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Developing monodisperse microparticles with tailored afterglow properties is
crucial for optoelectronic applications, achieving afterglow tuning in uniform
microsized platforms remains a significant challenge. Here, we present pro-
grammable afterglow tuning in monodisperse SiO, MPs through spatially
confined emitter doping, creating core@shell@shell SiO, MPs. By repeatedly
performing pseudomorphic transformation, we achieve spatially confined
doping of 4-phenylpyridine, 4,4"-bipyridine, and 1,8-naphthalimide into dif-
ferent layers. This method enables afterglow color output from blue to cyan
and orange by shifting main excitation from 250 to 350 nm. It also allows
tuning of afterglow lifetime and quantum yields of the dopants by gradually
enhancing dopant-matrix interactions through repeating hydrothermal reac-
tions. Additionally, altering the doping positions further controls the optical
properties due to a combined screen effect by the outer SiO, matrix and
dopants. Our approach enables the creation of a versatile library of optically
active SiO, MPs with finely tuned properties, paving the way for advanced
photonic crystal platforms for optical encoding and spontaneous emission
regulation.

M Check for updates

The development of afterglow materials opens up numerous
possibilities across diverse sectors, encompassing sustainable
lighting'™, response systems*”’, security enhancements®'°, medi-
cal diagnostics™", and nondestructive testing applications™*.
Traditional inorganic afterglow phosphors have conventionally
been synthesized using high-temperature methods aimed at
inducing defect formation for efficient excitation energy trapping.
However, this method often leads to limited control over the
morphology of the afterglow materials, which in turn restricts
their potential applications. In contrast, organic afterglow

materials have emerged as compelling alternatives to their inor-
ganic counterparts in recent years, benefiting from more man-
ageable synthetic conditions® ™. In organic materials, the
afterglow mechanism mainly arises from the stabilization of triplet
states of organic emitters through diverse interactions with host
matrices, including covalent bonding, hydrogen bonding, physical
fixation, or their combinations'® . This straightforward synthetic
strategy enables organic afterglow materials to offer significant
flexibility in afterglow color tuning by selecting appropriate
organic emitters, albeit with an increased vulnerability to
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quenchers, such as moisture and oxygen** 2%, Additionally, organic
afterglow phosphors are typically presented in bulk forms, such as
polymer films and crystals, largely limiting their applications in the
fields of nanotechnology and miniaturized devices.

The use of SiO, as a matrix to develop afterglow microparticles
(MPs) through wet chemistry methods provides a much-needed
solution to the above-mentioned challenges. The abundance of
hydroxyl groups in the SiO, matrix facilitates the stabilization of triplet
states of the doped molecules through covalent and hydrogen
bonding”*~*2, Furthermore, the rigidity of the SiO, matrix enables
efficient separation of molecule dopants from quenchers, thereby
facilitating the generation of robust afterglow, even in aqueous
solutions®*. In addition, conventional methods are poised to provide
the groundwork for in situ molecule doping of SiO, matrix or the
provision of uniform SiO, MPs for post-synthetic molecule embed-
ding, thereby enabling the formation of afterglow phosphors®.
Despite notable progress, achieving programmable afterglow tuning
in monodisperse SiO, MPs with robust physiochemical stability
remains a formidable challenge.

Herein, we introduce an innovative method for programmable
tuning of the afterglow characteristics of monodisperse SiO, MPs
through spatially confined emitter doping (Fig. 1a). Our methodology
involves a meticulously repeated sequential doping process, where
molecule emitters are precisely incorporated into different layers of
monodisperse SiO, MPs with the formation of core@shell@shell
architectures. By capitalizing on this approach, we achieve tailored
afterglow emissions contingent upon the excitation wavelength by
judiciously selecting molecule dopants, including 4-phenylpyridine
(4-PP), 4,4"-bipyridine (4,4-BP), and 1,8-naphthalimide (1,8-NP), each
with main respective responsiveness to wavelengths at 250 nm,
290 nm, and 350 nm. This leads to the observation of distinct blue,
cyan, and yellow-orange afterglows corresponding to each excitation.
Furthermore, meticulous control over doping combinations enables

the fabrication of 21 unique types of core@shell@shell MPs (Fig. 1b),
each showcasing distinctive excitation-dependent afterglow emissions
attributed to penetration-depth-dependent excitation power den-
sities. The doping process involves a pseudomorphic transformation
of the parent SiO, MPs in the presence of molecular dopants under
hydrothermal conditions (Fig. 1c). Additionally, repeated hydro-
thermal treatments during the core@shell@shell MP creation facil-
itate the formation of progressively enhanced condensed core
components (inset, Fig. 1d), leading to a gradual increase in the
afterglow emission lifetime and quantum yield (QY) of the emitters in
the internal layers (Fig. 1d). The uniformity of the synthesized SiO, MPs
renders them ideal building blocks for constructing photonic crystals,
enabling efficient integration of diverse optical functionalities into a
unified platform conducive for multi-level information encoding and
for additional possibility of afterglow regulation.

