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Precisely Coordination-Modulated Ultralong Organic

Phosphorescence Enables Biomimetic

Fluorescence-Afterglow Dual-Modal Information Encryption

Guanggiang Yin, Guifei Huo, Min Qi, Depeng Liu, Longgiang Li, Jiayin Zhou, Xiaoxia Le,*

Yu Wang, and Tao Chen*

Information leakage and counterfeiting are serious worldwide issues that
tremendously impact legitimate businesses and human life. Inspired by the
Noctiluca scintillans, a new fluorescence-afterglow dual-modal information
encryption enabled by precisely coordination-modulated ultralong organic
phosphorescence (UOP) is presented. Strikingly, the optical properties
including fluorescence, lifetime and intensity of UOP can be precisely
modulated on-demand through energy transfer by lanthanide (Ln'!")
coordination, which enables information camouflage by similar Ln'!
luminescence to provide misleading information along with data decryption in
the form of mutual afterglow. Moreover, the important data can be encrypted
in a spatial-time-resolved way by programmatically coding information with
afterglow gradients, yielding greatly improved security for verifying the
authenticity. This study provides a new avenue to precisely modulate the
optical properties of UOP materials and broadens the scope of optical

1. Introduction

In the era of the information explosion,
information leakage and counterfeiting
have already become worldwide issues
that pose a severe threat to human health,
social security and the economy.!l Tt was
estimated by Frontier Economics that the
global economic loss caused by counterfeit-
ing and piracy would amount to $2.3 trillion
by 2022.121 What's even more concerning,
is that counterfeit medicines account for
~10% of total medicine worldwide, which
have disastrous implications on more than
one million people annually according to
the World Health Organization.®] Over
the past several decades, the develop-
ment of advanced optical materials and

materials for innovative information encryption and anticounterfeiting

applications.
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technologies has flourished to combat
the escalating challenge posed by fake
information and counterfeit behaviors. A
myriad of well-known optical materials
and technologies have been explored
and utilized to encrypt data, such as fluorescence-tag-based
techniques,[* laser holograms,[’! watermarks,!®! and so on. How-
ever, these conventional optical technologies still suffer a great
risk of being decrypted or duplicated because they are well-
established systems based on spatial-resolved variations.!”] Thus,
developing innovative unclonable optical materials and crypto-
graphic techniques are urgently needed to achieve higher secu-
rity for information storage and dissemination.

Lanthanide (Ln™)-doped materials have shown considerable
promise in information encryption and anticounterfeiting ow-
ing to their outstanding luminescent properties including large
Stokes shift, narrow spectral lines, high quantum yields, and
excellent photostability.!®! Therefore, Ln!'-doped materials are
finely used in Chinese RMB and Euro banknotes as emissive anti-
counterfeiting labels to offer characteristic luminescence under
UV irradiation.) Unfortunately, the Ln"™ emissions are based
on their inherent {—f transitions, which lead to a high risk of be-
ing duplicated. On this basis, we consider whether it is possi-
ble to introduce an additional time dimension for Ln"™' lumines-
cence to further enhance the security level of anti-counterfeiting
and improve the capacity and crypticity for information
storage.

© 2023 Wiley-VCH GmbH
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Scheme 1. A) Cartoon illustration of Noctiluca scintillans displaying red color during the day along with their cyan bioluminescence at night. B) Noctiluca

scintillans-inspired Ln'"

illustration of the preparation of Ln'""-modulated UOP films. D) Simplified Jablonski diagram for interpreting the emission mechanism of Ln
UOP system. E) Fluorescence-afterglow dual-modal encryption system enabled by Ln

In recent years, ultralong organic phosphorescence (UOP),
namely, afterglow emission has drawn intense research interest
due to its fascinating optical phenomena.!*! Particularly, the in-
trinsic long-lived lifetime of UOP provides a unique time scale
for information encryption and anti-counterfeiting, greatly en-
hancing the security of information storage.['!! Moreover, ben-
efiting from their modulable afterglow lifetime and intensity, the
newly-emerged UOP materials are capable of encoding more ac-
cessible information with high-level security and improved stor-
age capacity.?l However, it still remains challenging to precisely
modulate UOP to achieve an elaborate afterglow gradient along
with polychromatic fluorescence for developing fluorescence-
afterglow dual-modal information encryption.

