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MATERIALS SCIENCE

Helical coassembly enables full-color efficient circularly
polarized light emission from carbon dots with high

dissymmetry factors

Jinsui Li1, Qinghua Tan1, Jinyang Li1, Wendi Qin‘, Chenhao Li1, Qian Teng1, Yuyue Yang1,
Yifeng Wang‘, Ye Cao', Yuchen Hu', Jibin Zhangz, Fanglong Yuan'*

Printing materials with circularly polarized light (CPL) emission holds promise for flexible stereoscopic displays
and multilevel anticounterfeiting solutions. However, a key challenge lies in developing printable CPL materials
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that exhibit both high photoluminescence quantum yield (PLQY) and luminescence dissymmetry factor (giym)
values. In this study, we present the macroscopic and controllable production of efficient full-color CPL carbon dot
(CDs) photonic paint materials. These printable CPL materials, consisting of heavy metal-free CDs as emitters, and
liquid crystals as host matrices, are produced using a helical coassembly strategy. Our CPL systems based on CDs
achieve high PLQY (more than 80%) and g, values (more than 1.4), with a figure of merit (a key performance in-
dicator for CPL properties calculated by multiplying PLQY and glum) of 1.12, outperforming other CPL material
systems. Furthermore, the full-color CDs-CPL is successfully used for printing flexible circularly polarized luminous
patterns and multilevel anticounterfeiting features. This research provides insights into advanced CPL materials,

highlighting their broad potential applications.

INTRODUCTION

Circularly polarized light (CPL) has unique properties such as opti-
cal rotatory power and angle independence, making it highly attrac-
tive for applications in anticounterfeiting (1-3), three-dimensional
(3D) optical displays (4-6), and photoelectronic devices (7-9). CPL
can be generated using a linear polarizer and a quarter-wave plate
(QWP), but this approach leads to energy loss and requires addi-
tional optical components, hindering device integration (10). Now,
conventional chiroptical materials such as organic molecules and
metal complexes capable of producing CPL typically have lumines-
cence dissymmetry factor (gm) values usually smaller than 0.1
(11-14). Quantum dots (QDs) are recognized as highly promising
emitters for generating CPL owing to their exceptional optical prop-
erties. However, most well-developed QDs now rely on heavy metal-
based systems, such as cadmium (Cd) and lead (Pb) halide perovskites.
Moreover, the CPL performance of chiral QDs remains limited, with
the gjum values of Cd/Pb-based QDs falling far below satisfactory
levels (15-19). For example, chiral CdSe@ZnS QDs incorporating
1-/d-histidine ligands during ZnS$ shell growth have exhibited en-
hanced CPL with gy, values of 1072 (15). Further improvement has
been achieved by embedding these QDs into inorganic chiral pho-
tonic crystals, increasing the g, value to 0.25 (16). In addition,
core-shell perovskite QDs, consisting of a 2D chiral perovskite shell
deposited onto an achiral 3D inorganic perovskite (CsPbBrs;) QD
core, have demonstrated a gm value of 0.24 in electroluminescence
(17). The combination of low gj,m values and the inherent toxicity of
heavy metals have restricted the practical applications of these CPL-
active QD materials. Consequently, there is an urgent demand for high-
performance, eco-friendly QD alternatives that exhibit enhanced
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Llum Values to drive advancements in real-world applications within
this field.

Chiral liquid crystals (CLCs), a type of quasi-1D photonic crys-
tal, have been shown to achieve efficient CPL with gy, values
exceeding 107" by using their helical structures (20-22). How-
ever, current CPL-active CLC materials are limited to mobile phases
and require confinement in layered devices or cell structures, restrict-
ing their application in flexible 3D displays and other versatile
uses (23-25). In addition, the figure of merit (FM), which is a key
performance indicator for evaluating the CPL properties of chi-
ral materials, is calculated by multiplying the photoluminescence
quantum yield (PLQY) by the gjum values (I). To date, there are
very few reports of CPL materials that achieve both high gj,m values
and high PLQY. Therefore, there is an urgent need to develop print-
able CPL materials composed of CLCs and efficient light emitters
that combine high PLQY with large g, values to unlock their full
potential for diverse applications.

