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Triplet-triplet annihilation photon upconversion seeks efficient conversion of
low-energy photons to high-energy emission. However, the triplet-triplet

annihilation photon upconversion system faces limitations in emission gamut
because efficient triplet-triplet energy transfer between sensitizer and anni-
hilator relies on triplet energy matching, making it challenging to realize multi-
channel luminescence and multi-dimensional optical control. Here, to over-
come this barrier, we propose a chiral dual-annihilator model, which mitigates
the restriction of energy matching and achieves facile manipulation of circu-
larly polarized luminescence through a dual-channel triplet-triplet energy
transfer process. A theoretical equation for quantifying the overall triplet-
triplet energy transfer efficiency and the energy flow between the sensitizer
and two kinds of annihilators is proposed. Its accuracy is demonstrated by fine-

controlling the emission bandwidth of triplet-triplet annihilation photon
upconversion (average error less than 4.5%) in the experimental aspect. In
addition, by introducing chiral liquid crystals, the dual-annihilator model
achieves data coding and multi-dimensional optical encryption applications.
This dual-annihilator model deepens the understanding of energy flow and
lays the foundation for accurate, multidimensional modulation of photon

upconversion.

Triplet-triplet annihilation photon upconversion (TTA-UC) integrates
photon energy combination and exciton coupling through a complex
triplet transfer and annihilation process™. Accordingly, low-energy
excitation sources can produce high-energy emission light, thus avoid-
ing the issues of the photobleaching effect and spontaneous fluores-
cence interference in traditional high-energy excitation systems®”. With
its advantages, TTA-UC has profound significance in the fundamental
research of optical materials®™°. The Dexter energy transfer in the TTA-
UC system relies on electron exchange™”, where the overlap of the
electron wave function and triplet states determines the efficiency™".
Effective energy transmission requires strict symmetry of triplets,

reducing the flexibility of the system’s expansion, especially for multi-
color light output™™%. Although the emission colors of annihilators can
be adjusted through organic synthesis, a complex synthesis process is
often unavoidable. Additionally, the optical properties of the resulting
annihilators tend to be unpredictable. Further development demands
breaking through the deep physical bottleneck caused by energy sym-
metry in this system”?. Previous studies studied a thermal-activated
triplet-triplet energy transfer (TA-TTET) approach to circumvent energy
mismatch?. However, precisely controlling the energy flow dynamics to
achieve tunable multicolor luminescence remains a significant challenge
within current TTA-UC frameworks.
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Apart from the luminescence color, multi-dimensional mod-
ulation on photonic states plays a significant role in information
encoding® *. The wavelength-dominant single-dimension encod-
ing severely restricts the potential of TTA-UC for advanced appli-
cations requiring high information density. To address this,
researchers have focused on introducing circular polarization
property as an orthogonal information dimension®*?. For instance,
upconverted circularly polarized luminescence (UCCPL) based on
upconversion nanoparticles (UCNPs) in chiral liquid crystals (CLCs)
has been reported. The dissymmetry factor®, i.e., gum=2 * (I - Ip)/
(I + Ip) denoting the intensities difference between left-handed (/)
and right-handed (/p) circularly polarized light, reached -0.5,
achieving encrypted photonic barcode®. Nevertheless, the lumi-
nescence efficiency and wavelength tenability of UCNPs are still a
challenge.

