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Thanks to the non-destructiveness and spatial-controllability of
light, photoswitchable fluorescent polymers (PFPs) have been suc-
cessfully applied in advanced anti-counterfeiting and information
encryption. However, most of them are not suitable for use in harsh
underwater environments, including high salinity seawater. In this
study, by integrating photochromic molecules into a hydrophobic
polymer matrix with the fluorine elastomer, including dipole—
dipole interactions, we describe a class of novel photoswitchable
supramolecular fluorescent polymers (PSFPs) that can adaptively
change their fluorescence between none, green and red by the
irradiation of different light. The PSFPs not only exhibited excellent
photoswitchable properties, including fast photo-responsibility,
prominent photo-reversibility, and photostability, but also exhib-
ited some desired properties, including exceptional stretchability,
hydrophobicity, antifouling, self-healing ability, simple preparation
process, and processability. We thus demonstrated their applica-
tions in underwater data encryption and anti-counterfeiting labels.

Introduction

Nowadays, the development of the marine economy has
become more and more important, which inevitably involves
underwater anti-counterfeiting and encryption in some impor-
tant or high value-added equipment.'” Creating underwater
anti-counterfeiting and encryption with high-level safety is very

“Key Laboratory of Theoretical Organic Chemistry and Functional Molecule of
Ministry of Education, Hunan Provincial Key Laboratory of Controllable
Preparation and Functional Application of Fine Polymers, Hunan Provincial Key
Lab of Advanced Materials for New Energy Storage and Conversion, Hunan
Province College Key Laboratory of QSAR/QSPR, School of Chemistry and
Chemical Engineering, Hunan University of Science and Technology, Xiangtan,
Hunan 411201, China. E-mail: ¢j0066@gmail.com

b Institute of Fundamental and Frontier Sciences, University of Electronic Science
and Technology of China, Chengdu 610054, China. E-mail: jiaxi.cui@uestc.edu.cn

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3mh01239e¢

5256 | Mater. Horiz., 2023, 10, 5256-5262

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Highly stretchable and self-healing
photoswitchable supramolecular fluorescent
polymers for underwater anti-counterfeitingf

2 Yong Tian,? Zhong Lin,? Jiaxi Cui{ *° and

New concepts

Photoswitchable fluorescent polymers are often designed for advanced
anti-counterfeiting and information encryption. These applications often
involve harsh underwater environments (acid, base, or seawater), wherein
traditional strategies for mechanical strengthening and self-healing
normally fail due to the aqueous conditions. Dipole-dipole interactions
are hydrophobic and expected to bring about self-healing ability even in
an underwater environment. Herein, we demonstrate this concept by
photoswitchable supramolecular fluorescent polymers crosslinked by
dipole-dipole interactions. These materials combine the excellent photo-
switchable properties of diarylethylene derivatives and the dynamic
properties of the supramolecular materials, resulting in an excellent
overall performance. We evidence their applicability in underwater data
encryption and anti-counterfeiting labels. They may be promising next-
generation photoswitchable materials for underwater anti-counterfeiting
labels and encryption.

necessary to prevent imitation or reproduction without the
permission of the owner and avoid unnecessary economic
losses.> By learning from organisms in nature, many
stimulus-responsive (e.g., light, temperature, pH, metal ion,
mechanical force, and so on) polymer systems with alterable
fluorescence emission have been developed to apply in anti-
counterfeiting and encryption.””® Among them, thanks to the
non-destructiveness and spatial-controllability of light, light-
driven photochromic molecules were integrated into polymer
systems to create photoswitchable fluorescent polymers (PFPs)
and applied in photorewritable patterns, anti-counterfeiting,
and information encryption.”'® Recent reported PFPs are
mainly based on nanoparticles, films, and hydrogels. However,
nanoparticles possess poor mechanical properties due to the
independent nanostructure.’”2° Films and hydrogels cannot
easily realize self-healing in harsh underwater environments
(acid, base, or seawater).”’ >’ Films containing supramolecular
interactions (e.g., H-bond, ionic interaction, host-guest inter-
actions) and hydrogels can also be abnormally swelled or de-
swelled in acid, base, or high-concentration salt solutions,

This journal is © The Royal Society of Chemistry 2023
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resulting in poor stability.”®>* These disadvantages greatly
limit their application. Therefore, it is highly desirable to
develop PFPs with well-pleasing overall performance, including
photoswitchable properties, antifouling, and self-healing abil-
ity for extending their application in humid environments and
even seawater.