In recent years, carbon dots (CDs)—an emerging class of heavy
metal-free QD materials—have emerged as promising candidates
for next-generation high-performance light-emitting diode (LED)
displays and lighting. Their potential stems from their excellent
photo- and thermal stability, environmental friendliness, good solu-
tion processability, and adjustable bandgap emission (26-32). In the
past few years, our group, along with collaborators, has developed a
series of bright and efficient CDs with high PLQY and tunable fluo-
rescence that spans the entire visible spectrum for LED display and
lighting applications (33-42). In this work, we demonstrate the mac-
roscopic and controllable production of efficient full-color circularly
polarized luminescent photonic paint materials. These printable CPL
materials, consisting of efficient heavy metal-free CDs as emitters and
liquid crystals as host matrices, are produced using a helical coassembly
strategy. We further encapsulate the CLC precursors and CDs (CDs-
CLC) with a polymer shell to create solid-state CPL-active photonic
paints (CDs-CPL), which exhibit intense CPL emission (43). By
varying the emission colors of the CDs, we have successfully
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achieved full-color and white-emissive CDs-CPL. Notably, the CDs-
CLC core and CDs-CPL systems demonstrate high PLQY more than
80%, high gium values of 1.4 and 0.92, with corresponding high FM
values of 1.12 and 0.75, surpassing other CPL material systems
(table S1). In addition, CDs-CPL has been effectively used for print-
ing circularly polarized luminous patterns and multilevel anticoun-
terfeiting features. This work is poised to offer insights into the
development of advanced CPL materials and holds promise for ap-
plications in information storage, encryption, anticounterfeiting,
and flexible 3D displays.

RESULTS

Synthesis of the full-color CDs-CPL

The process for the macroscopic and controllable preparation of
full-color CDs-CPL is illustrated in Fig. 1A. We began by ensuring
that CLCs and CDs were uniformly assembled into a spiral super-
structure to achieve intense CPL while also controlling the fluidity
of the CDs-CPL structures. To this end, we used a confining helical
coassembly approach. The CDs-CLC precursor mixtures were emul-
sified and coacervated with aqueous solutions of gelatin and acacia
and then cross-linked for oftline processing into structurally colored
CDs-CPL with strong CPL emission (43, 44). Specifically, we used
the chiral dopants S5011 and R5011 (fig. S1), known for their high
helical twisting power, to form helical superstructures within the
nematic liquid crystal host E7, demonstrating effectiveness across a
wide temperature range. Typical planar textures are distinctly visible
in the polarized optical microscopy (POM) images of liquid crystal
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cells composed of E7 and chiral dopants, highlighting the character-
istic organization of a chiral nematic liquid crystal phase with its
helical axis oriented perpendicular to the substrate (fig. S2) (45, 46).
CDs, which are compatible with CLCs, were incorporated to pro-
duce CPL with the opposite handedness of the helical superstruc-
tures, due to the photonic bandgap (PBG) effect. We achieved
dispersion of the CLC droplets using natural polymer acacia and
gelatin as emulsifiers, carefully controlling the pH to ensure that the
gelatin-acacia coacervates fully covered the CLC droplets. After
emulsification and coacervation, gelatin reacted with formaldehyde
to form an amine-aldehyde condensation network, cross-linking the
gelatin molecules into a firm shell. The final CDs-CPL product was
obtained through further centrifugation and purification under am-
bient conditions. Encapsulating the CDs-CLC cores with a polymer
shell physically restricts the mobility of liquid crystal molecules,
thereby stabilizing the CPL emission. In addition, it ensures uniform
dispersion of CDs and prevents aggregation-induced quenching, effec-
tively transforming the liquid system into a solid-compatible material.