Results

Photophysical properties

We employed the synthesis of core@shell@shell SiO, MPs as a
representative model system, wherein 4-PP, 1,8-NP, and 4,4"-BP were
successively doped into the core, first shell, and second shell layers.
Transmission electron microscopy (TEM) revealed the exceptional
monodispersity of the resulting core@shell@shell SiO, MPs (Fig. 2a),
boasting an average diameter of 320 nm. High-resolution TEM images
further showcased the smooth surface of these resultant core@-
shell@shell MPs (Inset, Fig. 2a). The formation process was validated
through average size examination, where reveals a gradual diameter
increase from 217 nm for core MPs, advancing to 247 nm for core@-
shell MPs, and ultimately reaching 320 nm for the core@shell@shell
MPs (Fig. 2b and Supplementary Fig. 1). Intriguingly, following each
hydrothermal reaction, we noted a slight reduction in the average
diameter compared to the respective parent MPs (Supplementary
Fig. 2). For instance, doping 4-PP into the SiO, matrix via a 3h
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Fig. 1| Programmable afterglow tuning in monodisperse SiO, MPs through
spatially confined emitter doping. a Schematic representation of doping 4-PP,
4,4’-BP, and 1,8-NP into different layers of SiO, MPs. This is achieved by repeatedly
performing pseudomorphic transformation of the SiO, matrix under hydrothermal
conditions. b Controlled doping combinations enable the production of 21 types of
excitation-dependent SiO, MPs. Changes in afterglow color output are due to
penetration-dependent excitation power density, influenced by a combined screen
effect of the outer SiO, matrix and the corresponding doped molecules.

¢ Schematic illustration of pseudomorphic-transformation-assisted molecular

doping into the SiO, matrix, consisting of three key steps: (i) dissolution of SiO», (ii)
structural reconstruction, and (iii) recondensation of SiO,. d Schematic illustration
showing the increasing trend in the afterglow lifetime of molecular dopants within
the core components as a result of repeated hydrothermal treatments, which
involve doping additional molecules into the first and second shells. The inset
highlights a gradual increase in the interaction between the SiO, matrix and the
molecular dopants in the core component after each successive hydrothermal
treatment.
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Fig. 2 | Characterization of core@shell@shell SiO, microparticles (MPs) doped
with 4-PP, 1,8-NP, and 4,4’-BP in their core, first shell, and second shell layers,
respectively. a TEM image. The inset displays a typical HRTEM image of a
selected core@shell@shell SiO, MP. Scale bar: 50 nm. b Size distributions of the
core, core@shell, and core@shell@shell SiO, MPs. Note that 200 MPs were used
in the average size examination. ¢ Excitation-afterglow mapping of an ethanol
dispersion of the as-prepared core@shell@shell SiO, MPs (10 mg/mL).

d-f Photoluminescence (upper panel) and afterglow emission (lower panel) of
the ethanol dispersion of core@shell@shell SiO, MPs under excitation at 250,
290, and 350 nm. Gated time: 2 ms. Insets show the dopants under the corre-
sponding excitations. g-i Decay curves at 435 nm for 4,4’-BP under excitation at
250 nm, 472 nm for 4-PP under excitation at 290 nm, and 546 nm for 1,8-NP under
excitation at 350 nm. j Photographs of ethanol dispersions under excitation at
254 nm, 310 nm, and 365 nm, and after the corresponding excitations.

hydrothermal reaction at 180°C led to a decrease from 225nm to
217 nm in average diameter, possibly due to the partial dissolution of
the parent SiO, matrix in the reaction mixture during the formation of
4-PP-doped SiO, matrix.

As expected, we observed excitation-dependent afterglow phe-
nomena in the 4-PP-doped SiO,@1,8-NP-doped SiO,@4,4-BP-doped
SiO, MPs (Fig. 2c). To discern the origins of each emission, we syn-
thesized corresponding singly doped SiO, MPs for comparison of their
optical attributes. When excited at 250 nm, the core@shell@shell MPs
displayed a blue color output, and the emission spectrum exhibited a
prominent band at 350 nm, accompanied by tailored emissions ran-
ging from 380 to 650 nm (Fig. 2d, upper panel). The gated spectrum

indicated the persistence of the tailored emission (Fig. 2d, lower
panel). When compared with the afterglow profiles of the singly doped
SiO, MPs (Supplementary Fig. 3a), we concluded that the tailored
emission comprises a mixed contribution from the dopants 4,4’-BP at
435nm in the outermost shell and 4-PP at 472 nm in the core com-
ponent. Shifting the excitation wavelength to 290 nm maintained the
main emission band with minimal tail emissions in the visible spectral
region (Fig. 2e, upper panel), thus sustaining the blue color output,
albeit imperceptible to the naked eye due to the ultraviolet nature of
the emitted light at 350 nm. Upon cessation of the excitation, a cyan
afterglow emerged at 472 nm (Fig. 2e, lower panel), attributable to the
long-lived emission from dopant 4-PP in the core component,
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accompanied with a small component of blue afterglow at 435nm
from dopants 4,4-BP (Supplementary Fig. 3b). Further shifting the
excitation wavelength to 350 nm resulted in the fluorescence band
shifting to 380 nm, while afterglow emissions mainly shifted to 546 nm
and 592 nm (Fig. 2f). These observations suggest the excitation of
dopants 1,8-NP in the middle layer of the resultant core@shell@shell
SiO, MPs (Supplementary Fig. 3¢). Note that a shoulder afterglow was
found to be located at 472 nm in this case, contributed by the dopants
4-PP in the core components. Additional controlled experiments
indicated the long-lived emission of these dopants to be phosphor-
escence, as evidenced by the observation of a gradual increase in both
afterglow intensity and lifetime with decreasing measurement tem-
peratures (Supplementary Fig. 4). Collectively, these findings under-
score the feasibility of developing excitation-dependent afterglow
SiO, MPs through spatially confined emitter doping in their different
layers.

