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Light-element-based fluorescent materials, colloidal graphene quantum dots, and carbon dots
(CDs) have sparked immense scientific interest in the past decade. However, a significant
challenge in practical applications has emerged concerning the development of solid-state
fluorescence (SSF) materials. This study addresses this knowledge gap by exploring the
unexplored photonic facets of C-based solid-state micro-photonic emitters. The proposed
synthesis approach focuses on carbonized polymer microspheres (CPMs) instead of the
conventional nanodots. These microspheres exhibit remarkable SSF spanning the entire visible
spectrum, from blue to red. The highly spherical shape of CPMs imparts inbuilt photonic
properties in addition to its intrinsic CD-based attributes. Leveraging their excitation-dependent
photoluminescence property, these microspheres exhibit amplified spontaneous emission
assisted by the whispering gallery mode (WGM) resonance across the visible spectral region.
Remarkably, unlike conventional semiconductor quantum dots or dye-doped micro-resonators,
this single microstructure showcases adaptable resonant emission without structural/chemical
modifications. This distinctive attribute enables a plethora of applications, including
microcavity-assisted energy transfer for white light emission, highly sensitive chemical sensing,
and secure encrypted anti-counterfeiting measures. This interdisciplinary approach, integrating
photonics and chemistry, provides a robust solution for light-element-based SSF with inherent

photonic functionality and wide-ranging applications.



1. Introduction

Fluorescent carbon dots/carbonized polymer dots (CDs/CPDs) can be easily fabricated and
exhibit unique luminescence in the visible to near-infrared wavelength region. These novel
nanomaterials have garnered significant attention owing to their unique optical properties,
photostability, low cost, and low toxicity, thus being utilized in widespread applications in
various fields including optoelectronic devices, bioimaging, and catalysis.}® Owing to the
limitations of rare-earth elements and heavy toxic effects of chalcogenides and perovskite
guantum dots on the environment and biological systems, researchers have started focusing on
CDs/CPDs to overcome the drawbacks of conventional phosphor materials. However, the
luminescence mechanism of these materials is ambiguous and controversial. Some hypotheses
regarding the photoluminescence (PL) mechanisms of colloidal CDs/CPDs involving the C core,
surface/edge, and molecular states have been reported based on both experimental and
theoretical investigations.”** However, the optical properties of CDs are still not fully
understood because of their complex structures. CDs can be considered as fluorescent cocktails
composed of multiple emission centers that arise from various molecular fluorophores (MFs)
or their agglomerates.'?*> Currently, significant focus is placed on advancing the synthesis of
CD solutions with a high PL quantum yields (QYs), spanning from blue to red emission.16-2
However, the practical application of CDs in lighting devices faces a challenge in transforming
them into solid form, primarily due to aggregation-induced quenching (AIQ) resulting from
excessive resonance energy transfer or direct n-m interactions between adjacent van der Waals
forces in layers.?l>* To overcome these limitations, a common practice involves integrating
CDs into suitable host matrices such as organic polymers, starch, inorganic salts, and silica
xerogel.?> 26 Nevertheless, this blending approach encounters challenges such as poor
photostability, uneven dispersion, and low QYs. Consequently, a pressing need exists for a
systematic method of achieving self-quenching-resistant solid-state fluorescence characteristics
by effectively curbing m-m stacking interactions and mitigating excessive Forster resonance
energy transfer (FRET) of CDs in bulk or powder form without introducing external substances.
Various research groups are actively pursuing the development of self-quenching-resistant
solid-state CDs through a structural design strategy, demonstrating near-infrared
(NIR)/red/green/blue solid-state FL. C nanostructures. Consequently, a nanostructure design
that hinders the energy transfer between the luminescent center could be an effective means of

overcoming AlQ.?" %8



2.

Pk g St

EPL CA %
s 3
Aex:355 nm Aex:470nm | A,:532nm

(1-20 pm)

2,

NWV LV Uy

Figure 1. Schematic of the synthesis of CPM via hydrothermal reaction between CA and

peptide structures and excitation-wavelength-dependent color variable photonic micro-

resonator structure. The inset shows digital photographs of CPM under daylight and UV light.

Although CDs have been employed in several applications, their inbuilt photonic
behavior remains unexplored. The dimensions of the material, particularly its shape and size,
play a crucial role in determining its optical properties, such as scattering, reflection, and light
confinement.?®-3 Furthermore, when microstructures adopt a highly spherical shape, strong
photonic effects may emerge alongside the intrinsic CD-based properties.

Considering the barriers to solid-state light emission and the lack of desired photonics
behaviors, we pioneered the creation of CPMs through MFs within microspheres, in contrast to
traditional nanodot synthesis (schematic representation in Figure 1). This article reports the
synthesis of novel photonic microstructures with matrix-embedded carbonized luminescent
centers by adopting a transparent polymer as the starting material. The creation of CPMs on the
gram scale involves microscopic phase separation through natural peptide crosslinking during
hydrothermal processing. The microstructure exhibits solid-state light emission across the blue
to red spectral range. Furthermore, as the microstructures have highly spherical shapes, CPMs
show inbuilt “photonic functionality” emerging alongside intrinsic CD-based properties. By
leveraging its excitation-wavelength-dependent PL, unlike typical inorganic semiconductor-
based/dye-doped microresonators, a single CPM exhibits adjustable sharp whispering gallery
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mode (WGM) resonances across a broader spectrum by altering the excitation source and
successfully tailors and demonstrates color variable resonant emission without any structural
alteration, in contrast to conventional semiconductor quantum dots/dye-doped
microresonators.®? 3+ 3 This article establishes guidelines for the formation of CPM and its
variants and reveals its internal structure from the microscale to the nanoscale, the nature of the
emission center, and the light—matter interaction in the microcavities. These findings may help
promote the development of technology in lighting, bioimaging, and sensing applications in the
near future.

