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The development of full-color circularly polarized luminescence (CPL) materials is of great significance in
the field of luminescent materials; however, it is difficult due to the limitations in the synthesis and
preparation methods. Helical polymers, with their high optical activity and easy processability, offer
a promising solution for the construction of high-performance CPL materials. In this study, we
successfully prepared full-color CPL composite films using precisely synthesized polyisocyanide (PI) as
chiral source, poly(methyl methacrylate) as the matrix, and commercially available fluorescein as
fluorescence source. The introduction of Pl not only improves the mechanical properties and
fluorescence lifetime of the composite films but also facilitates recyclability through centrifugation after

dissolving the composite films with the poor solvent of Pl. Moreover, the use of spiropyran as a red
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functionality of the CPL materials and constructs a multiple information encryption system. This work
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Introduction

Helical polyisocyanide (PI) carries a substituent for each carbon
atom in its main chain, resulting in an extremely dense struc-
ture, and the helical folding of its rigid backbone minimizes the
spatial repulsion between the side groups.'? Its helical
conformation is stable in both solution and solid states, and the
chemical stability enables PI suitable for diverse applications,
including optically active materials,*® catalytic materials,”
biotechnology,’*™ and circularly polarized luminescence
(CPL).**"® CPL has special polarization properties and carries
spin angular momentum, which has important applications in
optoelectronic devices,"”'® smart sensing,'>** 3D displays,*
information encryption, and anti-counterfeiting.>»* In partic-
ular, multiple information encryption and anti-counterfeiting
can be realized by using CPL materials. So far, various chiral
luminescent systems have been developed, including metal
complexes,*>* organic small molecules,>** polymers,***
supramolecular systems,** and liquid crystals.***” Among
these, helical polymers stand out due to their high stability,
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processability, and unique helical chirality, which make them
ideal for designing high-performance CPL materials. However,
there is relatively limited research on CPL materials based on
helical PI.

Conventional solution-based luminescent systems are
usually limited by the solubility, toxicity, and evaporation of
organic solvents, as well as by the application scenarios. In
contrast, composite films can be used in a variety of applica-
tions by adjusting their composition.**** In addition, composite
films possess a certain mechanical strength to maintain
stability under high pressure or harsh environments, and can
be processed into diverse shapes and sizes using techniques
such as coating, laminating, and injection molding to adapt to
different application requirements. Composite films usually
have a long service life, thereby reducing the costs of replace-
ment and maintenance. Additionally, their production and
usage generally have a minimal environmental impact, aligning
well with the requirements of sustainable development.
Composite films also demonstrate good recyclability, reducing
the generation of waste. In summary, composite films possess
significant advantages in terms of structural stability, process-
ability, cost-effectiveness, and environmental friendliness,
making them an excellent choice for the preparation of lumi-
nescent materials. Moreover, white light-emitting devices based
on organic molecules have received great attention in the field
of optoelectronics.**™** For composite films, white light-emitting
films can be easily prepared using a simple mixture of three-
color fluorescein.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Multi-stimuli responsive CPL materials are smart materials
with multiple stimulus-responsive properties, combining the
uniqueness of CPL with the flexibility of multi-stimuli
responsiveness.*** These materials can respond to multiple
external stimuli, such as light, heat, and chemicals, enabling
multifunctional integration, stable performance, and versatile
functionality in complex and dynamic environments. In addi-
tion, these materials can respond quickly and significantly to
external stimuli, allowing precise control over their luminescent
and circular polarization properties by adjusting the intensity
and type of stimuli. In information encryption and anti-
counterfeiting  technology, multi-stimuli responsiveness
combined with CPL can improve the anti-counterfeiting ability
and identification accuracy of the material.>***