In this work, we establish a dual-annihilator model in toluene
solution and CLCs, realizing tunable energy flow and luminescence
gamut regulation through dual-path energy transfer (Fig. 1). This
approach is expected to extend the traditional TTA-UC systems by
decoupling energy transfer from the constraints of energy level
symmetry****, providing a more flexible and efficient pathway for
photon conversion®. Typically, a dual-path energy transfer system
is constructed by combining the triplet energy-mismatched anni-
hilator (DPA) and the triplet energy-matched annihilator/sensitizer
pair (BDP/PtTPBP). Although the triplet energy level of DPA is
higher than that of PtTPBP, DPA can participate in the triplet
dynamic processes through TA-TTET?*. A set of kinetic equations
regarding the energy flow in the dual-annihilator model is derived.
The experimental results demonstrate that the color of UCPL, from
blue to yellow can be accurately controlled based on these equa-
tions with errors less than 5.0%. In addition, we design a series of
TTA-UC micromatrices within CLCs***°, producing effective UCCPL
with gium value at ~1.0. And a notable discrepancy was observed
between UCCPL and downshifting circularly polarized lumines-
cence (DSCPL). This divergence can be ascribed to the inherent
differences in their luminescence mechanisms, as well as the unique
synergistic effects resulting from dual-path energy transfer pro-
cesses. Compared to the traditional TTA-UC system, the dual-
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Fig. 1| Chiral dual-annihilator model for controllable photon upconversion
and multi-dimensional optical modulation. The energy level and energy transfer
roadmap of the sensitizer and annihilator in the dual-annihilator model. The
energy-mismatched annihilator (DPA) implements the triplet-triplet annihilation
photon upconversion (TTA-UC) process by means of thermally-activated triplet-
triplet energy transfer (TA-TTET). The dual-annihilator model was introduced into

annihilator model not only retains the polarization characteristic of
TTA-UCCPL for information hiding but also leverages excitation-
related emission color differentiation to prevent data tampering.
On the basis of this feature, anti-counterfeiting patterns, graphical
encoding, and flexible TTA-UCCPL films with high-level and multi-
dimensional input and output light are fabricated. This chiral dual-
annihilator model opens new avenues for advanced data storage
encryption and efficient processing methods.

Results

Dynamic derivation of the dual-annihilator model

The dual-annihilator model is constructed by combining PtTPBP with
an energy-mismatched annihilator (DPA) and an energy-matched
annihilator (BDP), where the DPA/PtTPBP system is considered to
realize the TTA-UC process by crossing the energy barrier of 0.16 eV
through TA-TTET®. The dynamic process of the dual-annihilator
model was thoroughly analyzed and discussed in Supplementary
Notes 1 and 2. The disparity in two annihilators excited triplet popu-
lations and singlet annihilation processes are predominantly influ-
enced by the rate at which they gain triplet energy of sensitizer
(kerTp)- Hence, the exploration of the dual-annihilator model mainly
focuses on the energy transfer process from the sensitizer to these two
annihilators in Supplementary Equation 2 (Supplementary Note 1)*.
The proposed relationship is subsequently employed to assess the
efficiency of TTET (®gr) using the following Eq. 1,

ket % Coppa) + Kerz2 * Cgppy
T
kp + ke1 X Cippay + Ker2 X Cigpp)
1
1+ kery X To X Cippay + K2 X To X Cppp)

Drppr =
@
=1

Where kE and 7, represent the spontaneous decay rate and triplet
lifetime of the sensitizer in the absence of the annihilators, kgr; and
kgr, are the TTET rates of DPA and BDP, respectively, and Cppay and
Cpp) are the concentrations of DPA and BDP, respectively. This model
describes the triplet energy flow relationship, which allows for pre-
dicting the synergistic effect of dual annihilators and modulating the
TTA-UC emission color.
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the chiral nematic liquid crystals (CLCs) microenvironment. The triple-state energy
competition between DPA and BDP realizes the coordinated adjustment of the
color of upconverted circularly polarized luminescence (UCCPL). The color of
UCCPL and downshifting circularly polarized luminescence (DSCPL) can be clearly
distinguished upon excitation of 639 and 365 nm light, respectively.
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Fig. 2 | Kinetic analyses of the TTA-UC process of DPA/PtTPBP, BDP/PtTPBP,
and DPA/BDP/PtTPBP system in deaerated toluene. And the derivation pro-
cess of energy flow of the dual-annihilator model. Upconverted photo-
luminescence (UCPL) spectra of a DPA/PtTPBP and b BDP/PtTPBP with different
molar ratios under excitation of 639 nm laser with the power density of 1.6 and
0.9 W cm?, respectively. [PtTPBP] =1.0 x 10°mol L™. Signals around 774 nm are the
emission of the sensitizer. The Stern-Volmer plot of ¢ DPA/PtTPBP and d BDP/
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PtTPBP. e 2D and f 1D transient absorption spectra of dual-annihilator model in
deaerated toluene. The power density of the 635 nm laser was 475 mW cm™.
[PtTPBP] = 1.0 x 10°mol L, [DPA] = 5.0 x 10>mol L, [BDP] = 2.5 x 10™*mol L.