The conceptual novelty of this work includes several innovative aspects beyond CDs.
(1) A rationally tunable hydrothermal/microwave synthesis method was established for the
synthesis of CPMs with high sphericity. (2) Chromaticity-tunable emission (including direct
white-light emission (WLE) was achieved using a single-object CPM. (3) The resultant
microspheres were integrated with emission centers well separated by the polymeric chain
matrix inside the microstructures, leading to the suppression of AlQ and yielding direct solid-
state emission throughout the visible region. (4) The CPMs acted as a WGM microresonator
and displayed ASE (quality (Q)-factors up to 1.6 x 10%) throughout the visible wavelength
region from blue to red depending on the excitation wavelength. Utilizing the excellent
emission properties of these CPMs, we demonstrated efficient UV light harvesting,
chromaticity-tunable WLE, multilevel authentication for hierarchically protected anti-

counterfeit applications, and single-microparticle-based chemical sensing.

2. Results and Discussion

Proteins and peptides undergo denaturation when exposed to external stimuli, resulting in
uncoiling and tangling of their structures. This process forms a mesh-like structure that traps
the surrounding water by exposing the hydrophobic groups, leading to a loss of the solubility
and color of the peptides (Figure S1).%® By mimicking this biological process, a facile and
single-step approach has been demonstrated for the gram-scale synthesis of a CPM structure
using the cationic peptide, e-polylysine (EPL), and citric acid (CA). Generally, CA and organic
amines/polymers produce luminescent CDs/CPDs. Instead of organic amines, we used EPL
possessing a natural cationic peptide structure. During the hydrothermal/microwave reaction,
the peptides lose their original structure (a-helix, B-sheet, or random coil) through external
stimuli (CA, pressure, or temperature), resulting in phase separation followed by morphological
transformation into CPM by amide bond formation between the -COOH groups of CA and the
NH2 group of EPL.
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CPD structures by tuning the particle morphology via controlling the crosslinking.

Figure 1 shows a schematic representation of the formation of CPMs via facile, single-
step hydrothermal/microwave synthesis. The hydrophobicity of the CPMs is due to the amino
acid side chains that are natively crosslinked by the acid groups in CA, leading to an aggregated
microstructure caused by exposing the hydrophobic peptide backbone. In situ optical
photographs recorded during the microwave synthesis reaction also confirmed this crosslinking
and phase separation from the solution and formation of CPMs (Figure S2). Briefly, an aqueous
solution of EPL and CA underwent a hydrothermal/microwave reaction, and a yellow
precipitate was collected from the pale-yellow solution by washing and drying it in a vacuum
furnace to obtain the CPM powder (Experimental Section in the Supporting Information for
details). The CPMs exhibited a high production yield exceeding 70% (Table S1). Gram-scale
(2.2 g) production was also easily achieved in a single reaction conducted in 25 mL of the
solution, indicating the suitability of this process for industrial-scale production. To investigate
the size of the structures (CPM-A, B), field emission scanning electron microscopy (FESEM)
analyses were performed, and the micrographs show microsphere formation with a smooth
surface and diameter in the range of approximately 5-20 um (Figures 2a—d and Figure S3).
The elemental mapping and EDS spectra of a single CPM-A sample unambiguously confirm
the presence of C, O, and N (Figures 2f-h and Figure S4). During the microwave reaction,
diameters up to ~1 pwm can be realized as the growth is faster than that in a hydrothermal reaction
(Figure S5).
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Figure 3. (a-c) XRD, FT-IR, and XPS spectra of EPL and CPM. De-convoluted XPS spectra
of (d) C-1s, () N-1s, and (f) O-1s of CPM-A. (g-i) Solid-state 3C CP-MAS NMR spectra
compared with those of the starting materials CA and EPL, and ®N CPMAS experimental
spectra of CPM-A.

Figure 2i shows the typical conversion of CPMs into CPDs. When the -COOH/-NH>
molar ratio from CA and EPL is approximately 1-1.3, crosslinked microspherical structures are
formed (Figures S6a-c). However, with a gradual increase in CA, the CPM surface becomes
porous, and the CPD structure start to form on the surfaces of the spheres (CPM-C, Figures
S3e and f). When the -COOH/-NH2 molar ratio exceeds ~3-5, CPM-aggregates (Figure S6d)
and water-dispersed CPDs with particle sizes ranging from 5 to 15 nm are formed (Figures S6e
and f). At 220 °C, aggregated carbonized microstructures with 10-20 nm CPDs are evident
(Figures S7c and d). This result strongly indicates that the formation of CPM into CPDs is
dependent on the reaction conditions. When equal molar ratios of -COOH and -NH: are
employed, they effectively crosslink to form microspheres. Increasing the reaction temperature
and COOH concentration in the reaction medium leads to fragmentation of the chain nano-

