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A deep understanding of how the host matrix influences the afterglow prop-
erties of molecule dopants is crucial for designing advanced afterglow mate-
rials. Despite its appeal, the impact of defects on the afterglow performance in
molecule-doped SiO, matrices has remained largely unexplored. Herein, we
detail the synthesis of monodisperse SiO, microparticles by hydrothermally
doping molecules, such as 4-phenylpyridine, 4,4"-bipyridine, and 1,4-bis(pyrid-
4-yl)benzene. Our results demonstrate that hydrothermal reactions induce not
only the formation of emissive defects in the SiO, matrix but also enable
molecule doping through SiO, pseudomorphic transformation. Optical ana-
lyses reveal a remarkable afterglow activation of doped molecules, driven by a
synergistic interplay of hydrogen bonding and physical fixation. Specifically,
4-phenylpyridine doping leads to an impressive 227- and 271-fold enhancement
in fluorescence and afterglow, respectively, and an extraordinary 3711-fold
enhancement in the afterglow lifetime of the resulting SiO, MPs. We also
document hybrid states involving molecule dopants and SiO, defects, explain-
ing energy transfer from molecule dopants to defects in both singlet and triplet
states. The robust achievement of molecule doping provides flexibility to tailor
excitation-dependent afterglow attributes while preserving angle-dependent
structural colors, facilitating the creation of diverse building blocks for multi-
scale optical platforms for afterglow modulation and information encoding.

M Check for updates

Silicon dioxide (SiO,) is one of the most abundant materials on earth  devices'™®. SiO, is also known to exhibit defects within its otherwise
and holds significant technological importance. It serves as the fun-  perfect structure even produced by the thermal oxidation of silicon.
damental material for modern electronics, functioning as a corner- These defects encompass oxygen and silicon vacancies, as well as their
stone for the production of semiconductors and microelectronic interstitial counterparts, including Si-Si and O-O bonds, along with
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under-coordinated silicon and oxygen atoms’'. Defect type and
concentration are affected by other factors such as irradiation,
mechanical stress, temperature fluctuations, and the introduction of
impurities®®. The optical absorption and emission in pure SiO,
materials are typically attributed by the presence of defects'*'",
Nevertheless, the luminescence of pure SiO, remains inconspicuous
when exposed to low-energy irradiation, unless subjected to high-
temperature calcination or introduced with a sensitizer activator.
Luminescent dopants embedded within a solid SiO, matrix are
expected to exhibit strong interactions with neighboring emissive
defects when their energy levels align effectively (Fig. 1a). Through the
choice of doped species in the form of either molecules or metal ions,
the resultant SiO, show the promise to exhibit afterglow as an out-
come of the stabilization of the triplet states of the dopants by
hydrogen bonding and physical fixation effects or due to the energy
storage by the intrinsic defects®?°. A deep understanding of the
energy interaction between dopants and host defects is crucial for the
rational development of afterglow materials® %, Furthermore, delib-
erate control of energy transfer between singlet and triplet states of
these two species enables a dual-channel approach to customize the
afterglow properties of the doped SiO, composites including glow
color and lifetime for widespread applications, such as sensing**?*
and anti-counterfeiting?’ (Fig. 1b). In addition, the UV absorption
cross-section of bicyclic aromatic molecules is ~10"*cm?, which is
about ten times stronger than that of the defects in the SiO, matrix®**",
This significant difference further highlight the benefits in the pro-
duction of enhanced defect emissions through molecule-to-defect
energy transfer. Despite its appeal, the incorporation of dopants and

abundant emissive structural defects with strategically designed
energy levels into a SiO, platform remains a formidable challenge.

Here, we show that hydrothermal treatment of SiO, micro-
particles (MPs) at high temperatures not only facilitates the generation
of emissive defects within the matrix but also allows for molecular
doping, including 4-phenylpyridine (4-PP), 4,4-bipyridine (4,4-BP),
and 1,4-bis(pyrid-4-yl)benzene (1,4-DPB) through their pseudomorphic
transformation. Optical analyses reveal that the doped molecules
exhibit significant afterglow activation, driven by the synergistic
effects of hydrogen bonding and physical fixation. In particular, dop-
ing with 4-PP results in a remarkable 227-fold and 271-fold increase
in fluorescence and afterglow, respectively, and an extraordinary 3711-
fold enhancement in the afterglow lifetime of the resulting SiO, MPs.
We also demonstrate the feasibility of hybrid states between molecular
dopants and SiO, defects, which facilitate energy transfer from the
molecular dopants to the defects in both singlet and triplet states. The
successful achievement of molecular doping allows for the customi-
zation of excitation-dependent afterglow properties while maintaining
angle-dependent structural colors, enabling the development of ver-
satile building blocks for multiscale optical platforms geared towards
afterglow modulation and information encoding.

