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ABSTRACT

Organic room-temperature phosphorescence (RTP) has shown diverse practical applications; however, most organic RTP materials
exhibit poor thermal resistance, with afterglow vanishing above ambient temperatures. Inspired by robust afterglow in natural
minerals, we introduce a general organic-inorganic hybridization strategy that functionally replaces metallic dopants with organic
chromophores. Specifically, carboxylated polycyclic aromatic hydrocarbons are molecularly embedded into the hydroxyapatite
(HAP) lattice via an in situ co-precipitation method. The resulting artificial minerals exhibit strong and tunable RTP from organic
chromophores with quantum yields of up to 31.1% and afterglow exceeding 10 s. By incorporating carboxylated triphenylamine,
TPA-3COOH, into HAP, the obtained TPA-3COOH/HAP can even exhibit organic phosphorescence at 500 K. Mechanistic
investigations reveal that the HAP lattice not only suppresses triplet nonradiative decay but also promotes the generation of
triplet excitons via local electric-field-induced charge-transfer (CT) states and energy traps. This strategy is broadly applicable
to various 7z-conjugated chromophores, enabling multicolor afterglows. Furthermore, solution-processable RTP-active artificial
minerals and hydrogels are prepared to demonstrate the potential in UV-responsive sensing and medical treatment. This work
provides a powerful platform for “lighting up” tunable organic RTP in artificial minerals.

of organic long-lived RTP renders it vulnerable to nonradiative
deactivation pathways, including molecular vibrations, rotations,

1 | Introduction

The rapid development of optoelectronic devices and sensing
technologies has driven the demand for versatile luminescent
materials beyond those exhibiting only prompt fluorescence
[1-6]. Organic room-temperature phosphorescence (RTP), emis-
sion from triplet excited states, generally exhibits long-lived
and tunable luminescence, making it a promising candidate
for versatile applications, like information storage [7-10] and
afterglow display [11-14]. However, the intrinsic susceptibility

and collisions [15]. Consequently, long-lived RTP afterglow is only
observed when molecular motions are effectively suppressed.

One widely adopted strategy involves embedding phosphors
in viscous polymer matrices [16-19], where the translational
degree of freedom is largely eliminated with vibrational and
rotational freedoms mitigated. Despite the convenience of using
polymers to sustain RTP, most polymer networks are permeable
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FIGURE 1 | Design concept for triggering triplet-mediated RTP in inorganic minerals. (a) Photos showing RTP afterglows from representative

calcium minerals and the schematic of the energy trap-assisted RTP mechanism of natural minerals. The trapped electrons can be released via thermal

activation and the tunneling effect. (b) Schematic illustration of the HAP structure and its doping system. (c) Simplified Jablonski diagram depicting

the triplet-mediated RTP mechanism in the organic-inorganic doping system with enhanced ISC and suppressed nonradiative transitions. GS: ground

state; ES: excited state; Fl: fluorescence; IC: internal conversion.

to molecular oxygen (triplet quencher) except for a few examples,
such as polyvinyl alcohol and polyamides [20, 21]. To address
this limitation, alternative protective media such as crystals and
glasses of all sorts have also been explored [22-25]. Despite
better performance against oxygen penetration, these media are
not without drawbacks. For example, Kasha and Lewis first
demonstrated green afterglow from fluorescein using vitrified
boric acid glass in the 1940s [26]; however, this material is
hygroscopic and quickly decomposes under ambient conditions,
leading to diminished RTP performance. Moreover, these organic
RTP systems typically exhibit relatively poor thermal resistance,
with triplet emission becoming silent above room temperature.

In contrast, inorganic minerals have rarely been explored as
media for organic RTP, despite their well-documented natural
afterglow phenomena [27, 28]. For example, several calcium-
containing minerals including common calcite (CaCO;) and
fluorite (CaF,) are known to exhibit afterglow of various colors
after absorbing light (Figure la). The so-called phosphores-
cence emissions in calcium minerals occur when photoexcited
electrons, trapped by lattice defects or metal dopants, are
slowly released radiatively. Although synthetic calcite or fluorite

exhibits effective RTP, they typically need high temperatures
for preparation and lack post-processibility [29, 30], making
precise control of luminescence characteristics challenging. For-
tunately, these limitations can be addressed by hydroxyapatite
(Cas(PO,);0H, HAP), a calcium phosphate with a close-packed
hexagonal structure (space group: P6,/m) that can be prepared
and processed under ambient conditions [31, 32], which exhibits
excellent compatibility with organic matrices [33]. Inspired by
mineral afterglow, we conceive that HAP’s phosphorescence
can be activated by incorporating organic chromophores as
trace components in the lattice (Figure 1b). In this design,
organic chromophores are immobilized within the inorganic
lattice via electrostatic interactions and function as modular
triplet harvesters, enabling tunable emission behavior, while mild
processing preserves chromophore integrity.