We adjusted the PBGs of CLCs across a wide wavelength range
from 400 to 700 nm by varying the weight ratios of R/S5011 chiral
dopant to E7 liquid crystal. Specifically, as the weight ratios of chiral
dopant to E7 liquid crystals decreased from 3.4 to 2.1%, the reflec-
tion spectra exhibited a notable red shift, moving from the ultravio-
let (UV)-blue region to the red near-infrared region (Fig. 1B). This
tunability of PBGs is demonstrated by the varying structural colors
of the liquid crystal cells across the entire visible spectra region (Fig.
1C). We used these tunable PBGs to prepare CDs-CLC cores that
correspond to the fluorescence emission wavelengths of blue, green,

Coacervation

Fig. 1. Schematic illustration of the synthesis of the full-color CDs-CPL. (A) Schematic diagram of the preparation process of CDs-CPL. (B) Reflection spectra of CLCs
with varying chiral R/S5011 doping ratios. From left to right, the weight ratios of the chiral dopant to E7 liquid crystals are 3.4, 3, 2.7, 2.3, and 2.1%, respectively. (C) Photo-
graphs of the liquid crystal cells with different PBGs, showing different appearance colors from blue to red, prepared by varying the weight ratios of the chiral dopant to
E7 liquid crystals. Photographs of the full-color (blue, green, yellow, red, and white) CDs-CPL under natural light (D) and ultraviolet (UV) light (E). (F) Photographs of the
yellow-CDs-CPL prepared in large quantities under natural light (right) and UV light (left). a.u., arbitrary units.
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yellow, and red CDs. Consequently, full-color CDs-CPL with blue,
green, yellow, red, and white light emission can be produced by en-
capsulating the CDs-CLC cores with a polymer shell. The full-color
CDs-CPL are well-dispersed in water and are printable (Fig. 1D),
exhibiting bright blue, green, yellow, red, and white light emission
under UV light (Fig. 1E). Furthermore, the CDs-CPL can be manu-
factured in large quantities, which is essential for their broad poten-
tial applications (Fig. 1F).

Optical and structural characterization of the

full-color CDs-CPL

For comparison, we have also prepared control CPL samples with-
out incorporating CDs into CLC precursors using the same prepara-
tion process. These control samples exhibited violet light emission,
which originated from the E7 liquid crystals. Bright-field micros-
copy images revealed that the control violet CPL sample, as well as
the blue-, green-, yellow-, and red-CDs-CPL, is uniformly dispersed
as microspheres (Fig. 2, A, C, E, G, and I). Fluorescence microscopy
images demonstrated the violet, blue, green, yellow, and red emis-
sion color from the control sample and the full-color CDs-CPL (Fig.
2,B,D, E H, and]). By increasing the magnification, the bright-field
images provided a clear view of the complete and uniform micro-
sphere structure, confirming the effectiveness of the complex con-
densation method in limiting the fluidity of the CDs-CLC core (Fig.
2K). In addition, POM images displayed a classic Maltese cross pat-
tern, indicating that the CDs-CPL have a centrosymmetric parallel
orientation with a radial distribution of helical axes (Fig. 2L and fig.

S$3) (43). Compared to the texture, a typical optical pattern observed
in planar-aligned chiral nematic liquid crystals, the Maltese cross
pattern is a distinctive optical feature that emerges when liquid crys-
tal molecules adopt a radial alignment within a spherical or droplet-
like confinement (47). This pattern arises from the interplay between
homeotropic anchoring at the curved interface, which forces mole-
cules to align perpendicular to the surface and the intrinsic heli-
cal structure of CLCs. Variations in POM textures and the Maltese
cross pattern can be attributed to the complex interaction between
surface anchoring effects and the inherent helical ordering within
the microcapsules.