In this work, we utilized chiral helical PI as a chiral source,
commercially available nile red (red), coumarin 6 (green), and 1-
(4-carboxyphenyl)-1,2,2-triphenylethene (blue) as fluorescence
sources, and poly(methyl methacrylate) (PMMA) as matrix
material (Scheme 1a). A variety of full-color CPL composite films
with different emission wavelengths were successfully
prepared. It is noteworthy that white CPL materials can be easily
constructed by controlling the mixing ratio of the three small
molecule fluoresceins. The introduction of PI not only improves
the fluorescence lifetime and mechanical properties of the
composite films but also facilitates patterning. Helical PI can be
recycled by centrifugation after dissolving the composite film
with the poor solvent of PI, thereby reducing the production
cost of the material and promoting practical production appli-
cations. Furthermore, by incorporating spiropyran (SP) as a red
fluorescent unit, we prepared CPL composite films that are
dynamically responsive to UV light, heat, and acid-base stimuli.
Patterned erasure, dynamic color response, and multi-stimuli
responsive CPL of composite films can be achieved and
a multiple information encryption system has been successfully
constructed.
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Scheme 1 (a) Molecular structures of chiral helical Pl, achiral fluo-
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Scheme of the preparation of composite films.
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Results and discussion

Left- and right-handed helical polyisocyanide (M-PI and P-PI)
with a polymerization degree of 100 were prepared according
to previous research.” The composite films were obtained by
pouring a chloroform solution containing matrix, polymer, and
fluorescein into a polytetrafluoroethylene (PTFE) mold and
allowing the solvent to evaporate at room temperature (Scheme
1b). Details regarding dosage and procedure are provided in
ESL T In order to exclude the effect of linear polarization of the
prepared composite films, the circular dichroism (CD) and UV-
vis absorption spectra of the PI-PMMA composite film were
tested by rotating the film at different angles relative to the
optical axis (Fig. S11). The consistent CD signals indicated
negligible contributions from linear polarization and birefrin-
gence. In addition, we screened the addition amount of PI and
fluorescein (Fig. S21). When the content of PI and fluorescein
was high, the light transmittance of the composite film was
seriously decreased, limiting their practical use. For display
applications utilizing RGB color system, achiral fluorescein with
red, green, and blue emissions was introduced into the
composite films to create PI-R-PMMA, PI-G-PMMA, and PI-B-
PMMA, respectively. These films all exhibited UV absorption
at 250-700 nm, with the absorption at 250-600 nm attributed to
PI and fluorescein, and the absorption at 600-700 nm to light
scattering (Fig. 1a and b). In addition, the composite films
exhibited CD signals at 250-700 nm, and their positions were
almost identical to those of PI-PMMA films. In the UV absorp-
tion spectrum, strong absorption from red fluorescein was
observed at 500-600 nm, but no corresponding CD was
observed, suggesting fluorescein lacked induced chirality. The
strong cotton effect at 250-500 nm originated from the chiral PI,
and the CD at 500-700 nm was attributed to circularly polarized
scattering. Under UV light (365 nm) excitation, the PI-R-PMMA,
PI-G-PMMA, and PI-B-PMMA displayed obvious red, green, and
blue emissions, with the maximum emission peaks located at
630 nm, 511 nm, and 486 nm, respectively (Fig. 1c).

The chiral fluorescent composite films were characterized by
CPL. In the wavelength range of 400-750 nm, PI-R-PMMA, PI-G-
PMMA, and PI-B-PMMA all showed obvious mirror-image CPL
signals, indicating the successful preparation of full-color CPL-
active thin films (Fig. 2a). Their maximum asymmetry factors
(g1um) Were 1.3 x 1072 (red), 5.5 x 10~ (green), and 5.7 x 10°
(blue) (Fig. S3at). In addition, the fluorescein used in this work
contained both aggregation-induced quenching (ACQ) and
aggregation-induced emission (AIE) molecules, which further
demonstrated the universality of this system for the preparation
of CPL-active materials. The composite film (PI-R/G/B-PMMA)
with white fluorescence emission (Fig. 2b and d) and white
CPL (Fig. 2¢) could be obtained by modulating the mixing ratio
of the three fluorescein. To expand the range of applications for
these CPL composite films, poly(vinyl butyral) (PVB) and poly-
carbonate (PC) were also selected as matrix materials for the
composite films, alongside PMMA. PVB is known for its flexi-
bility and impact resistance, while PC offers good transparency
and excellent electrical insulation, making it widely used in the
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Fig. 1 CD (a) and UV-vis (b) spectra of the chiral fluorescence composite films. (c) PL spectra and luminescence photographs of the chiral