We then investigated the lifetime of afterglow emissions pro-
duced by different dopants when stimulated with their optimal exci-
tation wavelengths. Our findings revealed distinct lifetimes of 0.47 s,
3.42s, and 8.6 ps for the blue afterglow of 4,4-BP at 435nm in the
outermost shell, the cyan afterglow of 4-PP at 472nm in the core
component, and the yellow-orange afterglow of 1,8-NP at 546 nm in
the first shell (Fig. 2g-i), respectively. Importantly, the lifetimes of the
afterglow of the dopants doped into the core and 1st shell were notably
longer compared to those observed in singly doped SiO, MPs of our
controlled experiments (Supplementary Figs. 6d and 7d). The dense
core is likely to induce the formation of a compact shell, leading to the
observation of a longer afterglow lifetime for the dopants compared to
the corresponding singly doped SiO, MPs. Upon cessation of the
excitation sources, the afterglow emissions from ethanol dispersions
were visibly detectable by the naked eye. Despite a slight overlap in
excitation between 4-PP and 4,4’-BP, distinct blue and cyan afterglow
color outputs were observed from the resultant core@shell@shell MP
dispersions upon excitation at 254 and 310 nm (Fig. 2j), respectively. As
expected, yellow-orange afterglow of the dispersions appears when
ceasing the excitation at 365 nm.

Mechanism for RTP emission

The afterglow generation mechanism primarily arises from the stabi-
lization of the triplet states of the doped molecules through hydrogen
bonding because of the abundant presence of hydroxyl groups within
the SiO, matrix. Additionally, the physical entrapment of the dopant
molecules by the SiO, matrix further enhances this stabilization. Our
approach offers a distinct advantage due to the pseudomorphic-
transformation-assisted molecular doping strategy (Fig. 1c). The
pseudomorphic transformation proceeds through three key stages: i)
the surface layer of the SiO, MPs undergoes gradual dissolution at
elevated temperatures, forming orthosilicic acid; ii) molecular dopants
are introduced into the SiO, matrix during the dynamic equilibrium of
hydrolysis and re-polymerization of the silica network; iii) upon cool-
ing, the dissolved orthosilicic acid recondenses, further encapsulating
the molecular dopants and resulting in the formation of mono-
disperse, afterglow molecule-doped SiO, MPs. In contrast, conven-
tional Stdober method that rely on the hydrolysis of tetraethyl
orthosilicate in the presence of molecule dopants failed to produce
monodisperse SiO, MPs, despite demonstrating weak afterglow from
the dopants (Supplementary Fig. 8).

Matrix rigidity plays a pivotal role in stabilizing luminescent cen-
ters. This is supported by the °Si MAS NMR spectra (Supplementary
Fig. 9a), which show a significant increase in the proportion of Si(OSi),
units following hydrothermal treatment of the SiO, MPs—an indicator
of enhanced matrix rigidity. Complementary evidence comes from
Fourier transform infrared spectroscopy (FTIR), where a gradual
decrease in the relative band intensity of u(Si-OH)/6(Si-O) was
observed (Supplementary Fig. 10)**”, further suggesting the

formation of a more rigid and confined microenvironment around the
dopant molecules. To validate this mechanism, we constructed two
SiO, structural models with different rigidity levels using GaussView
5.0 (Supplementary Fig. 9b, Supplementary Data 1). Computational
analysis revealed that increasing the Si(OSi), content not only enhan-
ces the rigidity of the matrix but also reduces the spatial separation
between key atoms: specifically, the distance between hydrogen (H)
atoms of 4-PP dopants and neighboring oxygen (O) atoms in the
matrix decreased noticeably. Moreover, the distance between the
nitrogen (N) atoms of 4-PP and hydrogen (H) atoms of the SiO, matrix
was reduced from 3.238A to 1.710 A, underscoring the stronger
interactions and confinement effects induced by the more rigid matrix
environment.