The control CPL sample, prepared without CDs, exhibits violet
light emission peaking at 395 nm. In contrast, after incorporating
CDs with various emission colors—blue, green, yellow, and red—
CDs-CPL display emission peaks at 442, 498, 560, and 634 nm, re-
spectively (Fig. 3A). Moreover, all the CDs-CPL samples can be
excited over a wide wavelength range, and the position of the maxi-
mum emission peaks remains almost unchanged with varying exci-
tation wavelengths (figs. S4 and S5). It is worth noting that, compared
to CDs in a diluted solution, the solid-state blue-CDs-CPL sample
undergoes a certain degree of aggregation due to its higher concen-
tration in the solid state. This aggregation results in a further broad-
ening of the main emission peak and the emergence of a more
pronounced shoulder peak (fig. S6). Notably, no violet light emis-
sion from the control sample was observed in the CDs-CPL. In ad-
dition, the emission colors of the CDs-CPL, including cyan, pink,
yellow-green, and orange, can be widely tuned by mixing different

Fig. 2. Micromorphology of the full-color CDs-CPL. Bright-field microscopy images of the control violet-CPL sample without the incorporation of CDs (A), blue- (C),
green- (E), yellow- (G), and red- (I) CDs-CPL samples in the transmission mode and corresponding fluorescence microscopy images of the control violet-CPL sample (B),
blue- (D), green- (F), yellow- (H), and red- (J) CDs-CPL samples. Scale bars, 50 um. The enlarged bright-field optical microscopy image (K) and POM image (L) of blue-CDs-

CPL. Scale bar, 20 pm.
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Fig. 3. Optical and structural characterization of the full-color CDs-CPL. (A) Normalized PL spectra of the control violet-CPL sample without the incorporation of CDs,
blue-, green-, yellow-, and red-CDs-CPL samples. (B) 1931 CIE chromaticity coordinates corresponding to PL spectra of the CPL samples with different emission color. Re-
flection spectra of CLCs with chiral dopant to E7 liquid crystal weight ratios of 3.6% (C), 3.4% (D), 3% (E), 2.7% (F), and 2.3% (G) (black lines), along with their corresponding
emission spectra of the control violet-CPL (C) and CDs-CPL samples [(D) to (G)]. (H) The DSC curves of CDs-CPL from 25° to 100°C in a nitrogen atmosphere. (I) The FTIR

spectra of polymer shells, CDs-CLC core, and CDs-CPL. PL, photoluminescence.

CDs-CPL. For example, by blending blue- and yellow-CDs-CPL with
different weight ratios, we achieved white-emissive CDs-CPL rang-
ing from cold white to warm white (fig. S7). We calculated the
chromaticity of the full-color CDs-CPL and plotted the results on
the CIE 1931 chromaticity diagram (Fig. 3B). The chromaticity of
the full-color CDs-CPL samples spans a broad range. According
to Glassman’s law, a wide spectrum of colors can be obtained by
mixing different colors of CDs-CPL in appropriate proportions.
To achieve high g, values for the CDs-CPL samples, the PBGs of
the CLCs must align well with the emission spectra of the CDs. In
our hybrid system, the PBGs are finely tuned by adjusting the weight
ratio of the chiral dopant to the nematic liquid crystal. We varied
the S/R5011 to E7 ratio to 3.6, 3.4, 3, 2.7, and 2.3% to achieve the
desired PBGs that match the violet, blue, green, yellow, and red
emission spectra (Fig. 3, C to G). The emission peaks of the CDs
are predominantly within the PBG, although some spectral regions
extend beyond it. This is primarily due to the relatively large full

Lietal, Sci. Adv. 11, eadt8219 (2025) 16 May 2025

width at half maximum of the CDs’ emission spectra compared with
that of the reflection spectra.

