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Organic nanoparticles provide exceptional intraparticle tailorability, enabling the incorporation of functional
molecules for diverse applications. In this study, we present the synthesis and characterization of
fluorescent organic nanoparticles (FONPs) with encapsulated aggregation-induced emission (AIE)
luminogens with emission properties regulated by particle rigidity. Atom transfer radical polymerization
(ATRP) was employed in dispersed media to develop various fluorescence colors tuned by precise
control over particle rigidity. Comprehensive analyses revealed that increased particle rigidity significantly
enhanced photoluminescence, achieving quantum yields of up to 22% in selected solvents. The high
chain-end fidelity facilitated the grafting of hydrophilic polymer brushes from surfaces of FONPs used as
macroinitiators, enabling their dispersion in aqueous media while maintaining bright fluorescence. These
findings highlight the potential of rigidity-regulated FONPs as versatile platforms for advanced material
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Introduction

Brush-modified nanoparticles are precisely designed nano-
materials in which polymer chains are tethered to nanoparticle
cores.” Their properties are highly customizable, as the
macromolecular characteristics of the brush layer can be
tailored to suit the nanoscale constituents. The interactions
between the components can lead to synergistic enhancement
of properties, enabling these materials to meet specific appli-
cation requirements.**® While significant attention has been
given to grafting polymers from surfaces of inorganic nano-
particles, organic nanoparticles (oNPs) offer additional intra-
particle tailorability.™** Various functional molecules can be
loaded into oNPs, while maintaining environmental compati-
bility and biological safety.” An example is the recently devel-
oped polyinimer-based oNPs," which feature tunable rigidity
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applications, particularly in fluorescent waterborne films and aqueous-phase sensing systems.

and preserved end-group functionality, achieved through atom
transfer radical polymerization (ATRP).**™**

Aggregation-induced emission (AIE) refers to the phenom-
enon where molecules exhibit enhanced emission in the
aggregated form or with restricted molecular motion.">* With
a wide variety of AIE luminogens (AIEgens) and diverse strate-
gies to suppress molecular motion, AIE has found extensive
potential applications in lighting, imaging, and sensing.** AIE-
gen can be selectively incorporated into synthetic polymer
materials*®** as initiators,>®* monomers, or crosslinkers,*
and can also endow tunable emission dependent on through-
space charge transfer.>** When AIEgen-based crosslinkers are
incorporated into polymer networks, the matrices can sustain
enhanced luminescence even in solution.*® Despite profound
research on “covalent” attachment of AIEgens in polymers,
investigations into non-covalent, physically entrapped AIEgens
influenced by tunable rigidity are very rare.

Herein, we developed fluorescent organic nanoparticles
(FoNPs) with AIEgens physically entrapped with rigidity-
regulated AIE properties using microemulsion ATRP (Fig. 1).
The AlEgens were premixed with the comonomers of inimer (2-
(2-bromoisobutyryloxy)ethyl methacrylate, BIBEM) and cross-
linker (ethylene glycol dimethacrylate, EGDMA) reported in
a previous study.” This mixture, prepared without organic
solvents, was sonicated to form the oil phase. Two hydroxy-
functionalized AlEgens, named HMTPE and THBPE (Fig. 1
and S1t), were selected due to their compatibility with BIBEM.
The AlEgen loading was 3 and 0.3 mol% for smaller HMTPE and
for larger THBPE, respectively. The loadings of THBPE were
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Fig. 1 Schematic illustration of AlEgen-encapsulated FONP by microemulsion ATRP.

limited by its poorer solubility in the inimer. The non-ionic
surfactant Brij 98 stabilized the oil-water interface, ensuring
that each FONP macromolecule was confined within a single
microemulsion droplet.*® The aqueous phase contained the
surfactant and the copper catalyst complex [Br-Cu"(TPMA)]*
[TPMA = tris(2-pyridylmethyl)Jamine]. The oil-water mixture
was homogenized through vortex mixing to form a micro-
emulsion, followed by the addition of ascorbic acid (AsAc) as
a reducing agent to initiate the ATRP reaction. The resulting
FoNPs with physically trapped AlEgens were purified through
precipitation in methanol, dissolution in tetrahydrofuran
(THF), and repeated dialysis to remove residual unreacted
reagents, leached AIEgens, and any other impurities.