To verify this design, we develop a class of organic-inorganic
hybrid phosphors by molecularly doping carboxylated polycyclic
aromatic hydrocarbons (PAHs) into the HAP lattice. Compre-
hensive structural, photophysical, and theoretical investigations
show that the introduction of PAHs generates local electric fields
via interactions with calcium ions (Ca?"), which can effectively
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FIGURE 2 | Structural characterization of organic chromophore-modified HAP. (a) Schematic illustration of the sample preparation process of
TPA-3COOH/HAP. (b) TEM image of 0.3 mol% TPA-3COOH/HAP. (c-e) EDS mapping images of the Ca, O, and N elements of 0.3 mol% TPA-
3COOH/HAP. (f) Confocal fluorescence imaging of 0.3 mol% TPA-3COOH/HAP. The image color does not represent the real emission color, which
only reflects the PL signal. (g) Powder XRD patterns of HAP and 0.3 mol% TPA-3COOH/HAP. (h) Transmission FTIR spectra of HAP, TPA-3COOH,
and 0.3 mol% TPA-3COOH/HAP. (i) High-resolution XPS spectra of HAP and TPA-3COOH/HAP with different chromophore loadings.

improve ISC of PAHs (Figure 1c). Simultaneously, Ca*" ions
serve as molecular locks to restrict molecular motions of PAHs
[34-37] and thus enhance organic RTP efficiency. Additionally,
we also elucidate the positive role of inorganic energy traps in
promoting the generation of organic triplet excitons. As a result,
RTP quantum yields reach up to 31.1%, with visible phosphores-
cence persisting even at elevated temperatures exceeding 500 K.
Unlike conventional calcite and fluorite, these PAH-doped HAP
(PAH/HAP) materials achieve a highly tunable RTP afterglow,
are prepared under ambient conditions within 10 min, and offer
scalable potential for industrial production.

2 | Results and Discussion

2.1 | Synthesis and Structural Characterization
The PAH/HAP composites were prepared via a rapid in situ co-
precipitation approach under ambient conditions within 10 min

(Figures 2a and S1). To ensure that PAHs were in situ embedded
into the lattice during the formation of HAP, an aqueous calcium

chloride solution (150 mmol/L) was added dropwise into a
hybrid solution of the carboxylated chromophore (alkalified with
sodium hydroxide) and spectroscopically pure sodium phosphate
(100 mmol/L) under continuous stirring. Because the organic
chromophores are present in the initial precursor solution,
the rapid crystallization of the calcium phosphate framework
occurs concurrently with the strong electrostatic coordination
between the calcium ions and the carboxylate groups. This
simultaneous precipitation and ion-locking process traps the
individual organic molecules within the growing inorganic lat-
tice, preventing macroscopic organic aggregation and leading
to a uniform organic-inorganic hybrid material. The resulting
precipitates were collected by centrifugation and freeze-drying.
The chromophore content is reported as a molar percentage
relative to Ca**.