Results

Doping 4-PP into defect-enriched SiO, MPs

We first examined the feasibility with abundant emissive defects
for monodisperse SiO, MPs derived by the modified stober
methods®. We found that the as-prepared SiO, MPs show an
average diameter of 359 nm (Supplementary Fig. 1a, b) and exhibit
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Fig. 1| Interactions between molecule dopants and intrinsic defects in SiO,
matrix. a Schematic depiction of the matrix structure of molecule-doped SiO,.

b Schematic illustration of energy transfer between molecule dopants and SiO,
defects in both singlet and triplet states. ¢ Short- (upper panel) and long-lived
(lower panel) emission profiles of SiO, MPs under various excitation wavelengths at
77 K. The excitation wavelength was increased from 240 (navy) to 350 (darkred)

nm. The delay time was set at 2 ms for obtaining the long-lived emissions. It is
noteworthy that SiO, MPs were prepared using a modified Stober method, fol-
lowed by hydrothermal treatment at 180 °C for 3 h. d Optical absorption band of
the as-prepared SiO, MPs in the extreme UV spectral region. e ESR spectra of the as-
prepared SiO, MPs measured under different conditions.
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weak excitation-dependent emission profiles in the visible region
(Supplementary Fig. 2a). More importantly, long-lived emissions
were also observed under different excitation wavelengths (Supple-
mentary Fig. 2b, c). The short- and long-lived emissions were attrib-
uted to the singlet and triplet state emissions for the defects in the
SiO, MPs. Note that after being treated under hydrothermal condi-
tions at 180 °C for 3 h, the excitation-dependent photoluminescence
was retained (Supplementary Fig. 2d, e), and under excitation at
270 nm, the short-lived emission was found to main the same
intensity with slight redshifts, while the long-lived emission was
found to increase about 17.3 folds (Supplementary Fig. 2f). These
results suggest that high-temperature hydrothermal treatment
allows for improving matrix quality to suppress energy dissipation to
enhance the phosphorescence by acceleration of redehydration
reaction between neighboring hydroxyl groups.

Low-temperature luminescence spectroscopy showed the pre-
sence of unrelaxed oxygen-deficiency centers (ODCs) by the obser-
vation of fluorescence band at 284 nm (4.3 eV) upon excitation at
240-250 nm of the treated SiO, MPs (Fig. 1c). ODCs were confirmed
by the observation of a long-lived emission at 466 nm (2.7 eV).
Other defects, including non-bridging oxygen holes (1.8 eV), E-like
centers (2.2-2.4 eV), peroxy-radical hole trap (PRHT) (2.6 eV), dioxa-
silirane groups (3.1 eV), and oxygen excess defect (3.6 eV) were further
confirmed by the emission profiles (Fig. 1c and Table S1). Note that the
presence of relaxed ODC(I) was also confirmed by the appearance of
an obvious absorption band at 7.8 eV at room temperature (Fig. 1d).
The electron spin resonance (ESR) spectra suggest the feasibility of
producing E’ centers in the as-prepared SiO, MPs under stimulation of
UV light (Fig. 1le), as evidenced by the observation of UV-triggered
peaks with a g of 2.005. This is consistent with previous findings that
kinds of paramagnetic defects can be generated upon UV irradiation’.
Oxygen-deficient SiO, matrix shows a preference for E centers,
resulting from the photoinduced breaking of weak Si-Si bonds* .
On a separate note, polysiloxanes typically exhibit a loose structure
that allows for the formation of aggregated electron-rich clusters,
leading to aggregation-induced emissions when terminal hydroxyl and
carbonyl groups are introduced. However, they are unable to produce
triplet-state emissions due to the ease of quenching by solvents and
0,°*¥. Taken together, these results suggest that hydrothermally
treated SiO, MPs contain abundant emissive defects with both singlet
and triplet states, which are allowed to be utilized for energy transfer
management with dopants to rational tuning of the combined after-
glow properties.