Mechanism for afterglow modulation

We then synthesized spatially confined triply doped core@shell@shell
MPs using 5 additional combinations. Our results showed that altering
the doping positions of the molecules had a marginal impact on the
morphology and monodispersity of the resultant core@shell@shell
MPs (Supplementary Fig. 11). However, the afterglow color output and
brightness varied remarkably due to differences in the excitation
power density of molecule dopants in different layers of the MPs. For
example, the afterglow color output changed from golden yellow to
yellow orange under 365 nm excitation when the 1,8-NP dopants were
shifted from the middle layer to the outermost layer in the core@-
shell@shell MPs (Fig. 3a). The change in the afterglow color outputs
can be further explained by the varied contribution of blue, green,
orange, and red components in the emission profiles (Supplementary
Fig. 12). These variations in excitation power density are attributed to
the combined effects of the screen effect of the outer SiO, matrix and
the corresponding doped molecules, as evidenced by the overlap of
their UV-visible absorption spectra in the ultraviolet region (Supple-
mentary Fig. 13). This argument is supported by the following con-
trolled results: i) the effective absorption coefficients were estimated
as 2.055 x10*M-cm* for 4-PP at 255 nm, 9.787 x 103 M-cm* for 4,4’-BP
at 239 nm, and 1.033 x 105 M-cm™ for 1,8-NP at 331 nm; and ii) Upon
increasing the doping concentration of 1,8-NP in the middle SiO, layer
from 1.07 x 107 to 5.75 x 10’ mol-g ™', the afterglow intensities of 4,4’-BP
in the outermost layer and 4-PP in the core component decreased
exponentially and linearly, respectively (Supplementary Fig. 14).

Additionally, the core, middle layer, and outermost shell can all be
doped with the same molecules to generate 3 more types of afterglow
SiO, MPs (Supplementary Fig. 15). These findings highlight the
advantage of our strategy in producing same-size MPs that carry dif-
ferent optical information. The excitation-afterglow mapping revealed
changes in the excitation spectra after doping with 4,4’-BP, 1,8-NP, and
4-PP dopants in the core, middle layer, and outermost shell (Fig. 3b-d),
indicating the successful formation of core@shell@shell MPs. The
excitation-dependent afterglow emission showed significant altera-
tions compared to counterparts doped with 4-PP, 1,8-NP, and 4,4"-BP in
the core, middle layer, and outermost shell. This demonstrates the
versatility of our spatially confined emitter doping strategy for creat-
ing excitation-dependent SiO, MPs. Further support for this approach
is provided by the excitation-afterglow mapping analysis of core@-
shell@shell MPs with various doping combinations (Figs. 2c, 3d, and
Supplementary Fig. 16).

Our strategy enables further control over the lifetime of the
afterglow emission of the dopants in the resulting core@shell@shell
MPs. Specifically, the lifetime of the afterglow for 4-PP doped into the
core components increased from 3.26 to 3.36 and 3.42s after the
growth of the first and second shells, respectively (Fig. 3e). Similar
enhancements in lifetime were observed for other dopants incorpo-
rated into the core components (Fig. 3f, g). Notably, this increase in
lifetime is independent of the dopants in the outer layers, and an
increase in lifetime was also observed after the growth of shells
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Fig. 3 | Optical characterization of triply doped core@shell@shell SiO, MPs.
a Design of doping combinations with 4-PP, 4,4"-BP, and 1,8-NP dopants integrated
into different layers of core@shell@shell SiO, MPs. Photographs of corresponding
ethanol dispersions exhibit excitation-dependent afterglow. b-d Excitation-
afterglow mapping for 4,4’-BP-doped SiO, MPs, 4,4"-BP-doped SiO,@1,8-NP-doped
SiO, MPs, and 4,4-BP-doped SiO,@1,8-NP-doped SiO,@4-PP-doped SiO, MPs.
Lifetime and afterglow QY measurements for (e) cyan afterglow after the growth of

Emission Wavelength (nm)

shell layers of 4,4’-BP-doped SiO, and 1,8-NP-doped SiO,, (f) blue afterglow after the
growth of shell layers of 4-PP-doped SiO, and 1,8-NP-doped SiO,, and (g) orange
afterglow after the growth of shell layers of 4-PP-doped SiO, and 4,4’-BP-doped
SiO,. The dependence of lifetime and afterglow QYs on the shell layer combinations
is depicted by different colors of circles and squares, representing the corre-
sponding dopants.

without molecule doping (Supplementary Fig. 17). It is worth noting
that 1, 8-NP-doped SiO, MPs showed phosphorescence emission at
about 500 nm after repeated shell growth and hydrothermal treat-
ment, which maybe the optical characteristic of SiO, defects®®. On a
related note, our results showed that the growth of new SiO, layers—
measuring 36 and 78 nm in thickness—on hydrothermally treated MPs
did not result in a significant change in afterglow lifetime (Supple-
mentary Fig. 18a-c), suggesting that the core doped components
remained structurally unaffected during the layer-by-layer SiO,
deposition. However, a gradual decrease in afterglow intensity was
observed, which we attribute to UV light absorption by the outer SiO,
shell (Supplementary Fig. 18d-f). Notably, this reduction in intensity
became less pronounced as the excitation wavelength increased from
250 to 350 nm, consistent with the wavelength-dependent absorbance
behavior of SiO, (Supplementary Fig. 18g). Additionally, spectral ana-
lysis revealed a marked improvement in the optical quality of the SiO,
matrix, evidenced by reduced absorbance in the UV region after layer
growth (Supplementary Fig. 18h), further confirming the successful
formation of a more transparent and rigid outer shell. Taken together,
these findings suggest that the repeated hydrothermal reactions for
outer-layer molecule doping enhance interactions between the
dopants and the SiO, matrix.