As one of the well-known bioluminescent creatures, the ma-
rine Noctiluca scintillans is a genus of dinoflagellates that gener-
ally displays red or green color during the day while it is scin-
tillating with bright cyan color over minutes for communica-
tion and intimidating predators at night (Scheme 1A).**) In-
spired by such interesting phenomenon, we speculate whether
it is possible to develop new optical materials with illusive emis-
sion phenomenon that fluorescence located at long wavelength
but displaying the afterglow with short wavelength (Scheme 1B),
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-modulated UOP films exhibits illusive long-wavelength fluorescence and short-wavelength afterglow emission. C) Schematic

"_modulated

"-modulated UOP materials.

which is highly appealing for innovative fluorescence-afterglow
dual-modal encryption. To verify our hypothesis, we developed
a hybrid optical system involving the introduction of 2,2":6’,2"'-
terpyridine (Tpy) as organic phosphor as well as chelating ligand,
and Ln™ as energy acceptor (Scheme 1C).['* The Tpy phosphors
can serve as an efficient organic antenna for sensitizing the lumi-
nescence of Ln"" after coordination, which is termed “antenna
effect.” That is, the energy can be transferred from triplet (T,)
states of Tpy ligand to the excited levels of the Ln'!!, leading to effi-
cient sensitized luminescence (Scheme 1D).[**] For one, the self-
assembly of Tpy in PVA matrix leads to UOP emission owing to
immense confinement provided by rigid environment and mul-
tiple hydrogen bonds from PVA. For another, the UOP emission
can be further precisely modulated by the introduction of Ln'"
coordination, providing multicolor fluorescence and UOP gradi-
ents on demand. As such, we envisage that it is possible to real-
ize a unique coordination-modulated UOP system by combining
Tpy phosphor and different Ln'"! (Eu'! and/or Tb'!) in poly(vinyl
alcohol) (PVA) matrix, which will contribute to fluorescence-
afterglow dual-modal encryption (Scheme 1E). Such unique op-
tical system enables camouflaging information by similar Ln'!!
fluorescence under UV light while deciphering information with

© 2023 Wiley-VCH GmbH
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Figure 1. A) The steady-state (prompt) emission spectra of Eu"'-modulated UOP materials, A., = 240 nm. B) Delayed emission spectra of Eu

Wavelength (nm)
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modulated UOP materials, 4., = 240 nm, delayed 0.05 ms. C) Time-resolved emission-decay profile of Eu-modulated UOP materials, monitored at
485 nm. D) Phosphorescent lifetimes of Eu''-modulated UOP materials. E) UV-vis absorption spectra of Eu'''-modulated UOP materials. F) Eu 4d XPS

spectra of Tpy,-Eu; @PVA film (top), and Tpy;-Eu, @PVA film (bottom).

mutual afterglow. Moreover, the fluorescence and UOP perfor-
mance including lifetime and intensity can be precisely regulated
by adjusting doping ratio of Ln"! to access elaborate afterglow
gradient on demand for spatial-time-resolved anti-counterfeiting
applications. This unprecedented bio-inspired optical system is
highly desirable for developing advanced fluorescence-afterglow
dual-modal encryption including attacker-misleading informa-
tion encryption and high-level anti-counterfeiting applications.

2. Result and Discussion

2.1. Fabrication and Characterization of Bio-Inspired Composite
UOP Films

In this study, we aim to precisely modulate the UOP perfor-
mance for fluorescence-afterglow dual-modal information en-
cryption by metal-ligand (M-L) coordination. For this purpose,
the Ln"""-doped UOP materials with different molar ratios of Ln'!
(TPy,-Ln, @PVA, x/y denotes the molar ratio of Tpy to Ln'") were
facilely prepared in the first step by integrating Tpy phosphor
with PVA matrix, followed by the introduction of Ln'"!, which ex-
hibited modulable ultralong persistent luminescence under am-
bient conditions (Figure 1). The purely organic afterglow material
(Tpy@PVA) displays dual steady-state emission bands centered at
365 and 465 nm, and exhibits a prominent time-resolved emis-
sion peak at 485 nm with cyan afterglow about 3.0 s (Figures S1
and S2, Supporting Information). Thereafter, the Ln'"" metal ions
(Eu'" and/or Tb™) were introduced into the Tpy@PVA UOP sys-
tem to validate the idea that precisely tuning optical properties
including fluorescence and phosphorescence via an efficient ET
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process. As expected, the prompt photoluminescence spectrum
shows a consecutive decline of the intrinsic emission at 365 and
465 nm upon increasing the molar ratio of Ln'" dopant