We then conducted photophysical studies of our selected mole-
cular dopants, including 4-tetraphenylpyridine (4-PP), 4,4’-bipyridine
(4,4-BP), and 1,4-di(pyridin-4-yl)benzene (1,4-DPB) after doping them
into a polyvinyl alcohol (PVA) matrix. The choice of PVA is due to
its enriched -OH groups, which facilitate hydrogen bonding with
molecular dopants, generating long-lived emissions of the doped
molecules®*. Our results indicate that the optimal excitation wave-
lengths are 250 nm for 4,4-BP, 312 nm for 4-PP, and 350 nm for 1,4-DPB.
In addition, 4,4-BP exhibits phosphorescence at 430 nm; 4-PP exhibits
fluorescence at 366 nm and phosphorescence at 455 nm; and 1,4-DPB
exhibits fluorescence at 379 nm and phosphorescence at 517 nm
(Supplementary Fig. 3). These findings demonstrate that phosphor-
escence bands progressively redshift from 4,4-BP and 4-PP and then to
14-DPB, establishing a foundation for studying energy transfer
between doped molecules and defects at various energy levels.

In addition to enhancing the intrinsic afterglow emission, high-
temperature hydrothermal reactions offer the opportunity to incor-
porate molecule dopants into SiO, MPs. Our findings reveal that sub-
jecting a mixture of SiO, MPs and 4-PP to hydrothermal treatment at
180 °C for 3 h resulted in a slight reduction in the average diameter of
3nm (Supplementary Fig. 4a), while preserving the monodisperse
characteristics of the parent SiO, MPs (inset, Fig. 2a), as evidenced by

the observation of a single peak at 393 nm in the dynamic light scat-
tering profile (Supplementary Fig. 4b). The success of 4-PP doping was
supported by optical characterization of the resultant SiO, MPs. Upon
UV excitation (310 nm), a bright blue emission was observed from an
aqueous dispersion of the SiO, MPs, and the blue emission changed to
cyan, which lasted more than 15 s when ceasing the excitation (Fig. 2b).
When compared with undoped SiO, MPs, 4-PP-doped SiO, MPs
showed a 227-fold enhancement in the fluorescence at 350 nm under
the excitation (Upper panel, Fig. 2c), and the photoluminescence
quantum yield was found to increase from near O to 17.88%. A delayed
spectrum suggests the cyan emission at 472 nm, and the intensity was
estimated to be about 271 times stronger than that of undoped SiO,
MPs. Note that the lifetime of the cyan afterglow was estimated to be
3.60s, 3711-fold longer than that of the defect emission for the
undoped SiO, MPs. Temperature-dependent phosphorescence study
showed a decline in the intensity with increasing the measurement
temperatures, suggesting the nature of phosphorescence of the cyan
afterglow for 4-PP dopants (Supplementary Fig. 5). On a separate note,
'H nuclear magnetic resonance spectroscopy showed the integrity of
the doped 4-PP molecules after the hydrothermal reaction, indicative
of the doping of 4-PP molecules other than in situ generated carbon
dots into the treated SiO, MPs (Supplementary Fig. 6a, b).

The pseudomorphic transformation of SiO, MPs facilitates the
incorporation of 4-PP molecules into their matrix under hydrothermal
conditions. Under hydrothermal conditions (Supplementary Fig. 7)*,
the SiO, matrix gradually dissolves in water, resulting in the formation
of orthosilicic acid as the reaction temperature rises. Over prolonged
reaction times, the dissolution and recondensation of orthosilicic acid
on the surface of the etched SiO, MPs reach equilibrium. Upon the
completion of the reaction, a substantial amount of orthosilicic acid
residues persists in the reaction mixture, leading to a reduction in
average size while maintaining a uniform size distribution. During the
pseudomorphic transformation, the incorporation of 4-PP molecules
into SiO, MPs is realized possibly with the assistance of the hydrogen
bonding between the dopants and hydroxyl groups of SiO, matrix.