Results and discussion

The purified FONPs were designated as AIEgen,,,BnE(100-n) (B
and E represent BiBEM and EGDMA, respectively), indicating
the molar fraction of each component. Three representative
compositions—B90E10, B75E25, and B60E40—were selected to
study the effect of increasing intraparticle rigidity. The investi-
gation of “size change” of oNPs in microemulsion (immediately
after polymerization) and redispersed states (in THF) showed
a transition from “swollen” to “shrunk” states, and their
enhanced intraparticle rigidity was governed by increasing
crosslinker content using Brillouin light spectroscopy, as re-
ported previously.” The morphology of oNPs by atomic force
microscopy (AFM) and their glass transition by differential

10334 | Chem. Sci., 2025, 16, 10333-10339

scanning calorimetry (DSC) were also reported. The FONPs in
THF solutions were characterized using size exclusion chro-
matography (SEC) and dynamic light scattering (DLS) to assess
molecular weight and hydrodynamic size (Fig. 2a). Regardless of
the type of incorporated AlEgen, DLS showed that the hydro-
dynamic size of the FONP decreased with increased crosslinker
content (Fig. S21). Additionally, SEC analysis with a refractive
index (RI) detector (Fig. S31) revealed that more rigid FONPs
exhibited smaller elution volume and lower dispersity (i.e., the
value of M,,/M,), consistent with reduced swelling regulated by
crosslinker content. From all the characterization results using
SEC and DLS, no bimodal distribution was observed, which
indicated that the FONP systems are unimolecular. Absolute
molecular weights were measured using a multi-angle light
scattering (MALS) detector with sample concentration adjust-
ments. Each batch displayed molecular weights in the range of
several million, indicating its compact structure. Furthermore,
the similar molecular weight values across batches underscored
the reproducibility of the microemulsion method, where
essentially all vinyl comonomers were effectively transformed
into a single crosslinked macromolecule within the confined
compartments.

Spectrofluorometry was employed to investigate the photo-
luminescence properties of the FONPs. The photoluminescence
quantum yields (QY, @) were determined by measuring the
absolute QY of a reference sample (Fig. S41), and then the
relative QY was calculated for other samples (eqn (S1) and Table
S1t).*” Control experiments showed that bare oNPs (without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HMTPE;B90E10 0.90 0.10 0.03 103 1.46 3183 27.2+0.5
HMTPE;B75E25 0.75 0.25 0.03 57 1.25 3218 19.9+0.4
HMTPE;B60E40 0.60 0.40 0.03 41 1.19 3244 16.4+0.3
THBPE, ;B90E10 0.90 0.10 0.003 106 1.35 3261 25.8+0.1
THBPE, ;B75E25 0.75 0.25 0.003 61 1.24 3470 19.5+0.1
THBPE, ;B60E40 0.60 0.40 0.003 46 1.20 4252 18.0+0.2
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Fig. 2 AlEgen-encapsulated FONP with rigidity-regulated emission. (a) Sample information. “Reaction conditions: [AlEgen]o: [BIBEMIg:
[EGDMA]p: [CuBra(TPMA)]o: [AsAclg = 3 (HMTPE) or 0.3 (THBPE): n: 100-n: 0.08: 0.4, BIBEM 0.5 x (n/100) g, Brij 98 0.5 g in 12 g water, 50 °C for
2 h. Apparent molecular weights (and distributions) of FONPs determined by THF SEC using Rl detector and PMMA standards. “Absolute
molecular weights determined by MALS detector and calibrated using sample mass concentration. “Hydrodynamic diameters determined by DLS
based on the volume distribution in THF. Fluorescent emission spectra evolution (excitation wavelength Aex = 336 nm) of (b) HMTPE- and (c)
THBPE-encapsulated FONPs with increasing intraparticle rigidity (served by the arrow to guide the eye). (Inset) Digital photos of FONPs under UV

irradiation (Aex = 365 nm).

AlEgens) exhibited weak fluorescence (QYs ~3%) (Fig. S5t).
This could be partially attributed to the residual copper catalyst
complex entrapped during the polymerization (Fig. S61).*® The
absorption and emission spectra of both AIEgens, in THF
solutions and the solid state, were analyzed (Fig. S77).
Compared to the spectra of AlEgen-encapsulated FoNPs,
although the oNP backbone influenced the absorption spec-
trum, the emission of FONP (despite a slight red shift) resem-
bled that of solid AIEgen. Based on these observations, the QYs
of FONPs were comparable.

