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Despite recent advancements in organic phosphors, the synthesis of monodisperse afterglow
microparticles (MPs) suitable for creating photonic crystals remains challenging. The SiO, matrix is an
attractive host material for activating the long-lived emissions of doped molecules due to several
factors, including its cross-linked polymer-like structure, abundance of —OH groups, robustness, and
presence of numerous emitter defects. However, the Stéber method struggles to produce monodisperse
molecule-doped SiO, MPs due to the complexity of the system. Our reported pseudomorphic
transformation-assisted doping method shows promise in addressing this issue by using monodisperse
SiO, MPs as parent materials in the presence of dopants under hydrothermal conditions. This method
offers flexibility in controlling the optical properties of the resulting monodisperse molecule-doped SiO,
MPs. The uniformity allows for the assembly of afterglow SiO, MPs into photonic crystals, which
Received 30th October 2024, demonstrate not only afterglow but also angle-dependent structural colors. Furthermore, adjusting the
Accepted 13th December 2024 match between the stopband of the photonic crystals and the emission bands of the doped molecules
DOI: 10.1039/d4mh01541] presents additional opportunities to tune the optical properties of the assemblies. Our findings
significantly expand the applications of afterglow materials in fields such as information storage and
rsc.li/materials-horizons anticounterfeiting.

Need for the synthesis of uniform and e.nf.:rgy transfer provides t.unable afterglovx{ emission across the
robust Organic afterg low visible spectrum, depending on the selection of energy donor-

) J acceptor pairs.’>™*?

micCropa rticles (MPs) Currently, organic afterglow materials are primarily avail-
able in bulk forms, such as polymer films and crystals, largely
limiting their applications.’®"” In addition, their afterglow
properties are often susceptible to solvents due to the swelling
behavior of polymer matrices and the instability of crystals in
solvent environments.'® The synthesis of uniform and mono-
disperse micro-sized organic afterglow particles remains a
formidable challenge. Achieving this synthesis would be highly
advantageous, as it would enable the straightforward creation
of photonic crystals—periodic dielectric structures that are
designed to form the energy band structure for photons.*® This
optical platform can further manipulate afterglow properties by
modulating the optical density of states, in addition to producing
other unique optical phenomena, such as angle-dependent struc-
tural colors.>* %

Room-temperature organic afterglow materials represent an emerg-
ing class of luminescent materials characterized by their large
Stokes shifts, high signal-to-noise ratios, and long luminescence
lifetimes.' In contrast to inorganic phosphors, organic alternatives
offer superior processability and are well-suited for the fabrication of
large-area, transparent films, making them highly compatible with
organic electronics."® Significant progress has been made in design-
ing organic afterglow materials through various approaches, includ-
ing crystallization engineering,” H-aggregation,® dopant stabilization
in rigid matrices,” and polymerization."” Strong dopant-matrix
interactions—such as covalent bonding, hydrogen bonding, and
physical fixation—play a critical role in stabilizing in situ-generated
triplet states and minimizing non-radiative relaxation, enabling
bright afterglow from the dopants."' Furthermore, triplet-to-singlet
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Fig. 1 The attractiveness of SiO, matrix as host materials for the synthesis
of organic afterglow phosphors. (a) Schematic depiction of SiO, matrix
structure suitable for molecule doping.?* Copyright 2024, Springer Nature.
(b) Afterglow activation mechanism.?® Copyright 2023, Wiley-VCH.
(c) Schematic illustration of energy transfer between molecule dopants
and SiO, defects for afterglow tuning.?* Copyright 2024, Springer Nature.
(d) Schematic illustration of the construction of multifunction SiO2-based
MPs through the shell@shell structure.