Optical characterization of 4-PP-doped SiO, MPs

Within the excitation wavelength range of 270 to 320 nm, we observed
a predominant short-lived emission at 350 nm and a long-lived emis-
sion at 472 nm (Fig. 2e). This emission feature is characteristic of 4-PP,
as there is no shift in emission wavelength when varying the excitation
wavelength. Upon further shifting the excitation wavelength from 330
to 350 nm, the photoluminescence profiles exhibited corresponding
redshifts to 370 and 400 nm, while the gated emission profiles showed
redshifts to 488 and 500 nm (Supplementary Fig. 8), respectively.
These emissions align well with the positions of SiO, defects, such as £-
defects, H-defects, and PRHT defects, albeit approximately 110 and
3.75 times more intense, suggesting efficient triplet-to-singlet state
energy transfer from 4-PP to the defects. A comprehensive analysis of
the excitation profiles for 4-PP, SiO, MPs, and 4-PP-doped SiO, MPs
revealed that the spectral range from 240 to 260 nm, significantly
deviating from the optimal excitation for 4-PP dopants, possibly con-
tributes to the excitation of hybrid states of 4-PP and SiO, defects
(Fig. 2f). This argument was supported by the observation of blueshifts
in the afterglow of 4-PP-doped SiO, MPs when excitation at the short-
wavelength region (Lower panel, Fig. 2b and Supplementary Fig. 8).
The broadband nature of the excitation-dependent mapping spectra
also unveiled the presence of multiple emission centers (Fig. 2g and
Supplementary Fig. 9). The energy transfer from the 4-PP molecules to
the defects was further supported by the observation of ultralong
lifetime for the emission at 500 nm (Supplementary Fig. 10). Note that
with increasing the excitation wavelengths, the excitation shifts from a
combination of 4-PP and defects, to pure 4-PP and to another combi-
nation of 4-PP and defects, giving rise to a tendency of lifetime to
initially increase and then decrease (Fig. 2h).

Nature Communications | (2024)15:8111


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51591-4

b UVIOn UVIOff 5|s 10s 15s
' i |ﬂ
£
<
o
®
c
<
n
N
C d e
227-fold T 4pp-doped Si0: MPs — 3.60s — 240 nm
— = 250 nm
e 2 — 260 nm
B o | 3711-fold £ — 270nm
e ore S . 280 nm
3 350 400 450 3 g 290 nm
'e H ) Tsio.ups = 0-97 MS & 300 nm
s 271-fold 2 2 310 nm
2 ‘® @ — 320nm
® S 8 — 330n0m
5 E £ — 340 nm
E = 350 nm
Lu-“', .
T T T T 7 T 7 : T . T . T | T T T
400 500 600 700 0 20 40 60 300 400 500 600
Wavelength (nm) Time (s) Wavelength (nm)
600 8.9 x10°
f 4-PP g h ° TEx.BSDnm= 3'265
—_ 7.7 X100 T exs00mm™ 3918
"; = — ® Teomnm= 3028
= £ 6.6 x10° .?. —_ ® T oo™ 2938
c = (] (2]
3 fF-——— - ——— — ——— - = =] =1 -
. |Sio: MPs > s5x10° 3 E
= & 500 g 9
8 [ 43x10° —~ 2
> - 2 >
= [ = -
-— ; p‘ —
] 3.3 x10° 7]
= c c c
2 [4-PP-doped SiO: MPs o 3 2
£ » 22x10° ¥ €
(2] ~
uEJ 400 1.1 x10°
T T T T T T T ] 2.0x10° — T T T "~ T T T T 1
240 260 280 300 320 250 300 350 0 10 20 30 40 50
Wavelength (nm) Excitation wavelength (nm) Time (s)

Fig. 2 | Characterization of 4-PP-doped SiO, MPs. a TEM image of the 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 dis-
persion of 4-PP-doped SiO, MPs upon cessation of excitation wavelengths at 310
and 254 nm, respectively. ¢ Comparative short- and long-lived emission of corre-
sponding aqueous dispersions of 4-PP-doped SiO, MPs and SiO, MPs (10 mg mL™).
Note that the delay time was fixed at 2 ms for obtaining the long-lived emission
profiles. d Decay curves at 472 nm for SiO, MPs and 4-PP-doped SiO, MPs.

e Luminescence spectra of the aqueous dispersion of 4-PP-doped SiO, MPs under

excitation at different wavelengths. f Comparison of the excitation spectra of
corresponding short-lived emissions at 350 nm for a saturated aqueous solution of
4-PP molecules, aqueous dispersions of SiO, MPs, and 4-PP-doped SiO, MPs. g Two-
dimensional excitation-dependent gated-emission of the aqueous dispersion of 4-
PP-doped SiO, MPs. Note that the delay time was fixed at 2 ms for obtaining the
long-lived emission profiles. h Decay curves of the cyan afterglow (472 nm) of the
aqueous dispersion of 4-PP-doped SiO, MPs under different excitation
wavelengths.