Figure 3H shows a prominent endothermic peak in the differen-
tial scanning calorimetry (DSC) curve of CDs-CPL upon heating.
This peak, corresponding to the anisotropy-to-isotropy phase tran-
sition (clearing point), decreases from 62.1° to 56.5°C as the weight
ratio of chiral dopants increases from 2.3 to 3.4% (corresponding to
red-, yellow-, green-, and blue-CDs-CPL). This decrease is possibly
due to the higher chiral dopant content disrupting intermolecular
interactions within the liquid crystal, thereby reducing the thermal
stability of the mesophase. A similar trend is also observed in the
CDs-CLCs (fig. S8). Figure 3I presents the Fourier transform infra-
red (FTIR) spectroscopy results for CDs-CPL, the individual polymer
shells, and the CDs-CLC cores. Strong absorption peaks at 3303 cm ™'
(O—H and N—H) and 1642 cm™! (C=0) are associated with both
the CDs-CPL and the polymer shells. Conversely, the adsorption
peak at 2219 cm ™' (C=N) is unique to the CDs-CLC cores, indicating
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that the polymer shell does not affect the spatial distortion of the
cholesteric helicoid.

CPL properties of the full-color CDs-CPL

The CPL and circular dichroism properties of control CLCs, CDs-
CLC cores, and CDs-CPL have been extensively studied. The CLCs,
which consist of liquid crystals E7 and chiral dopants R/S5011, ex-
hibit an exceptionally large gjum value of 1.82 (Fig. 4A). This value is
remarkably close to the theoretical maximum gj,m value of 2, high-
lighting their notable potential as chiral host matrices for inducing
efficient CPL from CDs. Even after incorporating CDs into the
CLCs, the CDs-CLCs maintain high gj,m values exceeding 1.4 (figs.
S9 and S10). The circular dichroism spectra for the blue-, green-,
yellow-, and red-CDs-CLCs show very large circular dichroism val-
ues above 30,000 mdeg, with a noticeable red-shift from the blue to
the red region, like the tunable PBGs across the whole visible-light
regime by precise control of the weight ratios of R/S5011 to E7 liq-
uid crystals (fig. S11). To verify the CPL characteristics of the CDs-
CPL, we first measured the light transmittance using a QWP and a
rotated analyzer. The QWP converts the CPL emitted from the CDs-
CPL into linearly polarized light, which can be easily detected by the
linear analyzer. As illustrated in Fig. 4 (B and C), we used blue- and
yellow-CDs-CPL as examples. The left-handed and right-handed
CPL emitted by the CDs-CPL were converted into linearly polarized
light with orthogonal polarization planes. The results demonstrated
the excellent circular polarization characteristics of the emissions
from the CDs-CPL (fig. S12).

Furthermore, we evaluated the CPL performance of the CDs-CPL
using a CPL spectrometer under ambient conditions, with excitation
provided by a Xe lamp coupled to a monochromator. As shown in
Fig. 4D, we observed strong mirror-symmetric CPL responses near
the PL peaks of the CDs-CPL. Specifically, the left-handed CDs-CPL
exhibited a negative CPL sign, while the right-handed CDs-CPL
showed a positive CPL sign, due to the suppression of the CPL com-
ponent with the same handedness as the chiral medium helix (figs.
S13to 15). All full-color CDs-CPL samples displayed high gj,m values
greater than 0.74, with the control violet CPL and blue-CDs-CPL
samples achieving gy, values of 0.94 and 0.92, respectively (Fig. 4E).
These high g, values can be attributed to the uniform morphology
of the CDs-doped CLCs and the reduced scattering effects, which con-
tribute to a highly ordered helical arrangement and a well-defined
PBG, thereby enhancing the coupling between the CLCs and CDs.
We firmly believe that further precise optimization of the alignment
between the PBG and the emission spectra in future studies could
lead to even greater enhancements in CPL performance. In addition,
the CDs-CLC core and CDs-CPL systems demonstrated high PLQYs
of more than 80% (fig. S16), with corresponding FM values of 1.12
and 0.75, surpassing other CPL material systems (table S1).

