition
between them (Fig. 2e). This extraordinary relation between the
two RTP bands and the excitation wavelength of the ionic
copolymer has also been recorded in the phosphorescence-
excitation mapping (Fig. 2f), revealing that PAMMA-Na is an
atypical CTE polymer. Compared to typical CTE materials with
both excitation wavelength-dependent SSPL and RTP spectra
with shifting emission peaks, the non-shifted RTP peaks of
PAMMA-Na reveal that the luminophores for SSPL and RTP
should be different; the phosphors with the spin-forbidden
triplet excitons may have similar triplet conjugation length in
these ionic CTE materials.** The instantaneous photo-
luminescence decay image and time-resolved spectroscopy
spectra (Fig. 2g) confirm that the 399 nm emission diminishes
as the delay time increases from 10 to 80 ms (inset of Fig. 2g)
and the T; emission at 488 nm dominates the long-lived RTP,
revealing that T; has a longer lifetime than T,.

To identify the optimal copolymerization composition for
the highest RTP performance, copolymers with different MA
feed contents, from 0.1 to 4 mol%, were tested (Fig. S13t). When
the MA content is too high, the molecular weight of the copol-
ymer (Table S21) decreases with reduced RTP performance
(Fig. S147). And the 2 mol% MA has the longest RTP lifetime
and the highest PLQY and PhQY (Table S3t). Therefore, the
optimal MA content in the feed is 2 mol%, and at this point the
ionic copolymer has the best condition to form highly emissive
triplet emitters for RTP emission, dense ionic and hydrogen
bonding networks to suppress non-radiative decays, excellent
oxygen barrier properties for stable RTP in air (Fig. S157), and
heteroatom effects to enhance the spin-orbit coupling (SOC)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and ISC. It should be noted that the addition of water can
disrupt the ionic and hydrogen bonding networks, leading to
the water-sensitive RTP behavior of the water-soluble copoly-
mers.** For instance, when PAMMA-Na was placed under 80%
humidity for 12 h, the SSPL and phosphorescence intensities
decreased by 25% and 33%, respectively (Fig. S167). Besides Na*
for constructing the ionic polymer to trigger the anti-Kasha
RTP, we further tested Ca®" and Ba®" using Ca(OH), and
Ba(OH), as alternative Similar anti-Kasha
phenomena were observed, where the T, state emission
around 400 nm is significantly blue shifted compared to the S,
state emission at 425-430 nm and the T, state at ~487 nm (Fig.
S171).

ion sources.

Mechanism of the blue-shifted RTP emission

To probe the mechanism of the blue-shifted RTP peak of the
ionic copolymer which shifts to even shorter wavelengths than
that of SSPL, the photoluminescence behaviors at different
temperatures, in different media and under different ionization
levels were studied. The PAMMA-Na film at 78 K has a slightly
red-shifted SSPL spectrum (10 nm) compared to that at room
temperature, but its phosphorescence spectrum becomes quite
different, where the first RTP peak (399 nm) disappears leaving
only the second RTP peak (488 nm) (Fig. 3a). Further
measurements show that when the temperature increases, the
399 nm RTP peak appears and gradually enhances along with
the decreased 488 nm emission band (Fig. 3b). The decay curves
reveal that the 488 nm emission has decreasing lifetimes when
temperature increases, while the 399 nm emission reaches the
longest lifetime of 189 ms at 228 K (Fig. 3c), suggesting that this
emission band can be thermally activated.** Due to the
temperature-dependent anti-Kasha RTP with varying lifetimes
and peak intensities, blue and green phosphorescence is
observed at 249 K and 298 K, respectively. Monitoring the
phosphorescence spectra of PAMMA and PAMMA-Na in
different polar solvents at low temperatures reveals that there
was no solvation effect and charge transfer was low in shifting
the emission spectra (Fig. S181).* When the ionization level is
reduced from 100% to 50%, both the SSPL and 488 nm emis-
sion bands remain unchanged but the 399 nm emission is
significantly reduced, revealing the close relationship between
this emission band and the Na' ionized structure (Fig. S197).
With these photophysical measurements, the 428 nm SSPL
band should be the fluorescence due to the radiative decay of S,
with short lifetimes of 5.2 and 4.7 ns at 78 K and room
temperature, respectively (Fig. S207). The 488 nm band should
be the phosphorescence related to the radiative decay of T; with
rather long lifetime at lower temperatures (Fig. S211). As to the
399 nm emission, the shorter emission wavelength than the
fluorescence (428 nm) rules out the possibility of TADF emis-
sion, and its millisecond lifetime suggests its phosphorescence
nature,* ie. anti-Kasha phosphorescence from the radiative
decay of a high-lying triplet excited state.