g Calculated energy transfer efficiencies (@yet) of dual annihilators with different
concentrations. The simulation is deduced through the coupled rate equation of
the system’s dynamic process. [PtTPBP] = 1.0 x 10°mol L™}, [DPA] = 0 - 5.0 x
102mol LY, [BDP] = 0-2.5 x 10™*mol L™ Calculated @7 of h DPA and i BDP.

To validate the proposed TTET process, we prepared samples in
deaerated toluene and performed the following experiments. When
[PtTPBP] =1.0 x 10~5 mol L™, the UCPL spectra of DPA/PtTPBP (molar
ratio 5000:1) and BDP/PtTPBP (molar ratio 50:1) systems were studied.
The emission peaks were observed at 440 and 544 nm, respectively.
The UCPL intensities as a function of excitation power density exhib-
ited a slope transition from -2 to -1, indicating excitation thresholds
are approximately 1.3 and 0.6 W cm~2 for DPA/PtTPB and BDP/PtTPBP,
respectively (Supplementary Fig. 1). We further examined the effects of
varying DPA and BDP concentrations on UCPL intensity and the
phosphorescence decay of the sensitizer (Fig. 2a, b and Supplementary
Fig. 2), revealing distinct quenching behaviors (the Stern-Volmer
constants (Ksy) and the triplet energy transfer rate (krrer) between
DPA and BDP*". Although high concentration of DPA causes slight
suppression on fluorescence intensity, the UPCL of DPA/PtTPBP shows
significant enhancement because of the improved O and Oqpy
(Fig. 2a, Supplementary Figs. 3a, b and 4, Supplementary Table 3). In
addition, the evolution of UCPL intensities of DPA/PtTPBP with the
concentrations of DPA at 5.0 x 1072 and 6.0 x 102 mol L™! present good
photostability under continuous irradiation of 639 nm laser (Supple-
mentary Fig. 5). By resolving Supplementary Equations 5 and 6, the

DPA/PtTPBP system possesses quenching parameters with Ksy of
81.6 M1 and kyrer of 2.1 x 106 M1 s7! (Fig. 2c), while BDP/PtTPBP
exhibited stronger quenching performance with Ksy of 4.2 x 10* M1
and krrer of 1.1 x 10° M1 s71 (Fig. 2d). The low kyrer demands a large
number of DPA existing Furthermore, we utilized transient absorption
(TA) spectroscopy to dig into the triplet flow behavior. As shown in
Supplementary Figs. 5a and 6a, ground-state bleaches (GSB) originat-
ing from the singlet transition of PtTPBP can be observed at 430 nm.
Subsequently, PtTPBP exhibits excited-state absorption (ESA) of T;-T,
at 460 nm with the intensity of 5 mOD. With the addition of DPA, DPA/
PtTPBP system still shows the ESA signal ~460 nm but the intensity
slightly decreases, probably due to the TTET from PtTPBP to DPA
(Supplementary Figs. 6b and 7b). Similarly, BDP/PtTPBP exhibits weak
intensity at 460 nm, confirming the TTET process between PtTPBP and
annihilators. Moreover, a strong stimulated emission (SE) signal ori-
ginating from the UCPL of BDP can be detected at 525 nm which is
undetectable in DPA/PtTPBP system (Supplementary Figs. 6c and 7c),
agreeing with the previous demonstrations of lower quenching ability
of DPA. To investigate the triplet dynamics, we carried out the time-
resolved phosphorescence decay measurements of PtTPBP with/
without annihilators. With the presence of DPA, the decay kinetics
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possess a fast component. Additionally, the decay time of this fast
component gradually decreases with the increase in DPA concentra-
tion. When [DPAJ:[PtTPBP] = 6000:1, the fast component shows a
phosphorescence lifetime of PtTPBP being 3.4 ps, much shorter than
the initial lifetime of 39.1 pus (Supplementary Fig. 2a). This demon-
strates that, although the DPA triplet level is a bit higher than that of
PtTPBP, it is still possible to enable the TTET process through thermal-
assisted mechanism®*., In the BDP/PtTPBP system, the emission decay
of the fast component is more significant (Supplementary Fig. 2b),
which relates to the larger Ksy and k. Therefore, if we integrate the
synergistic luminescence of BDP and DPA simultaneously in the
upconversion process, a higher concentration of DPA is required to
regulate the competitive relationship between them.

