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Organic room-temperature phosphorescent materials have developed rapidly.
However, the phosphor emission enhancement of micro-nano materials
achieved by electrostatic interaction were rarely reported. Herein, taking
polystyrene microspheres (1UPS) and urea-formaldehyde phosphorescent resin
microspheres (LUF) as examples, a method was developed to enhance the
phosphorescent performance of pUF by mixing with puPS. The opposite sur-
face potential of pPS and pUF resulting in a significant electrostatic interac-
tion. Moreover, the guest molecules in pUF were polarized under electrostatic
interaction, which enhanced the binding to the matrix and further suppressed
the non-radiative transition, so effectively improving phosphor emission.
Furthermore, the electrostatic interaction of micro-nano composites demon-

strated good universality in improving phosphorescence performance, as
evidenced by incorporating of varying polymer microparticles into pUF or
blending 1PS with other phosphorescent microspheres. This work demon-
strates the mechanism of electrostatic interaction enhancing phosphores-
cence emission within the micro-nano composites, which paves the way for the
regulation of phosphorescent materials.

Room temperature phosphorescent materials (RTP) have the char-
acteristics of long lifetime phosphorescence’* and large Stokes shift**,
which makes them widely used in lighting, display’, chemical
sensing®’,  biological  imaging®® and  anti-counterfeiting
encryption” ™, Traditional long afterglow phosphorescent materials
were usually designed and developed based on transition metal ions or
rare earth ions"™"” which required processing of mineral resources,
leading to irreversible environmental damage. While, pure organic
room temperature phosphorescent (PRTP) materials'® have become
competitive new-type phosphorescent materials because of wide
source of raw materials, low toxicity, and good processability. In order
to further improve the phosphorescence emission efficiency of PRTP
materials, based on the phosphorescence generation mechanism',
recent reports mainly focused on improving the inter-system crossing
(ISC) rate and inhibiting the nonradiative transition and quenching of

triplet excitons?. Tang et al.”' reported a cluster exciton model of
phosphorescence, in which 1,8-naphthalic anhydride dissolved in an
organic solid matrix achieved ultra-long RTP through electron transfer
between the matrix and guest molecules, with a lifetime (7,) of 600 ms
and a total quantum yield (®) of more than 20%. Liu et al.”> improved
the phosphorescence emission efficiency by the inclusion of bromo-
benzyl pyridine with cucurbit[6]uril, which resulted in a promotion of
@ from 24% to 81%. In addition, methods such as molecular
engineering”>?*, crystal engineering”*°, polymer doping® %, and car-
bon dots*** were also efficient ways to construct PRTP materials.
However, the dynamically tunable phosphorescent materials were still
rarely reported. In addition to the response to quenching factors, such
as oxygen’* and water***, other phosphorescent response proper-
ties of materials have not been studied in depth. This may be due not
only to the lack of theoretical guidance on the regulation of
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phosphorescence properties, but also to the lack of material proces-
sing methods to achieve dynamic response in PRTP materials. There-
fore, by exploring the dynamic response behavior of phosphorescent
materials, the application range and effect of phosphorescent mate-
rials would be significantly improved.

Micro-nano materials also show broad application prospects in
the field of PRTP because of their unique characteristics***® such as
micro-scale, low density, large specific surface area and high surface
energy. Song et al.*’ prepared phosphorescent carbon dots based on
the crosslinking of phthalic anhydride and ethylenediamine, which
exhibited an extremely long T, ranging from 193 ms to 1.13 s. Xu et al.*
reported the self-assembly of polyethylene oxide into nanoparticles
with enhanced RTP properties, of which the phosphorescence inten-
sity varied with nanoparticles morphology: micelle <nanowire <vesicle.
However, in addition to the influence of the size of micro-nano parti-
cles on their photophysical properties, the electrostatic interaction
also shows potential value in mediating their photophysical properties.
Driven by van der Waals force or electrostatic force, micro-nano
materials are usually prone to agglomerate randomly in three-
dimensional directions**2. The agglomerates in stable state have
higher dispersion energy barrier. Accordingly, it is expected to achieve
the regulation of the photophysical properties of RTP materials.