(Figure 1a and Figure S3a, Supporting Information). It indi-
cates that there is an efficient ligand-to-metal photosensitized en-
ergy transfer (PSET) between Tpy and Ln'", which is also known
as the “antenna effect” as depicted in Scheme 1D.1% To confirm
the PSET from Tpy phosphor to Ln!!! acceptor, the steady-state
lifetimes of Ln"-modulated UOP materials were collected. The
steady-state lifetimes of Tpy@PVA monitored at 365 and 465 nm
are 2.02 and 4.30 ns, respectively (Figure S16, Supporting Infor-
mation). It is found that the steady-state lifetimes are decreased
slightly upon increasing Eu'"" dopant up to 1:2 (Figure S17 and
Table S1, Supporting Information), indicating minor ET from
singlet state of Tpy to Ln'"" may occur. Accordingly, the UOP at
485 nm follows the same trend with fluorescence emission show-
ing gradually diminution (Figure 1b and Figure S3b, Supporting
Information). Since the Ln"" luminescence has a phosphorescent
lifetime of about 1.5 ms (Figure S4, Supporting Information), its
delayed emission is still observed in the delayed emission spectra
along with UOP. Accompanied by the decrease of afterglow in-
tensity at 485 nm, the delayed emission of Eu'-modulated UOP
materials at 615 nm was increased to maximum and then de-
creased into a plateau, implying that the doping ratio for opti-
mal sensitization efficiency is 20/1 (Tpy/Eu’*, Figure S18, Sup-
porting Information). However, the phosphorescent intensity of
Tb™-modulated UOP materials at 540 nm undergoes a contin-
uous growth process until it reached a plateau, showing optimal
sensitization efficiency at around 1/1 (Tpy/Tb**, Figure S18, Sup-
porting Information). Thereby, the decline of afterglow emission
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Figure 2. a) Schematic illustration of disassembly of Tpy aggregates and the coordination of Tpy molecules with Ln""" in the Tpy-Ln@PVA material

systems. b) Optical microscopy (OM) images of Tpy-Eu@PVA with different doping ratios of Eu

" scale bar 50 um. c) Photographs of Ln-modulated

UOP materials with different doping molar ratio of Eu''" (left) and Tb""" (right), the photos were taken under 254 nm UV excitation and at different time

intervals after the removal of UV irradiation.

at 485 nm can be attributed to the PSET effect. As a result, the
phosphorescent lifetime is also gradually reduced from 540 ms
for Tpy@PVA to 156.2 ms for Tpy,-Eu, @PVA (Figure 1c,d) and
140.3 ms for Tpy,-Tb, @PVA (Figure S5, Supporting Informa-
tion). Especially, it is found that the lifetime is decreased dra-
matically upon increasing molar ratio from 1:1 to 1:2 probably
due to nearly complete coordination of Tpy molecules for Tpy;-
Ln, @PVA systems. Given the significant variation of phospho-
rescent lifetime, the PSET from triplet state of Tpy phosphor
to Ln'! should be a dominant pathway. In addition, the opti-
mal phosphorescence quantum yields of these hybrid materi-
als are 5.36% for Eu'-modulated materials and 8.33% for Tb™!-
modulated materials (Tables S2 and S3, Supporting Informa-
tion), which are consistent with their delayed emission. As a com-
parison, the powders of (Tpy);-Ln'" complexes exhibit short-lived
phosphorescence leads to no afterglow emission can be observed
by naked eyes although they display strong luminescence under
UV light (Figures S19 and S20, Supporting Information).