CPDs formed through EPL (Figure S8). The transmission electron microscopy (TEM) results
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in Figure S9 reveal dark-contrast microspheres, indicating the dense packing of the crosslinked
structures. The X-ray diffraction (XRD) patterns show a broad peak at a 20 value of 21° with
the absence of a sharp peak corresponding to EPL, indicating the formation of an amorphous
CPM structure (Figure 3a).1" 3" 38 The attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR) spectra reveal that most of the functional groups observed are similar
to those of EPL, which indicates that the EPL linear chain structure is aggregated upon its
reaction with CA and a microstructure is formed due to the reaction of the functional groups
(Figure 3b).*°® The X-ray photoelectron spectroscopy (XPS) results in Figure 3c reveal the
existence of C, O, and N; where C is the primary component of the CPMs. The N/C ratio of the
CPMs gradually decreases from CPM-A to CPM-C compared that of EPL due to crosslinking
with CA (Table S2), as confirmed by both XPS and CHNO analysis (Table S3). The
deconvoluted high-resolution XPS (HRXPS) spectrum of CPM-A for C 1s shows different
types of C chemical bonding, indicating that various functional groups are present in the CPMs.
The C-1s peak of the CPMs mainly consists of three types of C bonds: C-C/C=C, C-N/C-0,
and COOH/CONH (Figure 3d). The N-1s HRXPS results exhibit a peak at 399.0 eV
corresponding to C-NH> and C-N-C (pyridinic nitrogen) and a peak at 400 eV due to the amide
bond, which demonstrates the formation of a pyridinic bond and a large amide bond (Figure
3e).4-%2 In the O 1s region, the two peaks at 531.2 and 532.6 eV attributed to the N-C=0 and
0O-C=0 bonds, respectively, are consistent with the different O functionalities of O 1s in the
CPMs (Figure 3f). The de-convolution of the C-1s, N-1s, and O-1s spectra of CPM-B, C also
reveal the presence of different functional groups (Figure S10). The CPM structure was
characterized by solid-state nuclear magnetic resonance (NMR) using *C and *N. The *C
cross-polarization, magic angle spinning (CPMAS) NMR spectra of pure EPL, CA, CPM-A,
and CPM-B are presented in Figure 3g. The peaks at 179, 176, and 175 ppm from CA and
chemical shifts at 178 and 175 ppm correspond to the carboxyl and carbonyl carbons of both
CA and EPL.*® After CPM formation, a broad peak appears at 173 ppm. The signals of the other
chain carbons, except Cy, also show upfield shifts. The C=0 C signal of the CPMs is shifted
upfield (~3 ppm) compared to that of EPL, suggesting that the a.-amino group is protonated by
CA. It also reveals a substantial change in the aliphatic C spectral pattern of the CPM compared
with that of EPL. The CH2sequences in the crystalline component of EPL display a trans-zigzag
conformation, resulting in sharp resonances. In contrast, CPM-A and CPM-B exhibit broader
resonances than their crystalline components. Both of these upfield chemical shifts and the
broadening of the peaks reveal the formation of amorphous CPM via the reaction between EPL
and CA.** The magnified 3C CP-MAS NMR spectra show broad peaks at 162 and 147 ppm.
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The small peak at 162 ppm can be assigned to the resonances of C bonded to N. The spectra
also exhibit a signal centered at 147 ppm originating from an sp2-hybridized C not bonded to
N. As the chemical shift of this non-protonated C is too low for double bonding to O, this can
be a third =C site with -C or -O substitution (Figure 3h).*® These peaks can be attributed to
small MF derivatives of 5-oxo-1,2,3,5-tetrahydro-imidazo[1,2-a] pyridine-7-carboxylic acid
(IPCA), which are produced and confined in the microstructure via the reaction between CA
and EPL. The multi-CP N NMR spectrum (Figure 3i) exhibits two major distinct peaks at
120 and 33 ppm, attributed to the main e-NHCO chain and a-NHs* group.*> 4’ Additionally, the
CPM shows broad peaks at 33 and 41 ppm, which are related to the ionic bond formation
between the ionized carboxylic groups in CA and the o-NHs™ group to form the polyionic
complex EPL-NHs*.... O0C-CA.* The small peak centered at 180 ppm corresponds to the
formation of an imide bond as an MF structure, which is trapped inside the CPM and is
responsible for its optical properties. The thermal gravimetric analysis (TGA) spectrum also
confirms that the thermal stability of the CPM is enhanced compared to that of the EPL, which
can be attributed to the formation of a crosslinked structure that stabilized the entire CPM
(Figure S11).

The absorbance spectra of CPM shows peaks at 280 nm and in the range of 340-360 nm
tailed with broad visible absorbance. These broad absorbances from the UV region to the high-
energy visible light are due to the n—m* and n—x* transitions from the entrapped MFs between
C-0O and C-N bonding configurations (Figure 4a). Subsequently, the low-energy absorbance
band can be attributed to the n-n* transitions of the cross-linked structures, which included
C=0 and C=N.% 1% Furthermore, theoretical calculations were conducted for possible IPCA
derivatives and donor-acceptor molecular conjugated structures using the DFT method at the
B3LYP/6-31 G(d, p) level to understand the optical properties.
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Figure 4. (a) UV-visible spectra of CPM-A (inset shows a photograph). (b) Results of the
Gaussian calculation from the optimized IPCA derivate molecules and frontier orbital energy
diagram. (c) PL spectra of CPM-A under different excitation wavelengths. (d) Normalized
excitation-emission spectra of CPM-A. (e) PLQY at different excitation wavelengths. (f) PL
decay curves of CPM-A under 351 and 449 nm excitation and monitored at 449 and 532 nm,
respectively. (g) u-PL image of CPM-A multicolor emission recorded with laser light excitation
of 355, 470, and 532 nm. (h) Corresponding CIE coordinates of the multi-color emission of

CPM-A.