organic afterglow phosphors: (i) the SiO, matrix features a
cross-linked polymer-like structure, with SiO, units intercon-
nected by Si-O groups (Fig. 1a). This configuration allows
doped organic emitters to be effectively trapped by the
polymer-like chains, stabilizing the in situ generated triplet
states.”® (ii) The abundance of ~-OH groups within the SiO,
matrix plays a crucial role. Imperfect SiO, units create numer-
ous -OH groups, which interact more strongly with doped
organic emitters through hydrogen bonding and, at elevated
temperatures, even covalent bonding. Imperfect SiO, units also
result in a loose internal microstructure, facilitating the incor-
poration of organic dopants and enhancing doping efficiency.>*
(iii) The robustness of the SiO, matrix prevents swelling in
various solvents, ensuring effective separation of organic
dopants from quenchers (Fig. 1b). This characteristic contri-
butes to the excellent stability of the organic afterglow. (iv) The
presence of numerous emitter defects within the SiO, matrix,
such as E’-defects, H-defects, and PRHT defects, allows for
tailored energy transfer with doped organic emitters, enabling
rational tuning of the optical properties of the resultant
organic-emitter-doped SiO, materials (Fig. 1c).”>” (v) The
well-established Stober method enables the uniform synthesis
of SiO, microspheres with a single-size distribution, paving the
possibility for the production of monodisperse emitter-doped
Si0, through careful adjustment of experimental conditions.”®
(vi) In SiO,, the electron-deficient silicon sites allow the for-
mation of coordination bonds with ligands containing atoms
with a lone pair of electrons, enabling additional stabilization
of the triplet states of the molecule dopants upon excitation.>

In addition, SiO, exhibits a refractive index of 1.46, which
creates a significant contrast with air and contributes to the
formation of a sharp, strong reflection band in photonic
crystals. The inherent stability of SiO, further ensures the
consistent performance of these crystals across diverse
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environmental conditions. Moreover, the chemical stability of
SiO, MPs preserves both their structure and optical properties
over extended periods. The SiO, matrix is also recognized as an
effective coating material, facilitating the growth of various
nano- and micro-sized particles, enhancing biocompatibility,
and enabling easier surface modifications. Recent advances in
SiO, coating and doping strategies have enabled the develop-
ment of multifunctional afterglow composites (Fig. 1d), greatly
enriching the optical properties of core-only materials.*

Pseudomorphic transformation-
assisted doping as a potential game
changer

While the Stober method is attractive for in situ doping of
emitters to create afterglow materials, achieving a uniform
single-size distribution of SiO,-based MPs as building blocks
remains a significant challenge. Several issues arise: (i) organic
dopants often exhibit limited solubility in the typical water-
ethanol solvent mixture used in the Stober method, complicat-
ing synthesis control and limiting the exploration of potential
dopant libraries. (ii) The introduction of organic dopants can
disrupt the hydrolysis kinetics of the SiO, precursor tetraethox-
ysilane (TEOS), leading to poor control over the morphology of
the doped SiO, particles. Moreover, nanosized dopants, such as
carbon dots (CDs), may result in afterglow nanocomposites that
are unsuitable for photonic crystal fabrication. (iii) Finally,
organic molecule-doped SiO, materials synthesized via the
Stober method often exhibit a loose internal microstructure,
raising concerns about the leakage of dopants and diffusion of
solvent molecules, which can compromise the stability of after-
glow emission in the resultant doped SiO, phosphors.**

Our recently developed pseudomorphic transformation-
assisted doping addresses the aforementioned concerns effec-
tively (Fig. 2). This strategy employs hydrothermal treatment of
a mixture of organic dopants and single-sized SiO, MPs in an
aqueous solution at elevated temperatures. The single-sized
SiO, MPs, pre-synthesized via the Stober method, undergo
three key stages. In the first stage, increasing the reaction
temperature leads to the dissolution of the surface layer of
the parent SiO, MPs, forming orthosilicic acid and enhancing
the concentration of dissolved organic dopants. This stage
culminates in equilibrium between the dissolution of SiO,
and the recondensation of orthosilicic acid on the etched
SiO, MPs. In the second stage, defects on the etched SiO,
MPs interact with the organic dopants, trapping them as the
newly formed SiO, matrix coats the dopants, resulting in the
formation of organic emitter-doped SiO, MPs. This iterative
process produces restructured emitter-doped SiO, MPs. In the
third stage, additional SiO, matrix growth occurs on the
surfaces of the previously formed MPs upon cooling, leading
to the final products. Our results demonstrate that our strategy
is applicable to various nanosized dopants, including CDs and
molecular dopants such as 4-phenylpyridine (4-PP), 4,4'-bipyri
dine (4,4-BP), and 1,4-bis(pyrid-4-yl)benzene (1,4-DPB), leading

