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Metal ion-doped organic—inorganic hybrid metal halides have emerged as promising room-temperature
phosphorescence (RTP) materials owing to their tunable afterglow properties and significant potential in
information security applications. However, optimizing RTP performance and achieving dynamic control
over afterglow colors remain challenging in 1D hybrid systems, primarily because of the inefficient
energy transfer from RTP-active organic components to external emissive sites. Herein, we report
a novel 1D hybrid metal halide benchmark material, [(NBP)Cd,ClsH,O] (NBP-Cd, NBP = N-
benzylpiperidone), and a series of Mn2*-doped derivatives, NBP-Cd:xMn?* (where x represents doping
levels from 1% to 50%). The undoped compound exhibits blue-white fluorescence and exceptional long-
lasting yellow-green organic RTP with a duration of up to 2 s. Upon Mn?* doping, the afterglow color
transitions progressively from yellow-green (1-5%) to yellow (10%), orange (20%), and finally red (50%),
accompanied by a reduction in afterglow duration. This dynamic multicolor afterglow behavior is
attributed to efficient energy transfer from the stable triplet states within the organic component to the
4T, level of the Mn?* dopants. Remarkably, the NBP-Cd:10% Mn?* crystal demonstrates exceptional
excitation-dependent dual-mode photoluminescence properties. These distinctive features underscore
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Introduction

Long-afterglow molecular systems demonstrating ultralong
room temperature phosphorescence (RTP) have garnered
significant attention because of their versatile applications in
anti-counterfeiting and information encryption."* Long-
persistent luminescence materials studied extensively thus far
including single-component organics,>® all-inorganic crystals,’
molecular cocrystals,® carbon dots (CDs),” and metal-organic
self-assembly systems'®'* typically exhibit uniform afterglow
due to their reliance on single electron transition pathways.
Considerable efforts have been directed toward engineering
duration-tunable multicolor afterglow materials that adjust
long-lasting luminescence in response to variables such as
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technologies and high-level information encryption systems.

excitation wavelength, time," or even temperature."**® For
instance, host-guest doping strategies employed in polycyclic
aromatic organic molecular systems have yielded temperature-
dependent multicolor afterglow emission properties.'”” Simi-
larly, the construction of multiple emission centers in all-
inorganic lattices through external metal ion doping has
demonstrated efficacy in regulating the host-dopant energy
transfer.'® Notably, Mn**-doped 3D-networked CsCdCl; and 2D-
layered Ruddlesden-Popper perovskite Cs,CdCl, crystals ach-
ieve a blue-to-orange color shift by manipulating trap energy
levels.'>™ However, pure organic materials are often hindered
by their inherent instability and low emission efficiency, while
all-inorganic materials face challenges related to high energy
consumption and safety concerns.”®>* These limitations have
driven the search for novel benchmark materials capable of
effectively modulating afterglow colors, unlocking innovative
applications in the field.

Organic-inorganic hybrid metal halides (OIMHs) have
emerged as highly promising RTP materials due to their struc-
tural versatility, spectral tunability, and high quantum
efficiency.”?° By integrating RTP-active organic moieties with
wide-bandgap low-dimensional inorganic sublattices, OIMHs
can achieve tunable RTP emission.***' Additionally, previous
studies have demonstrated that Mn** ion doping strategies can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mitigate the reliance on single RTP-capable organic molecules
and modulate multi-afterglow properties by precisely tuning the
energy transfer between the organic and inorganic
components.*** For example, enhanced Dexter energy transfer
from organic triplet states to excitons in Mn-doped 2D perov-
skite lattices leads to superefficient red-light emission, with
a red afterglow originating from Cd**.** Moreover, the forma-
tion of Mn”" pairs in doped Cd-based layered matrices facili-
tates thermally assisted energy transfer from organic triplet
excitons to the external dopants, enabling multilevel stimulus-
responsive color-tunable RTP properties.’” Compared to 2D
layered systems, one-dimensional (1D) chain-like structures
exhibit more pronounced quantum confinement effects and
larger exciton binding energy,***® almost aligning the energy
levels of organic phosphorescent molecules and inorganic
chains, thus representing an ideal platform for designing high-
performance RTP OIMHs. However, the typical red emissions
associated with the d-d transitions (“T; — °A;) of octahedral
Mn®" jons in 1D Cd-based hybrid systems often fail to support
color-tunable afterglow,**** significantly limiting the explora-
tion of advanced RTP materials due to the lack of efficient host-
dopant energy transfer.