Along with the variation of coordination, the fluorescent color,
afterglow intensity and duration were also capable of being pre-
cisely modulated (Figure 2c). Take Eu'""-doped UOP system for
example, the fluorescent color changed from initial cyan to in-
tense red and the afterglow intensity decreased continuously with
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duration declined from 3.0 s to 0.1s due to increasing PSET effect
from Tpy phosphor to Eu'™'. Especially, Tpy,-Eu,; @ PVA material
exhibits much longer and stronger afterglow lasting over 1.5 s
while Tpy,-Eu, @PVA displays only dim afterglow with duration
of 0.1 s. It's worth noting that the afterglow emission of Eu'"'- and
Tb™-modulated UOP materials is essentially identical due to the
UOP originates from uncoordinated Tpy phosphors. Although
the phosphorescence of Ln"™ become dominant after the doping
ratio is increased up to 50/1 (ny,, /ny,), the afterglow emission of
Ln'" is not able to be observed by naked eyes due to their short-
lived lifetime. Moreover, Eu'" and Tb™ were blended together to
jointly tune the optical properties of UOP system. Interestingly,
both Tpy-Eu,sTbys @PVA and Tpy-Eu, Tb; @ PVA exhibit an in-
tense yellow fluorescence owing to the superimposition of Eu™
and Tb"" luminescence (Figure S6, Supporting Information). Be-
sides, the UOP performance of these two heterometal-doped ma-
terials matches with that of single Ln"" doped materials, reveal-
ing visible afterglow about 1.6 s for Tpy-Eu,;Tb, s @PVA while
only weak and short afterglow can be observed by naked eyes
for Tpy-Eu, Tb; @PVA (Figure S7, Supporting Information). In
sharp contrast to those dye-doped materials, all UOP materi-
als are highly transparent with transmittance of ~90% (Figure
S21, Supporting Information), which is beneficial to avoiding
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information leakage under daylight. These results illustrate that
both UOP performance (intensity and lifetime) and prompt lu-
minescence can be finely modulated on-demand by varying the
dopant ratio of Ln™, which suggests great potential for a wide
range of optical applications including high-level information en-
cryption, anticounterfeiting and intelligent display.

To figure out the coordination modulation of afterglow,
ultraviolet-visible (UV-vis) absorption spectroscopy and X-ray
photoelectron spectroscopy (XPS) were fully implemented. As
displayed in Figure le and Figure S8, Supporting Information,
the shift of UV absorbance correlates well with the trend of
UOP performance upon increasing molar ratio of Ln'"! dopants.
To be specific, the z-7* and n-z* transitions of Tpy molecules
ranging from 230 to 300 nm become structureless accompanied
by the gradual rise of absorbance at #350 nm for doping Eu'!
(Figure 1e) and Tb' (Figure S8, Supporting Information), which
is attributed to the ligand-to-metal charge transfer (LMCT).[*]
The bathochromic shift and decrement of z-z* and n-z* ab-
sorbance bands indicate the isomerization of Tpy from trans—
trans to cis—cis and the lone pair electrons of Tpy are delocal-
ized to the empty orbital of the Ln"! upon complexation.!'”] Con-
comitantly, the appearance and increase of LMCT absorbance at
350 nm can be observed owing to the increased ratio of coordi-
nation. Again, the sudden change in absorbance is observed at
molar ratio of 1:2. Take Eu™-doped UOP material as a model
system, XPS experiments were employed to study such abrupt
variation of optical properties. Through fitting analysis of Eu 4d,
the peaks located at ~#138.9 (4d; ;) and 133.4 eV (4d; ;) for Tpy,-
Eu, @PVA are significantly redshifted to 141.7 and 136.1 eV for
Tpy,-Eu, @PVA (Figure 1f). Likewise, upshift of Eu 3d is observed
from 1160.9 (3d;),) and 1131.6 eV (3ds,) for Tpy,-Eu; @PVA to
1161.7 and 1132.5 eV for Tpy,-Eu, @PVA (Figure S9, Supporting
Information). Such similar shifts toward higher binding energy
are probably attributed to the decrease of electron density from
the change of binding mode as shown in Figure S9, Supporting
Information. To be specific, intact complexes might be assembled
in the case of Tpy,-Ln, @PVA due to a plethora of Tpy molecules.
That is, there were still plenty of Tpy molecules uncoordinated
with Ln™ due to diffusion of Ln™ in the PVA matrix, and thus vis-
ible intense UOP could be still observed. In this case, the empty
orbitals of Ln'"" are fully filled with lone pairs of Tpy to form in-
tact 3:1 complex. However, 1:1 complexes can be formed in the
case of excessive Ln'"" for Tpy,-Ln, @PVA attributed to there is
not sufficient Tpy molecules to form a thermodynamically stable
3:1 complex, leading to almost vanishment of UOP. These results
demonstrate that the modulation of optical properties depends
on the coordination between Tpy phosphor and Ln''l.