According to the principle of electrostatic generation, the redis-
tribution of electrons would occur during the process of contact, friction,
and separation between the two substances. Highly dielectric constant
polymers tend to be positively charged while polymers with low dielec-
tric constant tend to be negatively charged. Herein, based on the elec-
trostatic interaction within the composites, we developed a method to
achieve dynamic phosphorescence emission by mixing phosphorescent
microspheres with low dielectric constant polymers microspheres. The
intrinsic photophysical mechanism of phosphorescence mediated by
electrostatic interaction of micro-nano materials was explored. Firstly, 1,
4-diaminobenzene (14DAP) was selected as phosphorescent guest
molecule, which was polycondensed with urea and formaldehyde to
prepare urea-formaldehyde phosphorescent microspheres (pUF). Then,
polystyrene microspheres (1PS) with a lower dielectric constant and pUF
were selected as the samples to study the electrostatic interaction on the
photophysical performance of the composites. Interestingly, pPS and
HUF exhibited opposite potentials with a potential difference of up to
42mV, which could produce significant electrostatic interactions
between them (Fig. 1a). The composites of puPS and pUF exhibited sig-
nificantly enhanced phosphorescence characteristics with a varying T,
from 41 ms to 156 ms. Furthermore, the electrostatic interaction of pPS
and pUF in the composite was also observed by FTIR and C-SSNMR.
Meanwhile, experiment and quantum chemical calculation® results
showed that the electrostatic interaction can effectively polarize the
guest molecules, thereby reducing the energy level difference (AEsy),
increasing the spin-orbit coupling coefficient (SOC). In addition, the
enhanced polarity of the phosphorescent guest molecules can further
enhance its binding to urea-formaldehyde resin matrix, thus inhibiting
the non-radiative transition and promoting the phosphorescence emis-
sion. As expected, incorporating varying polymer microparticles into
HUF or blending pPS with other phosphorescent microspheres resulted
in significant phosphorescence enhancement, indicating that enhanced
phosphorescence emission has good universality in micro-nano com-
posites. Therefore, electrostatic interaction between micro-nano mate-
rials enriches the enhancement of phosphorescence performance
pathways, helps to regulate the photophysical properties of phosphor-
escent materials, and also provides a new perspective for studying the
response mechanism of photophysical processes.

Results

Phosphorescence enhancement of pPS and pUF composites
Two types of smooth surface polymer microspheres, uPS and pUF,
were prepared by dispersion polymerization, (Supplementary Fig. 1).

The average molecular weight and particle size of pPS were 7023 g/mol
and 358.83 nm, while those of pUF were 92303 g/mol and 2.28 pm
(Supplementary Fig. 2,3). Furthermore, pUF exhibited fluorescence
emission at 361 nm while its delayed luminescence spectrum showed
the phosphorescence emission at 432 nm with a significant Stokes shift
(Fig. 2a). And the phosphor lifetime decay curve of pUF indicated its T,
of 41 ms (Fig. 2b). The observed blue afterglow of pUF was consistent
with its phosphorescence spectrum (Fig. 2a). Of course, no phos-
phorescence emission of puPS was observed (Supplementary Fig. 4a).
For the composites of uPS and pUF (Supplementary Movie 1 and 2), the
phosphor intensity varied as the mass ratio of puPS to pUF increased,
and reached the maximum at the mass ratio of 2:1 (Fig. 2d, e and
Supplementary Fig. 5). Meanwhile, the T, of pPS and pUF composites
also varied from 41 ms to 156 ms (Fig. 2¢). Therefore, the pUF exhibited
interesting enhanced phosphorescence emission after being mixed
with pPS.

Electrical properties and molecular structure characterization
The dielectric property of the material is a crucial factor influencing
the electrostatic interaction of the microspheres. Specifically, the
dielectric constant of puPS and pUF were 6.0 and 8.5, respectively
(supplementary Fig. 6). Compared to bulk polystyrene (dielectric
constant=2.5) or urea-formaldehyde resins (dielectric constant=6.0),
the dielectric constant of uPS and pUF microspheres are significantly
increased, indicating that the polymer microspheres have better
dielectric properties and stronger ability to store electrostatic charges.
Moreover, the polarity of polystyrene and urea-formaldehyde frag-
ments was investigated by electrostatic potential (ESP) analysis. And
the molecular polarity index (MPI)** was introduced for assessment of
polarity of pUF and pPS (supplementary Fig. 7). MPI of UF was 22.04,
while that of PS was 6.8. The MPI difference between PS and UF
reached 15.24, which showed significant polarity differences. This was
consistent with the dielectric constant of pPS and pUF.