Note that excitation-dependent emission spectra were acquired at
a temperature of 77K, with the most prominent luminescent peak
observed when the excitation was fixed at 290 nm. Under this excita-
tion, the afterglow band was identified at 459 nm as a result of the
direct excitation of the doped 4-PP molecules within the SiO, MPs.
Note that the blueshift of the afterglow band from 472 to 459 nm is due
to the suppression of energy dissipation resulting from limited matrix
vibration at low temperatures (Upper panel, Fig. 3a). This effect allows
the lifetime of the blue afterglow to increase to 5.05s. Upon altering
the excitation wavelength from 240 to 350 nm, a noticeable redshift of
the afterglow band was observed, shifting from 450 to 500 nm due to
the energy transfer from the triplet states of 4-PP molecules to the
corresponding defects (Supplementary Fig. 11a, b). On a separate note,

in the excitation range from 250 to 290 nm, the lifetime for the
afterglow was found to decrease with increasing the temperature
(Fig. 3b). In addition, with a temperature increase from 293 to 673K,
the afterglow band at 472 nm gradually vanished, accompanied by the
emergence of a new long-lived band at 375 nm (Lower panel, Fig. 3a),
with a lifetime of 0.266 ms (Supplementary Fig. 12a). A corresponding
fluorescence band was noted at the same wavelength under excitation
at 290 nm, resulting from the radiative transition from the lowest
singlet state (S;) to the ground state (So) of 4-PP molecules via the
reverse intersystem crossing (RISC) process, facilitated by thermal
activation. Notably, the thermal treatment of the sample did not
compromise the integrity of the doped 4-PP molecules, as evidenced
by the re-observation of the same fluorescence and afterglow bands at
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Fig. 3 | Photophysical characterization of 4-PP-, 4,4-BP-, and 1,4-DPB-doped
Si0, MPs. a Long-lived emission profiles of 4-PP-doped SiO, MPs at varying tem-
peratures. Note that the profile of 297 K listed below the profile of 673K (Low
panel) shows the afterglow profile obtained by repeating the measurement at 297 K
after cooling down from 673 K. For obtaining the long-lived emissions, the delay
time was fixed at 2 ms. b Cyan afterglow lifetime of 4-PP-doped SiO, MPs as a
function of excitation wavelength and temperature. ¢, d Short- (upper panel) and

Wavelength (nm)

long-lived (lower panel) emission profiles of 4,4-BP-doped SiO, MPs and 1,4-DPB-

doped SiO, MPs under different excitation wavelengths. Note that the delay time
was fixed at 2 ms for obtaining the long-lived emission profiles. e, f Blue afterglow
lifetime of 4,4-BP-doped SiO, MPs and green afterglow lifetime of 1,4-DPB-doped

SiO, MPs as a function of excitation wavelength. g, h Luminescence photographs
illustrating aqueous dispersions of 4,4-BP-doped SiO, MPs and 1,4-DPB-doped SiO,
MPs upon ceasing excitation at different wavelengths.

room temperature (Supplementary Fig. 12b, c). In addition, we
observed the absence of thermally activated delayed fluorescence at
high temperatures in hydrothermally treated SiO, MPs (Supplemen-
tary Fig. 12d).

Theoretical calculations suggest that the excitation is primarily
associated with a t-mt* transition. The heteroatom in 4-PP allows for
the generation of an n->m*type triplet state, thus facilitating the
intersystem crossing through promoted spin-orbit coupling according
to EI-Sayed rules*. The spin-orbit coupling for the S; > T transition can
be further improved due to the presence of a narrow energy gap
between S; and T;, enabling the efficient generation of afterglow for
4-PP (Supplementary Fig. 13 and Supplementary Data 1). These results
suggest the ability of 4-PP dopants to generate long-lived phosphor-
escence when they are incorporated into a confined environment. For
the defect-enriched SiO, matrix, the optical properties of the resulting
4-PP-doped SiO, MPs are an outcome of the interaction between the
doped 4-PP molecules and the intrinsic defects within the SiO, MPs.

The optical properties of the resulting 4-PP-doped SiO, MPs were
found to be notably influenced by hydrothermal reaction tempera-
tures. As the reaction temperature increased from 100 to 180 °C, the
interaction between the doped 4-PP and the matrix can be gradually
improved by reduction of the density of ~OH residual groups in the
SiO, matrix by dehydration. The compression of 4-PP dopants by the
matrix restricts their vibrational and rotational freedoms, possibly

leading to a decreases in the energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), resulting in a pronounced redshift in the excitation
profile. The argument is further supported by calculations showing
that increasing the rigidity of the matrix, achieved by enhancing the
content of Si(OSi), in SiO, matrix, leads to a significant reduction in the
energy gap by 0.78eV (Supplementary Fig. 14 and Supplementary
Data 1). The improved interaction between 4-PP and SiO, matrix
resulted in a gradual increase in the afterglow intensity at 472 nm
(Supplementary Fig. 15b), accompanied by an increase in afterglow
lifetime from 3.19 to 3.60 s (Supplementary Fig. 15c). Notably, a further
elevation of the reaction temperature to 200 °C led to a decline in both
afterglow intensity and lifetime, possibly attributed to the formation of
non-emissive defects that extract excitation energy from 4-PP dopants.