As expected, the improved interactions effectively suppress
excitation loss via phonon vibration, resulting in progressively
enhanced afterglow quantum yields (QYs) for the dopants (Fig. 3e-g).
For example, the QYs of the afterglow for 4-PP doped into the core
components increased from 2.8. to 3.9 and then to 5.7 after additional
doping of 1,8-NP in the middle layer and 4,4’-BP in the outermost shell
(Fig. 3e). Beyond hydrothermal treatment, the doping position com-
binations significantly impact the QYs of the dopants. For instance, the

growth of 1,8-NP-doped SiO, on 4,4’-BP-doped SiO, layer keep the QYs
of the 4,4’-BP afterglow QYs at 8.7 % (Fig. 3f). The constancy in this case
is likely ascribed to the excitation overlap between 4,4’-BP and 1,8-NP,
wherein the reduced afterglow QYs of the latter offsets the rise in QYs
resulting from the secondary hydrothermal treatment. This fact fur-
ther accounts for the observation of an increase trend in the afterglow
QYs for 4,4-BP from 8.7 to 10.8% after the growth of 4-PP and a
decrease trend to 10.2% after the growth of 1,8-NP-doped SiO; shell.

In a subsequent set of control experiments, we investigated the
effect of three distinct doping levels of molecular dopants on the
afterglow properties of the resulting SiO, MPs (Supplementary Fig. 19).
Using 4-PP-doped SiO,@1,8-NP-doped SiO,@4,4’-BP-doped SiO, MPs
as a model system, we first optimized the doping concentrations of
4-PP, 1,8-NP, and 4,4’-BP. Three types of MPs were prepared by gra-
dually increasing the concentrations of 4-PP (1.61, 4.83, and 8.05 mM),
1,8-NP (1.60, 4.80, and 8.00 mM), and 4,4’-BP (1.27, 3.80, and 6.35 mM)
in the reaction mixture, respectively. The resulting doping levels were
found to increase from 3.42x10°° to 1.04 x10°wt% for 4-PP, from
1.07x10°° to 5.75x10°wt% for 1,8-NP, and from 8.60x107 to
1.21x10°°wt% for 4,4"-BP. Afterglow lifetime measurements revealed
negligible concentration-dependent effects for 4-PP and 4,4-BP. In
contrast, a pronounced concentration effect was observed for 1,8-NP,
as indicated by a reduction in afterglow lifetime from 16.1 to 8.6 s when
its doping level increased from 7.86 x 107 to 1.21 x 107°wt% (Supple-
mentary Fig. 20).

We subsequently investigated the impact of the doping con-
centrations on the afterglow properties of each component within the
SiO, MPs. Based on the previously described control experiments, the
dopant concentrations were fixed at high concentration 8.05 mM for
4-PP, middle concentration 4.80mM for 1,8-NP, and high
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concentration 6.35mM for 4,4"-BP (Supplementary Fig. 21). The key
findings are summarized as follows: i) Increasing the concentration of a
single dopant in its corresponding SiO, layer, while keeping the con-
centrations of the other two dopants constant, led to a gradual
enhancement of afterglow intensity (Supplementary Fig. 21a, d, g). This
trend is attributed to the increased loading of the specific dopant in its
respective layer, resulting in stronger emission. ii) Increasing the
doping level of 1,8-NP in the first shell layer resulted in a gradual
decrease in the afterglow intensity of the other two dopants (Supple-
mentary Fig. 21b, f). This can be explained by the strong absorption of
1,8-NP, which reduces the excitation light available to the inner and
outer layers. iii) Increasing the concentration of 4,4’-BP in the outer-
most layer led to a slight blue shift in the gated emission profiles
(Supplementary Fig. 21c), likely due to an increased contribution of its
higher-energy afterglow component. In contrast, enhancing the con-
centration of 4-PP in the core resulted in a red shift (Supplementary
Fig. 21e), consistent with the increased presence of its lower-energy
emission. iv) The afterglow properties of 1,8-NP in the first shell were
largely unaffected by variations in the doping levels of 4-PP (core) and
4,4"-BP (outer shell) (Supplementary Fig. 21h, i). This is likely due to the
relatively low absorbance of 4-PP and 4,4-BP at 350 nm, combined
with the higher phosphorescence quantum yield of 1,8-NP.

In addition, we investigated the effect of shell layer thickness on
the optical properties of the resulting 4-PP-doped SiO,@1,8-NP-doped
SiO,@4,4’-BP-doped SiO, MPs (Supplementary Fig. 22a, b, e, f). We
observed that increasing the thickness of the first shell layer resulted in
agradual decrease in the afterglow intensity of 4,4’-BP (Supplementary
Fig. 22¢). This reduction is attributed to the strong UV absorption
capability of 1,8-NP, which limits the excitation reaching the outer 4,4-
BP layer. Conversely, a slight increase in the afterglow intensity of 1,8-
NP was noted with increasing first shell thickness (Supplementary
Fig. 22d), likely due to more homogeneous doping throughout the
thicker shell. Additionally, increasing the thickness of the outermost
layer led to an enhancement in the afterglow intensity of 4,4-BP
(Supplementary Fig. 22g), which can be attributed to a higher effective
doping concentration in the thicker outer shell. Importantly, this
increase in outer shell thickness had no observable effect on the
afterglow properties of 1,8-NP in the first shell, likely due to the distinct
excitation profiles of the two dopants (Supplementary Fig. 22h).