To further shed light on the modulation of UOP properties by
coordination, optical microscopy (OM), small angle X-ray scat-
tering (SAXS) and attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy were fully carried out. As de-
picted in Figure 2a, uniform microparticles with 2-3 ym can
be observed owing to the self-assembly and aggregation of Tpy
molecules in the PVA matrix. Upon the introduction of Ln'
dopant, the Tpy aggregates are depleted consecutively owing to
the coordination of Tpy molecules with Ln". As a result, the
phosphorescent intensity and lifetime of UOP system reveal
gradually diminution. Besides, the SAXS results reveal that no
significant change in structure at the nanoscale (Figure S10, Sup-
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porting Information). Moreover, the stretching vibrations of free
pyridine ring (C=N, C=C) located at 1573.6 cm™"! for Tpy@PVA
were almost vanished for Tpy,-Ln; @PVA and Tpy,-Ln, @ PVA
(Figure S11, Supporting Information), implying the introduction
of dynamic coordination. These results demonstrate that the pre-
cise regulation of these Ln'!-doped UOP films resulted from co-

ordination between Tpy molecules and Ln'™.

2.2. Precisely Modulated UOP for Multi-Level Information
Encryption

In recent years, the UOP materials have exhibited outstanding
applications in the fields of information encryption and anti-
counterfeiting.'8] The precise regulation of UOP performance
on-demand to develop fluorescence-afterglow dual-modal infor-
mation encryption is still challenging. Inspired by Noctiluca scin-
tillans, we aim to develop innovative encryption system by us-
ing Ln™-modulated UOP materials. As a proof-of-concept, a dot-
matrix pattern (5 x 5) was fabricated for multi-level informa-
tion encryption by selectively assembling Tpy,-Eu, @PVA, Tpy, -
Eu, @PVA, Tpy,-Tb, @PVA and Tpy,-Tb, @PVA films (Figure
3a). The output of emissive dot is defined as “1” and non-emissive
dot represents “0.” which is comparable to binary data. Upon
the UV light excitation, only disguised pattern is observed and
no valid information can be obtained because all films emit in-
tense fluorescence. However, the dot-matrix pattern represents a
certain information after erasing UV source, which can be deci-
phered as “GOOD!” through given binary cipher (Table S4, Sup-
porting Information) owing to the fast fadeout and weak of UOP
afterglow for Tpy,-Eu, @ PVA and Tpy,-Tb, @ PVA films at the de-
lay time of 0.1 s. It should be noted that we select such a delay
time in order to eliminate the effect of short-lived Ln'" phospho-
rescence. Also, these Ln""-modulated UOP materials can be well
applied in the encryption of words and numbers by using sim-
ilar fluorescence as camouflage with attacker-misleading ability
(Figure S12a, Supporting Information). As displayed in Figure 3b
and

Figure S12a, Supporting Information, when being exposed to
365 nm UV light, the obfuscate and misleading information of
“8888” and “Sunrise” are masqueraded. However, the target in-
formation of “2023” and “Sun” can be deciphered, respectively,
after stopping UV irradiation for 0.1 s (Videos S1 and S2, Sup-
porting Information). More interestingly, the image of “lurking
tiger” is appeared in the form of afterglow after the removal of UV
excitation (Figure 3c and Figure S12b, Supporting Information).
In this way, a new high-level information encryption method is
successfully established by taking advantages of fluorescent in-
formation camouflage and decryption with afterglow display, re-
vealing greatly improved crypticity and security.