As a model system, the chromophore 4,4’,4”-nitrilotribenzoic
acid (TPA-3COOH) was selected to coordinate with Ca**, form-
ing TPA-3COOH/HAP (Figure 2a). The solid-state *'P nuclear
magnetic resonance spectrum of 0.3 mol% TPA-3COOH/HAP
displays a downfield shift compared with that of pure HAP
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(Figure S2), indicating that the incorporation of the chro-
mophore perturbs the HAP bulk ionic environment through
electrostatic interactions and coordination between Ca®* and the
chromophore. The Ca?" content was about 39.4 wt%, close to
the theoretical value of 39.9 wt% (Table S1). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
were employed to examine the morphology and microstructure.
The prepared 0.3 mol% TPA-3COOH/HAP exhibited uniform
nanosphere sizes, with diameters of 20-30 nm (Figure S3). Like
most reported HAP examples, TPA-3COOH/HAP displayed a
hollow spherical structure (Figures 2b and S4), which could
accommodate the chromophore via coordination during the
in situ precipitation process. The energy-dispersive X-ray spec-
troscopy (EDS) mapping revealed that the doping system was
successfully prepared, as evidenced by the evenly distributed
nitrogen element of TPA-3COOH in HAP (Figures 2c-e and
S5). The confocal fluorescence microscopy images demonstrated
uniform luminescence throughout the sample, reflecting that
the organic component was molecularly dispersed in HAP
(Figures 2f and S6; Videos S1 and S2).

Notably, powder X-ray diffraction (XRD) confirmed the HAP
structure, showing the characteristic peak at 31.7°, corresponding
to the (211) plane (ICDD 01-074-9780), with a secondary peak
assigned to the (203) plane at 46.6° (Figure 2g). The incorporation
of the organic chromophore below 1.5 mol% does not disturb
the HAP microstructure significantly, suggesting selective sub-
stitution at anionic sites by the chromophore without obviously
altering the lattice integrity (Figure S7). This was further sup-
ported by Fourier transform infrared (FTIR) spectroscopy in the
transmission mode, where the spectrum of TPA-3COOH/HAP
closely resembled that of pristine HAP (Figures 2h and S8). This
preservation of bulk crystallinity does not contradict the uniform
molecular distribution; rather, it suggests that the chromophore
is accommodated as localized defects or via selective substitution
at anionic sites without causing global lattice collapse. We also
conducted FTIR measurements in the attenuated total reflectance
(ATR) mode (Figure S9), which is more sensitive to weak
surface/near-surface absorptions. A clear characteristic peak at
1593 cm™!, assigned to the aromatic C=C stretching vibration,
becomes discernible for TPA-3COOH/HAP and becomes more
pronounced when the chromophore content increases to 3.0
mol%. These results support the successful incorporation of the
chromophore, while the absence of distinct chromophore signals
in transmission FTIR is attributed to the sensitivity limit at low
doping levels. In addition, in situ FTIR and Raman spectroscopy
were performed to confirm the incorporation of the chromophore
(Figure S10). The slight spectral differences between pure HAP
and TPA-3COOH/HAP suggest that incorporating TPA-3COOH
perturbs the P-O stretching vibrations in HAP.

Solid-state UV-vis absorption spectroscopy also confirmed suc-
cessful doping, as the hybrid exhibited combined features of both
TPA-3COOH and HAP in the 200-400 nm region (Figure S11).
More importantly, we demonstrated the elemental compositions
and presence of interactions between the chromophore and HAP
using X-ray photoelectron spectroscopy (XPS). The elements Ca,
P, C, O, and N were all identified in TPA-3COOH/HAP (Figures
S12-S15; Tables S2-S4). The high-resolution XPS spectra of Ca 2p
show two main peaks at 346.90 (2ps/,) and 350.45 (2p,/,) eV, which
slightly shift to 347.00 and 350.55 eV, respectively, as the chro-

mophore content increases to 1.5 mol% (Figure 2i). XPS spectra of
P 2p and O 1s exhibit a similar phenomenon, indicating electronic
perturbation caused by chromophore incorporation. Based on
these systematic investigations, we can rationally conclude that
the TPA-3COOH/HAP hybrid material was successfully pre-
pared, with structural integrity of the HAP framework preserved
and uniform dispersion of the organic chromophore achieved at
the molecular level.

2.2 | Photophysical Investigations

To evaluate the RTP performance of TPA-3COOH/HAP, we
conducted a series of systematic photophysical investigations.
Note that all measurements were performed on as-prepared
samples unless otherwise stated. First, the steady-state photo-
luminescence (PL) spectrum of 0.3 mol% TPA-3COOH/HAP
shows a broad emission band with the PL maximum, A, at
430 nm (Figure 3a), and a fluorescence lifetime, 75, of 3.0 ns
(Figure S16). At room temperature, we observed a bright blue
afterglow lasting for over 5 s (Figure 3a, inset). The phosphores-
cence spectrum detected by the time-gating technique reveals a
relatively narrower emission band centered at 470 nm, with an
associated phosphorescence lifetime, 75, of 303.7 ms (Figure 3b).
The total PL quantum yield (PLQY) is measured to be 36.5%,
with prompt fluorescence and RTP contributions of 5.4% and
31.1%, respectively, as determined using a high-resolution time-
correlated single photon counting (TCSPC) system integrated
with a time-to-digital converter (TDC) (Figure 3b, inset), operat-
ing in a full-spectrum collection mode, rather than monitoring a
specific wavelength.