Furthermore, the electrical properties of uPS and pUF were
characterized in order to investigate the action of electrostatic inter-
action on their molecular configuration. The surface potential dis-
tribution of puPS and pPUF were observed by Kelvin probe force
microscopy (KPFM) (Supplementary Fig. 8). Interestingly, the surface
potential of uPS was positive (Fig. 3a), while that of pUF was negative
(Fig. 3d), which facilitated the formation of clusters for pUF and pPS
(Fig. 3h). Through sectional analysis of KPFM, the surface potential of
WUPS and pUF particles could reach 26 mV and -16 mV, respectively
(Fig. 3¢, f). The opposite potential was conducive to the formation of
the electrostatic interaction between pUF and pPS. Furthermore, in the
IR spectra of pPS and pUF composites (Fig. 3g), the carbonyl group
characteristic peak of pUF shifted to a higher wavenumber, from 1643
to 1654 cm™. The vibration enhancement of the carbonyl group was
attributed to the electrostatic interaction between pUF and pPS.
Additionally, *C-SSNMR spectra of the pUF and pPS composites
(Fig. 3i) showed that the carbonyl carbon characteristic peak of pUF
shifted from 161.2 ppm to 162.1 ppm. Conversely, the characteristic
peaks of benzene ring of uPS shifted slightly to high field, from 129.2
ppm to 128.9 ppm. The above results showed that there was a sig-
nificant electrostatic interaction between pPS and pUF with hetero-
logous potential, which could effectively enhance their molecular
polarization (Fig. 3j). It could be inferred that the phosphorescent
guest molecules of 14DAP in pUF would also undergo similar polar-
ization under electrostatic interaction, which might be the essence of
enhanced phosphorescence emission.

Mechanism of Phosphorescence Enhancement in pPS and pUF
Composites

To further reveal the mechanism of promoting phosphorescence
emission of pUF and pPS composites by electrostatic interaction,
quantum chemical calculations and electrostatic field simulations were
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conducted. The measured potential values of 26 mV and -16 mV were
assigned to pPS and pUF microspheres respectively in the COMSOL
Multiphysics 6.5 software®. As the distance between pPS and pUF
reduced to 5 nm, the electric field intensity was gradually strengthened
with an intensity of 5 x 10*5 V/m (Fig. 4b). Then, the electric field with
intensity of 5 x 10*5V/m was applied to 14DAP from three directions
(X, Y, Z) to simulate the electrostatic interaction on the photophysical
processes and molecular energy levels. As shown in Fig. 4c, 14DAP
showed the characteristics of local excitation (LE). In the electron-hole
heat map of 14DAP T1 state (Supplementary Fig. 9, 10), the electrons
and holes overlapped completely, and the distance (D) between the
two centers was O A (Supplementary Table 1). Under the action of
external electrostatic field, the electrons and holes in the T1 state of
14DAP still maintained a good overlap, and the electron-hole

) UUF molecular structure

Enhancement of carbonyl
stretching vibration

50

Fig. 1| Mechanism of phosphorescence emission enhanced by electrostatic
interaction. a pUF and pPS molecular structure and electrostatic interaction in the
composite; b RTP and molecular vibration enhancement within pUF and pPS

with electrostatic

separation degrees (f) were from —0.612 A to -1.102 A (Supplementary
Table 1). The results demonstrated that the T1 state of 14DAP was
dominated by LE. Furthermore, the energy level difference of 14DAP
was 1.5eV without electrostatic field, and &(So-T;) remained at an
extremely low level of O cm™. With the electric field applied along the
X, Y, or Z directions, AEs;.1» of 14DAP decreased to 0.125eV, 0.519 eV,
and 0.529 eV, respectively (Supplementary Fig. 11). Specifically, the
external electric field along Z axis could effectively increase the §(So-
Ty) to 0.14 cm™ (Fig. 4c). Considering that 14DAP was doped in pUF
through co-polycondensation with urea and formaldehyde, the struc-
tural fragment of 14DAP urea aldehyde copolymer (14DAP-UF) was
calculated under applied electric field (Supplementary Fig. 12). Under
the electrostatic field along X-axis, the AEst of 14DAP-UF decreased
from 0.536 eV to 0.025 eV, and the £(So-T,) increased from 0.97 cm™ to

MPS molecular structure

Electrostatic effect

r{i{ b #‘f‘*’t:
()

v

Vibration enhancement of
benzene

offect Electrostatic potential
Molecular configuration
Energy levels changes
Regulation strategies

Universality

composites; ¢ the mechanism of phosphorescence emission mediated by electro-
static interaction.
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Fig. 2 | Photophysical properties of micro-nano composites. a pUF photo-
luminescence spectrum, delayed luminescence spectrum (delay time=1 ms) and
photoluminescence photos; b the phosphor decay lifetime curves of pUF and pPS;
c phosphor decay lifetime curves and fitting phosphor decay lifetime of composites

0.0 T T T T T
300 350 400 450 500 550 600
Wavelength (nm)

of uPS and pUF; d photoluminescence spectra and e phosphorescence spectra of
the composites of uPS and pUF. f SEM image of pUF. Source data are provided as a
Source Data file.