To further validate our conception, we demonstrated a poten-
tial application of Ln""-modulated UOP materials for multi-level
information encryption as shown in the Figure 4. The “trea-
sure map” was delicate designed and drawn with several Ln'"-
modulated UOP materials (Figure S13, Supporting Information).
In this encryption system, polychromatic fluorescence was em-
ployed to camouflage information for disorienting the treasure
hunter, while the real information was hidden in the afterglow.
Under daylight, no information can be obtained due to high
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Figure 3. The multilevel encryption system by using fluorescence camouflage and decryption with UOP. A) Schematic illustration of a dot-matrix pattern,
where “1” denotes Tpy;-Eu; @PVA, “2” denotes Tpy;-Eu, @PVA, “3” denotes Tpy;-Tb; @PVA, “4” denotes Tpy;-Tb, @PVA (top), the photos were taken
under 254 nm UV light (bottom left) and after creasing excitation for 0.1's (bottom right). B) The photos were taken under 254 nm UV light (top) and
after creasing excitation for 0.1 s (bottom). C) The photos of “a lurking tiger” were taken under 254 nm UV light (left) and after creasing excitation the
for 0.1s (right).
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Figure 4. The multilevel encryption system of “treasure map”. A) Diagram depicting the multi-level information encryption system for hiding target
location of treasure. B) The photographs of “treasure map” 254 nm UV light (left) and after erasing UV irradiation (right) for 0.1 s.

Adv. Funct. Mater. 2023, 2310043 2310043 (6 of 10) © 2023 Wiley-VCH GmbH

851907 SUOWILIOD SANER.D 32! dde 33 Ag pauseA0B e S3o1Le YO B8N JO S3|NJ 0} Akeiq 1 8ul|UO A3]IA UO (SUO IPLIOD-PUR-SLUBI /WD A3 | 1M Afeuq U1 |UO//:SaNY) SUORIPUOD PUe swid 1 3U) 89S *[202/20/6T] uo Akeiqiauluo AB|Im ‘SeLe N JO aIminsu] ogbuiN A EF00TEZ0Z WIPe/Z00T OT/10p/Wod A8 |IM A1 1[BUI|UO//SUNY W04 Papeo|UMOQ ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

1: Tpy4-Eus@PVA  3: Tpys-Tb,@PVA
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Figure 5. The illustration of the multi-level information output system. A) Schematic illustration of assembling complicated literal matrices by using
mono- and double-Ln'""-modulated UOP materials. B) Digital image of literal matrices under 254 UV light. C) Schematic and digital images of the
decoded “WORLD” under a red optical filter. D) Schematic and digital images of the decoded “PEACE” under a green optical filter. E) Schematic and
digital images of the decoded “FORCE” after the removal of UV excitation for 0.1's.

transparency of these Ln'!-modulated UOP materials (Figure
S21, Supporting Information). Thereafter, a treasure map is pre-
sented with the assistance of UV irradiation, but the target loca-
tion of the treasure is still hidden. After the removal of UV light
for 0.1 s, the encrypted location of treasure on the map is ap-
peared by visible afterglow (Video S3, Supporting Information).
That is, the only way to know target information is to retrieve the
correct key (fluorescence-afterglow dual-modal decryption).

Not only the innovative optical materials, but also the new tech-
niques of encryption and decryption are necessary for enhanc-
ing high-level security.'") Interestingly, plenty of marine fishes
possess intraocular filters, which can function as hi-pass filters
to render a specific range of wavelength to reduce chromatic
aberration and dazzle, thus largely improving contrast vision.[?’]
The optical filters are also key components of various micro-
scopes, cameras, and spectroscopic instruments, which are es-
sential to obtain desired spectral band. Therefore, we speculated
that whether it was possible to utilize optical filters to select the
desired emission band to further improve the cryptographic se-
curity. A proof-of-concept demonstration is depicted in Figure
5, in which optical filters are used for selecting channels of flu-
orescence signals. For the sake of simplicity, five literal matri-
ces were selectively assembled with six single- and double-Ln'"-
modulated UOP materials for multi-level information encryption
(Figure 5a). The Commission Internationale de I'Eclairage (CIE)
1931 coordinate diagram of these Ln""-modulated UOP materials
shows that there are three pairs of materials with similar colors
(Figure S14, Supporting Information). Since three fluorescent
colors are interfered with each other, the encrypted information is
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confusing and unable to be distinguished (Figure 5b). It is worth
noting that the yellow fluorescence from Tpy,-Eu,Tb,s @PVA
and Tpy,-Eu, Tb, @ PVA will provide information either red filter
or green filter is performed due to the superimposition of Eu'!!
and Tb™ luminescence. As such, “WORLD” and “PEACE” can
be identified with the help of red (600-700 nm) and green (500—
600 nm) filters, respectively (Figure 5c,d and Videos S4 and S5,
Supporting Information). Moreover, a deeper hidden informa-
tion of “FORCE” can be decoded after creasing UV irradiation
(Figure 5e and Video S6, Supporting Information). In this way,
important information is camouflaged by polychromatic fluores-
cence, which can be decoded by specific optical filters. More im-
portantly, a deeper level of information is further hidden in the
afterglow, demonstrating high-level crypticity and security of in-
formation encryption.