Additionally, we found that although the one-pot hydrothermal
reaction can produce triply doped SiO, MPs with high monodispersity,
the excitation-dependent afterglow performance retained (Supple-
mentary Fig. 23a). However, the under excitation at 310 nm, the blue
afterglow of 4-PP dopants become distinguished and the remarkably
affect the cyan afterglow for 4-PP dopants (Supplementary Fig. 23e).
This is likely because 4,4’-BP dopants exhibit afterglow with a high QYs
of 8.7%, 3.1-fold stronger than that of 4-PP. Furthermore, the one-pot
hydrothermal reaction resulted in afterglow emissions with shorter
lifetimes. For instance, the afterglow lifetime of 4-PP dopants in the
MPs was estimated to be 3.2 s, lower compared to that observed in the
core@shell@shell MPs (Supplementary Fig. 23c). This is due to weaker
interactions between the dopants and the SiO, matrix in the MPs
produced by the one-pot hydrothermal reaction. In addition, the
doping levels were estimated to be 4.48x10”mmolg* for 4-PP,
1.74 x10*mmol g* for 4,4-BP, and 2.74 x 107" mmol g for 1,8-NP in
SiO, matrix when fixing the dopant concentrations at the same level
(8 x10"*mM) in the precursor solution (Supplementary Fig. 24). The
different doping capability of these molecule emitters in SiO, matrix
further highlights the benefits of spatially confined emitter doping
over one-pot doping in control of the afterglow properties of SiO, MPs.

As an added benefit, our strategy enables the preparation of
excitation-dependent afterglow SiO, MPs with spatially confined bin-
ary doping. This design allows for the creation of 6 additional types of
afterglow SiO, MPs. These MPs exhibited similar excitation-afterglow
attributes under optimized excitation conditions (Supplementary

Fig. 25). Notably, without 4-PP doping, the resultant core@shell SiO,
MPs produced a deep blue afterglow from 4,4"-BP under excitation at
254nm and a bright orange afterglow from 1,8-NP dopants under
excitation at 365 nm (Supplementary Fig. 26). As expected, due to the
medium interaction strength between the dopants and the SiO,
matrix, the afterglow lifetime of these dopants in the core components
was significantly longer than that of singly doped SiO, MPs but shorter
than that of triply doped SiO, MPs.

Additionally, the structural information of afterglow MPs can be
retrieved from a reference library. We begin by systematically col-
lecting the afterglow properties of various molecule-doped SiO, MPs,
including their lifetimes and quantum yields under different excitation
wavelengths (250, 290, and 350 nm). These data are compiled into a
searchable database using MATLAB. Given that spatially confined
dopant molecules exhibit distinct characteristics due to differences in
excitation density and matrix rigidity, the afterglow behavior of an
unknown doped SiO, MP can be used to infer its structural config-
uration. By inputting key parameters—such as afterglow lifetimes and
quantum yields—into the database, the most probable structural
match can be identified. For example, inputting the parameters shown
in Supplementary Fig. 27a quantum yield of 10.2% under 250 nm
excitation and a lifetime of 3.28 s under 290 nm excitation—returns a
match of “B-P-N”, corresponding to 4,4-BP (B)-doped SiO,@4-PP (P)-
doped SiO,@1,8-NP (N)-doped SiO, (Supplementary Software).

Applications

Our strategy of doping molecular emitters into SiO, MPs enables the
preparation of uniform, multicolored afterglow building blocks for
advanced photonic crystals. These photonic crystal structures can
encode multi-dimensional information within their patterns by dis-
playing distinct color output variations under different irradiation
conditions (Fig. 4a). As a proof-of-concept experiment, we prepared
a photonic crystal structure using a dip-coating strategy with 4-PP-
doped SiO,@1,8-NP-doped SiO,@4,4’-BP-doped SiO, MPs as build-
ing blocks. This structure was further patterned into a flower shape
using a laser beam. Highly ordered superstructures were observed
via scanning electron microscopy (SEM), revealing the formation of a
close-packed hexagonal pattern with a thickness of 3.38 m and a
periodicity of 340.1nm (Fig. 4 b and Supplementary Fig. 28). As
expected, the flower-shaped photonic crystals exhibited angle-
dependent reflectance spectra, with a gradual blueshift in the
reflectance band from 639 to 488 nm as the incident angle increased
from 10° to 60° (Fig. 4c). With an increase in the average diameter
from 217 nm for core MPs to 247 nm for core@shell MPs and 320 nm
for core@shell@shell MPs, the photonic crystal structures showed
size-dependent color outputs as a function of the incident angle
(Fig. 4d, and Supplementary Fig. 29). At an incident angle of 10°, the
flower-shaped photonic crystal structures comprising core, core@-
shell, and core@shell@shell SiO, MPs displayed color outputs of
blue, yellow, and red, respectively (Figs. 4e and 4f). Notably, the
photonic crystal structure comprising core@shell@shell MPs
allowed the patterned flower to undergo a structural color transition
from red to green to violet, covering the entire visible spectrum as
the incident angle increased from 10° to 70°. These observations can
be explained by the following equation®-*°.