fluorescence composite films.
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Fig. 2 (a) CPL spectra of chiral fluorescence composite films. (b) PL
spectra of white MPI-R/G/B-PMMA composite film. (c) PL spectra of
chiral white fluorescence composite film. (d) Chromaticity coordinates
of white chiral white fluorescence composite film.

electronic industry. Composite films with RGB emission were
prepared by replacing the PMMA with PVB or PC (PI-R-PVB, PI-
G-PVB, PI-B-PVB, PI-R-PC, PI-G-PC, and PI-B-PC) using the above
method. The PVB composite films showed CD signals similar to
those of PMMA composite films (Fig. S4a-ct). However, the PC
composite films showed a specific CD signal, probably due to
the interaction between the PI and the benzene structure in the
PC. (Fig. S5a-ct). Both PVB and PC composite films demon-
strated significant RGB emission under 365 nm UV excitation
significant RGB emission was shown under 365 nm UV excita-
tion (Fig. S4d-f and S5d-f}). In addition, all composite films
showed clear mirror-image CPL signals (Fig. S6 and S77), their
glum values of the PVB and PC based composite films were
similar to those prepared with PMMA. The glum values were 1.5
x 107° (red), 5.5 x 10> (green), and 6.3 x 10> (blue) for PVB
based composite films; and were 0.9 x 107> (red), 4.3 x 1073
(green), and 3.6 x 10> (blue) for PC based composite films
(Fig. S3b and cf) indicating the generalizability of this prepa-
ration method. We also found that polymer matrix (PMMA, PC,
and PVB) exhibited no fluorescence, CD, and CPL signals
(Fig. S8a, S9a, and S10at); composite films containing only

5038 | Chem. Sci,, 2025, 16, 5036-5042

chiral PI (PMMA-PI, PVB-PI, and PC-PI) had CD signals but no
fluorescence and CPL signals; and composite films containing
only achiral fluorescein (PMMA-R, PMMA-G, PMMA-B, PVB-R,
PVB-G, PVB-B, PC-R, PC-G, and PC-B) had fluorescence signals
but no CD and CPL signals (Fig. S8-5S10t). Therefore, the
combination of chiral PI and achiral fluorescein was essential
for the preparation of composite films with CPL properties,
demonstrating the necessity of this method.

It has been demonstrated that composite films using poly-
acetylene as the chiral source can selectively absorb fluores-
cence with different spins to produce CPL emission by the
single-handed excess helical structure of chiral helical poly-
acetylene even without any interaction between the chiral and
fluorescent units.*® In order to investigate whether a similar
property existed in the composite films with PI as the chiral
source, we further conducted side-by-side CPL tests of chiral PI
composite film (PI-PMMA) and nonchiral fluorophore film (R-
PMMA, G-PMMA, and B-PMMA). When the excitation light
first passed through R-PMMA, G-PMMA, or B-PMMA and then
through PI-PMMA, the CPL signals were detected in both green
and blue emitting regions of the stacked films, with the signals
opposite in direction to the CD signals. This result was
consistent with the matching rule (Fig. 3a and c). In previous
study, the CPL signal was not detected because the red emission
region (550-650 nm) did not overlap with the CD spectrum of
polyacetylene, violating the matching rule.>** Interestingly, in
this study, we detected CPL signals in the red emission region.
We found that PI-PMMA retained some CD signals at 500-
700 nm, which are attributed to circularly polarized scattering
effect caused by the aggregation of rigid PI in the film.*
Therefore, the red emission region (550-650 nm) was still
suitable for the CPL selective absorption mechanism based on
the matching rule to generate CPL signals. It was worth noting
that the CPL selective absorption mechanism produced a high
intensity CPL signal with gy, of 1.8 x 1072,