Supramolecular materials consisting of supramolecular
interactions (e.g., hydrogen bonds, ionic interaction, host-
guest interactions, coordination complex, hydrophobic associa-
tion, m-m stacking interaction) show many eminent character-
istics, such as processability, self-healing ability, recyclability,
etc.>*™* In the last two decades, these materials have been
applied to anti-counterfeiting, information encryption, self-
healing, functional coatings, soft robots, etc.**>* However,
these materials are still far away from applications in some
special environments, such as underwater anti-counterfeiting
and encryption, due to their poor stability and self-healing
capability in harsh environments (high salt, strong acid-base
environment). To address this issue, Wang et al. developed a
new supramolecular system with dipole-dipole interactions,
which exhibited remarkable stability in harsh aqueous envir-
onments and self-healable capability.>” Therefore, introducing
dipole-dipole interactions into polymer systems to create PFPs
with self-healing capability is very necessary for meeting the
criteria required for underwater anti-counterfeiting labels and
encryption.

Herein, we report a class of new photoswitchable supramo-
lecular fluorescent polymers (PSFPs) with excellent stability
and self-healable capability in harsh aqueous environments
via the facile copolymerization of diarylethylene derivatives
(BTBA, SDTE), 2,2,2-trifluoroethyl methacrylate (TFEMA) and
2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA). In our system,
PSFPs have unique dipole-dipole interactions based on strong
molecular dipoles, ensuring that the PSFPs not only show
remarkable photoreversibility, photostability, and easy prepara-
tion, but also exhibit stretchability, hydrophobicity, antifoul-
ing, exceptional environmental stability including salt, acid and
alkali resistance, and self-healing. These characteristics allow
us to apply PSFPs in underwater adaptive discoloration, anti-
counterfeiting, and information encryption.

Results and discussion

Fig. 1 shows our design. We chose the photoswitchable diary-
lethylene derivatives as a photochromic molecule and fluores-
cence resonance energy transfer (FRET) donor (SDTE-c) and
acceptor (BTBA-c) to integrate into the hydrophobic fluorine
elastomer including dipole-dipole interactions for the develop-
ment of PSFPs. The fluorescence of PSFPs can be reversibly
altered between none, green and red (Fig. 1a and 1b).”* Briefly,
UV2 (254 nm) could not only induce the structure transforma-
tion of SDTE from non-fluorescence to green fluorescence, but
also cause the structure transformation of BTBA from non-
fluorescence to red fluorescence. Vis2 (460 nm) could cause an
opposite change. However, the BTBA can be reversibly switched
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Fig. 1 Concept and preparation of PSFPs. (a) Schematic illustrations of the
design strategy from two photochromic fluorescent monomers to a
photoswitchable multistate fluorescent polymer, and dipole—dipole inter-
actions based on a strong molecular dipole. Scale bar: 1.0 cm. (b) Sche-
matic diagram of light-induced reversible structural transformation of
BTBA and SDTE (non-emission, red and green). UV1:365 nm;
Visl:525 nm; UV2:254 nm; Vis2:460 nm. (c) Schematic illustration of
an example underwater application (anti-counterfeiting, information
encryption).

between non-fluorescence and red fluorescence using UV1
(365 nm) and Vis1 (525 nm) to stimulate alternately. In addi-
tion, dipole-dipole interactions make PSFPs have processabil-
ity, hydrophobicity, antifouling, and self-healing ability.>*">°
Finally, the as-prepared PSFPs possess both photoswitchable
properties and a well-pleasing comprehensive performance.
Therefore, thanks to the non-destructiveness and spatial-
controllability of light, we could use PSFPs as the desired tools
to apply for underwater anti-counterfeiting and information
encryption (Fig. 1c).