Herein, we report a novel 1D hybrid metal halide benchmark
material, [(NBP)Cd,ClsH,0] (NBP-Cd, NBP = N-benzylpiper-
idone), and a series of Mn*"-doped derivatives, NBP-Cd:xMn>"
(where x represents doping levels from 1% to 50%), character-
ized by 1D polyanionic chain encapsulated by RTP-active
organic templates. The undoped compound exhibits blue-
white fluorescence at 472 nm and exceptional long-lasting
yellow-green organic RTP (550 nm) with a duration of up to
2 s. Upon Mn>" doping, the afterglow color transitions
progressively from yellow-green (1-5%) to yellow (10%), orange
(20%), and finally red (50%), accompanied by a reduction in
afterglow duration. This dynamic multicolor afterglow behavior
is attributed to efficient energy transfer from the stable triplet
excitons in the organic cations to the *T; level of the octahedral
Mn**. Notably, the NBP-Cd:10% Mn>" crystal demonstrates
exceptional excitation-dependent PL properties. These distinc-
tive features underscore the potential of these materials for
advanced applications in anti-counterfeiting technologies and
high-level information encryption systems.

Results and discussion

The synthesis of NBP-Cd crystals was achieved via a straight-
forward solvent evaporation method. A 1:1 molar ratio of
CdCl,-2.5H,0 and NBP was dissolved in a mixture of ethanol
and hydrochloric acid. After stirring for 30 minutes to ensure
a clear solution, the solvent was gradually evaporated over
several days, yielding transparent crystals of NBP-Cd that can
emit bright cyan light under 365 nm UV irradiation.
Thermogravimetry-differential scanning calorimetry (TG-DSC)
analysis revealed excellent thermal stability of NBP-Cd, with
a decomposition temperature reaching up to 385 K, and no
phase transition occurring before decomposition (Fig. S17).
Furthermore, Fourier-transform infrared (FT-IR) spectroscopy
of the crystalline sample indicated stronger vibrational peaks
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for N-H bonds at ~3160 cm ™' and for the carbonyl group (-C=
0) at around 1720 cm ™" (Fig. S21) compared to those in amor-
phous NBP, signifying strong hydrogen bonding interactions
within the material.**

Single-crystal X-ray diffraction (XRD) analysis revealed that
NBP-Cd crystallizes in the monoclinic space group P2,/c (Table
S1t), with the asymmetric unit comprising two Cd** ions, five
Cl™ anions, and one protonated organic cation (Fig. 1a). Cd1
adopts a distorted octahedral geometry, coordinated by two
bridged ClI, three 13-Cl, and one terminal H,O molecule, with
Cd1-Cl bond distances ranging from 2.5481(17) to 2.7314(16) A
and a Cd1-O bond length of 2.325(5) A (Table S21). The CI-Cd1-
Cl and O-Cd1-Cl bond angles span 84.77(5)-175.48(6) © and
81.38(15)-165.86(15)°, respectively (Table S37). Similarly, the
Cd2 ions also adopt a six-coordinated octahedral configuration
involving one terminal, two bridged, and three 13-Cl atoms,
with Cd2-Cl bond lengths of 2.5485(18) to 2.7670(16) A (Table
S21) and Cl-Cd2-Cl bond angles between 81.58(5)° and
174.58(5)° (Table S371). These Cd-centered octahedra form a 1D
polyanion [Cd,ClsH,0],"” chain through edge-sharing (Fig. 1b),
which interacts with NBP" cations through C/N---H-CI and C/
O---H-O hydrogen bonds (Fig. S3 and Table S4t). To further
investigate the intermolecular interactions, we performed 3D
Hirshfeld surfaces and 2D fingerprint plotting for the NBP"
cations and found that C/N/O-H:---Cl and O-H---O interactions
contribute 29.22% and 13.34%, respectively, to the total inter-
molecular contacts (Fig. S4t). Notably, NBP molecules are
stacked perpendicular to the bc plane, forming ladder-type
stacking facilitated by ---7 interactions,*** with benzene
ring distances ranging from 3.56 A to 4.00 A (Fig. 1c). Addi-
tionally, the three-dimensional (3D) stacking pattern along the
a-axis shows that the 1D octahedral chain is encapsulated by
organic cations (Fig. 1d). This molecular arrangement,
combined with robust hydrogen bonding, enhances molecular
rigidity, effectively suppressing non-radiative recombination by
limiting molecular rotation in the excited states.