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic representation of pseudomorphic transformation-assisted doping for the synthesis of monodisperse afterglow SiO, MPs. The strategy

mainly involves three steps: (i) dissolution of the surface layer of SiO, MPs

under hydrothermal conditions with the formation of orthosilicic acid at

elevated temperatures; (i) doping of emitter molecules (nanoparticles) into the SiO, matrix through an equilibrium of hydrolysis and repolymerization of
the SiO, framework; and (i) recondensation of the dissolved orthosilicic acid when cooling the reaction further encapsulating the emitter with the

formation of monodisperse afterglow emitter-doped SiO, MPs. %

to the formation of doped SiO, MPs with a uniform size
distribution (Fig. 3a). For nanosized dopants, the afterglow
properties of the resultant CD-doped SiO, MPs—such as after-
glow wavelength, lifetime, and quantum yields—are primarily

influenced by the characteristics of the CDs.**"** Strong inter-

actions between the SiO, matrix and the CDs can further
enhance the afterglow attributes. It is important to note that
the nanosized dopants must have a diameter of less than 6 nm;
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Fig. 3 Characterization of SiO,-based afterglow MPs. (a) TEM image of 4-PP-doped SiO, MPs. Inset: High-magnification TEM image displaying a single
4-PP-doped SiO, MP. Scale bar: 100 nm. (b) Luminescence photographs depicting an aqueous dispersion of 4-PP-doped SiO, MPs. (c) Comparative
short- and long-lived emission of corresponding aqueous dispersions of 4-PP-doped SiO, MPs and SiO, MPs (10 mg mL™?). (d) Decay curves at 472 nm
for SiO, MPs and 4-PP-doped SiO, MPs. (a)—(d) Reproduced with permission.?* Copyright 2024, Springer Nature. (e) The photoluminescence spectra of
CD, dye-codoped SiO, MPs. The dash lines show the fluorescence profiles, while the solid lines display the delay profiles (delay time: 2 ms). Inset:
Luminescence photographs of the corresponding aqueous dispersions of CD,dye-codoped SiO, MPs. (f) Decay curves of the triplet-sensitized-
fluorescence of the corresponding dyes. Note that the codoped dyes are Rh 123, Rh 6G and Rh B from top to bottom, respectively. (e) and (f) Reproduced

with permission.?® Copyright 2023, Wiley-VCH.
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exceeding this critical size weakens the trapping of nano-
particles (NPs) by defects on the surface of the etched SiO,
MPs, leading to the formation of NP aggregate@SiO, impurities
in the products. In contrast, molecular dopants offer distinct
advantages (Fig. 3b-d): the wide variety available facilitates the
generation of afterglow across the entire visible spectrum and
simplifies the separation of undoped dopants from the resul-
tant molecule-doped SiO, MPs. Additionally, at temperatures
above 150 °C, organic dopants show increased solubility and
strong defect-molecule interactions, enhancing their effective
incorporation into the SiO, matrix.

Our strategy demonstrates a strong capability for tuning the
afterglow properties of the resultant emitter-doped SiO, MPs.
A commonly used method involves codoping multiple emitters
into SiO, MPs through a single-pot hydrothermal reaction.
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Different dopants exhibit distinct responses to excitation at
specific wavelengths, enabling the creation of excitation-
dependent afterglow SiO, MPs. However, a challenge with this
method is that various organic dopants display differing solu-
bility in water and interact differently with the SiO, matrix,
complicating precise control over the doping levels of each
emitter. An alternative approach involves co-doping dye mole-
cules, which predominantly exhibit singlet emissions, with
afterglow emitters to modulate the afterglow characteristics.
In this method, the tuning of afterglow in the codoped system
relies on energy transfer from triplet dopants to singlet dyes.
Our results show a decrease in the lifetime of the CD afterglow,
accompanied by the emergence of long-lived dye emissions,
suggesting a Forster resonance energy transfer (FRET) mecha-
nism. This approach is particularly advantageous for
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Fig. 4 Characterization and application of photonic crystals prepared by CD-doped afterglow MPs. (a) Scanning electron microscopy image of a
photonic crystal comprising CD-doped SiO, MPs. (b) Color-filled contour maps of the normalized reflectance spectra. (c) Reflection spectra of PCs that
are formed by CD-doped SiO, MPs with different diameters at an angle of 10°. (d) A custom-made stage designed for studying the angle-dependent
structural colors and luminescence presentation of PCs. (e) The angle-dependent structural colors of the as-prepared flower-shaped photonic crystal
under daylight. (f) Angle-dependent luminescence images of the pattern upon UV excitation. (g) Time-dependent afterglow images of the pattern after
ceasing excitation taken at an observation angle of 10°. (a)-(g) Reproduced with permission.® Copyright 2023, Wiley-VCH.
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generating afterglow emissions in the red or near-infrared
spectral regions. Additionally, FRET can be designed to occur
from doped CDs to transition metal ions, such as Mn*', to
achieve red afterglow emissions.*> Recently, we reported utiliz-
ing energy interactions between dopants and intrinsic SiO,
defects to adjust the afterglow emissions of doped SiO, MPs.
This method offers the benefit of rationally controlling the
lowest triplet energy levels through the careful selection of
suitable dopants, thereby facilitating energy transfer from the
dopants to various emissive defects in the SiO, matrix (Fig. 3e
and f). Despite observing excitation-dependent afterglow result-
ing from energy transfer to defects, identifying the specifics of
the emissive defects remains a challenging task.