In previous research, due to the selective absorption mech-
anism of the matching rule, the CPL signal was not detected
when the excitation light passed through PI-PMMA first and
then through R-PMMA, G-PMMA, or B-PMMA.**** Surprisingly,
CPL signals were detected in the red, green, and blue emission
regions when the excitation light passed through PI-PMMA first

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and c) Scheme of CPL generation mechanism and CPL
spectra when the excitation light passed through R-PMMA, G-PMMA
or B-PMMA first and then PI-PMMA. (b and d) Scheme of CPL
generation mechanism and CPL spectra when the excitation light
passed through PI-PMMA first and then R-PMMA, G-PMMA or B-
PMMA.

and then through R-PMMA, G-PMMA, or B-PMMA (Fig. 3d). We
speculated that this resulted from the circularly polarized light
excitation (CP-Ex) mechanism,* where non-polarized excitation
light source was partially absorbed by the rigid PI composite
film, converting it into a polarized light source, which excited
the non-chiral fluorophore film to produce CPL (Fig. 3b). We
also performed the same tests on composite films based on PVB
and PC, both of which were able to detect full-color CPL signals
in stacking orders (Fig. S11 and S127). The CPL intensity of the
composite film was found to be between the intensities
produced by the CP-Ex mechanism and the CPL selective
absorption mechanism. Therefore, we concluded that the CPL
generation mechanism of the composite film may originate
from the synergistic action of the two mechanisms. The
generation of CPL in composite films made of different mate-
rials follows the similar mechanism, and the substrate mate-
rials have no significant influence onto the CPL, so their g}, are
almost the same. In summary, PI materials are one of the
excellent choices for constructing CPL materials.

Due to the domain-limiting effects of PI on fluorescein in the
films, the PMMA, PVB, and PC composite films prepared with
fluorescein all showed a small increase in fluorescence lifetime
(up to 18%) after the introduction of PI (Fig. 4a and S137). PI is
a stable rigid helical structure; for three different matrix
composite film materials, it can achieve a small reduction in
film elongation at break (maximum 9.4%) while significantly
increasing the tensile strength of the composite film (maximum
98.8%) (Fig. 4b and S147). In addition, the composite film
exhibited excellent plasticity, enabling a wide range of
patterning using different patterned molds (Fig. 4c). Since PI is
poorly soluble in acetone and methanol, while PMMA can be
dissolved in acetone and PVB can be dissolved in methanol, and
fluorescein is soluble in both acetone and methanol, PI can be
recovered and reused by centrifugation based on the difference
in solubility (Fig. 4d). In summary, the composite films using PI
as a chiral source, nonchiral fluorescein as a fluorescence
source, and PMMA, PVB, or PC as matrices were characterized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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films. (d) Scheme of polymer recycling.

by low cost, processability, and high intensity, and have great
potential application value in the field of CPL display materials.

Dynamic display has been a key focus in the field of lumi-
nescent display. In this work, we replaced the red fluorescein
with SP which has dynamic response properties. Then, we
prepared composite films (PI-SP-PMMA) using PMMA as the
matrix and PI as the chiral source. As the UV irradiation time
(365 nm) increased, the UV absorption curve of PI-SP-PMMA
gradually showed the characteristic absorption peaks associ-
ated with the SP ring-open (560 nm) (Fig. S15at). Meanwhile,
the CD curve of PI-SP-PMMA remained unchanged with the
prolonged light exposure (Fig. S15bt). Subsequently, blue and
green fluorescein (PI-SPxGx-PMMA and PI-SPxRx-PMMA, x
represents the mass of fluorescein in mg) were reintroduced
into the composite films. The fluorescent color of the films
changed continuously with the increasing light irradiation
time. There was a gradual transition from green or blue fluo-
rescence to mixed-color fluorescence with red. By adjusting the
ratio of the two fluorescein, a dynamic display system with
multiple colors can be constructed (Fig. 5a and c). Due to the
limitation in the testing method, we examined the fluorescence
and CPL of the films after 10 s of UV light irradiation. Different
fluorescein ratios produced different fluorescence colors and
CPL signals (Fig. S167 and 5b, d). As the amount of green or blue
fluorescein increased, the luminescence color gradually shifted
from red to light purple and light pink. It can be inferred that
the CPL curves of the films changed continuously throughout
the light irradiation.