NBP-Cd crystals exhibit bright cyan luminescence, accom-
panied by a yellow-green afterglow persisting for ~2 s upon
cessation of 365 nm irradiation and a faint cyan afterglow
following removal of 254 nm irradiation (Fig. 2a). Steady state

Fig. 1 (a) Asymmetric unit and (b) inorganic polyanionic [Cd,ClsH,-
Ol,"~ chain of NBP-Cd. (c) Ladder-type arrangement of organic
cations. (d) 3D stacking diagram along the a axis.
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(a) Photographs of NBP-Cd crystals before and after cessation of 254 nm and 365 nm irradiation. Prompt and delayed (acquired after 0.5

ms of excitation) PL spectra of (b) NBP-Cd and (c) NBP under photoexcitation at 365 nm. (d) Kinetic decay curves of the delayed emission peak at
550 nm for NBP-Cd and NBP. (e) Excitation-dependent delayed spectra of NBP-Cd ranging from 280 nm to 365 nm. (f) Time-resolved delayed
spectra of NBP-Cd under photoexcitation at 320 nm. (g) Variable-temperature emission spectra of NBP-Cd under photoexcitation at 365 nm.

Inset: the corresponding mapping with normalized PL intensity.

and delayed emissive spectra, along with kinetic decay curves,
were recorded to characterize PL properties. The powder XRD
pattern of NBP-Cd (Fig. S5t1) matched the simulated pattern
derived from single-crystal XRD data, confirming the high
sample purity. Under 365 nm excitation, the prompt emission
spectrum of NBP-Cd revealed a single band at 472 nm with a full
width at half maximum (FWHM) of 150 nm and a photo-
luminescence quantum yield (PLQY) of 10.5% (Fig. 2b). The
peak position remains constant under variable excitation
energies (Fig. S61), indicating a single emission site. The
average lifetime (7,y5) Of this emission was 4.84 ns, indicative of
fluorescence behavior (Fig. S71). The delayed spectrum exhibi-
ted an emission peak at 550 nm (FWHM = 123 nm), resulting in
a shift in CIE coordinates from blue-white (0.237, 0.230) to
yellow-green (0.360, 0.497) (Fig. S87). To elucidate the origin of
these luminescence properties, spectral analysis of amorphous
NBP demonstrated identical peak positions at 472 nm and
550 nm, as seen in NBP-Cd, though the emission lines were
broadened due to increased vibrational modes. Fig. S91 indi-
cates that the alterations in CIE coordinates for NBP are
comparable to those of NBP-Cd. The t,,, of the prompt emis-
sion in amorphous NBP is slightly shorter at 3.72 ns (Fig. S107).
Notably, the photoluminescence excitation (PLE) spectrum of
NBP-Cd contains that of NBP (Fig. Silaf). These findings
suggest that PL properties of NBP-Cd are primarily derived from
the organic NBP cations. To further understand the differences
in their excitation spectra, we measured the PL spectrum of
NBP-Cd under 325 nm excitation, showing a dual-mode
broadband emission with two peaks at 430 and 472 nm
(Fig. S11bf). The lifetime of this high-energy peak was
measured to be 1.27 ns (Fig. S11ct), which can be attributed to
the free exciton within 1D Cd-Cl inorganic chains.*

6106 | Chem. Sci., 2025, 16, 6104-6113

Furthermore, upon removal of 365 nm UV irradiation, a brief
glow lasting 0.2 s was observed in NBP (Fig. S127). The kinetic
measurements reveal that NBP-Cd and amorphous NBP have
lifetimes of 328.06 ms and 54.07 ms, respectively (Fig. 2d). The
extended lifetime of NBP-Cd can be attributed to enhanced ISC
facilitated by external heavy-atom effects (HAE) of Cd*" as well
as the rigid hydrogen-bonded environment restricting non-
radiative transitions. Therefore, the yellow-green afterglow
luminescence of NBP-Cd can be predominately attributed to
radiative recombination in the triplet states of NBP.
Excitation-dependent afterglow properties of NBP-Cd were
further analyzed, revealing that the delayed emission peak
shifted from 485 nm to 550 nm as the excitation wavelength
varied from 280 to 365 nm (Fig. 2e). This shift corresponds to
different triplet excited state levels, possibly arising from
ladder-type stacking of the NBP aromatic rings and strong
interactions between organic templates and inorganic metal
halide substructures, rather than the individual NBP mole-
cules.” Under optimal excitation at 320 nm, prompt and
delayed emission peaks appeared at 472 nm and 485 nm,
respectively (Fig. S13at). The decay curves monitored at these
wavelengths indicate singlet and triplet lifetimes of 4.31 ns
(Fig. S13bt) and 313.98 ms (Fig. S13ct), respectively. Fig. 2f
shows that the spectra measured at various delay times under
320 nm excitation reveal a stable triplet emission peak at
485 nm, with no observable shift in the peak position despite
decreasing intensity, indicating the robustness of the triplet
emission. To further investigate the emission origin of NBP-Cd,
we performed an exhaustive analysis by systematically
acquiring variable-temperature steady-state PL spectra and
time-resolved decay curves. As shown in Fig. 2g, as the
temperature is lowered from 300 K to 80 K, the peak intensity at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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472 nm progressively increases, mainly due to the suppression
of non-radiative decay pathways at reduced temperatures.
Additionally, the corresponding bandwidths remain almost
consistent across the whole temperature range (inset of Fig. 2g
and S147), which is in accordance with the previous observa-
tions in hybrid luminescence systems primarily governed by
organic molecules.>**>* Plus, the PL decay curve at 80 K reveals
a decreased decay rate, with a 7, of 392.2 ns (Fig. S157), which
is two orders of magnitude higher than that at RT, because of
the reduction in non-radiative transition probabilities.*” These
findings conclusively prove that the afterglow emission is of
phosphorescent nature and rules out the possibility of ther-
mally activated delayed fluorescence (TADF) with reversed ISC.