Encouraged by those results, we studied the dual-annihilator
model combining DPA and BDP with PtTPBP. As depicted in Fig. 2e and
f, an obvious GSB of PtTPBP at 430 nm and a weaker positive signal at
460 nm were observed in the TA spectra. After 3.6 ps, the SE of BDP
appeared at 525nm. Those results are consistent with the mono-
annihilator systems, indicating the dual-path energy transfer in the
dual-annihilator system. Therefore, we simulated the efficiency of
TTET of the dual-annihilator system based on Eq. 1. Figure 2g show-
cases the calculated @y at different concentrations of DPA (0-5.0 x
102mol L™) and BDP (0 - 2.5 x10"*mol L ™). For experimental proof, we
gradually added BDP into the DPA/PtTPBP system and gained the
@q¢r values in saturated ([DPAL:[PtTPBP] = 5000:1) and unsaturated
([DPAJ:[PtTPBP] = 500:1) states. As shown in Table 1, the experimental
results have good agreement with the calculated values, the relative
errors are all less than 4.5% ((@rrgr—calculated @tqey)/calculated
O1re7)| X 100%). In addition, we also fitted the decay of TA spectra and
found that the O of the dual-annihilator model has good agree-
ment with the proposed equation (error ~1.4%, Supplementary Fig. 8).
This demonstrates the accurate simulation of our dual-path energy
flow in the dual-annihilator model. In addition, it is found that
increasing the concentration of BDP can significantly promote the
energy utilization of the sensitizer, thus improving the total TTET
efficiency. Furthermore, the individual ®;rg; of DPA or BDP was cal-
culated based on their concentration through a weighted method

kETlc(DPAD

((DEFDPA:(DTTET ((kmc(BDw (kEnCmPA»))) (Fig. 2h and i). We assert that

the energy flow equation of the dual-annihilator model possesses
universal applicability, offering guidance for the construction and
design of upconversion platforms with adjustable UCPL colors.

Color customization of TTA-UCCPL in toluene solutions and
CLCs microenvironment

The dual-annihilator model shows a very clear distinction of emission
color between UCPL and DSPL with high tunability due to different
abilities of DPA and BDP from sensitizer (Fig. 3a and Supplementary