The two diarylethylene derivatives (BTBA, SDTE) were first
synthesized based on our previous work.> The ring-closed state
of SDTE-c exhibited an obvious absorbance peak (410 nm) and
green fluorescence emission (500 nm) in tetrahydrofuran
(THF), which was served as the FRET donor. The ring-closed
state of BTBA-c exhibited an obvious absorbance peak (564 nm)
and red fluorescence emission (655 nm) in THF, which was
used as the FRET acceptor. Thereafter, PSFPs (P3) were synthe-
sized by the light-induced free radical polymerization of the two
diarylethylene derivatives (BTBA, SDTE), 2,2,2-trifluoroethyl
methacrylate (TFEMA), and 2,2,3,4,4,4-hexafluorobutyl acrylate
(HFBA, Fig. S4, ESIt). Other copolymers (PO, P1, P2) were
synthesized (Fig. S1-S3 and Table S1, ESIf). The absorbance
and fluorescence spectra of P1, P2, and P3 indicated the
successful copolymerization of TFEMA, HFBA, BTBA, and
SDTE. The obtained polymers with moderate molecular weights
(PO, M, = 31.5 kDa; P1, M,, = 32.9 kDa; P2, M, = 31.7 kDa; P3,
M,, = 27.4 kDa, Table S1, ESIt) further demonstrated that the
monomers were converted into copolymers. Because of the
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reversibly photoswitchable performance of SDTE and BTBA and
the effective FRET process between ring-closed SDTE-c (donor)
and ring-closed BTBA-c (acceptor), the obtained PSFPs (P3) can
be reversibly switched among three distinct states (non-
emission, green, and red) under different light stimuli
(Fig. 1a). In addition, due to the combination of TFEMA and
HFBA containing CF; dipoles (Fig. 1a), the PSFPs existed
unique dipole-dipole interactions based on a strong molecular
dipole.”” Furthermore, the glass transition temperatures (7) of
these polymers (PO, T, = 18.25 °C; P1, T, = 19.82 °C; P2, T, =
20.07 °C; P3, T, = 21.02 °C, Fig. S5, ESI{) illustrated that the
introduction of BTBA and SDTE could enhance the T,. These
low T, endowed the polymer materials with eminent
processability.>®

With PSFPs in our hands, the optimal excitation wavelength
was first investigated. Selecting the optimum wavelength as the
excitation light can effectively avoid the test error caused by the
excitation light in a photoswitchable material. Therefore, P1
and P2 were exposed to UV light (254 nm) for 5 min to obtain P1
with red fluorescence emission and P2 with green fluorescence
emission, respectively. Subsequently, the P1 with red fluores-
cence and P2 with green fluorescence were excitated by 410 nm
light. The results showed that the fluorescence intensity of P1
and P2 exhibited a slight reduction (<10%) even after contin-
uous illumination for 30 min (Fig. S6, ESIf), indicating the
photostability of the ring-closed state of BTBA-c and SDTE-c.
Hence, 410 nm was chosen as the excitation wavelength for
subsequent tests.