To shed light on the origin of luminescence, we investigated the
PL of TPA-3COOH in dilute 2-methyltetrahydrofuran (2-MeTHF,
1 x 10> M). In solution, TPA-3COOH displays a blue-shifted
steady-state PL spectrum with A, at 387 nm (Figure Sl7a),
compared to 0.3 mol% TPA-3COOH/HAP in the solid state. At
77 K, TPA-3COOH in 2-MeTHF glass shows an obviously red-
shifted steady-state PL with Ap; of 402 nm, alongside a shoulder
peak at 462 nm (Figure S17b). We attribute these spectral shifts to
conformational restrictions of the chromophore in different envi-
ronments [38]. The time-gated PL measurement demonstrates
that the emission at 462 nm originates from triplet states of TPA-
3COOH (Figure S17c), indicating that the observed PL of 0.3
mol% TPA-3COOH/HAP arises from the organic chromophore.
Note that the slight difference in the emission profiles between
TPA-3COOH and TPA-3COOH/HAP is caused by restricted
molecular motions that render specific vibronic levels as dark
states, thereby narrowing the phosphorescence emission at lower
temperatures. Further, we investigated PL behavior of TPA-
3COOH/HAP at 298 K-77 K. As expected, phosphorescence
evolves into a narrower emission as the temperature decreases
(Figure S18). Time-resolve emission spectra (TRES) maps of TPA-
3COOH/HAP recorded at 77 K exhibit similar emission band
narrowing, compared to those at 298 K (Figure S19).

Notably, the measured 2D excitation—emission map of 0.3 mol%
TPA-3COOH/HAP demonstrates excitation-independent RTP
emission (Figure S20), which confirms a highly uniform local
environment and the absence of diverse aggregate states, sup-
porting the molecular-level dispersion of the chromophore within
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FIGURE 3 | Photophysical investigations of 0.3 mol% TPA-3COOH/HAP recorded in air. (a) Steady-state (top) and delayed (gated time: 1-50 ms;
bottom) PL spectra recorded at 298 K (d¢y. = 365 nm). Insets: photos showing the formation of luminescent precipitates within 10 min (top) and RTP
afterglow with UV off (bottom). (b) Phosphorescence decay profiles recorded at 470 nm at 298 K in air (dey. = 372 nm). Inset: high-resolution PL decay
profiles used to extract prompt fluorescence and RTP QYs based on the TDC-TCSPC technique. (c) Temperature-dependent delayed PL spectra with

associated spectra recorded at 298 and 500 K (d¢x. = 365 nm). Inset: photos showing phosphorescence afterglows at different temperatures. (d) RTP

thermal resistance over 10 heating-cooling cycles. Inset: photos showing phosphorescence afterglow before heating and after 10-cycle thermal treatment.

the HAP matrix. It is worth noting that both steady-state and
phosphorescence spectra remain almost unchanged even with
an increase in chromophore loading up to 1.5 mol% (Figures S21
and S22). These results indicate that the HAP lattice effectively
enables molecular-level dispersion of the organic chromophore.