The LUMO and HOMO energy levels of the structure were calculated to be -2.63 and -
6.5 eV, respectively, and their energy gap was 3.87 eV (Figure 4b). The simulated absorbance
spectra of small MFs of IPCA derivative and corresponding orbital diagrams of HOMO-1 (-
7.73 eV) to LUMO (-2.63 eV), indicating the optical energy gap, along with an oscillation
stength of f = 0.1292 (Figure S12). The predicted absorbance spectra were similar to the
experimental results and also showed strong absorption at approximately 347 nm (3.57 eV).
The gradual enhancement of the broad absorbance from the UV to visible light range occurred

from CPM-A to CPM-C because of the entrapped MF and crosslinking architecture of the
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CPMs (Figure S13). CPM-A shows excitation wavelength-dependent emission (Figure 4c).
The emission intensity of the CPMs at longer wavelengths gradually decreases when the
excitation wavelength is above 500 nm, which is in accordance with the results of previous
studies.* *® Both the PL spectrum and 2D excitation-emission matrix reveal that CPM-A
exhibits two major emissions located in the blue and green regions (Figure S14). The multi-
color emissions ranging from cyan to red wavelengths observed in this system are due to MFs
and crosslinked enhancement emissive (CEE) centers embedded within the CPM matrix. These
components exist within distinct chemical environments, resulting in complex arrangements of
energy levels. When excited at 360 nm, this system produces simultaneous double-peak
fluorescence emissions at 446 and 500 nm, resulting in cyan-colored emission. The peak at 446
nm is associated with the presence of IPCA derivatives.'® “° The strong emission in the green
and higher wavelength region can be attributed to the CEE effect due to amide bond
formation.® ° This effect significantly enhances the luminescence of nonconjugated polymer
structures by restricting bond vibrations and rotations upon immobilization of small molecular
rotors such as —C=N, —C=0, and various hetero-molecules containing double bonds. This
restriction of bond movement within the polymer matrix enhances the light emission by
increasing the electron concentrations, thus reducing the energy loss through non-radiative
pathways. The PL excitation (PLE) spectrum in Figure 4d reveals two distinct bands at 251
and 372 nm, aligning with the absorption band of CPM. Notably, the 372 nm bands shift
gradually towards the visible light range, forming a new peak at 435 nm when monitored at 500
and 526 nm (Figure 4d). The absorption of visible light and prolonged emission in the green
wavelength range can be attributed to the formation of interconnected polyamide bonds,
resulting in enhanced emission.® %2 Figure 4e shows the PLQYs of CPM-A under different
excitation wavelengths (Table S4). Notably, as the excitation wavelength transitions from the
UV to blue light range, the PLQY consistently increases, reaching a peak of 36% (Aex ~ 450
nm), compared to the initial 22% (Aex ~ 350 nm). Figure S15 shows the experimental PLQY
data for CPM-A, focusing on excitation wavelengths from 350 to 450 nm. The PLQY of CPM
gradually decreases owing to the enhancement of MFs in CPM-C, leading to AIQ of CPM
(Figure S16). The average fluorescence lifetimes (tay) Of CPM-A with 361 and 449 nm
excitation are 4.42 and 9.06 ns, respectively (Table S5). The broad emission due to UV
excitation could be FRET energy transfer from the emitted blue light (Aem ~ 448 nm) originating
from the MFs, which is reabsorbed by crosslinked polymeric structures and leads to emission
at 500 nm, as evident from tay. Further reduction of crosslinked amide structures by NaBH4
drastically enhances the PLQY from 23% to 34% (Figure S17a) through UV excitation and

10



emits strong blue light, whereas the 500 nm emission peak intensity decreases and orange
emission is suppressed (Figure S17b, c). Therefore, tay Of the reduced structures is enhanced
from 4.42 ns to 6.91 ns (Figure S18), indicating energy transfer from the MFs to crosslinked
structures and blue emission (Aem ~ 448 nm) originating from the MF states, whereas green
emission is caused by the crosslinked enhanced emission mechanism. The cyan-to-orange
multicolor emission in the solid state is also demonstrated as the excitation wavelength varies
from 355 nm to 470 and 532 nm, from a consistent position (Figure 4g). The micro-
photoluminescence (p-PL) image and spectrum (Figure S19) depict cyan, greenish-yellow, and
orange emissions emanating from the bulk CPM-A structure. The UV-excited PL spectrum
yields Commission Internationale de I'Eclairage (CIE) coordinates of (0.24, 0.35), indicating
cyan emission resulting from the combination of blue and green emissions (Figure 4h). The
materials demonstrate stability in an ambient environment for more than 2 years, with only
slight deterioration in their PLQY's. Even under extended exposure to UV-A radiation (365 nm,
4 mW UV power for 7 h), they exhibit robust stability, maintaining a PLQY of approximately
86% (Figure S20). The observed decrease in PLQY is ascribed to potential photobleaching.
Overall, these CPMs are highly fluorescent in the solid state because of the controlled
incorporation of MFs compared to typical non-fluorescent C microspheres, which are

hydrothermally derived from glucose, sucrose, etc. (Figure S21).
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Figure 5. (a) Schematic representation of ASE from blue to red wavelengths. (b—d) WGM
emission in the blue—red range from a single CMP via 355, 470, and 532 nm laser excitation on
their edge; the inset shows a corresponding PL image of a single CPM and schematic of light
confinement. () u-PL mapping image of a single microsphere and corresponding edge light
confinement. (f) Q-factor of a CPM via different excitation laser sources. (g) ASE behavior of
different-diameter CPMs and corresponding PL images achieved by 470 nm laser edge
excitation (scale bar 20 um). (h) Experimental (top) and simulated (middle) PL spectra excited
at 470 nm and E-field distribution (bottom) excited at TM and TE resonances of a single

microsphere.