Next, we explored the photoswitching properties of PSFPs.
As shown in Fig. 2a, the fluorescence of P1 containing BTBA
can be reversibly changed between red emission and non-
emission states by alternately using 365 nm UV and 525 nm
visible light to irradiate samples (Fig. 2a and Fig. S7a, ESIT). P2
containing SDTE also revealed a similar change between green
emission and non-emission states under UV (254 nm) and Vis
(460 nm) light irradiation (Fig. 2b and Fig. S7b, ESIf). No
significant fluorescence attenuation in P1 and P2 was noted
during the 20 tests (Fig. S7c and S7d, ESIt), demonstrating that
P1 and P2 presented satisfactory photo-reversibility. They also
exhibited satisfying thermostability within 24 h (25 °C and
65 °C, Fig. S8a-d, ESIT) and long-term stability within 4 weeks
(Fig. S8d and S8e, ESIt). As depicted in Fig. 2c and d and Fig. S9
(ESIT), P3 displayed a reversible change between non-
fluorescence, red fluorescence, and green fluorescence. Impor-
tantly, any two states are completely reversible (Fig. 2d). In
addition, due to the overlap between the emission spectrum of
SDTE-c units and the absorption spectrum of BTBA-c units (Fig.
S10, ESIY), the obviously photo-controlled FRET process
between SDTE-c and BTBA-c was achieved by utilizing Vis
(525 nm) and UV (365 nm) to irradiate alternately the sample.
As shown in Fig. 2e, when P3 was translated to red fluorescence
using UV (254 nm, FRET efficiency: 94.8%), upon the increase
of the time of irradiation of Vis1, the red fluorescence was
gradually turned to green fluorescence (Fig. 2f, and Fig. S11,
ESIt). Subsequently, when green-fluorescent P3 was further
exposed to UV1 (365 nm), a decreased fluorescence quantum
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Fig. 2 Photoswitchable property. (a) Fluorescence emission of P1 under
different light irradiation (365 nm, 2.36 mW cm™2, 4 min; 525 nm, 30 mwW
cm™2, 6 min). Inset in (a): Optical photographs of P1 under UV1 and Vis1. (b)
Fluorescence emission of P2 under different light irradiation (254 nm, 2.8
mW cm™2, 5 min; 460 nm, 40 mW c¢cm™2 3 min). Inset in (b): Optical
photographs of P2 under UV2 and Vis2. (c) Fluorescence emission of P3
under the illumination of different light (365 nm, 5 min; 254 nm, 4 min;
525 nm, 6 min; 460 nm, 3 min). (d) Fluorescence variation of the P3 film
after irradiation with different UV (UV1 and UV2) and Vis (Visl and Vis2). (e)
The fluorescence response of the BTBA unit in the P3 membrane under
365 and 525 nm irradiation, Jex = 410 nm. (f) The graphs of the P3 film
upon 365 nm, 254 nm and 525 nm irradiation, fluorescence observed
under a 365 nm lamp. All scale bars are 1.0 cm. All fluorescence images
were observed under a 365 nm UV lamp.

yield (3.26% to < 0.01%, Aex = 410 nm, Aey = 430-550 nm,
Table S2, ESIt) and fluorescence lifetime (3.6 ns to 2.6 ns,
Fig. S12, ESIY) indicated that a FRET process between SDTE-c
(donor) and BTBA-c (acceptor) occurred. The multi-wavelength
response is very conducive to creating highly secure informa-
tion encryption and anti-counterfeiting labels.

The polymer matrixes exhibited typical supramolecular
interactions (dipole-dipole interactions) based on a strong
molecular dipole (Fig. 1c). These dynamic interactions endow
PSFPs (P0) with high moduli (196 MPa), typical yielding points
(0.51 MPa), strength (0.38 MPa), and moderate stretchability
(15.5 times strain) (Fig. 3a). In addition, PSFPs can achieve
highly efficient self-healing because of the existence of a large
number of dynamic bonds (healing efficiency: 79.8% (25 °C),
Fig. 3a). The unique dipole-dipole interactions in polymer
matrixes thus could on-demand implement self-healing. We
thus employed three samples (P1, P2, P3) to create a self-
healing sample for evaluating the self-healing ability (Fig. 3b).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Mechanical and self-healing properties, adhesion and antifouling.
(a) Stress—strain curves of PO and self-healing sample. Inset in (a): Optical
photographs of a product (P0) at different stretching states (100%, 400%,
900%, 1500%). (b) Self-healing performance demonstration. (i) Schematic
illustration of the self-healing process using P1, P2, and P3. (i) Photos
showing the self-healing process. (iii) The self-healing sample bearing a
weight (500 g). (c) Schematic illustration of the self-healing process. (d)
Schematic diagram of the adhesion energy test. (e) Adhesion test of PO on
different material surfaces (Glass, PVC, Iron, Aluminum). (f) Photograph
showing the adhesion performance of PO under water flow blasting for 5
min. Anti-fouling property of P3 after soaking in mud (g) and black ink (h)
for one week, and the photochromic display. (i) Original samples; (ii)
original samples immersed into the correspond medium for one week;
(i) contaminated samples washed via water; (iv) fluorescence variation of
clean P3 film after irradiation with different UV (UV1 and UV2) and Vis (Visl
and Vis2). All scale bars are 1.0 cm.