A =1.633(d /m)(n2-sin26)"

where d represents the diameter of the MPs, m and 6 represent the
Bragg reflection order and the angle between the normal and incident
light, respectively. The value of n, is defined as the weighted sum of the
refractive indices of the MP portion and the gap portion. The change in
both the angle between the normal and incident light and the diameter
of the SiO, MPs lead to the corresponding change in the wavelength of
the photons scattered.
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Fig. 4 | Application of excitation-dependent afterglow core@shell@shell SiO,
MPs in photonic crystal fabrication. a Schematic illustration of the fabrication
process for flower-shaped photonic crystals. This process begins with a sequential
dip-coating method, followed by laser-assisted etching to precisely sculpt the
photonic crystal patterns into flower shapes. The synthesis utilizes 4-PP-doped
SiO,@1,8-NP-doped SiO,@4,4-BP-doped SiO, MPs as building blocks. b SEM image
of the as-prepared photonic crystal. ¢ Reflectance spectra of the photonic crystal at
different incident angles. d Trajectory of structural color modulation for photonic
crystals in the CIE coordinate diagram. The photonic crystals were created using 4-

PP-doped SiO, MPs (red point), 4-PP-doped SiO@1,8-NP-doped SiO, (black point),
and 4-PP-doped SiO,@1,8-NP-doped SiO,@4,4’-BP-doped SiO, MPs (white point) as
building blocks, respectively. e Structural color outputs of the fabricated flower-
shaped photonic crystals composed of 4-PP-doped SiO, MPs and 4-PP-doped
SiO,@1,8-NP-doped SiO, MPs under natural daylight at an observation angle of 10°.
f Angle-dependent structural color outputs of the fabricated flower-shaped pho-
tonic crystals comprising the core@shell@shell SiO, MPs as building blocks under
natural daylight. g Time-dependent afterglow images of the flower-shaped pho-
tonic crystals under excitation wavelengths of 254, 310, and 365 nm.

Notably, upon irradiation at distinct wavelengths—specifically
254, 310, and 365 nm—diverse afterglow scenarios were generated due
to the primary excitation shifting among the dopants. With excitation
fixed at 254 nm, the predominant excitation of 4,4’-BP embedded in
the second shell resulted in a blue afterglow with an extended per-
sistence of about 6 s. Shifting the excitation wavelength to 310 nm led
to the predominant excitation of 4-PP dopants in the core, producing a
cyan afterglow that lasted up to 10s. Additionally, excitation at
365 nm, targeting 1,8-NP dopants, gave rise to a yellow afterglow with a
brief duration of less than 2 s. These findings highlight the adaptability
of afterglow color and lifetimes in core@shell@shell SiO, MPs through

spatially confined emitter doping. This adaptability enables the crea-
tion of a versatile library of optical MPs, suitable for developing
advanced photonic crystal platforms for complex optical information
encoding. On a separate note, by customizing the spatial arrangement
of the 15 particle types as shown in Fig. 3g, the system achieves a total
storage capacity of 45 trits, equivalent to approximately 71.3 bits
(Supplementary Fig. 30)*.

In addition, we demonstrated that the as-prepared 4-PP-doped
SiO,@1,8-NP-doped SiO,@4,4’-BP-doped SiO, MPs are well-suited for
applications in multispectral delayed display when integrated with
customized printed circuit board (Supplementary Fig. 31). An
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integrated circuit board was fabricated incorporating three LEDs with
distinct emission wavelengths (250 nm, 290 nm, and 350 nm), pro-
grammed to emit synchronized 1-s pulses in sequence. Upon sequen-
tial activation, persistent afterglow emissions were observed following
the cessation of both 290 nm and 350 nm excitations. This unique
property enables multispectral delayed display even after the excita-
tion sources are turned off. Remarkably, when 350 nm pulses were
applied at 1-s intervals after the 290 nm excitation had ceased, a time-
dependent evolution of the afterglow signal was recorded under
monochromatic stimulation, highlighting the potential of these after-
glow SiO, MPs for multispectral delayed display.

Discussion

Compared with previously reported systems for afterglow tuning,
our approach demonstrates several key advantages. First, it enables
precise modulation of both emission wavelength and lifetime by
controlling dopant concentrations layer by layer within SiO, MPs.
This spatially selective doping strategy facilitates the rational design
of MPs with tailored optical properties—something difficult to
achieve through traditional simultaneous multi-dopant methods.
Second, whereas molecule-doped polymers and crystals typically
exhibit afterglow only in the solid state due to poor solvent resis-
tance, our SiO, matrix maintains its afterglow performance across a
wide range of organic solvents (Supplementary Fig. 32), including
cyclohexane, petroleum ether, ethyl acetate, and dichloromethane.
Third, our molecule-doped afterglow SiO, MPs exhibited superior
afterglow stability compared to commercial phosphors. In contrast,
the afterglow of SrAl,O4:Eu,Dy phosphors was completely quenched
after 12h of storage in aqueous solution due to hydrolysis and
structural degradation (Supplementary Fig. 33). Fourth, this robust
doping platform supports the reliable construction of an extended
library of afterglow MPs with customizable photophysical features
(Supplementary Fig. 34). Our results demonstrated that: (i) the
afterglow emission bands exhibited broad tunability from 416 to
578 nm depending on the choice of molecular dopants; (ii) 4-PP
showed the longest afterglow lifetime of 3.25s, with an afterglow
quantum yield of 2.8%; and (iii) 9-phenylacridine achieved the high-
est afterglow quantum yield of 22.9%, albeit with a shorter lifetime of
2 ms (Supplementary Fig. 35).