When a single microresonator was excited by a focused laser beam, it formed WGM
resonance, and the PL generated inside the sphere was resonantly confined to form standing
waves on its surface (Figure 5a).3* 3° Because the CPMs exhibit excitation-dependent PL, a
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single microsphere can resonate from blue to red by changing the excitation laser (Figure 5a).
To demonstrate the WGM emission, an experiment was performed using a laser confocal
microscope setup with different laser illuminations (355, 470, and 532 nm) at the outer edge of
a CPM-A particle (Figures 5b—d). During excitation, bright circular cyan, green, and orange
PL rings are formed around the circumferences of the particles (Figures 5b-d). The PL
emission spectra of the same microsphere with different laser excitations display a series of
wavelength-dependent intensity modulations with sharp periodic lines in the visible spectrum
from 450 to 750 nm, demonstrated as color variable resonance throughout the visible spectram
(Figure S22). Notably, these modes cannot be excited during the center excitation (Figure S23).
The WGM emission intensity gradually increases as the laser power increases (Figure S24).
The edge-excited PL spectrum reveals that the synthesized CPMs have an inbuilt functionality
as optical cavities exhibiting tight confinement of the emitted photons within the spherical
architecture. Upon excitation, the generated photons are reflected several times via total internal
reflection at the microsphere surface, which acted as a high quality-factor (Q-factor) cavity.
Thus, WGMs are formed to generate numerous PL waves in constructive interference, yielding
several sharp periodic peaks.®® °® The single-particle p-PL mapping also confirms amplified
spontaneous emission (ASE) on the edge due to the WGM-assisted light confinement (Figure
5e). The efficiency of light confinement by the microresonator was assessed using the Q-factor.
For our CPM microresonator, the values of Q = A/AL at 562 and 608 nm are 1060 and 1690
(Figure 5f), respectively, where A is the resonant wavelength and A is the full-width at half-
maximum of the resonance, which is superior to the typical n-conjugated polymer sphere, or
dye-doped polymer spheres. In general, the Q-factors of WGM resonators can be reduced by
external (coupling mechanisms) and internal losses (scattering, absorption, surface
contamination...). Here, we utilized relatively low efficiency free-space coupling, which
typically presents a coupling efficiency of approximately 30%, resulting in high external
losses.®” Despite these losses, the CPMs display Q-factors as high as ~1690 under 608 nm laser
excitation, evidencing a reduced number of internal losses that is attributed to a remarkable
smooth surface (Figures S3a and b, also proven by the BET study), sphericity, and low
absorbance. Figure 5g shows the u-PL spectra of the microspheres with different diameters
and their representative optical and p-PL images. The free spectral range (FSR), which is the
difference between two consecutive resonances, is inversely related to the cavity diameter (FSR
= 2% /nnD, where n is the refractive index).*® According to this relationship, upon increasing
the diameter of the particles, the FSR gradually decreases with an increase in the number of

resonance lines (Figure S25a). As the microsphere diameter increases from 6.3 to 20 um, the
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FSR gradually decreases from 13 nm to approximately zero. The WGM resonance and FSR of
the large microresonator (diameter > 20 um) could not be determined due to the rough surface
(Figure 5g). The microwave-derived CPM diameter is smaller, and an FSR of up to 28 nm can
be achieved from a CPM with a diameter of approximately ~ 3 um (Figure S25b), as derived
by microwave synthesis. Overall, microsphere diameters below 10 pum show better light
confinement owing to the smooth microsphere surface. Conversely, a rough and nanoporous
surface leads to the scattering of confined light and a decrease in the Q-factor. To achieve a
high Q-factor with CPMs, small-diameter microspheres with smooth surfaces are optimal.
Experimental and numerical electromagnetic simulations were performed to verify the photonic
properties of the CPM microresonators. The numerical simulation employed the finite-
difference time-domain method (Synopsys FUllWAVE RSoft). The experimental observations
and numerical simulations show the existence of two types of WGMs: transverse magnetic
(TM) and transverse electric (TE) (Figure 5h). The mode separation of each type of WGM
naturally differs owing to the different optical paths, resulting in a collection of resonant peaks
spectrally separated in a non-uniform manner. CPM-A exhibits unique excitation-dependent PL
(Figure 4c); because of this emission property, a single microsphere can emit cyan, green, and
orange to red ASE without any chemical modification, which is a distinct advantage from the
previously reported conventional rt-conjugated polymer-doped synthetic microresonator.

We also successfully demonstrated microcavity-enhanced fluorescence energy transfer
for direct WLE, which can be achieved by the direct incorporation of dye molecules during
synthesis. Here, the CPMs act as a host matrix for the dye and a fluorescence energy donor.
Figure 6a presents the absorbance and emission spectra of typical CPM-B and Rhodamine 6G
dye (Rh6G) molecules. The PL bands of CPM-B significantly overlap with the absorbance of
Rh6G, and light-induced energy transfer from CPM-B to Rh6G is expected. Figure 6b shows
a digital photograph of dye-incorporated CPMs (CPM@Rh6G1 and CPM@Rh6G2), which
were synthesized using Rh6G with concentrations of 0.2 and 1 mM. A distinct change in the
color of the material from pale yellow to orange is observed. Upon excitation with UV light,
the color changes from cyan to white. The microscopic characterizations reveal similar

amorphous microsphere formation during dye doping (Figure S26).
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Figure 6. (a) Normalized PL spectra of CPM-B and PLE and PL spectra of Rh6G/PVA film.
(b) Photographs of CPM-B- and Rh6G-incorporated microspheres under daylight and UV light.
(c and d) WGM emission using 355 nm UV laser excitation and corresponding WLE (scale bar
20 um). (e) CIE coordinates of WLE. The inset shows a photograph of direct WLE under 400

nm light excitation.