1.84 cm™ (Supplementary Fig. 13b). Therefore, the electrostatic inter-
action of micro-nano composite materials could promote the phos-
phorescence emission efficiency by reducing AEst and increasing SOC.

Based on the above work, we further measured the phosphor
emission rate (k,) and the intersystem crossing rate (ksc) to more
accurately demonstrate the effect of electrostatic interaction on the
photophysical properties of pUF. As shown in Table 1, tr of pUF was
6.40 ns, and the trof the composites showed a trend of decreasing first
and then increasing after mixing with pPS. When pUF: pPS is 1:2, the 1¢
decreased to the minimum of 6.10 ns, and the k;s¢c of pUF increased
from 14.89 x 107 s t0 15.58 x 107 s™". In addition, the k,, of pUF was also
greatly improved from 0.040941s™ to 0.572892s™. The results
demonstrated that pUF composited with pPS could improve k;sc and
ky, and promoted the phosphorescence emission. It was worth noting
that in the quantum chemistry calculation, we found that the §o.1;) of
the phosphorescent guest molecule was also significantly improved
from 0.97 cm™ to 1.84 cm™ under an applied electric field (Supple-
mentary Fig. 13), indicating that the triplet exciton of phosphorescent
guest molecule was more likely to return to the ground state by
phosphorescent emission. The theoretical calculation results are in
good agreement with our experimental results.

To examine whether there existed energy transfer between pPS
and pUF microspheres, the UV absorption spectra of pPS and pUF were
collected. The results showed that the UV absorption of pUF ranged
from 200 to 280 nm, while the photoluminescence spectrum of pPS
peaked at 310 nm (Supplementary Fig. 14a). There was no significant
overlap between photoluminescence spectrum of pPS and the UV
absorption spectrum of pUF. Furthermore, the photoluminescence
spectra of uPS and pUF composites were supplemented, and it was
found that when the mass ratio of pUF in the composite increased
from 0.01 to 0.5, the fluorescence peak intensity at 360 nm continued
to increase, while the emission peak of pPS at 310 nm did not show a
significant decrease (Supplementary Fig. 14b). In addition, with the
increase of mass ratio of pUF, the fluorescence decay spectra of the

composites were consistent with that of uPS, and there was no obvious
attenuation (Supplementary Fig. 14c). It can be concluded that there is
no obvious energy transfer between pPS and pUF. Moreover, we fur-
ther evaluated the energy transfer process between 14DAP and urea-
formaldehyde resin by the UV absorption spectra and photo-
luminescence spectra. The results showed that the photo-
luminescence spectra of UF overlaps significantly with the UV
absorption of 14DAP at 320 nm-350 nm, which indicated the possi-
bility of energy transfer (Supplementary Fig. 14d). Further, 14DAP was
doped into UF at 0.1 wt%, 0.5 wt%, 1 wt%, 5 wt% and 10 wt% respectively,
and the UF fluorescence attenuation process was observed (Supple-
mentary Fig. 14e). It could be found that the fluorescence emission of
UF at 330 nm was attenuated when 0.1 wt% of 14DAP was doped. When
doped with 5wt% of 14DAP, UF fluorescence emission at 330 nm was
completely quenched, indicating that there was an energy transfer
process between UF and 14DAP.

In addition, the electrostatic interaction between pUF and pPS in
the composites promoted the polarization of the phosphorescent
guest molecule 14DAP in pUF (Supplementary Data 1 and 2). Under the
electric field, ESP distribution range of 14DAP expanded from
-33.6-30.2 kcal/mol to -39.2-56.0 kcal/mol, and the MPI index of
14DAP increased from 13.56 to 15.99 (Supplementary Fig. 15). The
polarity of 14DAP was effectively enhanced under electrostatic inter-
action. Furthermore, the binding energy of 14DAP and urea-
formaldehyde resin varied from -24.62 to —27.22 kcal/mol under an
electric field (Supplementary Fig. 16). The results indicated that elec-
trostatic interaction enhanced the binding force between the matrix
and phosphorescent guest molecules.

In summary, the electrostatic interaction between pPS and pUF in
the composites can effectively promote the polarization of 14DAP,
enhance its binding with the matrix and inhibit non-radiative transi-
tions. Moreover, the electrostatic interaction reduced AEsy and
increased SOC of the guest molecules to improve k¢ and k,,, which
facilitated the phosphorescent emission efficiency.