Formation of the high-quality SiO, matrix was confirmed through
thermogravimetric spectroscopy, revealing that the mass loss of
hydrothermally treated SiO, only reached 5.19% (Supplementary
Fig. 16a). In stark contrast, the parent SiO, MPs exhibited a mass loss of
up to 12.38% when the temperature was increased to 200 °C. These
findings indicate that high-temperature hydrothermal reactions
enable a more thorough dehydration condensation of silanol
groups. Notably, the final mass loss for treated SiO, MPs and 4-PP-
doped SiO, MPs remained essentially the same, suggesting no leakage
of 4-PP molecules from the high-quality SiO, matrix during the
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thermogravimetric measurement. This argument is further supported
by 2°Si MAS NMR spectra (Supplementary Fig. 16b), revealing a sig-
nificant enhancement in the portion of Si(OSi), in 4-PP-doped SiO,
when compared with the parent SiO, MPs. Furthermore, the decrease
in the portion of Q after UV irradiation also confirmed the photo-
responsible defects generation. Our results showed that with enhan-
cing the dosage of 4-PP in the precursor solution from 0.25 to
3.75 mgmL™, the doping level was gradually promoted from 0.095 to
0.136 wt% (Supplementary Fig. 17a). The results suggested that a
saturated doping can be achieved when the dosage of 4-PP was
enhanced to 2.5mgmL™. The fluorescence and afterglow intensities
were found to be gradually increased with enhancing the doping levels.
In addition, the increase in the doping level of 4-PP in the SiO, MPs
exhibited a negligible impact on the lifetime of the cyan afterglow
(Supplementary Fig.17b, c). We attributed this phenomenon to the fact
that the nitrogen atom of 4-PP showed a strong coordination inter-
action with Si atoms**, allowing for the distribution of 4-PP molecules
in the SiO, matrix homogeneously. In addition, high-temperature
pseudomorphic transformation likely facilitates the realization of 4-PP
molecule doping other than 4-PP aggregates due to the presence of
matrix channel confinement effects. Notably, the stabilization perfor-
mance of the triplet states of the doped molecules by our strategy is
comparable to that obtained by covalent doping, while retaining the
monodisperse nature of the parent SiO, MPs*™,

Doping 4,4-BP and 1,4-DPB into SiO, MPs for afterglow tuning
To further elucidate the role of SiO, matrix in afterglow activation,
we synthesized 4,4-BP-doped SiO, MPs and studied their optical
properties. Our results showed similar morphology of the as-
prepared 4,4-BP-doped SiO, MPs to 4-PP-doped SiO, MPs (Supple-
mentary Figs. 18a, b and 19a). Upon excitation at the wavelength in
the region of 250 to 290 nm, a strong blue emission was generated
from an aqueous dispersion. And the blue emission was found to
persist about 0.44 s, with a quantum yield of 9.49%. The blue emis-
sion was found to located at 435 nm, and the emission was defined as
phosphorescence, because the emission intensity was enhanced
47.9-fold when the measured temperature dropped down to 77K
(Supplementary Fig. 20a-c). Note that the fluorescence of defects at
327nm exhibited a remarkable 26.7-fold increase when excited
within the 250 to 270 nm range. In addition, a redshift to 400 nm was
observed when the excitation wavelength was shifted from 290 to
350 nm (Supplementary Fig. 20d-f). The observation of these emis-
sions is likely due to the formation of different hybrid states of 4,4-BP
and the intrinsic defects of SiO, matrix. Delay spectra showed that
when shifting the excitation wavelength from 250 to 350 nm, the
afterglow band was shifted gradually from 435 to 540 nm (Fig. 3c).
This argument is supported by the fact that the afterglow emission at
long wavelength is relatively weak, causing by a decreased energy
transfer efficiency from the triplet states of 4,4-BP dopants to the
defects due to the increase degree in the energy bandgaps. Another
evidence is that the lifetime for the afterglow at 435 nm was found to
be retained at 0.44 s when using excitation from 240 to 290 nm, and
then to be decreased gradually to 3.09 ms when shifting the excita-
tion wavelength to 350 nm (Fig. 3e).