Fig. 9a). The UCPL undergoes a progressive color shift from blue to
yellow-green at varying ratios, while the substantial presence of DPA
ensures blue fluorescence upon 365 nm excitation (as illustrated in the
insets of Fig. 3a and Supplementary Fig. 8a). To capitalize on this
emission color variation, we derived fitting equations correlating the
molar quantity of BDP with the CIE (x, y) coordinates under both
saturated (Fig. 3b and Supplementary Equations 11, 12) and unsatu-
rated (Supplementary Fig. 9b and Supplementary Equations 13, 14)
conditions. Leveraging these relationships, we made an effort to
integrate the multicolor variability into CLCs to facilitate the design of
tunable UCPL and UCCPL. As a starting point, we presented the
building of the TTA-UCCPL platform with high gj,, (DPA/PtTPBP and
BDP/PtTPBP, Supplementary Note 3) in CLCs. Furthermore, we co-
assembled the dual-annihilator model with CLCs to solve the limitation
of UCPL color and multi-dimensional information security. It is worth
noting that, X-ray diffraction results show that CLCs doped with the
dual-annihilator model exhibit diffraction patterns similar to those of
the original LCs (SLC1717) and CLCs (Supplementary Fig. 10). This
indicates that the doping of DPA, BDP, and PtTPBP has no harmful
effect on the behavior of liquid crystal molecules in CLCs. Since only
the microenvironment of the dual-annihilator model was changed, we
employed a correction factor, which is based on the dielectric con-
stants of CLCs and toluene, to Supplementary Equation 12 then
obtaining Supplementary Equation 15 (Supplementary Note 2).
Applying the condition of 4/600-DPA (i.e., 4 wt% DPA/SLC1717 and
[DPA]: [PtTPBP] = 600:1), we simulated six groups of chiral samples
with CIE (x, y) chromaticity coordinates of (0.18, 0.17), (0.22, 0.39),
(0.23, 0.43), (0.24, 0.51), (0.25, 0.54) and (0.28, 0.63), respectively.
According to Supplementary Equation 15, the molar ratios of DPA/BDP
are deduced to be 30000:2, 30000:8, 30,000:10, 30,000:12,
30,000:14, and 30,000:20, respectively (Fig. 3d). Interestingly, the
average error between the simulation results and the experimental
values about x in CIE (x,y) chromaticity coordinates was less than 5%
among the six sample groups (Fig. 3e). Therefore, the dielectric con-
stant corrected equation shows extremely high accuracy. Upon exci-
tation of a 639 nm laser, the samples show different colors of UCCPL,
while under 365 nm excitation, only blue DSCPL was observed (Fig. 3¢).
This enables a dramatic differentiation of emission color between
UCCPL and DSCPL in a chiral microenvironment. In the following,
the optical activities of this chiral dual-annihilator model were
investigated.

The chiral microenvironment results from the precise regulation of
the photonic bandgap (Supplementary Fig. 11). The polarizing optical
microscopy images show the planar chiral texture of each R and S
samples in a clear polarization pattern (Supplementary Fig. 12). In
addition, a uniform distribution of the annihilators was found under
fluorescence microscopy in different-channel reflection patterns (Sup-
plementary Figs. 13 and 14). At this point, we obtained a pair of mirror-

Table 1| Comparison of calculation and experimental error on ®rer

DPA/BDP (DPA/ Drer” (%) Calculated ®drrer® (%)  |Errorl® (%)  DPA/BDP (DPA/ @rer (%)  Calculated Orrer (%)  [Error|® (%)
PtTPBP= 5000:1) PtTPBP=500:1)
50 95.67 95.61 0.06 5 93.02 95.01 210
100 92.72 92.87 0.16 25 76.77 80.31 4.40
200 88.96 90.97 2.21 50 68.93 68.84 0.3
400 85.13 87.19 2.36 100 57.73 56.02 3.05
600 83.18 85.59 2.81 200 46.64 44.64 4.48
800 82.00 82.37 0.45 400 36.00 36.41 113
2000 79.40 79.87 0.59 600 32.50 33.09 1.78
1000 28.93 30.18 414

2Experimentally, the efficiency of TTET is obtained by the equation ®er=1- T/To, Where 1o and T are the lifetime of the sensitizer with and without the annihilator, respectively. °Calculated ®rrer