To gain deeper insights into the emission mechanism of
NBP-Cd, density functional theory (DFT) calculations were
performed to scrutinize the band structure, density of states
(DOS), and electron density distribution. As illustrated in
Fig. 3a, the electronic band structure indicates flat bands
featuring a direct band gap of 3.50 eV, with both valence band
maximum (VBM) and conduction band minimum (CBM) situ-
ated at the I" (0, 0, 0) point. DOS analysis reveals that the VBM
and CBM are mainly composed of contributions from the
carbon (C 2p) and oxygen (O 2p) orbitals (Fig. 3b). Frontier
orbital analysis further demonstrates that electrons in the
highest occupied molecular orbital (HOMO) are predominantly
distributed across the benzyl group of NBP, with a minor
contribution from the chlorine atom of the inorganic unit
(Fig. 3c). Conversely, holes in the lowest unoccupied molecular
orbital (LUMO) are primarily localized on the piperidine ring
and carbonyl group within NBP (Fig. 3d). This spatial distribu-
tion suggests efficient charge transfer from the benzyl group to
the piperidine carbonyl group of NBP molecules during
photoexcitation, which is responsible for the luminescence of
NBP-Cd. Concurrently, the subtle transition involving the
chlorine atoms to the piperidine carbonyl group implies the
approximate alignment of energy levels between organic phos-
phorescent molecules and inorganic chains, underlying the
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excitation-dependent phosphorescence emission. This obser-
vation underscores the role of the organic-inorganic interface
in modulating the electronic transitions and photophysical
properties of the material.

Previous studies proved that doping with Mn>" ions repre-
sents an effective strategy to modulate the luminescence prop-
erties of hybrid metal halides, largely due to efficient energy
transfer between multiple emission sites.*****" Since Mn>" and
Cd** have identical valences, Mn>" ions can readily substitute
for Cd*>* within the host lattice.?® Following this principle, we
synthesized a series of NBP-Cd:xMn>" (x = 1-50%) crystal
samples using the solvothermal method. As depicted in Fig. 4a,
Mn>" ions partially replace Cd*>" at the original lattice sites.
Inductively coupled plasma (ICP) emission spectrometry
confirmed the Mn>* content in the doped samples, as presented
in Fig. 4b. The actual Mn** content increased proportionally
with the feed ratio during synthesis, ranging from 0.01 to 0.36
as the feed ratio increased from 1% to 50%. Powder XRD data
(Fig. 4c) show that the characteristic diffraction peaks of the
doped samples closely match those of pure NBP-Cd, indicating
that the external ionic dopants do not destroy the host lattice of
the benchmark material. A shift in the primary diffraction peak
(<10°) from 7.91° to 8.02° was observed as the Mn>" content
increased from 0.01 to 0.09, corresponding to lattice shrinkage
due to the smaller ionic radius of Mn** (0.67 A) compared to
Cd*" (0.96 A). However, as the Mn>" content further increases
from 0.12 to 0.36, the diffraction peak shifts back to a lower
angle at 7.89° (Fig. S16%), suggesting lattice expansion. This
phenomenon likely results from excess Mn>* ions entering into
interstitial sites within the lattice rather than substituting for
Cd*" ions,”>* thereby expanding the NBP-Cd lattice. Moreover,
a new weak diffraction peak at 7.62° is observed for the NBP-
Cd:50%Mn>" sample, suggesting that external Mn>* doping
induces a minor structural disturbance or introduces a struc-
tural defect.>*** Additionally, the TGA curves of NBP-Cd:10%
Mn>" show similar decomposition processes and temperatures
(385 K) to those of pure NBP-Cd, demonstrating that the
introduction of small amounts of Mn>" does not significantly
affect the thermal stability of the host lattice.