To confirm the anti-Kasha RTP nature of the 399 nm emis-
sion, time-dependent density functional theory (TD-DFT)
calculations were performed to predict the excited state

Chem. Sci., 2025, 16, 7829-7837 | 7833
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Fig. 3 Mechanism of the anti-Kasha RTP. (a) SSPL (blue line) and phosphorescence spectra (red line, delay 10 ms) of the PAMMA-Na film at 78 K.
(b and c) Phosphorescence spectra (b) and decay curves (c) of the PAMMA-Na film at different temperatures from 78 to 298 K. Insets show
photographs taken after turning off the UV light (365 nm) at 249 and 298 K (b) and the lifetime changes (c) of the two RTP bands (399 and 488 nm)
at different temperatures. (d) Theoretical predictions of the T,—T; energy gaps of PAMMA-h and PAMMA-Na from their dimer, trimer, tetramer,
pentamer, and hexamer. (e) Proposed mechanism for the anti-Kasha RTP.

structure of the CL copolymers.'®*® From the MA and AM olig-
omers of dimer, trimer, tetramer, pentamer to hexamer with
decreasing MA ratios that are close to PAMMA (Fig. S221), the
energy gaps between T, and T, of the oligomers decrease
consistently and the simulative value of PAMMA-h is only
0.15 eV (Fig. S237), while the ionized oligomers show continu-
ously enlarged T,-T; energy gaps that reach 0.61 and 0.56 eV in
PAMMA-Na as predicted by linear extrapolation and experi-
mentally measured through RTP peaks, respectively (Fig. 3d);
such high values can block the IC for efficiently populating the
T, state of PAMMA-Na. This extraordinary triplet excited state
structure of the ionic copolymer provides important evidence
for the anti-Kasha RTP emission. Moreover, intramolecular
interactions were also theoretically verified by the reduced
density gradient isosurface calculations based on the hexamer
of AM and MA before and after ionization (Fig. S24t).*” Strong
and abundant intramolecular attractive interactions with
denser interaction regions were uncovered in the ionized

7834 | Chem. Sci, 2025, 16, 7829-7837

oligomer, which are helpful to suppress the non-radiative decay
and promote the ISC in improving the RTP performance by
ionization of the CL materials. More importantly, the ionized
oligomers show small singlet-triplet splitting energy (AEsy) and
large SOC to efficiently promote ISC for populating the triplet
excited states (Table S47), and the triplet states become highly
emissive from the significantly enlarged oscillation strength
(Table S51). It can be expected that after ionization of the
copolymer, a highly emissive cluster will be formed and will
dominate the RTP and anti-Kasha RTP emissions. Notably,
although the TD-DFT calculations are rather preliminary
without considering the solid state structures and interpoly-
meric interactions of the amorphous clusters, these theoretical
revelations still suggest the anti-Kasha RTP behavior of the
ionic copolymer.

With these experimental and theoretical understandings,
a possible mechanism can be proposed for the firstly observed
anti-Kasha RTP in CL materials (Fig. 3e). Through the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ionization of the CL copolymer, the abundant hydrogen
bonding and ionic interactions not only effectively suppress
non-radiative transitions in forming a rigid environment, but
also generate different clusters with different sizes for the
excitation-dependent SSPL emissions and the highly emissive
RTP emitting cluster with a wide energy gap between T; and T,
for the anti-Kasha RTP emission. When the ionic CL copolymer
is irradiated by a high energy photon with short excitation
wavelength, the small size cluster will be excited and the high-
lying T, forms after ISC. The resulting T, will be trapped by
either T, or T, of the highly emissive RTP cluster for the normal
and anti-Kasha RTP, respectively, but the high-lying T, tends to
be trapped by T, of the emissive RTP clusters according to their
smaller energy differences, leading to the anti-Kasha dominated
RTP spectrum. With the reduction of the excitation energy, the
larger cluster will be excited to generate the low-lying T; exci-
tons, which will be mostly trapped by T; of the emissive RTP
cluster since its energy moves close to the low-lying T, state;

© 2025 The Author(s). Published by the Royal Society of Chemistry

therefore, the normal RTP will dominate the RTP spectrum.
When the excitation energy further reduces, the highly emissive
RTP cluster itself will be directly excited to S, and subsequently
undergo effective ISC to populate T, efficiently for the anti-
Kasha dominated RTP spectrum again. Therefore, the T,
emission (399 nm) first decreases and then increases as the
excitation wavelength increases, while the T, emission (488 nm)
exhibits the opposite trend, reflecting the competition among
these multiple photophysical processes (Fig. 2e). This mecha-
nism explains the extraordinary RTP emission behavior of the
ionic CL copolymer.