Remarkably, the phosphorescence of the embedded chromophore
remains observable at temperatures as high as 500 K (Figure 3c),
despite a decrease in corresponding lifetimes (Figure S23). As the
temperature increases from 298 to 330 K, the phosphorescence
intensity at 470 nm gradually decreases due to enhanced nonra-
diative relaxation from molecular motions. Further temperature
elevation to 370 K results in an increase in PL intensity and
blue shift in the emission profile, due to the emergence of
thermally activated delayed fluorescence (TADF) at ~430 nm
(Figure S24). At 500 K, the TADF component even outcompetes
the phosphorescence counterpart (Figure 3c). The associated
PLQYs calculated based on TDC-TCSPC are shown in Figure
S25. Notably, we found that the annealed 0.3 mol% TPA-
3COOH/HAP sample exhibits longer phosphorescence lifetimes
compared to the non-annealed counterpart (Figure S26). Thermo-
gravimetry analysis (TGA) and differential scanning calorimetry
(DSC) curves indicate that this intensity enhancement originates
from the evaporation of residual water of crystallization, which
induces tighter crystal packing and thereby suppresses triplet
nonradiative deactivation (Figures S27 and S28). This structural
ordering is supported by the powder XRD pattern of the sample
after annealing at 500 K (Figure S29). Additionally, after sub-
jecting the sample to 10 repeated heating-cooling cycles between

500 and 298 K, the RTP lifetime remains above 370 ms with
no significant thermal fatigue (Figures 3d and S30-S32; Table
S5), demonstrating superior thermal stability of the sample. The
annealed sample displays brighter and longer RTP afterglow than
its non-annealed counterpart (Figure 3d, inset). The unchanged
emission behavior indicates the same emissive species (Figures
S33 and S34). This confirms that the annealing process primarily
induces tighter crystal packing and strengthens the coordina-
tion between the organic chromophore and the HAP lattice.
In contrast, this excellent high-temperature PL performance is
not present in polymers. For example, the phosphorescence of
TPA-3COOH doped in polyvinyl alcohol (PVA) or polymethyl
methacrylate (PMMA) is hardly detectable at 400 K (Figure S35),
due to lack of rigid lattice confinement despite the presence of
hydrogen bonds.

2.3 | Mechanistic Study

Although we have elucidated the role of the HAP lattice in
suppressing the nonradiative exciton decay, it remains unclear
how Ca**-chromophore interactions influence ISC. To clarify the
underlying mechanism, we first conducted transient absorption
measurements. The transient absorption spectra of 0.3 mol%
TPA-3COOH/HAP display positive absorption bands peaking at
322, 352 and 401 nm (Figures 4a and S36), resulting from S, —S,
transitions, which decays with tens of picoseconds. Concurrently,
two negative absorptions emerge at 339 and 385 nm, which corre-
spond to ground-state bleaching (GSB) since TPA-3COOH/HAP
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FIGURE 4 | Mechanistic elucidation of the enhanced RTP. (a-b) Transient absorption spectra of 0.3 mol% TPA-3COOH/HAP in the range of (a)
320-450 nm and (b) 500-900 nm as a function of delay time (A = 365 nm; pump power: 1 uJ/cm? per pulse). (c) EPR spectra of HAP, TPA-3COOH
and 0.3 mol% TPA-3COOH/HAP in the solid state before and after 365 nm UV light treatment for 90 s, respectively. (d) Calculated change in electron
density distribution upon applying parallel and vertical electric fields (isovalue: 0.003). Blue and red denote the decrease and increase in electron density,
respectively. (e-g) EFM phase images of 0.3 mol% TPA-3COOH/HAP powder acquired under the applied biases of (e) 0 V, (f) 1V, and (g) 2 V. White
dotted lines indicate phase shift as a function of the lateral position for comparison (see Figure S44). (h-j) Calculated SOC constants between singlet and

triplet excited states (h) without the electric field, (i) with the applied parallel electric field, and (j) with applied vertical electric field.

exhibits associated absorptions in this range (Figure S11). Dif-
fering from the positive absorptions, these GSB signals persist
exceeding 2 ns. This can be attributed to shallow energy traps
in HAP [39-41], thus prolonging exciton lifetimes. To verify
this, we extended the transient absorption measurements to 500-
900 nm for both TPA-3COOH/HAP and HAP (Figures 4b and
S37). The spectra of HAP show varying negative absorption
bands between 500 and 640 nm, arising from GSB caused by