As revealed in Fig. 3b, when the samples were healed under
water for 24 h, the healed sample containing P1, P2 and P3 not
only showed outstanding photoswitchable properties but also
lifted 200 times its own weight (500 g). This sample could be
stretched well without breaking, and exhibited fluorescent
properties under UV light (Fig. S13, ESIt). Such excellent
underwater self-healing performance should be attributed to
the fact that the dipole-dipole interactions can lock the inter-
faces in contact with each other (Fig. 3c). We also investigated
its adhesion ability to different substrates (Glass, PMMA, sheet
iron, aluminium sheet) using a stripping method (Fig. 3d). The

This journal is © The Royal Society of Chemistry 2023
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polymers are polymerized directly to the surface of the corres-
ponding materials. The results exhibited that its adhesion is
greater than its fracture energy (>3.5 N, Fig. 3e, and Fig. S14,
ESIt), demonstrating the application potential of PSFPs in anti-
counterfeiting labels. As shown in Fig. 3f, samples (P0) attached
to the glass will not fall off under the impact of high-speed
water flow (>16 L min~"', Video S1). In addition, the non-
covalent crosslinking supramolecular interaction can endow
the material with eminent processability. We thus evaluated the
processability of PSFPs (P0) through solvent and heat. The
cuboid sample can be transformed into a triangular body by
cutting and subsequent reprocessing with solvent (THF, Fig.
S15, ESIT). This shape was further transformed into a pentago-
nal sample by heat treatment (100 °C). These results demon-
strated that PSFPs present the desired self-healing and
processability. Such features could ensure that PSFPs have
good application prospects in information encryption and
anti-counterfeiting labels with self-healing ability.

The dipole-dipole interactions ensured that the PSFPs
exhibited hydrophobicity (water contact angle (WCA) > 115°,
Fig. S16, ESIT) and chemical stability in aqueous conditions
because of the weak hydrogen bond acceptance of the C-F
bond.”” This feature would make the material have good self-
cleaning properties. P3 was first immersed into the mud for a
week. As seen in Fig. 3g, when the samples stained by sludge
were simply cleaned with water, all the remaining stains were
completely removed. The cleaned sample (P3) still showed
satisfactory photo-response properties. A similar result could
be observed by immersing P3 in black ink for a week (Fig. 3h),
indicating that the sample has well-pleasing antifouling ability.
Furthermore, the exceptional environmental stability including
salt, acid and alkali resistance was also explored. The P3 was
soaked into the different solutions (pure water (pH = 7.05), acid
solution (HCI, pH = 1), basic solution (NaOH, pH = 14), and salt
solution (26.5 wt%, seawater)). Even when stored in these
environments for more than a week, no significant change in
the photoswitchable ability and weight was observed (Fig. S17-
S19, ESIY). In addition, a negligible change in the fluorescence
quantum yields of P1, P2, and P3 under ambient conditions
and in water also supports this conclusion (Table S2, ESIf).
These characteristics enabled us to apply PSFPs in underwater
information encryption and anti-counterfeiting labels.