To investigate the chirality of CDs-CPL, we analyzed their circu-
lar dichroism spectra, which exhibited both positive and negative
signals with large circular dichroism values (figs. S17 and S18). The
reflection color of CDs-CPL results from Bragg reflection combined
with the CD properties imparted by their periodic helical super-
structures. For instance, right-handed CDs-CPL can selectively reflect
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Fig. 4. CPL properties of the full-color CDs-CPL. (A) Bar charts of gj,m values of liquid crystal cells of control CLCs (V-LC), CDs-CLC core (B-LC and G-LC), and CDs-CPL
(B-, G-, Y-, and R-CPL). Emission intensity of blue- (B) and yellow- (C) CDs-CPL as a function of polarization angle, where 0 represents the transmission angle and r refers to
the transmittance. The solid (dashed) curves correspond to right (left)-handed materials. (D) Normalized CPL spectra of CPL samples with different emission colors.
(E) Calculated giym values corresponding to the CPL spectra of CPL samples with different emission colors. (F) Circular dichroism spectra of E7 liquid crystal and R/S5011, each

measured separately in dichloromethane solution.
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right-handed CPL, while left-handed CPL is transmitted and vice
versa. Because of this PBG suppression, CDs-CPL can emit CPL op-
posite to their spiral superstructures. In contrast, single-component
E7 and CDs dissolved in dichloromethane exhibit no noticeable cir-
cular dichroism signal (figs. S19 and S20), as their molecular struc-
tures are achiral and lack intrinsic circularly polarized absorption.
However, R/S5011, being inherently chiral, displays a distinct yet
relatively weak circular dichroism signal around 350 nm when mea-
sured in dichloromethane, with R5011 and S5011 exhibiting nearly
opposite circular dichroism signals (Fig. 4F). This observation under-
scores that the strong circular dichroism signals observed in CDs-CPL
across the broad visible region originate from their spiral superstruc-
tures induced by chiral dopants. Moreover, the circular dichroism and
CPL spectra of CDs-CPL samples, measured at different rotation an-
gles, exhibit no obvious variations, suggesting minimal influence from
linear dichroism and linear birefringence (figs. S21 and S22).

Luminous patterns and multilevel anticounterfeiting

of CDs-CPL

The solution-processible and printable full-color CDs-CPL, featur-
ing both high QY and high dissymmetry factors, have promising
applications across a range of fields, including information encryp-
tion, anticounterfeiting, 3D displays, photoelectronic devices, circu-
larly polarized lasers, and asymmetric catalysis. The fluidic nature
and solution processibility of CDs-CPL, along with their adhesive
properties, allow producing large-scale customized graphics or coat-
ings on various substrates through printing techniques. We used the

optimized full-color CDs-CPL to directly print the text “CPL’ and
“BNU” on substrates using dispensing printing. As anticipated, the
structural colors are not dependent on the angle of the text, and these
texts emit bright CPL under UV irradiation. Moreover, the printing
process does not require highly smooth surfaces and can be applied
to flexible substrates. We chose PET fabric for its high strength and
good elasticity and demonstrated the production of circularly polar-
ized luminescent flexible textiles in blue, green, yellow, red, and white
using dispensing printing (Fig. 5A).

Given the distinct CPL of right-handed and left-handed CDs-
CPL, we integrated them into a multilevel anticounterfeiting system
by incorporating them into a quick response (QR) code. As shown
in Fig. 5B, the storage and positioning zones of the QR code are
coated with left-handed and right-handed CDs-CPL, respectively.
This multilevel anticounterfeiting system produces labels that re-
main invisible until exposed to UV light (365 nm) (Fig. 5C). Under
UV illumination, the QR code becomes clearly visible, allowing for
seamless scanning and reading with a mobile phone (Fig. 5D). This
innovative approach establishes a robust first-level anticounterfeit-
ing system based on the unique PL characteristics of the CDs-
CPL. Furthermore, when the QR code is illuminated with UV light
and scanned through a circular polarizer, an intriguing effect occurs.
The brightness of the right-handed CDs-CPL in the positioning area
selectively diminishes, creating a noticeable contrast between
light and dark regions (Fig. 5E). As a result, the QR code becomes
unrecognizable, adding an additional layer of security (Fig. 5F).
This underscores the effectiveness of the highly efficient CPL from