varied defect-induced traps, such as oxygen vacancies, hydroxyl
migration, and Ca®* deficiencies [42-46]. Upon the incorporation
of the chromophore, the GSB signals shift to longer wavelengths,
with a notable redshift from 567 nm to 586 nm, indicating
that chromophore-HAP interactions reshape the local traps
(Figures 4b, S37 and S38). Similarly, the GSB features of HAP
around 730 nm shift to 755 nm. The positive bands peaking
at 849 nm are due to excited-state absorption from trap states
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(trapped charges). Importantly, the spectra also exhibit a growing
positive absorption at 715 nm within 0.1 ns, which persists for
more than 2 ns (Figures S37 and S38). The fitted ISC rate is up to
8.76 x 10" s™! (Figure S39), suggesting a rapid singlet-triplet ISC
of the organic chromophore. This indicates that trap states likely
slow singlet exciton deactivation, thereby increasing the possibil-
ity of ISC. Using the Hoogenstraaten method, the estimated trap
depth is 0.125 + 0.02 eV based on the thermoluminescence (TL)
spectra (Figure S40).

We next conducted electron paramagnetic resonance (EPR) mea-
surements to demonstrate the role of energy traps in capturing
excitons. Without photoexcitation, no radical signal was detected
in HAP, TPA-3COOH, and 0.3 mol% TPA-3COOH/HAP.
However, following 365 nm UV irradiation for 90 s, TPA-
3COOH/HAP showed an intense radical signal after cessation
of excitation (Figure 4c), which remained detectable even after
10 min (Figure S41). Note that the absence of the hyperfine
spectral structure is likely due to strong spin-spin interactions
and shortened transverse relaxation. The corresponding g value
is 2.0114, which is higher than that of conventional TPA-based
radical cations (g = 2.002-2.005) [47]. This positive shift suggests
that the unpaired spin is substantially delocalized onto atoms
with larger spin-orbit coupling (SOC), most plausibly the oxygen
atoms of the carboxyl groups and, potentially, surface oxygen
sites of the HAP matrix. This is consistent with the strong
coordination interaction between TPA-3COOH and HAP. In
contrast, HAP and TPA-3COOH showed negligible EPR signal
under identical irradiation conditions. These results demon-
strate that the radical signal recorded in TPA-3COOH/HAP
arises from photogenerated radical species (or charge-separated
excitons) trapped in HAP defects. Theoretically, the resulting
separated holes and electrons can subsequently recombine to
generate up to 75% triplet excitons, thereby enabling efficient RTP.
Temperature-dependent bi-exponential fitting of the delayed PL
lifetimes indicates that the observed delayed emission reflects
the combined contributions of triplet emission and trap-assisted
charge release and recombination (Figure S42).

Considering that the electrostatic interactions between Ca?* and
the organic chromophore can theoretically generate a built-in
electric field, we assume that the formed local electric field
may alter the electron density distribution of the chromophore.
To verify this assumption, we conducted theoretical modelling
based on the density functional theory (DFT) at the PBEO/def2-
SVP level [48, 49]. Based on the hexagonal packing model of
HAP, the distances between Ca?* ions and the center of HAP’s
hexagonal lattice packing are ca. 3.4 (inner layer) and 4.0 A (outer
layer) (Figure S43). Assuming the chromophore is positioned
midway between Ca®' and the hexagonal packing center, the
strength of the established electric field is estimated to range from
7.20 x 10' t0 9.96 x 10'° V/m. For simplification, a representative
field strength of 0.1 a.u. was applied in the DFT modelling. As
expected, the introduction of the electric field leads to the inho-
mogeneous electron density distribution (Figure 4d), like that
of donor-acceptor molecules [50-53]. This reasonably explains
why TPA-3COOH/HAP exhibits a broad structureless steady-
state emission spectrum under photoexcitation (Figure 3a), owing
to the charge-transfer (CT) contribution and conformational
heterogeneity. It has been widely demonstrated that the forma-
tion of CT states can promote singlet-triplet ISC to generate

triplet excitons for RTP [54-57]. Notably, the existence of the
local electric field in TPA-3COOH/HAP can be experimentally
validated by electrostatic force microscopy (EFM), as evidenced
by the bias-dependent phase-shift contrast (Figures 4e-g). Upon
the removal of the applied bias, the phase shift along the white
dotted line can return to its initial state, indicating the excellent
reversibility (Figure S44).