For HMTPE-encapsulated FoNPs, a significant increase in
emission intensity was observed as intraparticle rigidity
increased (Fig. 2b). The most rigid HMTPE;B60E40 exhibited
a QY of 15.5%, as confirmed by the cyan fluorescence. In
contrast, the least rigid HMTPE;B90E10 showed a QY of only
2.4%, similar to that of bare oNPs. The low QY was attributed to
insufficient rigidity within the FoNP, which allowed unre-
stricted local intramolecular motion and resulted in weak
emission from HMTPE despite successful encapsulation
(Fig. S8f1). Further control experiments, in which particle

© 2025 The Author(s). Published by the Royal Society of Chemistry

rigidity was maintained while varying the HMTPE composition,
demonstrated consistent QY values (Fig. S9f). Increasing
the number of AlEgens per FONP did not enhance emission,
confirming that intraparticle rigidity, rather than potential
aggregation, is a critical factor for photoluminescence
enhancement.

For THBPE, which features a larger molecular scaffold,
encapsulation produced FoNPs with a specific emission peak
around 540 nm (Fig. 2c). A steady increase in QY was observed
as FoNP rigidity increased; however, the enhancement was less
pronounced, likely due to the difficulty in fully restricting the
rotational motion of the larger molecules. Nonetheless, the
combined emissions from the oNP backbone and THBPE
generated weak greenish-white fluorescence under UV irradia-
tion (Fig. S10%), representing a rare instance of full-spectrum
emission using a single dye.*®

The “skeletal” densities of solid oNP backbones were previ-
ously measured by a helium pycnometer to be approximately
1.43 g cm *.** Based on available data—including molecular
weight, hydrodynamic size, and the skeletal volume of oNPs

Chem. Sci., 2025, 16, 10333-10339 | 10335
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Fig. 3 THBPE-encapsulated FONP with enhanced emission in BnOH.
(a) Schematic illustration of solubility difference between oNP back-
bone and THBPE to generate a brighter emission. (b) Fluorescent
emission spectra evolution (Aex = 336 nm) of THBPE-encapsulated
FONPs with increasing intraparticle rigidity (served by the arrow to
guide the eye). (Inset) Digital photo of FONPs under UV irradiation (Aex
= 365 nm).

measured with the pycnometer—the porosities of the oNP
backbones were estimated (Table S27). They ranged from 73%
for B90E10 to 32% for B60E40, suggesting that solvent mole-
cules could penetrate FONP. Therefore, benzyl alcohol (BnOH),
a polar solvent, was selected to explore an alternative approach
for enhancing emissions where the oNP backbone could fully
disperse while the AlEgen remained poorly soluble (Fig. 3a).
While THBPE exhibited poor solubility in BnOH, the THBPE-
encapsulated FoNPs formed a clear and transparent disper-
sion in BnOH after ultrasonication (Fig. S11f). In these
dispersions, the FONPs exhibited bright yellow-green fluores-
cence, with their QY increasing to 22.1% (Fig. 3b). Notably, QY
continued to increase with enhanced FoNP rigidity, further
underscoring the phenomenon of rigidity-regulated emissions.

ATRP retains high chain-end fidelity in the synthesized
macromolecules needed for chain extension.*” Leveraging the
high bromide content from BiBEM, the FONPs served as mac-
roinitiators (i.e., FONP-Br) for grafting polymer brushes directly
from their surfaces. In a model reaction, ethyl a-bromoisobu-
tyrate (EBiB) was used as a sacrificial initiator to estimate the

10336 | Chem. Sci,, 2025, 16, 10333-10339
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molecular weight of the grafted chains (Fig. 4a).** Hydrophilic
oligo(ethylene glycol) methyl ether methacrylate (OEOMA;,,
average M,, = 500) was selected as the monomer for the brush
layer to effectively disperse the entire particle brush in water
while the contracted FoNP core contributed to enhanced
emission (Fig. 4b). This approach overcame the traditional
limitation of AIEgens, which typically aggregate in water to
emit.

To achieve this, surface-initiated activators regenerated by
electron transfer (SI-ARGET) ATRP was employed, using tin(u) 2-
ethylhexanoate [Sn(Oct),] as the reducing agent. Mixtures of
POEOMA;-grafted FoNPs (FONP-g-POEOMA;,,) and linear
POEOMA;, were partially diluted in dimethylformamide (DMF)
for SEC analysis. The analysis revealed that the elution time of
FoNP-g-POEOMA;, shifted toward higher molecular weights
compared to the original FONPs, confirming the preservation of
end-group functionality and growth of chains from the surface
of particles (Fig. 4c). The peak corresponding to linear
POEOMA;,, was deconvoluted (assuming a normal distribu-
tion) and calibrated using the Mark-Houwink equation to
determine its absolute molecular weight (Fig. S12, eqn (S2) and
(83)1').42’43