based on Eq. 1. °|Error | = |((®y1er - calculated ®yer)/calculated @rrer)| x 100%.
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Fig. 3 | Color design of UCPL in deaerated toluene and chiral liquid crystals
(CLCs). a UCPL spectra of dual-annihilator model as a function of different molar
ratios of DPA to BDP under excitation of 639 nm laser with a power density of
2.3Wcem™ [PtTPBP] = 1.0 x 10°mol L™, [DPA] = 5.0 x 10 mol L. Insets show the
luminescence of the sample under different light sources. The uppers are illumi-
nated by 639 nm laser while the lowers are illuminated by 365 nm light. b CIE (x, y)
chromaticity coordinate of dual-annihilator model with varying concentrations of
BDP in deaerated toluene. The relationship of x value (x in CIE (x, y) chromaticity
coordinate) and [BDP]/[DPA] (blue line) as well as x and y values (y in CIE (x, y)
chromaticity coordinate) (red line) was fitted. ¢ Photographs of chiral dual-
annihilator model with different BDP contents (the molar ratios of DPA/BDP from
left to right are 30,000:2, 30,000:8, 30,000:10, 30,000:12, 30,000:14, and
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30,000:20, respectively) illuminated by different light sources, uppers: 639 nm,
lowers: 365 nm. d CIE (x, y) chromaticity coordinate of chiral dual-annihilator
model with varying concentrations of BDP in CLCs. The relationship of x value and
[BDP]/[DPA] (blue line) as well as x and y values (red line) was fitted. e The relative
error diagram of the experimental data and the calculated results of the x values
point in the CIE (x, y) chromaticity coordinates. f UCCPL spectra of the above six
samples (dex = 639 nM). g gjum Values corresponding to the UCCPL at 440 and
550 nm, respectively. h DSCPL spectra of the above six samples (Aex =360 nm).

i gjum Values correspond to the DSCPL at 440 and 550 nm, respectively. The above
spectrum of DSCPL and UCCPL was tested three times. All error bars show

mean * standard deviation. n =3 independent experiments.

image UCCPL and DSCPL signals at 440 nm and 550 nm (Fig. 3f and h),
with |gi,ml around 0.3 and 1.0, respectively (Fig. 3g and i). This dual-
annihilator model, with its large gj,m values, allows for manipulation of
CPL color through changing the excitation light source. Therefore, the
anti-counterfeiting encryption applications based on this model, intro-
ducing an additional layer of security through polarization and varying
photoluminescence colors, are expected.

Application of the chiral dual-annihilator model in anti-
counterfeiting encryption

Because the application based on TTA-UCCPL is still relatively scarce at
present®, therefore, the unique photophysical properties of the dual-
annihilator model, constructed within chiral media, are utilized to
explore advanced information encryption and anti-counterfeiting. As
illustrated in Fig. 4a, the changeable excitation source, polarization, and
varied emission colors are combined within the international Morse
code to encode meaningful information. The CLCs are injected into the

micromatrix template according to the encoded data (fabrication details
provided in the Methods section). Following the encryption protocol, all
micromatrices emit blue fluorescence upon excitation of 365 nm light.
While upon exposure to the 639 nm (reading beam), the micromatrices
display different colors of UCPL. Decoding through the Morse code
book reveals a deceptive message “LOVGZGY!". This encryption strategy
uses UCPL to present misleading information, while the actual message
is concealed within the polarization characteristic. Only using the
639 nm reading beam and a circular polarizer filter (CPF) can read out
the true message: “I LOVE NANO!” (Fig. 4a). Compared to traditional
TTA-UC systems for anti-counterfeiting and encryption, the chiral dual-
annihilator system provides multiple layers of encryption, e.g., excita-
tion light, polarization, and Morse code, greatly enhancing the
security of information. In addition, we have incorporated added
security features into encrypted images. Unlike previous TTA-UCCPL
technologies®, which struggled with distinguishing upconverting and
downshifting luminescence colors, the dual-annihilator system enables
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Fig. 4 | Anti-counterfeiting and information encryption based on the micro-

matrices of the chiral dual-annihilator model. a Information encryption based
on the chiral dual-annihilator model combined with Morse code. b Similarly,
the chiral dual-annihilator model with different UCCPL colors is injected into
the micromatrices to realize the “NCNST” information of different colors that