2.3. Spatial-Time-Resolved Anti-Counterfeiting

The most of optical anti-counterfeiting techniques primarily rely
on spatial-resolved variation, which faces high risk of being du-
plicated. To demonstrate our hypothesis of spatial-time-resolved
anti-counterfeiting, we developed high-level anti-counterfeiting
systems by the combination of various Ln"-modulated UOP
materials with lifetime gradient (Figure 6). As a conceptual
demonstration, a faveolate pattern was designed as an anti-
counterfeiting icon by assembling a family of Tb™-modulated
UOP films to verify the authenticity of honey (Figure 6a).
Based on the afterglow gradient of these Ln"""-modulated UOP

© 2023 Wiley-VCH GmbH
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Figure 6. High-level spatial-time-resolved anti-counterfeiting applications. A) The schematic illustration of anti-counterfeiting icon for honey authentica-
tion by rationally assembling Tb'!'-modulated UOP materials. B) Photographs of anti-counterfeiting faveolate pattern under 254 nm UV excitation and at

different time intervals after erasing UV irradiation. C) The illustration of lifetime-coding for anti-counterfeiting by using Ln

"".modulated UOP as optical

paints. D) The photographs of rose pattern under 254 nm UV excitation and its gradual withering in chronological order after the removal of excitation

source.

materials, spatial-time-dependent revolution of the faveolate pat-
tern would be displayed. As shown in Figure 6b and Video S7,
Supporting Information, a vivid faveolate icon with a bee pat-
tern at the center is appeared under UV light. Then, the hexagon
and bee pattern that made by Tpy,-Tb, @PVA and Tpy,-Eu,-
Tb, @PVA, respectively, disappeared immediately at 0.1 s after
the removal of UV excitation source. The other hexagon units
fade away in a clockwise order due to longer lifetime of less
Ln'""-doped

UOP materials. By this means, spatial-time-resolved anti-
counterfeiting systems are successfully realized with high secu-
rity level, which arehighly appealing for the identification of au-
thentic commodities. Furthermore, Eu"'- and Tb"-doped UOP
materials were jointly used as colorful paints for high-level anti-
counterfeiting (Figure 6¢ and Figure S15, Supporting Informa-
tion). In this case, we selected a model pattern of rose to il-
lustrate our design idea for anti-counterfeiting applications. To
be specific, the different parts of the rose pattern painted with
different Ln-modulated UOP materials with afterglow gradient
would fade away in chronological order. Indeed, the rose paint-
ing seems to be wilting after creasing UV light in addition to
vivid rose pattern under UV light (Figure 6d and Video S8, Sup-
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porting Information). The leaf pattern made by Tpy,-Tb, @PVA
were the first to fade away while the petals and leaves painted
with Tpys-Eu; @PVA and Tpys-Tb; @PVA vanished finally at
2.5 s. Compared with the common optical methods used for
anti-counterfeiting, this spatial-time-resolved anti-counterfeiting
strategy manifests largely improved security to verify the au-
thenticity without complicated device and tedious material
preparation.