Nature Communications | (2025)16:4189


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59360-7

a
25 mv
-12 mv
Potential 900.0 nm
d N
15 mv
-20 mv
Potential 900.0 nm
g | \m \Wﬂww\f\i h
ol N R O
| . 2o
2 1647 cry
2 C=0 y
2 643 ¢
<

— PUF: yPS=1:4 — pUF: yPS=1:3
— WUF: pPS=1:2 — pUF: pPS=1:1
— uUF — uPS

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™)

i
9 . - . ,’.\
“virie NS

Enhancement of carbonyl  UF molecular chains

stretching vibration

______;_______

Fig. 3 | Electrostatic interaction on the composites of pPS and pUF. a Potential
distribution, b height distribution and c section potential distribution of puPS in
Fig. 3a; d potential distribution, e height distribution and f section potential
distribution of pUF in Fig. 3d; g IR spectra of pUF and pPS composite; h SEM

© C (_ H @O0 @N B p-phenylenediamine

52.9 nm C 4
< MPS section potential distribution
3
= 30 1 2
s
§ 20 4
o
o 104
3
-40.5 nm g 0
>
(%]
-10 T
0.0 05 1.0 1.5
Distance (um)
31.4nm f "
< MUF section potential distribution
3
3 1 2 3
c
Q
° 01
o
32.7 S
-32./ nm -104
£
>
(]
20

0.0 05 10 15 20 25
Distance (um)

——MUF: pPS=1:1——pUF: pPS=1:2

—pUF: yPS=1:3 —pUF: yPS=1:4

—uUF —uPS

e

Intensity (arb. units)

‘t‘ = ‘ L\(K“l QO

Vibration enhancement
of benzene rings

1

1

1

I

I

¥ 1
- 1
\ 1

1

1

PS molecular chains :
1

1

image of puPS and pUF composite; i *C-SSNMR of the composites of pUF and pPS;
j schematic diagram of molecular configuration changes of pPS and pUF under
electrostatic interaction. Source data are provided as a Source Data file.

Effect of polarity difference between two kinds of microspheres
on phosphorescence properties of micro-nano composites

According to the triboelectric series of polymers, a more polar material
has a higher dielectric constant and tends to acquire a positive charge
upon contact with a less polar material. The greater the difference
between the dielectric constants of the two materials, the more elec-
trostatic charge would be generated after friction, resulting in a larger
surface electrostatic potential. Based on the above work, polymer
microspheres with different polarities may exhibit different electro-
static interactions when mixed with pUF, which subsequently influence
the phosphorescence properties of pUF. Herein, copolymer micro-
spheres of PS-GMA were synthesized from styrene (St) and glycidyl
methacrylate (GMA). Then, PS-GMA was modified using
5-aminotetrazole (SN) to yield a series of PS-GMA-5N microspheres
(Fig. 5b, ¢) exhibiting varying polarity, including PS-GMA-0.2, PS-GMA-
0.5, PS-GMA-0.7, PS-GMA-1.0 (Supplementary Fig. 17). Based on the
ESP analysis, MPI of St-GMA modified with 5-aminotetrazole (5N)

increased from 9.76 to 15.05 (Fig. 5a), suggesting that 5N could
effectively enhance the polarity of the microspheres. Furthermore, in
the dielectric constant test of PS-GMA-5N microspheres (Supplemen-
tary Fig. 18a), it was found that with the increase of the amount of 5N,
the dielectric constant of the microsphere increased from 4.5 to 11,
indicating that the polarity of the microsphere was significantly
improved. The continuous enhancement of the amino characteristic
peak at 3400 cm™! in the IR spectra serves as evidence for the suc-
cessful preparation of the PS-GMA-5N microspheres (Fig. 5d). Fur-
thermore, X-ray photoelectron spectroscopy (XPS) analysis revealed
that PS-GMA-1.0 displayed the highest N content of 3.38% (Supple-
mentary Fig. 18b). Electrochemical impedance spectroscopy (EIS)
analysis (Fig. 5e) revealed that the electrochemical impedance of PS-
GMA-5N decreased as the content of 5N increased (ranging from PS-
GMA-0.2 to PS-GMA-1.0). Notably, PS-GMA-1.0 exhibited the lowest
electrochemical impedance, approaching the value of pUF. The above
results showed that the polarity difference with pUF was continuously
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Table. 1| photophysical properties of yUF and uyPS composites at room temperature

Sample Aem T T [0 >, D k¢ ko Kisc Ko, nr

(nm) (ns) (s) (%) (%) (%) (10%™) (s™) (10's™) (s
uUF 432 6.4 0.8 1.526 3.123 95.351 0.238438 0.040941 14.89859 1.2090592
HUF:uPS =1:1 432 6.21 0.097 1.947 5.162 92.891 0.313527 0.572892 14.95829 9.7363865
HUF:pPS =1:2 432 6.1 0.156 2.051 2.901 95.048 0.33623 0.19565 15.58164 6.2146063
HUF:uPS=1:3 432 7.54 0.125 1.151 2.106 96.743 0.152653 0.174152 12.83064 7.8258479
HUF:uPS =1:4 432 7.59 0.88 1.437 2.628 95.935 0.189328 0.031129 12.63966 11052346