Further, we investigated how the electric field influences the
singlet-triplet SOC. Without the electric field applied, the cal-
culated SOC constants indicate that efficient ISC only occurs
between S, and high-lying triplet excited states (Figure 4h).
However, upon introducing a parallel electric field, significantly
enhanced ISC between S; and both low-lying and high-lying
triplet excited states can be observed (Figure 4i). As the elec-
tron density redistribution spans the entire molecular backbone
uniformly with the vertical electric field applied, the ineffective
generation of CT states fails to effectively promote ISC (Figure 4j).
This electric-field-enhanced ISC was also experimentally demon-
strated using a lab-made setup (Figure S45). The measured
prompt fluorescence lifetime under a 20 V DC bias is 2.9 ns, which
is nearly identical to the lifetime without the bias (73 = 3.0 ns)
(Figure S46). This outcome is because the applied electric field
modulates both the intrinsic singlet radiative transition and the
ISC rate by altering the excitonic transition dipole moment. These
concurrent modulations result in an overall lifetime that remains
largely unchanged, while still facilitating enhanced triplet gen-
eration. However, upon applying the bias, the steady-state PL
intensity gradually decreased, whereas the delayed PL (RTP)
intensity increased (Figure S47), indicating enhanced ISC that
depletes singlet excitons while increasing triplet excitons. This
provides direct spectroscopic evidence that the electric field
manipulates the excited state mixing and promotes ISC. Notably,
because the prepared TPA-3COOH/HAP is an insulating dielec-
tric and the system lacks charge-injection and transport layers
(Figure S48), the conventional electroluminescence mechanism
via charge recombination is not favored in this case. We also
demonstrated that RTP could be activated in other Ca-based inor-
ganics, like CaF, and CaCOj;, which exhibited similar emission
profiles (Figure S49). This finding further validates the positive
role of the local electric field in activating RTP.

Consequently, these findings reveal three key roles of HAP
in enhancing the organic RTP emission of the embedded
organic chromophore (see Figure 1c): improving ISC through
electric-field-induced CT state formation, capturing photoexcited
electrons, enabling subsequent hole-electron recombination
for generation of abundant triplet excitons, and suppressing
nonradiative deactivation of triplet excitons through spatial
confinement.

2.4 | Generality of the Design Strategy

To demonstrate the generality of this organic-inorganic doping
strategy in triggering efficient RTP, we extended our molecular
scope to include a series of 7-conjugated organic chromophores.
Although both the S, and T, states in these systems are dom-
inated by the m—n* character, bright RTP was recorded. First,
carboxylated 1,3,5-triphenylbenzene (1,3,5-Tpp) was used instead
of TPA-3COOH. At a chromophore loading of 0.3 mol%, 1,3,5-
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FIGURE 5 | Photophysical investigations of 0.3 mol% rr-conjugated chromophores in HAP recorded at 298 K in air. (a) Steady-state (dashed line;
Aexe = 300 nm) and delayed (solid line; gated time: 1-50 ms; A¢y. = 254 nm) PL spectra recorded at 298 K in air. (b-c) Phosphorescence decay profiles and

fitting values (d¢y. = 281 nm). (d) Photos showing RTP afterglows.

Tpp/HAP exhibits a steady-state PL spectrum with Ap; at
362 nm (Figure 5a). With a setup of 1 ms delay, the measured
delayed PL spectrum reveals a structured RTP emission cen-
tered at 500 nm, characteristic of a typical 7#—7* transition.
To further explore structural diversity, we used carboxylated
naphthalene derivatives instead of 1,3,5-Tpp to prepare 2,6-
Nap/HAP, 2,3-Nap/HAP, 1,4,5,8-Nap/HAP, 1,4-Nap/HAP.
All samples exhibit structural characteristics similar to TPA-
3COOH/HAP (Figures S50-S54), displaying broad steady-state
PL spectra, and *(7—7*)-like RTP emissions (Figure 5a). Interest-
ingly, despite their structural similarity, these naphthalene-based
chromophores show distinct PL features with varied RTP emis-
sion maxima, from 528 nm to 565 nm, with associated different
excitation spectra (Figure S55). Reminiscent of the mechanism we
have elucidated above, this divergence is attributed to differences
in local built-in electric fields within HAP, which perturb the
chromophores’ excited-state electronic configurations.