Upon irradiation with a 254 nm UV lamp, the doped samples
exhibited red emission with no afterglow upon switching off the
UV source (Fig. 4d). Conversely, excitation with 365 nm UV light
caused a shift in emission color from blue-white to white as the
Mn>* concentration increased. Upon turning off the 365 nm UV
exposure, afterglow emission ranging from yellow-green to
orange-yellow was observed for samples with doping levels of
1% to 20% (Fig. 4d), with afterglow durations decreasing from
1.3 s to ~1.0 s. The NBP-Cd:50%Mn>" crystals exhibited a brief
red afterglow lasting ~0.2 s. These observations demonstrate
that the introduction of Mn>" significantly alters the afterglow
emission properties of NBP-Cd, likely by creating new afterglow
emission centers or facilitating energy transfer from organic
ligands to the d orbitals of Mn**,3%%7

Spectral and lifetime measurements for the doped samples
were conducted to further investigate the luminescence
performance. Fig. 5a shows that under photoexcitation at
254 nm, NBP-Cd:10% Mn>" displayed the strongest red

Chem. Sci., 2025, 16, 6104-6113 | 6107
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doped NBP-Cd systems. (c) PXRD patterns of NBP-Cd:xMn2* samples. (d) Photographs of NBP-Cd:xMn2* crystals under 254 nm and 365 nm

irradiations as well as after removing 365 nm irradiation.

emission at 660 nm, surpassing other samples with varying
Mn>" doping levels. This emission is attributed to the *T; (G) —
®A4(S) transition of Mn*" ions in an octahedral field, rather than
the characteristic energy level transition of Cd (*Eq—'Ay,, with
emission at 612 nm) as reported in previous studies. We
measured the PL lifetimes for these red emissions across all
samples and found that the lifetime initially increased from

203.62 pus to 312.30 ps as the x value increased from 1% to 10%,
before gradually reducing to 260.62 ps at a doping level of 50%
(Fig. 5b). Fig. S17f shows the excitation spectra of NBP-
Cd:xMn** for the emission peak at 660 nm with two obvious
excitation peaks at 270 and 306 nm. The emission spectra under
270 nm photoexcitation are almost consistent with those under
254 nm excitation (Fig. S18at). Moreover, the 306 nm excitation

a  [NBP-Cd: x Mn?' Jex = 254 NM b NBP-Cd: X Mn2* A, = 254 nm C Nepcd 10% Mn?* @2,
x=1% > —— 260 nm —— 270 nm —— 280 nm
. ——x=5% D ———290 nm 300 nm 310 nm
5 x=10% GC) 320 nm 330 nm ——— 340 nm
p x=20% %) s ——— 350 nm —— 360 nm —— 370 nm
S [——x=50% z £
> S o
3 8 o 714,=20362ps 14
g o 74, =28116ps © /
£ 710 = 31230 us £ \\
_ S
© 0% = 280.14 s b2
o Ty =260.62 s
400 450 500 550 600 650 700 750 800 0.5 1.0 1.5 2.0 400 450 500 550 600 650 700 750
Wavelength (nm) Decay time (ms) Wavelength (nm)
d [ =365m NBP-Cd xMn?] € NBP-Cd: x Mn2*| NBP-Cd: x Mn?"|
- Xf1z/° ° 7. =485ns > x=0%
= ——x=5% rey =483ns| @ ——x=10%
2 x=10% _ = —x=20%
IS X = 20% 7109 =4.57 ns Q
= x=50% | £ ro=434ns| £
g g 7500 =2.11 18 g
N o N
= ©
£ £
£
5 <}
= P4

400 450 500 550 600 650 700
Wavelength (nm)

Decay time (ns)

400 500 600 700 800
Wavelength (nm)

60 80 100 300

Fig. 5 (a) Prompt emission spectra and (b) corresponding decay curves for the red emissions at 660 nm in NBP-Cd:xMn?* under excitation at
254 nm. (c) Excitation-dependent emission spectra of the NBP-Cd:10%Mn?* sample. (d) Prompt emission spectra and (e) corresponding decay
curves for high-energy yellow-green emissions in NBP-Cd:xMn?* under excitation at 365 nm. (f) UV-vis absorption spectra of NBP-Cd:xMn?* (x