Scanning successful

Fig. 5. CDs-CPL for printing circular polarization luminous patterns and implementing multilevel anticounterfeiting. (A) Dispensing printed CPL and BNU circu-
larly polarized luminous patterns on flexible PET fabric using full-color CDs-CPL. (B) Custom QR code creation. (C and D) First-level anticounterfeiting process of CDs-CPL
based on PL characteristics. (E and F) Secondary anticounterfeiting process of CDs-CPL based on CPL characteristics.
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CDs-CPL in strengthening anticounterfeiting systems. Our findings
highlight the promising potential of chiral CDs-CPL in advancing mul-
tilevel security solutions, where their unique optical properties facili-
tate effective anticounterfeiting measures and provide robust deterrents
against unauthorized replication or tampering.

DISCUSSION

In summary, we have successfully achieved controllable, large-scale
production of full-color CDs-CPL by encapsulating CDs-doped
CLCs in polymer shells through a confining helical coassembly strat-
egy. Our CD-based CPL systems exhibit impressive PLQY (more
than 80%) and exceptional g, values (more than 1.4), with a record-
high FM of 1.12, surpassing other CPL material systems. These CDs-
CPL materials are suitable for printing customized graphics on
flexible PET fabrics and for applications in optical anticounterfeiting
and intelligent information encryption. We anticipate that these ad-
vanced CDs-CPL materials will foster an exciting approach to next-
generation flexible and wearable 3D display device applications.

MATERIALS AND METHODS

Materials

The chemicals listed below are readily available from commercial
purchase and were used without further purification. The nematic
liquid crystal host E7 (n = 1.747, T. = 60°C) and the chiral dopants
R/S5011 were purchased from Shijiazhuang Yesheng Chemical Tech-
nology Co. Gelatin is purchased from Sinopharm Chemical Reagent
Co. Ltd. Dichloromethane, acetic acid (99%), and sodium hydroxide
are all purchased from Beijing Innochem Science & Technology
Corp. Arabic gum and formaldehyde solution (37 to 40% in water)
are purchased from Adamas-Beta.

Preparation of CDs

The CDs were prepared following the methods reported in our pre-
vious works (35, 38, 41, 42). For example, the red CDs were synthe-
sized as follows: 2,5-dihexyloxybenzene-1,4-dialdehyde (60 mg)
and 1,4-phenylenediacetonitrile (28 mg) were dissolved in ethanol
(10 ml) and ultrasonically dispersed for 5 min. Subsequently, 1 ml of
NaOH solution (3 mg/ml) was added to the reaction mixture, which
was then transferred to a 25-ml capacity polytetrafluoroethylene—
lined reactor. The mixture was heated in a drying oven at 150°C for
2 hours. After the reaction, the crude products were washed three
times each with water, ethanol, and acetone using centrifugal separa-
tion. Last, the samples were dried in a vacuum oven at 60°C, yielding
the red CDs. The yellow CDs were synthesized using a similar pro-
cedure, except that 2,5-dihexyloxybenzene-1,4-dialdehyde (60 mg)
and 1,4-phenylenediacetonitrile (28 mg) were replaced with 2,5-dihexy
loxybenzene-1,4-dialdehyde (50mg)and2-naphthylacetonitrile(50mg).

Preparation of liquid crystal cell

Following procedures previously described in (I), silica micro-
spheres (25.0 pm) were uniformly dispersed in a UV-curable adhe-
sive using ultrasonic dispersion. The resulting mixture was placed
between two glass sheets, which were then pressed together and ex-
posed to UV light for approximately 30 s, ensuring complete adhe-
sion. A pipette was used to extract 20 pl of the CDs-CLC core
precursors, which contained the nematic liquid crystal host E7, chi-
ral dopants R/S5011, and different CDs with various emission colors.