The UV-vis spectra exhibit new absorbance bands at 540 nm, which gradually increase
with increasing dye concentration (Figure S27). The u-PL spectra obtained from a single
sphere of CPM@Rh6G1, 2 consist of two broad bands at ~470 and 560 nm corresponding to
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CPM and Rh6G, respectively (Figure 6c). An obvious decrease in the PL emission intensity of
the CPM-B, along with an enhancement in the PL band of the dye, are observed. Interestingly,
the observed PL spectra also exhibit sharp and periodic lines corresponding to WGM, as the
microspheres act as microcavities. The PL spectra cover the entire visible region, from blue to
red, and consequently direct WLE is obtained. These observations clearly indicate microcavity-
mediated photo-energy transfer via FRET from small MFs inside a microsphere to dyes®* *°
and that each microsphere can generate WLE (schematic reprenstaion in Figure S28). This
approach can be very effective in generating WLE for a micropixel array for flat-panel displays
with tunable chromaticity. The perimeter and center of a single CPM-B show cyan emission,
which gradually transform into the WLE upon dye incorporation (inset of Figure 6¢ and Figure
S29). To improve understanding of the FRET between CPM and Rh6G, TRPL was investigated
at 449 nm excitation. The PL spectrum reveals a noticeable reduction in the emission peak at
approximately ~530 nm and an increase in the peak at 570 nm (Figure S30a). Before Rh6G
dye loading, tav is 9.1 ns. In the case of 0.2 and 1 mM of dye incorporation, the lifetimes
decrease to 7.47 and 6.16 ns, respectively (Figures S30b and c, Table S6). Based on these
lifetime differences, the energy transfer efficiencies from CPM-B to Rh6G1 on CPM@Rh6G1,
2 are approximately 15% and 29.5%. This finding clearly indicates that the gradual increase in
dye loading leads to an increase in the effective excitation energy transfer from CPM to Rh6G.%
Figures 6d and e show the PL spectra and chromaticity diagrams of the CPM-B, CPM@Rh6G1,
and CPM@Rh6G2 films. The inset of Figure 6e depicts the diffused WLE due to WGM as
well as multiple light scattering from the microstructures. The CIE coordinates also vary from
(0.25, 0.36) to (0.31, 0.35) and (0.37, 0.36); the corresponding correlated color temperatures
are 6502 and 4187 K, with a high color-rendering index (CRI > 80). By simply varying the
acceptor dye loading on the microresonator and controlling the FRET process, a single-
component WLE with tunable chromaticity can be directly obtained (Figure S29). This ability
significantly widens the application range and versatility of CPM microresonators, enabling it

to cover all the luminescent roles of traditional emitters.
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Figure 7. Fluorescence photographs of hanko stamps on white paper using (a) CPM-A and (b)
and (c) a mixture of CPM-A+CPM@Rh6G2 ink under UV light. (d-f) enlarged confocal
fluoscent microscope images of the white marked regions from the corresponding fluroscent
hanko stamps. u-PL mapping imges of the micro-region hank stamp produced using (g) CPM-
A and (h) and (i) CPM-A+CPM@Rh6G2 ink. (j) and (m), (k) and (n), and (l) and (0) p-PL
spectra obtained at and corresponding CIE-coordinates of different positions (white squares)

from the u-PL mapped imges from (g), (h), and (i), respectively.

The unclonable anticounterfeiting application is demonstrated by using these CPM

microemitters. Counterfeiting is a major global issue that results in economic losses of trillions
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of dollars. Counterfeiters can replicate contract documents, artistic works, electronics, and
currency, posing direct threats to economic activity, social well-being, and security.®** Highly
protective anticounterfeiting authentication methods such as the use of optically integrated
verifiable credentials could be a solution. Because of its color-variable fluorescent and
microresonator-based optical response, triply protected unclonable anti-counterfeiting has been
demonstrated as a hanko name stamp or an inkan, which is widely used in Eastern and Southern
Asia. In this study, three hanko stamps were prepared, one containing CPM-A and two
containing a mixture of CPM-A+CPM@Rh6G2 (1:1 wt.%) ink. Upon UV illumination, the
CPM-A ink-based hanko stamp emits cyan light (Figure 7a), whereas the mixture microsphere
ink emits white light (Figures 7b and c). The enlarged fluorescence microscope image of CPM-
A shows that each microsphere emits cyan light (Figure 7d). However, for the stamps
containing mixtures of the microspheres inks, the enlarged microscopic images show variations
in emission, ranging from cyan to white depending on the presence of CPM-A and
CPM@Rh6G2 microspheres (Figure 7e). The cyan and white emissions from the microspheres
in the stamp vary for each stamp containing the ink consisting of a mixture of microspheres due
to their random distribution. Although Figures 7b and ¢ both exhibit white light under UV
excitation, differences exist in the microscopic fluorescent images because of the random
arrangement of two distinct emitting microspheres, as shown in Figures 7e and f. Additionally,
the microscopic PL mapping, position-dependent spectrum analysis, and corresponding CIE
coordinates of CPM-A ink reveal that both the spectrum and CIE coordinates are identical, as
shown in Figures 7g, j, and m. However, for the stamps containing the ink consisting of a
mixture of microspheres, the PL mapping and corresponding position-dependent PL spectra
vary between positions, as illustrated in Figures 7h and k. Consequently, the CIE coordinates
also exhibit variation due to the different PL spectra from the random distribution of CPM-A
(blue emission) and CPM@Rh6G2 (white emission), as depicted in Figure 7n. Similarly, the
PL mapping images and corresponding position-dependent PL spectrum exhibit variations in
the case of the second stamp using ink with the same mixture of microspheres, as shown in
Figures 7i and . Consequently, the resulting CIE coordinates also differ, as demonstrated in
Figure 70. The pattern of the PL spectrum and CIE coordinates differ between stamps prepared
from the same ink (Figures 7k and n and Figures 71 and 0), as the microspheres are randomly
distributed in each marked stamp, making replication impossible. Furthermore, the spectral
patterns of WGM PL in the microresonators vary depending on their diameters. Each
microresonator possesses a unique spectral fingerprint. Hence, these microresonators can serve

as an exceptionally robust anti-counterfeiting system that is difficult to replicate.%® The WGM