=0, 10%, and 20%).
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leads to characterized dual-mode emissions when the Mn**
doping content is >1% (Fig. S18b¥). The PL lifetimes of emis-
sion at 660 nm under both 270 nm and 306 nm excitations show
similar tendency to that under 254 nm excitation (Fig. S18c and
dt), with the longest lifetimes observed at a Mn** doping
content of 10%. Furthermore, a similar trend was observed in
the PLQY measurements (Table S51), with the NBP-Cd:10%
Mn®>" sample exhibiting highest emission efficiency (31.1% for
254 nm and 40.5% for 270 nm). The reduced PL lifetimes and
decreased emission efficiencies for the doping levels of 20%
and 50% could be attributed to the enhanced defect-related
nonradiative recombination at high Mn** concentration.’>%
These findings suggest that when x is 10%, Mn ions optimally
substitute Cd lattice sites in the host, consistent with PXRD
data. For the NBP-Cd:10%Mn?** sample, the emission properties
exhibit distinct variations with excitation energy (Fig. 5c).
Specifically, the peak intensity at 660 nm gradually wanes as the
excitation wavelength increases from 260 nm to 370 nm, while
peaks associated with the organic component correspondingly
increase. This observation indicates that the 365 nm light
source cannot effectively induce the spin-forbidden d-d transi-
tion in Mn>" ions, in contrast to previous reports on Mn-doped
2D hybrid systems.** The corresponding CIE coordinates
(Fig. S197) and PLE spectra (Fig. S207) reveal notable excitation-
dependent emission characteristics for the NBP-Cd:10%Mn>"*
sample. As shown in Fig. 5d, upon 365 nm UV light excitation,
the emission spectra of doped samples are dominated by high-
energy broadband emissions from the organic conjugate group.
Increasing Mn>" content leads to decreasing nanosecond-scale
lifetimes (Fig. 5e), indicating that the Mn*' incorporation
reduces the excited state populations in organic emission
centers. Notably, low-energy emissions are observed when the
doping concentration exceeds 10%, likely due to the d-d spin-
forbidden transition of octahedral Mn**,

View Article Online

Chemical Science

The UV-vis absorption spectra shown in Fig. 5f illustrate that
NBP-Cd:xMn** samples (x = 0, 10%, and 20%) exhibit a high-
energy absorption band centered at 260 nm and a low-energy
band peaking at 360 nm, with a tail extending toward higher
wavelengths. These two bands are attributed to w/n — w*
electron transitions in organic templates.®® Notably, the
absorption peak at 360 nm undergoes a significant enhance-
ment and a slight blueshift with increasing Mn>" doping levels,
which likely originates from the enhanced absorption energy
level (*E) of Mn>" within the structure.’® Additionally, the
observed augmentation in low-energy absorption in the 400-
600 nm range is plausibly linked to the rise in structural defects
introduced by higher Mn>" concentrations.*

To further explore the RTP properties of the doped samples,
NBP-Cd:xMn**, we analyzed their delayed spectra and kinetic
lifetimes. As shown in Fig. 6a, for doping levels of 1-5% Mn?",
the emission peak position remains consistent with that of the
undoped base matrix (550 nm). However, as the doping content
increases, the peak intensity reduces markedly, accompanied by
a blue-shift in the peak position to 522 nm (50%). The corre-
sponding phosphorescence lifetimes also shorten considerably,
from 250.38 ms (1%) to 180.42 ms (20%), as shown in Fig. 6b.
These findings suggest that Mn>* doping alters the excited state
energy levels, facilitating electron transitions and ultimately
reducing the emission lifetime. Interestingly, at doping levels of
10% to 20%, a prominent red emission emerges in the low-
energy region around 650 nm, with increasing intensity at
higher doping concentrations. This red emission aligns with
the PL emission observed under 254 nm photoexcitation, indi-
cating the presence of energy transfer from the organic triplet
state to Mn>" dopants. This phenomenon can be attributed to
the Dexter energy transfer mechanism, as substantiated by
previous reports.***” Furthermore, this mechanism also eluci-
dates the yellow and orange-yellow afterglow phenomena
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Fig. 6 (a) Delayed emission spectra and corresponding kinetic decay curves of emission peaks at (b) 550 nm and (c) 660 nm in NBP-Cd:xMn2*
under 365 nm excitation. (d) Schematic illustration of the proposed mechanism for the Mn?* doped NBP-Cd system.