Lietal, Sci. Adv. 11, eadt8219 (2025) 16 May 2025

This precursor solution was subsequently introduced into the liquid
crystal cell by capillary action.

Preparation of CDs-CLC core

First, we modulated the PBG by mixing E7 with chiral dopants R/
S5011 at weight ratios of 3.4, 3.0, 2.7, and 2.3%. These tunable PBGs
were used to prepare CDs-CLC cores corresponding to the fluores-
cence emission wavelengths of blue, green, yellow, and red CDs, re-
spectively. The CDs were added at a 1% weight ratio. The nematic
liquid crystals, chiral dopants, and CDs were dispersed in dichloro-
methane and subjected to 5 min of ultrasonic treatment to form a
uniform solution. After evaporating the solvent in a drying box, the
resulting mixture was obtained as the CDs-CLC core precursors. A
control violet CLC core precursor was prepared by mixing E7 with a
3.6% weight ratio of chiral dopants R/S5011, dispersing it in dichlo-
romethane, and evaporating the solvent in the same manner.

Preparation of CDs-CPL

First, we homogenized the obtained CDs-CLC core precursors with
a 2.0 wt % acacia solution for 30 min at 60°C using a high-speed
emulsifier (HUXI, HR-6B) to create an emulsion (CDs-CLC core to
acacia solution weight ratio of 1:25). Next, a 2.0 wt % gelatin solu-
tion was added, and the mixture was emulsified under the same
conditions for an additional 30 min. The pH was then adjusted to 4
by adding acetic acid, followed by condensation at 60°C for 1 hour.
Once the emulsion was cooled to 0°C in an ice water bath, formal-
dehyde solution was added and allowed to cure for 30 min (43). So-
dium hydroxide was then added to adjust the pH to 8 to 9. Last, the
sample was washed and centrifuged with deionized water three times
to obtain the final product.

Optical and structural characterization

UV-visible absorption and reflection spectra were measured using a
UV 2600. Fluorescence spectra were measured by a fluorescence
spectrometer (HORIBA Fluorolog-3). Scanning electron microscopy
was conducted using a Hitachi SU 8010 under a voltage of 5 kV. The
absolute QY was obtained usinga HAMAMATSU C11347. The ther-
mogravimetric curves were measured by a NETZSCH STA 449F5
heated from 30° to 800°C at a ramp rate of 10°C/min, under a nitrogen
flux of 100 ml/min. The DSC curves were measured by a differential
scanning calorimeter (METTLER TOLEDO DSC-1). Circular di-
chroism and CPL spectra were measured by a JASCO J-1500 spec-
trophotometer and a JASCO CPL-300 spectrophotometer, respectively.
Fluorescence microscopy images were obtained using an upright
fluorescence microscope (Olympus, IX71) under the excitation of a
mercury lamp. POM images are measured by an upright polarizing
microscope (Olympus, BX53). The FTIR spectrum was measured with
an FTIR spectrometer (IRAffinity-1).

Dispensing printing and multilevel anticounterfeiting
applications of CDs-CPL

We used a pneumatic extrusion-type microelectronic printer (MP1100,
Prtronic, China) with programmable temperature and pressure con-
trol for pattern printing. For dispensing, the optimized CDs-CPL
was loaded into a 3-ml syringe fitted with a 160-um dispensing nee-
dle. The release of the CDs-CPL was precisely controlled by adjusting
the printing speed and pressure, allowing for complete customiza-
tion of all patterns using the printer’s integrated drawing software. In-
formation patterns were prepared in two steps: First, CDs-CPL materials
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were filled into customized pattern templates; then, we leave the pat-
tern at room temperature for 1 hour to obtain a planar pattern in the
shape of a 2D code.

Supplementary Materials
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Figs. S1to S22
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