Grafting density (o, chains nm™2) is a critical parameter for
nanoparticle brushes, quantifying the number of polymer
chains grafted per unit surface area.** The comprehensive
method used for the ¢ determination of FONP-g-POEOMA;, is
outlined in the ESI (eqn (S4)-(S14) and Table S3), and the
consolidated results are shown in Fig. 4d. The effectiveness of
FoNP-Br with its multiple initiating sites was demonstrated by
the average number of grafted polymer chains (Nprysh)- Results
showed that Np.,sn decreased as FoNP rigidity increased.
Despite this reduction and the smaller hydrodynamic sizes, the
o values remained high, ranging from 0.7 to 0.9 chain per nm?,
a level for assembling ordered nanostructures.*® Each brush-
modified FONP exhibited an average molar mass of up to 133
x 10° g mol™"', indicating a gigantic macromolecule. The
average number of AlEgens per FONP was also estimated,
reaching approximately 358 for HMTPE- and 42 for THBPE-
encapsulated FoNPs, respectively. Assuming no aggregation
and even distribution, these values correspond to an approxi-
mate average distance of 2.3 nm for HMTPE and 4.8 nm for
THBPE between neighboring AIEgens.

To validate the concept, particle brushes were purified using
ultrahigh-speed centrifugation to separate them from linear
polymers. The centrifuged HMTPE;B60E40-g-POEOMA;q,
particle brushes were redispersed in water (20 mg mL™ "),
forming a transparent dispersion (Fig. S137). In contrast,
HMTPE;B60E40 (FOoNP without brushes) was diluted in THF
(0.8 mg mL ') to achieve an equivalent HMTPE concentration
(9.2 x 107> mol L™ '). When irradiated with UV light, the water-
dispersed particle brushes emitted significantly brighter fluo-
rescence (Fig. 4e). These experiments demonstrate the potential
for applying physically entrapped AlEgen-based materials in
aqueous environments and highlight brush-modified FoNPs as
promising candidates for fluorescent waterborne coating
materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SI-ARGET ATRP from FoNP-Br macroinitiator with EBiB. Schematic illustration of the (a) synthesis and (b) emission enhancement of
brush-modified FONP. (c) (Normalized) SEC elution time of HMTPEzB60E40 (in THF, green) and mixtures of HMTPEzB60E40-g-POEOMA5q with
linear POEOMAsq (in DMF, blue). (d) Sample information. “Reaction conditions: the bromide concentration of macroinitiator ([FONP-Brlg) was
denoted as an unknown x; [OEOMAsq0lo: [FONP-Brlg: [EBiBlg: [CuBr;lo: [IMeg TREN]q: [Sn(Oct),lo = 10 000: x: 1: 3: 9: 15, FONP-Br approximately
50 mg, OEOMAsp0 6 mL (50 vol% in anisole), 60 °C for 1 h. bAbsolute molecular weights and distributions of the grafted POEOMAsqo brush layer
calibrated using Mark—Houwink equation. “Calculated average number of grafted chains per FONP-Br, grafting density, and molecular weight of
FONP-g-POEOMAsqo were detailed in the ESI.T (e) Digital photo of HMTPE3B60E40-g-POEOMAsq, (in water, 20 mg mL™%) and HMTPEsB60E40
(in THF, 0.8 mg mL™Y) with equivalent HMTPE concentration (9.2 x 107> mol L™%) under UV irradiation (Aex = 365 nm).

Conclusions

In summary, this study revealed the integrated synthesis and
comprehensive characterization of AIEgen-encapsulated FONPs
with rigidity-regulated emission, achieved through micro-
emulsion ATRP. The modular design, allowing precise control
over key FONP properties such as AIEgen type and intraparticle
rigidity, highlighted the versatility of the physical entrapment
approach in developing highly customizable fluorescent nano-
particle systems. Additionally, the high chain-end fidelity
enabled by ATRP facilitated the efficient surface grafting of
hydrophilic polymer brushes. The investigation into the graft-
ing density of brush-tethered FONPs underscored their potential
for uniform self-assembly into nanostructures. These brush-
modified FoNPs demonstrated enhanced photoluminescence

© 2025 The Author(s). Published by the Royal Society of Chemistry

at low dye loading without covalent attachments and with full
dispersibility in water, overcoming traditional limitations of
AlEgens. This work broadens the scope of AIE applications in
the aqueous environment and establishes brush-modified
FoNPs as promising candidates for fluorescent waterborne
film materials.
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