Similarly, 1,4-DPB-doped SiO, MPs were further synthesized to
elucidate the role of the intrinsic defects in the SiO, in influencing their
optical properties (Fig. 3d, Supplementary Fig. 18c, d). When shifting
the excitation wavelength from 240 to 340 nm, the short-lived emis-
sion bands is first blue-shifted from 356 to 340 nm, and then red-
shifted to 372 nm. The strong band at 340 nm is likely attributed to the
formation of molecule-defect hybrid states, while the emission band at
372nm is primarily associated with the fluorescence of confined
molecules. This fluorescence band of 1,4-DPB molecules aligns with
the observations when the dopant is introduced into a PVA matrix
(Supplementary Fig. 21a). Furthermore, we observed a shift in the

afterglow bands from 520 to 540 nm. Evidently, the former is caused
by a synergy effect of 1,4-DPB-defect combinations, while the latter is
contributed by the triplet emission of 1,4-DPB dopants. This finding is
supported by the excitation-dependent afterglow lifetimes, revealing
that excitation at 310 nm directly excites the doped 1,4-DPB dopants,
generating an olive afterglow with a lifetime of 15.23 ms and a quantum
yield of 15.67% (Fig. 3f). On a separate note, when excitation at short-
wavelength (254 nm), the hybrid states of 1,4-DPB and ODC defect
allows the luminescence to manifest in green, while excitation at long-
wavelength (365 nm), afterglow color output allows to manifest in
yellow benefitting from the hybrid states of 1,4-DPB and E’ (or H) defect
combinations (Fig. 3h).

Doping molecule emitters into other SiO, matrix

To validate the synthetic robustness, we conducted hydrothermal
reactions involving 4-PP and SiO, gel at 180 °C for 10 h. Our study
encompasses a one-pot large-scale synthesis, yielding 180.0 g of 4-PP-
doped SiO, gel. The resultant materials displayed a long-lived after-
glow at 482 nm, with a noteworthy lifetime of 3.44 s (Supplementary
Fig. 22a-c). Note that in this thesis we extended the reaction time to
10h to facilitate the pseudomorphic transformation of SiO, gel,
thereby enhancing the incorporation of 4-PP molecules.

Photonic crystal fabrication application

The ability of our strategy to dope molecule emitters into SiO, MPs
allows for the preparation of uniform multicolor building blocks for
the creation of advanced photonic crystals**% These crystals have the
capability to encode multi-dimensional information within their pat-
terns by manifesting distinct color variations under different lighting
conditions, showing potential as a spectroscopic platform for sensing
applications (Fig. 4a)*>**. Initiating the photonic crystal fabrication
involved employing a dip-coating strategy, resulting in the formation
of multilayers of SiO, MPs that could be precisely patterned using a
laser beam. The preservation of the highly ordered 3D structural fea-
tures of the photonic crystal films was confirmed through SEM
observations (Fig. 4b). As anticipated, the photonic crystals exhibited
nearly identical reflectance spectra due to their consistent sizes, albeit
with varying molecule dopants (Fig. 4c, Supplementary Fig. 23b, c).
However, there was a marginal blueshift compared to the parent SiO,
MPs as a result of their decrease in the average diameter. This char-
acteristic allowed the patterned letters “I”, “F”, and “E” to undergo the
same angle-dependent structural color transition—from orange to
yellow and then to green—gradually altering with the observation
angle ranging from 10° to 60°. The transition of the structure color
outputs when increasing the observation angle can be explained by the
following equation®:

A = 1.633(d/m)(n — sin?0)" o

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
the angle between the normal and incident light leads to the corre-
sponding change in the wavelength of the photons scattered.
Remarkably, upon irradiation at distinct wavelengths, particularly
at 254 and 310 nm, the emission centers underwent notable altera-
tions, leading to the generation of diverse afterglow scenarios. Speci-
fically, with a fixed excitation at 310 nm, the predominant excitation of
4-PP and 1,4-DPB dopants resulted in the manifestation of a cyan “I’
and a green “E” with extended persistence. Concurrently, hybrid states
of 4,4-BP-defect were predominantly excited in the resultant SiO, MPs,
yielding a shorter afterglow lifetime. In contrast, shifting the excitation
wavelength to 254 nm led to the predominant excitation of molecule-
defect combinations in 4-PP- and 1,4-DPB-doped SiO, MPs, while
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Fig. 4 | Application of molecule-doped SiO, MPs for the fabrication of photonic
crystals. a Schematic illustration of the fabrication process involving 4-PP-, 4,4-BP-,
and 1,4-DPB-doped SiO, MPs as building blocks. The process commences with a
sequential dip-coating method, followed by a laser-assisted etching strategy to
precisely sculpt the photonic crystal patterns into distinct “I”, “F”, and “E” shapes.
The rationally designed patterns exhibit diverse optical characteristics in varying
lighting conditions, including angle-dependent structural colors in natural daylight,
luminescence color outputs upon UV irradiation, and distinct afterglow color
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emissions upon cessation of UV excitation. b SEM image showcasing a repre-
sentative photonic crystal composed of 4-PP-doped SiO, MPs. ¢ Reflectance
spectra of photonic crystals formed with 4-PP-doped SiO, MPs at different incident
angles. d Angle-dependent structural color outputs of the fabricated “I”, “F”, and
“E”-shaped photonic crystals under natural daylight. e Luminescence images cap-
tured under UV excitation, along with time-dependent afterglow images of the
pattern following the cessation of excitation. Notably, all images were captured at
an observation angle of 0°.