Based on the above-mentioned features, PSFPs were further
applied to constructing information encryption systems. We
first make the polymer (PO: dye-free; P1: including BTBA units;
P2: including SDTE units; P3: including BTBA and SDTE units)
into the corresponding information encryption boxes. PO boxes
served as a no information carrier, and P1, P2, and P3 boxes
acted as carriers of primary information, secondary informa-
tion and tertiary information. These boxes are bonded together
under water to form a complete rectangle block (Fig. 4a). The
on-demand multilevel information could be integrated into the
polymer block (Fig. 4a). Among them, P3 boxes were utilized to
serve as an independent encryption unit and an information
jamming unit. As depicted in Fig. 4b and c, the encrypted
information combining with P1, P2, and P3 (““89”) can be

Mater. Horiz., 2023,10, 5256-5262 | 5259
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Fig. 4 Demonstrated models for applying PSFPs in information encryp-
tion. (a) The preparation of the encryption model and the corresponding
photographs using PO, P1, P2, and P3. (b) Schematic diagram of the
information decryption process under different wavelength light irradia-
tion. (c) Optical photographs of the information decryption process under
different wavelength light irradiation. All scale bars are 1.0 cm.

decrypted via UV2, and then be re-encrypted using Vis 2. When
the UV1 and Vis 1 were further introduced, the encrypted
information (23", “89”, and “65”) appeared and disappeared
one by one form “23” to “89” and “65”, and eventually
returning to their original state (Fig. 4c). This result indicated
that PSFPs could be utilized to create on-demand multilevel
information encryption systems.

In daily life, anti-counterfeiting labels are a very important
anti-counterfeiting means to identify counterfeit and shoddy
products.”>*® Multilevel information decrypted by multiple
means is necessary to improve information security and pre-
vent copying. Moreover, underwater anti-counterfeiting labels
often have to be used in harsh environments such as high salt
concentrations, which require materials with better properties.
Therefore, thanks to their excellent properties, including fast
photo-responsibility, prominent photo-reversibility, antifoul-
ing, self-healing ability, simple preparation process, and pro-
cessability, PSFPs were a desired platform for creating
underwater anti-counterfeiting labels. We thus fabricate an
artificial butterflyfish as an anti-counterfeiting label to evaluate
the underwater applicability of PSFPs. As shown in Fig. 5a, we
divided the butterflyfish into seven parts (A1-A7). The seven
corresponding polymers with different proportions of dyes
(BTBA/SDTE:2/0-0/2) were synthesized (Fig. 5a). Briefly, A1 only
contained BTBA, and served as a fish’s tail. The content of
BTBA was gradually decreased from A2 to A6. A7 only included
SDTE. Finally, the as-prepared parts are pieced together, and
healed into an artificial butterflyfish under water (Fig. 5a). The
artificial butterflyfish showed a distinct gradient of fluores-
cence (red to green) from the tail to the head. Fig. 5b and c
shows the schematic diagram and optical photographs of the
photoswitchable discoloration process, respectively. It’s non-
fluorescent in its initial state. When the artificial butterflyfish
were irradiated by 365 nm UV, red fluorescence occurred.
Subsequently, UV (254 nm) would trigger a change in green
fluorescence. Next, the red and green fluorescence were gradu-
ally faded by the stimulation of Visl (525 nm) and Vis2
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Fig. 5 Anti-counterfeiting label application design model and optical
photos. (a) Preparation diagram of a fish-shaped anti-counterfeiting label
and corresponding ingredients. Optical photographs of the fish-shaped
anti-counterfeiting label before (i) and after (ii) self-healing. (b) Schematic
diagram of the photoswitchable fluorescence of the fish-shaped anti-
counterfeiting label. (c) Optical photographs of the photoswitchable
fluorescence of the fish-shaped anti-counterfeiting label. (d) Light-
induced photochromic processes of the fish-shaped anti-counterfeiting
label adhering to glass under water. (i) Schematic diagram of the test
device; (i) underwater optical photographs of the photoswitchable
fluorescence of the fish-shaped anti-counterfeiting label. (e) Anti-
counterfeiting label displayed in diving goggles. (i) Schematic diagram of
the photoswitchable fluorescence of the anti-counterfeiting label. (ii)
Schematic diagram of the test device; (iii) underwater optical photographs
of the photoswitchable fluorescence of anti-counterfeiting label. All scale
bars are 1.0 cm.