Notably, besides major RTP bands in the 480-700 nm range,
1,4-Nap/HAP has minor RTP emissions between 360-480 nm,
attributed to emission from higher-lying triplet excited states
(T,). At 77 X, the T, emissions become more prominent in these
organic chromophores due to suppressed T,-T, vibronic coupling
(Figures S56-S60). This multiple phosphorescence phenomenon
has been thoroughly investigated in our previous work [58-61].
All these doping samples exhibit ultralong RTP lifetimes of up
to 1191.6 ms (Figure 5b), alongside an afterglow exceeding 10 s
(Figure 5c).

2.5 | Potential Applications

To demonstrate the tunable luminescence of this organic-
inorganic doping system, we fabricated an “artificial mineral” by
co-doping 0.15 mol% TPA-3COOH and 0.15 mol% 1,4,5,8-Nap
in HAP (TPA-3COOH/1,4,5,8-Nap/HAP). The 2D excitation-
emission map, measured using time-gating technique, reveals
excitation-dependent RTP emission, with two optimal excitation
wavelengths at 294 and 360 nm corresponding to blue and yel-
low phosphorescence, respectively (Figure 6a). The Commission
Internationale de I'Eclairage (CIE) coordinates shows that the
RTP afterglow transitions from blue to yellow as the excitation
wavelength changes from 254 and 365 nm, passing through the
white emission region (Figure 6b). This observation suggests that
the color of RTP afterglow can be used to visualize invisible UV
light, as demonstrated by the UV-wavelength-dependent after-
glow behavior (Figure 6¢). Moreover, by incorporating terminal
fluorophores as energy acceptors, multicolor afterglow samples
were prepared via triplet-to-singlet energy transfer (Figure 6d; see
Figure S61 for the associated sensitization spectra).

Additionally, performing in situ mineralization of 0.3 mol% TPA-
3COOH/HAP within a polyacrylamide (PAM) aqueous solution
(10.0% in H,0, w/v), followed by chemical crosslinking using
glutaraldehyde (2.0%, v/v), we obtained luminescent, mineral-
ized PAM hydrogel materials exhibiting plasticity (Figure 6e).
Given that HAP is widely recognized for its osteoconductive
properties, these solution-processable, RTP-active HAP-based
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FIGURE 6 | Demonstrations of potential applications. (a) 2D excitation-emission map of the artificial mineral HAP containing 0.15 mol% TPA-
3COOH and 0.15 mol% 1,4,5,8-Nap, recorded at 298 K in air using the time-gating technique (gated time: 1-50 ms). (b) CIE coordinates of RTP
afterglows of TPA-3COOH/1,4,5,8-Nap/HAP with organic chromophores each doped at 0.15 mol%, showing color evolution under different excitation
wavelengths. (c) Photos showing excitation-wavelength-dependent RTP afterglows of TPA-3COOH/1,4,5,8-Nap/HAP. (d) Multicolor afterglow samples
generated by introducing fluorophores as energy acceptors, 5 wt% 5-carboxyfluorescein (FAM), dibromofluorescein (DBF) and sulforhodamine 101
(SR101). (e) Schematic illustration of the preparation of PAM hydrogels incorporating 0.3 mol% TPA-3COOH/HAP and the fabrication of corresponding
RTP handcrafts.

lifetimes, and excellent thermal robustness, with observable
phosphorescence persisting beyond 500 K. Mechanistic
investigations confirm that HAP enhances RTP via three
synergistic effects: (1) promoting ISC through local electric-field-
induced CT states, (2) trapping photoexcited charges to generate
abundant triplet excitons, and (3) suppressing nonradiative decay

hydrogels have promising potential for in situ monitoring of bone
repair and regeneration.

3 | Conclusion

In summary, we have developed a versatile organic-inorganic
doping strategy for enabling efficient and stable organic
phosphorescence by integrating carboxylated PAHs into the
HAP lattice. The preparation can be finished within 10 min,
indicating an industrial potential for large-scale production. The
resulting materials exhibit high RTP QYs of up to 31.1%, ultralong

through rigid spatial confinement. This strategy is generalizable
across diverse 7-conjugated chromophores, enabling multicolor
RTP emissions including T,-state-derived dual phosphorescence.
We have also demonstrated the potential applications through
the construction of RTP-active artificial minerals and hydrogels
for sensing and medical treatment. Overall, these findings offer a
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facile, scalable, and tunable approach toward high-performance
organic RTP materials, bridging mineral-like rigidity and
molecular design flexibility.
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