Anti-counterfeiting and encryption application

Considering the extraordinary excitation-wavelength dependent
SSPL and temperature- and water-sensitive RTP/OURTP emis-
sions of the ionic CL copolymer, PAMMA and PAMMA-Na were
used in the pattern anti-counterfeiting study.** PAMMA and
PAMMA-Na were dissolved in water at a high concentration of 1

Chem. Sci., 2025, 16, 7829-7837 | 7835
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g mL ' for screen printing on a common A4 paper to get
a pattern in a “heart/lock” shape by a two-step screen printing
method (Fig. 4a). After drying in an oven at 70 °C for 12 h,
a transparent pattern was obtained. When it was excited at
365 nm, the blue fluorescence was the same as the background
of the paper and no pattern could be recognized. After turning
off the UV excitation, a greenish “heart” pattern can be observed
and lasts for 4 s at room temperature (298 K); at low tempera-
ture (249 K), a green half-circle with blue “lock” pattern appears
first then reverts to a green “heart” pattern after 1 s (Fig. 4b).
Since the AM-based polymers have excellent water solubility
and water can quench the emission of CL polymers, only the dry
patterns can show these temperature- and color-resolved
pattern encryption (Fig. 4c). On the other hand, PAM,
PAMMA-h, and PAMMA-Na can be dissolved in water to make
RTP inks for writing the word “studious” (Fig. 4d). Because the
CL polymers are transparent, the word can be hardly observed
under daylight and on excitation by a 365 nm UV lamp. But,
after switching off the 365 nm UV lamp, the word emits a green
OURTP that can be clearly read with the information “studious”
at room temperature (298 K); after 2 s, the pattern shows
another information “studio” due to the short lifetime of PAM.
When the pattern was excited with the UV lamp at 249 K, the
letters written with PAMMA-Na ink show blue anti-Kasha RTP,
so that the hidden message “COO” appears within 1 s, and then
transforms to “studio” after 2 s. Therefore, the full message
“studious COO studio” can be read, which demonstrates the
potential for application in the field of multilevel message
encryption (Fig. 4e). Also, considering the excellent processing
properties of PAMMA-Na, a large variety of 3D RTP models can
be facilely fabricated by pouring the high-concentrated water
solution into various molds and drying in a 70 °C oven for 12 h
(Fig. 4f). Importantly, the material still has good luminescence
properties with slightly reduced SSPL and RTP intensities and
lifetimes after several solution and molding cycles, exhibiting
its excellent recyclability (Fig. S257).

Conclusions

In summary, we have successfully achieved anti-Kasha RTP in
CL materials by introducing ions into the hydrolyzed noncon-
jugated MA and AM copolymers. The copolymerization and
ionization lead to significantly promoted triplet excited state
emission for RTP, enlarged T,-T; energy gap for blocking IC,
and enhanced intra/inter-molecular interactions by abundant
hydrogen and ionic bonding networks for suppressing non-
radiative decays. Thus, the ionic CTE copolymers exhibit anti-
Kasha RTP with a significantly blue-shifted emission peak up
to 29 nm compared to the fluorescent peak and a lifetime of 36
ms; and this blue-shift is the largest ever reported. Moreover, an
efficient OURTP was also observed, showing a lifetime of 420 ms
and a PhQY up to 8.9%. Taking advantage of the lifetime/
temperature-dependent RTP and excellent processability of
the ionic copolymers, we achieved their applications in multi-
level information encryption and anti-counterfeiting. This
unusual photophysical behavior that violates the Kasha rule in
CTE materials offers a deeper understanding on the population,

7836 | Chem. Sci, 2025, 16, 7829-7837
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equilibrium, and radiative processes of the higher triplet
excited states for RTP, providing important mechanism
understanding and unprecedented opportunities for the mate-
rial design to stimulate efficient TSC, anti-Kasha emission and
intrinsic stimuli-responsive RTP and OURTP behaviors for
advanced applications.
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