Moreover, the synthesis process offers excellent scalability, cost-
effectiveness and environmental friendliness. We have successfully
scaled the reaction up to 12.18 g per batch, with the only limitation
being reactor volume (Supplementary Fig. 36). The high reactivity of
the freshly formed SiO, matrix facilitates further scale-up by simply
enlarging the reactor. The entire process is economically advanta-
geous: the tetraethyl orthosilicate (TEOS) precursor is inexpensive,
undoped dopants can be recovered and reused, and water is employed
as the reaction solvent. These features not only bring the production
cost down to approximately $0.20 USD per gram—substantially lower
than that of most polymer- and crystal-based systems, but also offer a
sustainable alternative to conventional synthesis approaches.

Finally, our strategy allows for the fabrication of monodisperse
afterglow SiO, MPs, which greatly simplifies the assembly of photonic
crystal structures. These ordered assemblies not only support multiple
optical functionalities for information encoding but also introduce
photonic stopbands, enabling further tuning of solid-state afterglow
behavior through photonic-emissive coupling. Beyond optical appli-
cations, the resulting MPs exhibit excellent stability and biocompat-
ibility (Supplementary Fig. 37), highlighting their potential for use in
biosensing and biomedical imaging.

Methods

Preparation of monodisperse SiO, MPs

Monodisperse SiO, colloidal MPs were prepared by a modified
Stéber method. In a typical experiment, 33 mL of DI water, 160 mL

of ethanol, and 3.5mL of ammonia solution (25%-28%) were first
mixed and heated to 60 °C. Next, 4.4 mL of TEOS was added drop-
wise to this solution, and the reaction was continued for 30 min
under stirring to form the seed solution. A certain volume of the
seed solution was then mixed with 10 mL of TEOS to form a clear
mixture. Aqueous ammonia was added to the resultant mixture, and
the mixture was allowed to react at room temperature for 10 h. The
average diameter of the resulting SiO, colloidal MPs was estimated
to be 225 nm when 4 mL of the volume of the seed solution was use.
After the reaction, the product was centrifuged and washed several
times with ethanol.

Preparation of afterglow molecule-doped SiO, MPs

In brief, a mixture of molecule (5mg) and SiO, MPs (50 mg, 4 mL
water) was prepared which mixed at 5 mL glass baker. The baker was
transferred to a 20-mL polytetrafluoroethylene hydrothermal reactor
and heated at 180 °C for 3 h. After cooling to room temperature, the
resulting mixture was centrifuged at 10,142 x g for 5min. The pre-
cipitate was purified through 3 cycles of alternate centrifugation and
dispersion with ethanol, and the final precipitate was dispersed in 3 mL
of ethanol solution.

Fabrication of photonic crystal structures

The substrates for building the photonic structures were washed with
ethanol before use. The dip-coating process was carried out at room
temperature using a dip-coater, and the pulling rate was set at 2 pm s™.

Characterization

Transmission electron microscopy was carried out on a HT7800
operating at an acceleration voltage of 100 kV. Scanning electron
microscopy was performed using a Gemini SEM 300 (ZEISS). Photo-
luminescence emission profiles and decay curves were obtained using
an FLS-1000 instrument from Edinburgh Instruments Ltd. Photo-
luminescence quantum yield (PLQY) measurements were performed
with a C9920-02G instrument from Hamamatsu. The low-temperature
spectroscopy tests are conducted using the Oxford OptistatDN liquid
nitrogen cryostat. UV-vis absorption spectra were taken on a Hitachi
U-3900H ultraviolet-visible spectrophotometer. Dynamic Light
Scattering profiles were measured by Malvern Zeta sizer nano ZS.
»Sj solid-stateNMR was performed by a nuclear magnetic resonance
spectrometer with a super-conducting magnet (Bruker, Avance Ill HD
400 MHz). The photonic crystals were prepared using a dip-coating
instrument (SYDC-100H, SAN-YAN Instrument Co. Ltd., Shanghai). The
angle-dependent reflection spectra of the prepared photonic crystals
were measured using an angular resolution spectral system (R1,
Shanghai Fuxiang Optical Co. Ltd., Shanghai). A standard Al mirror
(Ideaoptics STD-M) was used to serve as the ideal reflector reference.

Computational details

Based on the theoretical correlation between decreasing y and z values
and enhanced matrix rigidity in the Si390yHz system, two distinct Si-O
matrix models (low rigidity: y =111, z = 66; high rigidity: y =102, z=48)
was constructed using GaussView 6.0, followed by embedding a 4-PP
molecule. All structures were fully optimized at the B3LYP/6-31 + G(d)
level of theory in Gaussian 09.

Data availability

The data that support the findings of this study have been included in
the main text and supplementary information. All other information
can be obtained from the corresponding author upon request. Source
data are provided with this paper.
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