Where A, refers to emission wavelength; trand 1, refer to the lifetime of fluorescence and phosphorescence; @, ®, and ®;s refer to the quantum yield of fluorescence (Supplementary Fig. 4c-g),

phosphorescence and intersystem crossing; kfand kj, refer to radiative decay rate of fluorescence
rate of phosphorescence.

decreasing from PS-GMA-0.2 to PS-GMA-1.0. Finally, micro-nano
composites were obtained by mixing PS-GMA-5N and pUF, in which
the T, of PS-GMA-0.2 and pUF composite was 151 ms (Fig. 5f, g). From
PS-GMA-0.2 to PS-GMA-1.0, the phosphorescence performance of the
UUF composites decreased continually (Fig. 5f), and the T, of PS-GMA-
1.0 and pUF composite was 91 ms (Fig. 5g). Therefore, as the polarity
difference between PS-GMA-5N and pUF decreases, the electrostatic
interaction of them was also weakened, resulting in decrease in T, of
their composites.

and phosphorescence; kis. refers to intersystem crossing rate; kj,, nr refers to nonradiative decay

Universality of electrostatically mediated phosphorescence
enhancement of micro-nano materials

To further explore the universality of electrostatically mediated
phosphorescence enhancement of micro-nano materials. Various
composites were prepared by mixing pUF with kinds of polymer
microspheres, including polyethylene (PE), polyvinyl chloride (PVC),
polymethyl methacrylate (PMMA), polyamide (PA), and poly-
acrylonitrile (PAN). Subsequently, the phosphorescence properties of
these composites were evaluated. Among them, at a mass ratio of pUF
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Fig. 5 | Effect of polarity difference between polymer microspheres and pUF on
the phosphorescence performance of micro-nano composites. a ESP and MPI
calculation of St, St-GMA, and St-GMA-5N; b modification of pPS with 5N. ¢ SEM
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HUF; f delayed luminescence spectra and g phosphorescence decay lifetime spectra
of composites of PS-GMA-5N and pUF. Source data are provided as a Source Data file.

to PA particle of 1.2, the composite demonstrated a T, of 89 ms (Sup-
plementary Fig. 19¢), whereas the PE and pUF composites exhibited a
longer T, of 226 ms (Supplementary Fig. 19i). Further, as the mass ratio
of PE to nUF increased to 1:1, the T, of the composites could reached
252 ms (Supplementary Fig. 19i). It was worth mentioning that pUF
mixed with other polymer microspheres also showed an improvement
of tp. Thus, the phosphorescence emission of pUF can be effectively
enhanced by the electrostatic interaction between polymer and pUF
microspheres of the obtained composites by mixing pUF with various
polymer microspheres.

In addition, a series of urea-formaldehyde resin phosphor
microspheres were prepared by selecting a series of phosphor guest
molecules, and the phosphor properties of the urea-formaldehyde
resin phosphor microspheres and pPS composites were evaluated.
Considering that amino or aldehyde groups contained in phos-
phorescent guest molecules can be involved in the polycondensation
reaction to form urea-formaldehyde resin copolymers, a variety of
aromatic compounds containing amino, formyl or non-functional
groups were selected as phosphorescent guest molecules (Supple-
mentary Movie 3-7), including 3,4-dimethoxybenzaldehyde (DMBD),
2,3-diaminonaphthalene (23DAN), 9-aminophenanthrene (9AP),
vanillin acetate (VA) and phenanthrene (Phn). Accordingly, the

corresponding urea-formaldehyde resin phosphorescent micro-
spheres, such as puDMBD/UF, u23DAN/UF, n9AP/UF, nVA/UF and
HPhn/UF, were prepared, as shown in Supplementary Fig. 20. As
expected, the delayed Iuminescence spectra of these urea-
formaldehyde resin phosphorescent microspheres all exhibited
obvious phosphorescence emission (Fig. 6a-e). Subsequently, a
series of composites were prepared by blending the urea-
formaldehyde resin phosphorescent microspheres with pPS at a
mass ratio of 1:2 (Supplementary Fig. 21). The 1, of the composites
exhibited an improvement compared to that of the urea-
formaldehyde resin phosphorescent microspheres. (Fig. 6f). Speci-
fically, the 1, of pDMBD/UF increased from 38 ms to 77 ms after
mixing with pPS (Fig. 6f). Similarly, the T, of pPhn/UF and pPS
composite increased from 565 ms to 903 ms (Fig. 6f). Therefore, for
phosphor guest molecules, the phosphorescence emission can also
be effectively enhanced by the electrostatic interaction between the
urea-formaldehyde resin phosphor microspheres and pPS.