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

Chem. Sci., 2025, 16, 6104-6113 | 6109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08718f

Open Access Article. Published on 06 March 2025. Downloaded on 7/27/2025 4:08:44 AM.

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

(cc)

Chemical Science

observed in the 10% and 20% samples (Fig. 4d), respectively, as
supported by the corresponding CIE coordinates (Fig. S217). At
a doping level of 50%, the red peak gradually shifts to 660 nm
and becomes the dominant emission. Fig. 6¢ shows that this
red emission exhibited a millisecond-scale lifetime, aligning
well with the d-d transition of Mn®" in an octahedral coordi-
nation field. As the doping level increases from 10% to 50%, the
lifetimes of the low-energy emission progressively decreased
from 175.23 ms to 70.36 ms, which could be attributed to the
conjecture that the elevated Mn”>* doping levels lead to the
formation of Mn>" pairs with much faster decay rate than iso-
lated ions.***° The overall reduction in lifetime for both emis-
sion peaks as Mn>" doping increases accounts for the shortened
afterglow duration observed in Fig. 4d. Moreover, because of the
excitation-dependent phosphorescence emission properties in
the undoped NBP-Cd sample (Fig. 2¢), we tested the prompt and
delayed emission spectra of Mn-doped samples under 320 nm
excitation. Fig. S221 shows the dual-mode emission from
organic molecules and Mn dopants at a Mn>" concentration of
>1%. The delayed spectra (Fig. S23at) and dynamic lifetimes of
the two emission peaks (Fig. S23b and ct) demonstrate a similar
trend to those under 365 nm excitation. These observations
prove that the energy transfer process from the organic triplet to
the energy level of Mn>* can also occur under 320 nm excitation.

To further explore the electronic properties of the Mn>*
doped samples and better understand the energy transfer
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mechanism, we carried out DFT calculations of the NBP-
Cd:20%Mn>" (see details in the ESIT). The band structures in
Fig. S24at show that the calculated bandgap of the Mn** doped
sample is reduced from 3.50 eV to 2.18 eV. The PDOS in
Fig. S24bf indicates that the HOMO is predominantly localized
on the organic units, consistent with that of NBP-Cd, while the
LUMO originates from the Mn 3d orbitals. These calculated
results account for the extra absorption band in the low energy
region, which could be favorable for the Dexter energy transfer
from the organic unit to Mn>" sites.

Based on the aforementioned investigations, we propose
a plausible emission mechanism, as depicted in Fig. 6d. Upon
excitation with 365 nm UV light, electrons in the ground state
(So) of the benchmark material NBP-Cd are promoted to the
excited state (S;), forming free excitons. These excitons then
relax back to the ground state, emitting nanosecond-scale
fluorescence at 472 nm. Simultaneously, a portion of excitons
undergo ISC to populate the triplet excited state (T,), where the
excitation energy can subtly modulate the vibrational levels
within the organic lattice. Triplet excitons eventually return to
the ground state through a spin-forbidden transition, emitting
long-lasting yellow-green phosphorescence. The elevated
temperature does not reverse the ISC process. For Mn>**-doped
matrices, photoexcitation at 254 nm promotes transitions from
the °A,(S) ground state to various excited states, including “E
(D), ‘T, (D), “E (G), *T, (G), and “T; (G), characteristic of
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Fig.7 (a) Anti-counterfeiting patterns with excitation-dependent properties designed using NBP-Cd:10%Mn?*. (b) Luminescence photographs
of patterns before and after 365 nm UV lamp irradiation, where the snowflake, square star, and cloud patterns correspond to NBP-Cd:xMn2* (x =
0, 10%, and 50%), respectively. (c) Schematic illustration of the encryption and decryption process in a time-resolved anti-counterfeiting system,
decryptable as “SXNU". (d) Information encryption employing afterglow colors of NBP-Cd:xMn?* (x = 0, 10%, and 50%) to define Morse code
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octahedral Mn*>" coordination. These transitions culminate in
a typical red emission from the *T;(G) — °A4(S) transition.
Although 365 nm UV irradiation does not significantly excite the
spin-forbidden d-d transition of Mn** ions, upon the removal of
the 365 nm light source, energy transfer from the stable organic
triplet state (T;) to the “Ty level in the Mn*>* dopants is effi-
ciently induced. This energy transfer process triggered by 300-
365 nm irradiation leads to the combination of organic phos-
phorescence and octahedral Mn>"-specific emission, giving rise
to multicolor afterglow from yellow to orange-yellow. At higher
Mn>" concentrations in the host matrix, organic phosphores-
cence is nearly quenched, and the red emission from Mn**
becomes dominant. As a result, the afterglow properties of NBP-
Cd:xMn>* are predominantly governed by Mn>" emission at
elevated doping levels.