An additional benefit of our strategy is the remarkable
robustness of the afterglow exhibited by emitter-doped SiO,
MPs. The long afterglow of CD-doped SiO, MPs remains visible
to the naked eye in aqueous solutions, even in the presence of
transition metal ions such as Fe®", Ni**, and Ce*". Removing
these transition metal ions allows for complete recovery of the
afterglow luminescence, due to effective separation of the
dopants from the quenchers. Furthermore, the uniformity of
the single-sized SiO, MPs ensures consistent participation in
subsequent reactions, facilitating the large-scale synthesis of
afterglow SiO, MPs with a uniform size distribution. Our lab
has successfully demonstrated kilogram-scale synthesis. It is
important to note that as we scale up the synthesis, the reaction
time needs to be extended accordingly, typically requiring
double the reaction time to achieve the same afterglow proper-
ties. This is understandable, as the reaction system requires
more time to reach dissolution-redeposition equilibrium at
larger scales. In addition, the size of the resultant afterglow
emitter-doped SiO, MPs is slightly smaller than that of the
original parent SiO, MPs due to the presence of a slight excess
of SiO, precursor in the reaction mixture. We further estimate
the cost of producing afterglow SiO, MPs to be approximately
$0.30 per gram, highlighting their great potential for practical
applications. The main cost contributors are the TEOS and
solvent used in the synthesis. The cost of the doped molecules
is negligible, as the doping concentration is typically less than
0.15 wt%.

The successful large-scale synthesis of SiO,-based afterglow
MPs with a uniform size distribution facilitates the straightfor-
ward creation of photonic crystals (Fig. 4a). Our results demon-
strate that the dip-coating method enables the assembly of
these afterglow SiO, MPs into highly ordered structures.
Additionally, the resulting afterglow SiO, MP films exhibit
angle-dependent refraction, a characteristic feature of photonic
crystals (Fig. 4b). The refraction spectrum can be further tuned
by using different sizes of afterglow SiO, MPs as building
blocks for photonic crystal fabrication (Fig. 4c). Moreover,
SiO, photonic crystal films can be patterned into well-defined
designs using laser beams. For instance, a rose-shaped pattern
was fabricated and displayed a color shift from orange to blue
as the incident angle increased (Fig. 4d and e). Simultaneously,
the fluorescence intensity weakened, likely due to reduced
excitation efficiency at higher incident angles (Fig. 4f).

This journal is © The Royal Society of Chemistry 2025
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The structural color transition with changing observation
angles can be explained by the following equation:*®

Jmax = 1.633(d/m)(ny> — sin®6)*?

where d is the diameter of the MPs, m represents the Bragg
reflection order, and 0 is the angle between the incident light
and the normal to the surface. The effective refractive index, n,,
is defined as the weighted sum of the refractive indices of the
MPs and the voids between them. In addition, the pattern
displays a strong green afterglow that can last for over 8 seconds
(Fig. 4g).

The ease of growing afterglow SiO, layers on MPs with high
refractive indices demonstrates the potential to enhance the
scattering efficiency of photonic crystals. One example involves
the use of ZnS@CD-doped SiO, MPs as building blocks to
fabricate photonic crystals. Note that the growth of a thin CD-
doped SiO, layer not only imparts afterglow attributes but also
improves the colloidal stability of ZnS MPs, enabling enhanced
uniformity of the resultant photonic crystals.