4,4-BP dopants in SiO, were predominantly activated. This distinctive
excitation profile gave rise to a prolonged afterglow time, particularly
evident in the blue pattern “F”. These findings underscore the adapt-
ability of afterglow lifetimes in molecule-doped SiO, MPs, showcasing
the ability to finely tune them by strategically exciting either molecule
dopants or molecule-defect combinations.

Discussion

In summary, we elucidate the pivotal role of the SiO, matrix in acti-
vating the afterglow properties of small molecules. Beyond its role in
providing a rigid framework with hydroxyl-enriched domains for sta-
bilizing molecule dopants, the intrinsic defects inherent in the SiO,
matrix facilitate the formation of dopant-defect combinations or the
extraction of excitation energy through these dopants. This unique
feature empowers the deliberate adjustment of afterglow lifetimes by
selectively exciting the two distinct species. Furthermore, our inno-
vative molecule doping strategy not only allows for the fabrication of
SiO, MPs with multicolor afterglow properties, maintaining uniform
diameters for the creation of photonic crystals, but also enables the

integration of structural and afterglow color tunability into a single
platform. This capability holds promise for the creation of a versatile
platform for information encoding, offering both structural and color-
based tunability.

Methods

Preparation of monodisperse SiO, MPs

Monodisperse SiO, colloidal MPs were prepared by a modified Stober
method. In a typical experiment, 33 mL of DI water, 160 mL of ethanol,
and 3.5 mL of ammonia solution (25-28%) were first mixed and heated
to 60 °C. Next, 4.4 mL of TEOS was added dropwise 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 359 nm when 0.2 mL of the volume
of the seed solution was use. After the reaction, the product was
centrifuged and washed several times with ethanol. SiO, suspension
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(6 wt%) in ethanol was prepared by sonicating before photonic crystal
fabrication.

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 a 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 DI water, and the final precipitate was dispersed in
3 mL of aqueous solution.

Fabrication of an ordered monolayer photonic structure

In a typical experiment, the substrates for building the photonic
structures were washed with water before use. The dip-coating process
was carried out at a temperature of 65°C using a dip-coater from
HeatMent (SYDC-100H DPI, SAN-YAN Instrument Co. Ltd., Shanghai).
The pulling rate was set at 2 um 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, while the high-temperature spectroscopy tests are
carried out by the Techcomp temperature controller. UV-Vis absorp-
tion spectra were taken on a Hitachi U-3900H ultraviolet-visible
spectrophotometer. Dynamic light Scattering profiles were measured
by Malvern Zeta sizer nano ZS. Electron paramagnetic resonance
spectra was recorded on a Bruker EMXPLUS ESR spectrometer. Si
solid-state NMR 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. A
standard Al mirror (Ideaoptics STD-M) was used to serve as the ideal
reflector reference.

Computational details

Using a Time-Dependent Density Functional Theory (TD-DFT)
approach, the equilibrium configurations of the state and the exci-
tation energies as well as the natural transition orbitals (NTOs) of the
low-lying excited states, were performed at the rB3LYP/6-311+G
level. Based on the T;-optimizted geometries, the spin-orbit coupling
(SOC) matrix elements between singlet and triplet excited states
were evaluated by Optimal Reciprocal Collision Avoidance (ORCA)
program. The excitation energies for the HOMO and LUMO
energy levels of 4-PP doped SiO, MPs were obtained by the DFT
(density functional theory) method at B3LYP/6-31G(d) level. The
geometries of 4-PP in the relaxed and rigidity structures of SiO,
matrix have been optimized to lowest energy state for further the-
oretical calculations, and all the DFT calculations were performed
using Gaussian 09 program.

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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