The adaptable PL and RTP properties of NBP-Cd and its
manganese-doped variants make them highly suitable for
a variety of applications, particularly in anti-counterfeiting and
secure encryption. Fig. 7a demonstrates the practical applica-
tion of NBP-Cd:10%Mn>" by crafting intricate deer and leaf
patterns, which are transparent under daylight but emit distinct
colors—red, pink, and blue—when exposed to UV light at 254,
310, and 365 nm UV light, respectively. This excitation-
wavelength-dependent color emission provides a robust
method for anti-counterfeiting. Additionally, Fig. 7b shows
patterns of snowflakes, square stars, and clouds created
utilizing NBP-Cd, NBP-Cd:10%Mn>*, and NBP-Cd:50%Mn>".
These patterns emit blue-white and white light under 365 nm
UV light and exhibit yellow-green, yellow, and red afterglows
upon cessation of the UV light. On the other hand, two
encryption strategies leverage the unique luminescent proper-
ties of these materials. In the first case, a dot-matrix pattern (4
x 8) was created using NBP-Cd, NBP-Cd:10%Mn**, and NBP-
Cd:50%Mn”* to encrypt and decrypt information based on the
binary code and ASCII conversion (Fig. 7c), in which lumines-
cent dots represent ‘1’ and non-luminescent dots ‘0’. The matrix
appears as an invalid binary code under visible light, and then
the fluorescence triggered by UV excitation reveals a binary-to-
ASCII conversion that initially reads “wDELow”. Decryption
proceeds in two stages: (1) immediate cessation of the UV
source alters the emission, converting the deceptive message to
“oxsf”, and (2) after a 1.5-second delay, the correct message,
“SXNU,” emerges from the afterglow. In the second encryption
strategy, the distinct afterglow colors of the materials are used
to encode Morse code symbols (Fig. 7d). A matrix pattern is
constructed where yellow-green, yellow, and red afterglows
represent the Morse code symbols “-”, “-”, and “~ -” respec-
tively, simultaneously incorporating blank signals. Messages
such as “RAZG” and “SXNU” are encrypted by arranging the
afterglow patterns into sequential lines, which can be decrypted
by interpreting the Morse code from the luminescent signals.

Conclusions

In summary, we have successfully prepared a novel 1D hybrid
Cd-based metal halide benchmark material [(NBP)Cd,ClsH,0],
featuring an infinite edge-shared octahedral polyanionic chain

© 2025 The Author(s). Published by the Royal Society of Chemistry
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comprising two dependent CdCls and CdClsO octahedra. This
halide demonstrates blue-white fluorescence at 472 nm under
365 nm photoexcitation, alongside exceptional long-lasting
yellow-green RTP at 550 nm with an afterglow duration of up
to 2 s following the removal of the excitation source. The pro-
longed RTP is attributed to the triplet excitons in the organic
templates with highly-ordered stacking states, enabled by the
enhanced structural rigidity and strengthened intermolecular
interactions. To achieve tunable RTP properties in terms of both
color and lifetime, we implemented a Mn** doping strategy to
synthesize a series of Mn>*-doped derivatives NBP-Cd:xMn>".
PXRD analysis confirms that at an optimal doping concentra-
tion of 10%, Mn** ions effectively substitute Cd>" sites within
the host lattice. The NBP-Cd:10%Mn>" crystal exhibits the
strongest red emission at 660 nm with a PLQY of 31.1%, along
with exceptional excitation-dependent PL properties character-
ized by dual-mode emission. Notably, 365 nm UV irradiation
does not significantly excite the spin-forbidden d-d transition
of Mn>" ions. Upon removal of the 365 nm excitation source, the
afterglow color transitions seamlessly from yellow-green to
yellow, orange, and eventually red with increasing Mn** doping
level from 1% to 50%, accompanied by a reduction in afterglow
duration. This dynamic tunable multicolor afterglow behavior
unequivocally demonstrates efficient energy transfer from the
stable triplet states within the organic component to the *T;
level of the Mn** dopants. Furthermore, we explored the
potential applications of these materials in anti-counterfeiting
technologies and advanced information encryption systems.
This study provides valuable experimental insights for engi-
neering novel dynamic multicolored afterglow materials and
significantly advances the development of OIMHs in the field of
information security.
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