18



PL spectral patterns of the two microspheres in a hanko stamp (Figure 7b) are different. The
spectral patterns of each sphere are distinct and difficult to replicate (Figure S31). This anti-
counterfeiting strategy incorporates three levels of protection: 1) fluorescence micrographs
exhibiting varying emission from two distinct types of microspheres on a macroscopic scale, 2)
position-dependent chromaticity, and 3) unique emission spectra at each position of the CPM
particles. This anti-counterfeit is not possible with typical CDs or dye-based counterfeit ink
because they can be cloned (Figure S32). This hierarchically protected unique authentication
method can be employed to provide high-level security that is impossible to replicate. This new
strategy for unclonable anti-counterfeiting applications involves utilizing the solid-state
emission from a mixture of two different types of CPM-based ink. This technique is compared

with CND-based anti-counterfeiting in Table S7.
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Figure 8. (a) and (b) u-PL spectrum as H.O: is incrementally added, with laser excitation

applied at both the edge and center of the microstructures. (c) Decrease in the PL intensity vs.
the logarithm of peroxide concentration. (Inset schematically represents the laser excitation on
the sphere.) (d) p-PL images capturing the progression from the initial state to different
concentrations of H20., both on the edge (upper) and center (lower) of the microsphere. The

470 nm pulse laser serves as the excitation light source.

Optical micro-resonators have practical applications in chemical sensing due to the distinct
spectral peak patterns observed in their interference. The modulation of PL emission is effective
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for chemical sensing purposes.®6% This CPM microresonator functions as a single-
microparticle-based chemical sensor, particularly for detecting H203, a crucial component in
physiological processes. When exposed to H202, the surface of CPM-A undergoes gradual
oxidation, leading to a rapid decrease in emission intensity. This enables real-time local imaging
of chemical reactions with H>O> using a single microsphere. In Figures 8a and b, the p-PL
spectrum from a ~9-pum-diameter single microsphere (Figure S33) illustrates the reduction in
emission intensity as the H2O> solution concentration is incrementally increased from 100 nM
to 20 uM. Notably, the decrease in WGM-based emission from the perimeter occurs much faster
than that from the center of the sphere. The detection limit of this sensing method reaches as
lows as 7 pM (which corresponds to the PL sensitivity limit of (Io — I)/lo = 0.01 in Figure 8c,
edge plot) due to the sharp decline in WGM emission from the chemically modified surface of
the microsphere (Figure 8c). The corresponding p-PL images, captured under laser excitation,
demonstrate the progression from the initial state to different H.O2 concentrations, both at the
edge (upper) and center (lower) of the microsphere, showcasing a well-correlated decrease in
PL emission intensity with increasing H20, concentration (Figure 8d). This study demonstrates
the efficacy of microresonators in chemical sensing compared to conventional emission-based

chemical sensors.

3. Conclusion

We successfully developed a novel and versatile solid-state fluorescence microarchitecture
based on the integration of photonics and chemical principles that is both robust and naturally
inspired and supports a diverse array of optical functionalities. The formation of CPMs is
intricately linked to the relative ratios of CA and EPL as well as the specific reaction conditions,
which are crucial in shaping both the microstructure and fragmentation of linear polymeric
chains. The resulting microresonator structure exhibits a remarkable ASE range, spanning the
entire visible spectrum from blue to red, owing to the formation of MFs entrapped within the
microspheres. This unique optical property of integrating photonics and chemistry in our single-
step synthesis process yields microcavity-enhanced energy transfer, enabling notable
achievements such as direct WLE, multilevel anti-counterfeit authentication, and highly
sensitive chemical sensing. Notably, the utilization of CPMs circumvents the use of toxic
inorganic quantum dots and rare-earth materials and transcends the limitations of conventional
CDs and CPDs. The findings of this study not only expand the horizon of integrated photonics
and chemistry, but also provide a promising sustainable and efficient alternative to the existing

technologies for transformative advancements in a multitude of cutting-edge applications.
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4. Experimental Section

Synthesis: CPMs were prepared using EPL from JNC Corporation (Tokyo, Japan), which was
a 25% wi/v aqueous solution with a molecular weight of approximately 4600 g/mol (36 mer).
CA monohydrate was obtained from FUJIFILM Wako Pure Chemical Corporation, and all
other reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan) without
further purification. To synthesize the CPMs, CA and EPL solutions were mixed in 25 mL of
Milli-Q water. The mixture was thoroughly sonicated for approximately 5 minutes and then
transferred to a clean autoclave for hydrothermal reaction. After the reaction, a solid yellow
CPM precipitated at the bottom of the Teflon container. The solid CPM was washed several
times with water and ethanol before being dried in a vacuum furnace at 60°C for 2 h. The
hydrothermal synthesis process and the various parameters are detailed in Table S1. In the case
of dye-doped CPM, a hydrothermal reaction was conducted by introducing 0.2 mM and 1 mM
Rh6G into the reaction medium alongside CA and EPL. Additionally, CPM synthesis was
carried out using a microwave synthesizer (Discover from CEM) at 180°C for 25 min with a
microwave power of 200 W. The synthesized CPM was utilized for various characterizations
and applications.