(460 nm), respectively. Finally, the artificial butterflyfish
changes to its initial non-fluorescence state. To further demon-
strate the spatial-controllability of this process, we simulated
an underwater environment to explore this performance (Fig.
S20, ESIt). As illustrated in Fig. 5d, the artificial butterflyfish is
posted on a glass plate as an anti-counterfeiting label, exhibit-
ing a non-fluorescent state under a 365 nm UV lamp. By
employing UV (254 nm and 365 nm) to irradiate the artificial
butterflyfish, non-fluorescent butterflyfish were converted into
a fluorescent state. Subsequently, Vis light was chosen to
illuminate the fluorescent state of the butterflyfish to adapt
and blend in with the new environment. This process can be
implemented underwater. These results demonstrated that

This journal is © The Royal Society of Chemistry 2023
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PSFPs with a spatial-controlled photo-response were an ideal
platform for creating underwater anti-counterfeiting labels and
information encryption systems.

In addition, swimming equipment, especially ocean diving
equipment, has higher requirements for anti-counterfeiting
labels because of the harsh environment. The anti-counterfeiting
labels in diving goggles were fabricated using PSFPs (PO, P1, P2,
and P3 and Fig. S21, ESIf). As indicated in Fig. 5e, the non-
fluorescence state of the anti-counterfeiting labels could be con-
verted into a different form by combining different light (UV1, UV2,
Vis1, and Vis2). Briefly, UV1 drives P1 and P3 to display informa-
tion, UV2 prompts P2 to exhibit all information, Vis1 erases part of
the displayed information from P1 and P3, and Vis2 eliminates all
information. In this process, reversible multi-state fluorescence
changes can be achieved by using different light to stimulate the
anti-counterfeiting labels, indicating the application potential and
advantage of PSFPs in underwater anti-counterfeiting labels.

Conclusions

In summary, we have successfully prepared PSFPs via the
copolymerization of diarylethylene derivatives (BTBA, SDTE),
and fluorinated acrylate (TFEMA, HFBA). Thanks to the satisfy-
ing stability of dipole-dipole interactions based on strong
molecular dipole and the photoswitchable performance of
diarylethylene derivatives, the as-prepared PSFPs not only dis-
played outstanding photoreversibility, and eminent photo-
stability, but also showed excellent self-healing ability,
stretchability, hydrophobicity, antifouling, and exceptional
environmental stability including salt, acid and alkali resis-
tance. We thus successfully implemented PSFPs in underwater
light-induced adaptive discoloration like butterflyfish, informa-
tion encryption and anti-counterfeiting labels. Therefore, we
anticipate their potential applications for anti-counterfeiting
labels in harsh underwater environments.

Experimental
Preparation of PSFPs

Taking P3 as an example: the solution of TFEMA (10 mmol) and
HFBA (10 mmol) containing I-819 (0.2 mmol), BTBA (8.18 x
10~2 mmol), and SDTE (6.36 x 10> mmol) was irradiated by
Vis light (460 nm, 40 mW cm™?) for 1 h in reaction cells
consisting of a pair of glass plates with 0.8 mm spacing to get
polymers (P3). For other samples containing BTBA or SDTE,
detailed sample information can be found in Table S1 (ESIT).

Preparation of films

The obtained polymers PO, P1, P2 and P3 were dissolved in
dichloromethane, and after ultrasonic treatment for 5 min, a
polymer solution of 30 mg mL ™" was obtained. The transparent
solution was added dropwise to a clean glass substrate (Piranha
solution as washing agent) and dried overnight at room tem-
perature to obtain the fluorescent films.

This journal is © The Royal Society of Chemistry 2023
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