New opportunity—additional optical
tuning

Pseudomorphic transformation-assisted doping facilitates the
synthesis of monodisperse SiO, MPs with carefully designed
size distributions and optical properties. This capability signifi-
cantly enhances the flexibility in tuning the optical character-
istics of highly ordered SiO, MP assemblies, particularly in
photonic crystal applications. It is well established that the
optical density of states within the photonic bandgap is limited.
By meticulously aligning the fluorescence and phosphores-
cence bands with the stopband, we can effectively modulate
the long-lived emission properties of these assemblies.

To improve the efficiency of long-lived emissions, accelerat-
ing the intersystem crossing process is crucial, as this reduces
the proportion of short-lived emissions. As shown in Fig. 5,
aligning the stopband with the fluorescence band can lead to
several phenomena. First, the fluorescence from the organic
emitters may diminish due to the reduced photonic density of
states. Furthermore, the efficiency of intersystem crossing can
be enhanced as the fluorescence process is suppressed. Nota-
bly, photonic bands have minimal impact on phosphorescence,
thereby preserving the long-lived emission characteristics.®”
This contrasts with the heavy-atom effect observed in organic
phosphorescence, which can improve efficiency but often short-
ens the emission lifetime due to an accelerated spin-flip
process during the deactivation of triplet states.

Additionally, shifting the photonic band to coincide with the
phosphorescence band of the doped organic emitters can
extend the lifetime of their long-lived emissions by lowering
the optical density of states. The matched photonic bands may
even induce splitting of the long-lived emission bands, offering
a precise means to fine-tune the optical properties of the
afterglow. Alternatively, surface modification of uniform after-
glow SiO, MPs with optically active molecules provides

Mater. Horiz., 2025, 12, 1381-1387 | 1385
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Fig. 5 Tuning optical properties in photonic crystal assemblies through
the alignment of stopband characteristics with the photoluminescence of
doped emitters. (a) Modulating the matching degree between the stop-
band and afterglow band to regulate emission intensity and lifetime.
(b) Adjusting the alignment between the stopband and fluorescence band
to reduce fluorescence, thus enhancing afterglow emission.

additional opportunities for tuning the resulting afterglow. For
example, the covalent attachment of spiropyran molecules to
SiO, MPs enables modulation of the optical properties by
controlling the excitation durations.*®

Concluding remarks

Pseudomorphic transformation-assisted doping provides an
effective method for producing monodisperse SiO,-based after-
glow MPs, creating a new class of building blocks for photonic
crystal development. For fundamental studies, establishing a
comprehensive library of molecules with corresponding after-
glow properties is essential, as it will guide the synthesis of
SiO,-based afterglow MPs. Currently, the organic dopants uti-
lized typically contain nitrogen atoms, which facilitate excita-
tion absorption through n — n* transitions and enhance spin-
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orbit coupling, ultimately increasing the population of the
triplet state via an efficient intersystem crossing. However,
the detailed interactions between these molecules and the
SiO, matrix remain largely unexplored and require further
investigation.

In photonic crystal applications, an important direction is
extending these structures from solid to liquid states. The
uniform size distribution of SiO,-based MPs allows for precise
control over their interactions during precipitation, leading to
the formation of uniform SiO, MP clusters in solution. This
homogeneous distribution gives rise to liquid photonic crys-
tals, which exhibit angle-dependent structural colors in addi-
tion to their afterglow properties. These liquid photonic crystals
enable direct tuning of optical properties by adjusting the
alignment of the stopband with the emission bands of the
doped organic emitters.

Moreover, the developed afterglow photonic crystals open
up diverse applications. The combination of afterglow emis-
sions and angle-dependent structural colors significantly
enhances their potential in anti-counterfeiting and information
coding. Additionally, these photonic crystals can serve as
analytical platforms that present binary responses to analytes,
improving selectivity and sensitivity. Consequently, our strategy
for the rational synthesis of uniform SiO,-based afterglow MPs
greatly extends the methodology for developing optical materi-
als and enhances the practical utility of these MPs, transform-
ing afterglow SiO, MPs from a conceptual stage to real-world
applications.
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