In addition, due to the dynamic responsiveness of the SP, the
patterned writing can be performed using a mold under light
illumination, followed by ring-closing of the SP under visible
light irradiation or heating (40 °C), and erasure of the pattern.
Multiple writing and erasing of information can be realized.
This feature facilitated the sequential inscription and removal
of different 2D code patterns (e.g., J, L, U, and CC) on the same
composite film (Fig. 6a). The UV-absorption intensity at 560 nm,
measured before and after erasure using visible light irradiation

Chem. Sci., 2025, 16, 5036-5042 | 5039
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or heating, demonstrated excellent erasure cycle characteristics
(Fig. 6b and d). In addition to photo-thermal response, SP was
also responsive to acids and basic conditions. After 10 s of UV
irradiation, the composite film exhibited red fluorescence.
Immersion in aqueous acetic acid (PH = 2.4) for 10 s changed
the fluorescence color to yellow, while exposure to ammonia
(PH = 12.9) for 10 s restored the red fluorescence color. Heating
then returned the SP to its ring-off state (Fig. 6¢). In addition to
the change in fluorescence spectrum, its CPL spectrum and gjym
also changed (Fig. S171). The maximum gj,,, changed from 1.5
x 107 (PH = 2.4) t0 0.8 x 10 (PH = 12.7).

The unique multicolor CPL properties of the composite film
made it suitable for applications in multiple message encryp-
tion. A mixed solution containing PMMA, PI, and fluorescein,
used in the preparation of the composite film, was employed as
the ink to write the numbers 1-9 on a glass plate as the initial
message (Fig. 7). Under sunlight, the sequence “726382915” can
be identified. The ink with SP as fluorescein was added and the
color changed from light yellow to red after 10 s of exposure to
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Fig. 7 PMMA solution containing SP and helical Pl was utilized as ink
for writing on a glass plate with the numbers 1-9. Information
encryption was achieved using UV light and CPL filter.

UV light. The first incorrect password information 1 “2638495”
was identified. Under the UV light, the fluorescein-containing
ink showed fluorescence, which can identify the information
2 “723451”. Different fluorescent colors were assigned to the
logical information: red for 0, green for 1, blue and black for 2.
Based on the customized codebook (Table S17), the information
3 “IRT” was decoded, producing a second incorrect code
“723451IRT”. Using L-circular polarization filter, we can get
information 4 “723”. Combining this with the color and the
codebook, information 5 ‘IR’ was obtained, ultimately revealing
the correct password “723IR”.

Conclusions

In summary, we have successfully prepared full-color CPL
composite films using helical PI as chiral source, PMMA as
matrix, and commercially fluorescein as fluorescence source.
White CPL materials were prepared by adjusting the mixing
ratio of the three fluorescein. The composite films also exhibi-
ted excellent processability and can be patterned. The intro-
duction of PI enhanced the tensile strength and the
fluorescence lifetime of the composite films, and the helical PI
can be recovered by solvent centrifugation. These results
demonstrated the versatility of the method for preparing CPL
composite films based on helical PI, demonstrating excellent
mechanical and optical properties, as well as the potential for
low-cost recycling. It had excellent potential for development in
practical production applications. Additionally, the inclusion of
SP as a red fluorescein enriched the optical properties,
producing CPL materials with multicolor light response and
acid-base response properties and a multiple information
encryption system was successfully constructed. This further
demonstrated that helical PI was an excellent choice for the
fabrication of high-performance CPL materials.
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