Characterizations: Various characterization techniques were employed to analyze the
microstructure and properties of the materials under investigation. Scanning electron
microscopy (SEM) was performed using a Hitachi model SU-8000 FE-SEM and TM3000 table-
top SEM-EDX operating at 5-10 kV with Si as the substrate and Pt for coating. TEM images
were obtained using an FEI-Tecnai G2 operating at 200 kV on C-coated Cu TEM grids. The
crystal properties were determined using XRD with Cu Ka radiation on a RINT Ultima Il
instrument from Rigaku Corporation. The composition and chemical bonding states were
analyzed through CHNO elemental analysis, XPS, solid-state NMR spectroscopy, and ATR-
FTIR. For XPS, a PHI Quantera SXM with an Al Ka X-ray source was utilized, and the ATR-
FTIR measurements were conducted on a Nicolet iS50 FTIR instrument. Solid-state NMR
measurements of 13C and 15N via CPMAS NMR were performed using JEOL/ECA 800 MHz
for 13C and JEOL/ECA 500 MHz for 15N.

The UV-VIS absorbance spectra were obtained using a JASCO (V-770) UV-VIS—-NIR
spectrometer in reflectance mode with an integrating sphere. The PL and PLE spectra of the
CPM powder samples were acquired using powder cell holder with a fluorescence spectrometer
(JASCO, FP-8650). The spectral correction of the FL spectrum was performed to remove the

instrumental function from the measured data. The absolute PLQYs of the CPMs were
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determined using a Hamamatsu Photonics K.K. quantum yield measurement system (model
C9920-02). This system utilized a Xe lamp for excitation, coupled with a monochromator for
precise wavelength control. An integrating sphere served as the sample chamber, and two multi-
channel analyzers detected signals within the visible spectrum range. Measurements were
conducted in scanning mode, varying the excitation wavelength from 300 to 550 nm in different
intervals. The PLQYs were calculated by comparing the reference spectral power density
(measured with an empty quartz sample holder) to the sample spectral power density (measured
under the same conditions but with the sample present). The software of the system then
computed the emission quantum yield based on integration ranges for excitation and emission
wavelengths. The fluorescence decay profiles were recorded using a NanoLog time-correlated
single photon counting lifetime spectroscopy system from Horiba Jovin Ybon, Japan. The
system featured pulsed laser diodes that emitted light at two distinct wavelengths: 361 nm, with
an average pulse duration of 1.0 ns or less and a frequency of 1 MHz, and 449 nm, with an
average pulse duration of 1.2 ns and a frequency of 1 MHz. These laser diodes functioned as
the excitation light source for the experimental procedures. The CPM-A sample was dispersed
in an alcohol solution for 5 min. Then, the solution containing microspheres was dropped onto
a quartz substrate and dried at 50°C to study the PL of single microspheres. A WITec p-PL
system equipped with a model Alpha 300S microscope, a Princeton Instruments model Action
SP2300 monochromator, and an Andor iDus model DU-401A BR-DD-352 CCD camera cooled
to —60°C was utilized for this purpose. To study single microspheres, a 50x objective with a
numerical aperture (NA) of 0.80 was employed to identify individual microspheres, whereas a
10x objective with an NA of 0.30 was used for bulk microsphere PL and imaging. Different
laser sources (355, 470, and 532 nm) were used to photoexcite the perimeter and center of single
microspheres under ambient conditions. For the bulk microsphere studies, 1.5 and 5 uW of 355
and 470 nm laser power were utilized. H20- sensing of single microspheres was conducted on
a quartz substrate using a 470 nm laser with 50 uW of power and a 50% objective (NA = 0.80).
This process involved gradually adding ~5 pL of H202 solution of varying concentrations onto
the targeted CPM, and p-PL imaging and spectrum acquisition were performed by
accumulating data from the edge and center of the microsphere while maintaining their
excitation position. An unclonable anticounterfeit demonstration was carried out by creating a
Hinako-stamp from CPM-A and CPM-A+CPM@Rh6G mixture in a polyvinyl alcohol (PVA)
polymer solution (25 mg in 0.3 wt.% PVA aqueous solution) on paper. The PL spectrum, PL
images, and PL mapping were obtained from the prepared hanko-stamp using a confocal
microscope with 365 nm UV light and 355 nm laser excitation.
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Computational methods: For the small molecule models, excited-state calculations were
conducted with TD-DFT methods using a range of functionals (B3LYP) and basis sets (6-31+G
(d, p). For absorption, the structures were firstly optimized with the respective functional in the
ground state and the vertical excitation energies were computed with the standard linear-
response and adiabatic approximations.

Numerical simulation: To simulate the WGM spectra of the CPM, we used the finite-
difference time-domain method with the FullWAVE package from Rsoft by Synopsys. The
simulation included a Gaussian source as an excitation and a detector as a monitor, both located
at the edge of the sphere. The electric field oscillated along the X-axis and propagated along
the —Z-axis, with the incident field amplitude and phase normalized to 1. To ensure accurate
results, we applied a perfectly matched layer boundary condition in all directions of the sphere.
The refractive index of the CPMs was set to 1.45.

Efficiency of FRET energy transfer: FRET involves energy transfer inversely linked to

the sixth power of the distance (r) between donor and acceptor molecules. The efficiency

(Erret) is given by Epggr :ﬁ, where R, is the characteristic distance for the donor—
14+( o
Ro
acceptor pair and Ergrer attains a value of 0.5.% Experimental detection methods include
quenching of donor fluorescence and sensitized acceptor fluorescence.” The FRET efficiencies

(E) were determined through steady-state measurements: E = 1 — TTD—A , Where 74 and 7, are
D

the donor fluorescence lifetimes in the presence and absence of the acceptor, respectively. This

sheds light on the intricate dynamics of molecular-level energy transfer.
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Synopsis

This study explores carbonized polymer microspheres (CPM) as solid-state micro-
photonic emitters, demonstrating adaptable resonant emission across the visible spectrum.
Their unique properties offer versatile applications in light emisison, anti-couterfeit, and
sensing.
TOC figure
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