In summary, the phosphorescent enhancement of micro-nano
composites could be achieved by mixing pUF with different polymer
microspheres or different phosphorescent microspheres with pPS,
demonstrating a good universality of electrostatically mediated
phosphorescence enhancement of micro-nano composites. This has
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paved the way for the development of more efficient and tunable
phosphorescent materials.

Discussion

In summary, based on the electrostatic interaction of micro-nano
composites, the phosphorescence characteristics of urea-
formaldehyde resin microspheres were dynamically mediated. Tak-
ing the composite of uPS and pUF as an example, the T, of the com-
posite was increased from 41 ms to 156 ms and the phosphor intensity
was also enhanced. Their KPFM spectra showed that pPS and pUF
exhibited opposite surface potentials and could produce obvious
electrostatic interaction. Thus, after mixing PUF with pPS, the
stretching vibration peak of carbonyl group in pUF shifted to a higher
wavenumber in the IR spectra. Meanwhile, the peaks of carbonyl car-
bon and benzene ring in their C solid state NMR spectra shifted to low
field and high field, respectively, indicating the electrostatic interac-
tion of the composites. By mixing pUF with a series of PS-GMA-5N
polymer microspheres of different polarities, the photophysical
properties of composites varied with the polarity. It was found that the
greater the polarity difference between the two micro-nano materials,
the better the phosphorescence performance of the composites. The
finite element simulation revealed that the intensity of electrostatic
field between pPPS and pUF could reach 5x10"5 V/m. Additionally, the
electrostatic interaction facilitated the polarization of phosphorescent
guest molecules, enhancing their binding with the matrix, reducing the
energy level difference, enhancing SOC, and promoting k;sc and kp.
Moreover, when various polymer microspheres mixed with pUF or a
variety of phosphorescent urea formaldehyde resin microspheres
mixed with pPS, the T, of the resulting composites exhibited different
degrees of improvement, demonstrating a good universality of elec-
trostatically mediated phosphorescence enhancement of micro-nano
composites. Consequently, the electrostatic interaction within micro-
nano phosphorescent composites can effectively achieve RTP
enhancement, which would broaden the future application of RTP
materials in the field of functional devices.

Methods

Materials and methods

All chemicals were purchased from commercial sources without fur-
ther purification. Urea, styrene (St) and 37-40% formaldehyde solution
were purchased from Tianjin Jiangtian Chemical Technology Co., LTD.
1,4-Diaminobenzene (14DAP) was obtained from Shanghai Macklin
Biochemical Technology Co. 3,4-Dimethoxybenzaldehyde (DMBD),
glycidyl methacrylate (GMA), polyacrylonitrile  (PAN) and
5-aminotetrazole (5N) were purchased from Tianjin Heowns Bio-
chemical Technology Co., Ltd. 2,3-Diaminonaphthalene (23DAN),
9-aminophenanthrene (9AP) and vanillin acetate (VA) were obtained
from Shanghai Bide Pharmatech Co., Ltd. Phenanthrene (Phn) was
purchased from Shanghai Dibai Chemical Technology Co., Ltd. poly-
ethylene (PE), polyvinyl chloride (PVC), polymethyl methacrylate
(PMMA), and polyamide (PA) microparticles were purchased from
Dongguan Zhangmu Suzhan plastic Co., LTD.

Photoluminescence spectra, delayed photoluminescence spectra,
and phosphor life decay curves were performed on a F-4700 fluores-
cence spectrophotometer (HITACHI Instruments, Japan). Infrared
spectra (IR) were measured on a Nicolet 380 FT-IR spectrometer
(ThermoFisher Scientific, America). X-ray diffraction (XRD) analyses
were carried out on AXS D8 X-ray diffractometer (Bruker, America)
using a Cu Ko X-ray source (40kV, 100 mA). X-ray Photoelectron
Spectroscopy (XPS) was performed using a Kalpha (ThermoFisher Sci-
entific, America). Kelvin Probe Force Microscope (KPFM) spectra were
collected by Bruker Dimension Atomic Force Microscope. Dielectric
properties were tested by Agilent 4294 A. Electrochemical properties of
materials were measured through a three-electrode system in an elec-
trochemical workstation with a brand of CHI66 (Chenhua, China).