3. Conclusion

Inspired by the Noctiluca scintillans, we have presented a feasible
and reliable approach that combined lanthanide luminescence
for camouflaging information and coordination-modulated UOP
for deciphering target information, yielding greatly improved
crypticity and security. A new strategy to precisely modulate the
optical properties of UOP materials based on Ln™ coordina-
tion is developed, which manifests a powerful ability to tune
UOP performance on-demand for high-level encryption and anti-
counterfeiting applications. It was found that both lifetime and
phosphorescent intensity can be finely modulated via Ln'™" co-
ordination based on efficient energy transfer. As a result, the

© 2023 Wiley-VCH GmbH
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afterglow duration was effectively tuned varying from 3.0 s to
0.1 s along with diversified fluorescent color were successfully
achieved. Benefiting from precisely modulated UOP and poly-
chromatic fluorescence, multilevel information encryption sys-
tems were established by providing misleading and illusive in-
formation with polychromatic emission and deciphering infor-
mation with mutual cyan afterglow, largely enhancing the related
crypticity and security. In addition, multilevel information could
be decrypted with the help of optical filters and switching UV
excitation, which not only improved the information storage ca-
pacity but also facilitated the high-level information encryption.
More importantly, spatial-time-resolved anti-counterfeiting sys-
tems were well established by using Ln"™-modulated UOP mate-
rials with afterglow gradient for authentication with high secu-
rity. These findings were ingeniously leveraged to demonstrate
advanced applications including high-level information encryp-
tion and anti-counterfeiting.

4. Experimental Section

Materials:  Polyvinyl alcohol 1799 (PVA 99, ~98-99% hydrolyzed de-
gree) was purchased from Aladdin Chemistry Co. Ltd. 2,2":6',2-Terpyridine
and Tb(NO3);3-5H,0 (99.9%), purchased from Aladdin Chemistry Co. Ltd.
Eu(NO3)3-6H,0 (99.9%) was supplied by Energy Chemical. The red opti-
cal filter (centered at a wavelength of 650 nm + 20 nm) and green optical
filter (green: 500-600 nm) were purchased from Shenzhen Huateng Vision
and CHENGXINLI CO., respectively.

Preparation of Ln''-Modulated UOP Materials:  The Tpyy-Ln, @PVA film
(x/y refer to the molar ratio of Tpy to Ln'"") were fabricated by a simple drop-
casting and annealing method. Take the Tpy;-Eu; @PVA film (the molar
ratio of Tpy to Ln'"' = 1:1) for example: The mixed solution of Tpy (5.0 mg,
0.021 mmol), Eu(NO3)3-6H,0 (9.6 mg, 0.021 mmol) and PVA (500 mg,
99% hydrolyzed degree) in water (7.0 mL) were stirred at 96 °C for 45 min
to obtain homogeneous precursor solution. The resulted precursor so-
lution was free standing for thermal annealing immediately at 65 °C for
15 min. Subsequently, 2.0 mL of the obtained aqueous precursor solution
was taken and drop-casted on the cover glass (25 mm x 75 mm) with a
pipette. Finally, the cover glass was then evaporated at 65 °C for 1 h to ob-
tain Tpy,-Eu; @PVA film with thickness of about 100 um. The fabrication
method of the other lanthanide-doped UOP films is similar to that de-
scribed above. (Notes for coordination process: Tpy molecules, Ln'"" and
PVA are well dispersed in water to form homogeneous solution at 96 °C;
Then, the Tpy molecules as an NNN-type Pincer ligand are prone to coor-
dinate with Ln""" at 65 °C to form thermodynamically stable metal-organic
complexes. In this process, geometry of Tpy is converted from trans—
trans to cis—cis lead to co-planar conformation of pyridine units for metal
chelation.)

Characterization: UV-vis absorption and transmittance spectra were
recorded on a UV-vis spectrophotometer (TU-1810, Purkinje General In-
strument Co., Ltd). ATR-FTIR was performed with Cary660 FTIR spectrom-
eter. The small angle X-ray scattering (SAXS) patterns were carried out
with Xeuss 3.0. Steady-state fluorescence, time-resolved (delayed) emis-
sion and time-resolved emission-decay measurements were measured by
a FL3-111 fluorescence spectrofluorometer at room temperature. Absolute
quantum yields were determined by integrating the sphere on a Quantum
Yield test system (QE-2100). The lifetime () of the emission was obtained
by fitting the decay curve with a multiexponential decay function:

t

It) = ZAie"? Mm

where A; and z; represent the amplitude and lifetime of an individual com-
ponent for multiexponential decay profiles, respectively.
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The average lifetimes were calculated according to the following equa-
tion:

Tavg = Z ! [a; )

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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