Preparation of samples

uPS. Deionized water (100.0 mL), ethanol (20.0 mL), polyacrylic acid
(0.5g) and potassium persulfate (0.1g, 0.37 mmol) were added to a
round-bottom flask, and stirred at room temperature. Subsequently,
styrene (3.0g, 28.81mmol) was added dropwise. Under a nitrogen
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atmosphere, it was stirred at room temperature for 30 min, then heated
to 75 °C and stirred for 8 h to yield the suspension. Then, the suspension
was centrifuged at 8000 rpm with the centrifugal force is 7155g for
8 min to yield a white solid. After washing the white solid with deionized
water five times, the resulting white powder was dried for use.

HUF. Urea-formaldehyde resin microspheres were prepared by dis-
persion polymerization. Urea (1.5g, 25.00 mmol), 40% formaldehyde
solution (4.1g, 54.67mmol), 1, 4-diaminobenzene (40.0 mg,
0.37 mmol), and water (50 mL) were added into a one-neck flask. After
dissolution, hydroxymethyl cellulose (50.0 mg, 0.68 mmol) and
ammonium sulfate (4.0 g, 28.17 mmol) were added as dispersant and
precipitant, respectively. The pH of the reaction solution was adjusted
to 2, heated to 50 °C for 3 h, cooled to room temperature and aged
for 24 h. The precipitate was filtered, washed for 5 times, and dried at
50 °C for 3 h to obtain pUFs.

uDMBD/UF. DMBD doped urea formaldehyde resin phosphorescent
material was prepared by dispersion polymerization. Urea (1.5g,
25.00 mmol), DMBD (30 mg, 0.18 mmol), 40% formaldehyde solution
(4.1g, 54.67 mmol), and water (50 mL) were added into a one-neck
flask. then, hydroxymethyl cellulose (50.0 mg, 0.68 mmol) and
ammonium sulfate (4.0 g, 28.17 mmol) were added as dispersant and
precipitant, respectively. The pH of the reaction solution was adjusted
to 2, heated to 50 °C for 3 h, cooled to room temperature and aged
for 24 h. The precipitate was filtered, washed for 5 times, and dried at
50 °C for 3 h to obtain uDMBD/UF.

Following the same synthetic procedure, DMBD was replaced with
23DAN (30 mg, 0.19 mmol), VA (30 mg, 0.15mmol), Phn (30 mg,
0.17 mmol), or 9AP (30 mg, 0.16 mmol), respectively, to prepare the
phosphorescent microspheres p23DAN/UF, pVA/UF, pPhn/UF, and
H9AP/UF.

UPS-GMA. Potassium persulfate (0.2 g, 0.74 mmol), tween 20 (0.5g,
0.96 mmol) and deionized water (60.0 ml) were added into a 250 ml
one-neck flask. Then, GMA (5.0g, 35.21mmol) and St (5.0g,
48.07 mmol) were dropwise added to the flask, then, it was heated to
75°C for 8 h to form a white emulsion, and then cooled to room
temperature. The reaction mixture was demulsified with ethanol,
centrifuged to obtain a white solid, washed repeatedly with ethanol for
5 times, and dried under vacuum at 50 °C to obtain a white powder.

HPS-GMA-5N. 1PS-GMA (1.5 g), 5 N (80.0 mg, 0.2 equiv. was relative to
GMA of pPS-GMA) and deionized water (100.0 mL) were added into a
round-bottom flask. Stirred the mixture for 4 h at 80 °C. Then filter the
mixture and vacuum dry the filter cake to obtain the white solid
powder pPS-GMA-0.2. Similarly, pPS-GMA-0.5, pPS-GMA-0.7, and pPS-
GMA-1.0 were prepared.

Quantum chemical calculation

The ESP distribution and MPI of the molecules were calculated based
on the optimized configuration of guest molecules using Multi-
functional Wavefunction Analyzer (Mutiwfn).

Gaussain 09 was used to optimize the configuration of guest
molecules and their derivatives under the b3lyp/6-31 g(d). The external
electric field was applied in X direction, for example, the case of
EEF=0.01 a.u. (1a.u.=5.142206 x 10"V/m) corresponds to using the
keyword of field = read 0.01, O, 0 in Gaussian. Similarly, the keywords
inthe Y or Z direction are field = read 0, 0.01, O or field =read O, 0, 0.01.

The singlet, triplet, binding energy and SOC of guest molecules
and matrix were also calculated under b3lyp/def2-tzvp by ORCA 5.0.

Simulation Modeling
COMSOL Multiphysics 6.2 software and finite element analysis method
were used for simulation modelling. Experimentally measured values

were input into the software for pPS (dielectric constant = 5.5, surface
potential = 26 mV) and pUF (dielectric constant = 8.5, surface
potential =-16mV).

Data availability

All the other data used in this study are available in the article and its
supplementary information files and from the corresponding author
upon request. Source data are provided as a Source Data file.
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