<

can be read under the 639 nm reading beam and CPF. ¢ Encrypted barcode
based on the chiral dual-annihilator model can quickly read the hidden
“REAL” information by setting the green luminescence threshold of the
UCCPL under CPF and converting it into a black and white bar graph.
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Fig. 5 | Flexible TTA-UCCPL films were prepared to demonstrate its long-term
chirality and luminescence stability in air and different common solvents and
its application was explored. a Photographs of chiral flexible TTA-UCCPL films
under different excitation light sources. 639 nm photoexcitation (top) and 365 nm
photoexcitation (bottom). The films from left to right are DPA/PtTPBP (4/600-
DPA), 4/600-DPA/BDP ([DPA]/[BDP] = 30,000:4), 4/600-DPA/BDP ([DPA]/[BDP] =
30,000:8), 4/600-DPA/BDP ([DPA]/[BDP] = 30,000:12), 4/600-DPA/BDP ([DPA]/
[BDP] = 30000:16), 4/600-DPA/BDP ([DPA]/[BDP] = 30,000:20), BDP/PtTPBP (1/
100-BDP). Excited by 639 nm laser, b, ¢ UCPL spectra (b) and gj,m spectra (c)

stability within 7 days were tested. d Photographs of chiral flexible TTA-UCCPL
films in different solvents with 639 nm laser. Take the TTA-UC system of BDP/
PtTPBP as an example. From left to right, the solvents are n-hexane (Hex), toluene
(Tol), dichloroethane (DCE), ethyl acetate (EA), acetone (AC), and methanol
(MeOH). Excited by 639 nm laser, e, f UCPL spectra (e) and gj,m spectra (f) stability
within 7 days were tested. g Chiral flexible TTA-UCCPL films with the long-term
stability of different UCCPL colors were cut into the desired pattern and combined
to form the logo of the NCNST (blue substrate and yellow wings). All error bars
show mean * standard deviation. n =3 independent experiments.

precise control over emission colors. The DSCPL exhibits a pure blue
color, while UCCPL displays a range of distinct colors (Fig. 4b), creating a
complex and difficult-to-replicate anti-counterfeiting mechanism. The
encryption and anti-counterfeiting pattern “NCNST” can only be cor-
rectly viewed when the reading beam and CPF are used together, with
each letter’s unique color enabling dual-level security for both encryp-
tion and anti-counterfeiting purposes®.

The cryptographic potential of the dual-annihilator model
extends well beyond its current use cases. Quick-response (QR) codes,
which are two-dimensional barcodes rich in data, can be easily deco-
ded but are easy to conterfeiting**. To address this issue, it is critical to
imbue QR codes with anti-counterfeiting features. As shown in Fig. 4c,
the correct QR code information can be retrieved through the inter-
action of the reading beam and CPF. By setting an emission brightness
threshold (brightness value: 255) in Python, only the green emission is
converted to a black barcode, facilitating the rapid decoding of
information and enhancing QR code security through emission color
differences. This dual-function approach not only strengthens the QR
code’s resistance to counterfeiting but also embodies the sophisti-
cated integration of DSPL, UCPL, and UCCPL technologies. The
resulting system represents a significant advancement in secure
information encryption and anti-counterfeiting, providing a powerful
solution with wide-reaching potential.

Stability and machinability of chiral flexible TTA-UCCPL films

The challenging conditions for achieving TTA-UC, such as the need for
a liquid medium to facilitate exciton migration and the requirement to
isolate oxygen**¢, have significantly hindered their practical
applications?*”*%, To address these limitations, we have developed
chiral flexible TTA-UCCPL films that exhibit both long-term air stability
and solvent resistance (Supplementary Fig. 15)*~'. As illustrated in
Fig. 5a, these films exhibit distinct differences between UCPL and DSPL
across various dual-annihilator models, indicating their strong poten-
tial for tunable CPL color applications. To further assess the stability
and practical viability of these flexible films, we selected the 1/100-BDP
system (1wt% BDP/SLC1717 and [BDP]/[PtTPBP] = 100:1) as a case
study. After 7 days of exposure to air, both UCPL and chirality
remained stable, with the |gj,,| value fluctuating reasonably between
0.75 and 0.85 (Fig. 5b, ¢, and Supplementary Fig. 16). In order to meet
the requirements of practical applications, the film performances were
also tested in various organic solvents. As shown in Fig. 5d, bright UCPL
remains even when the film is immersed in different solvents. In
methanol, the swelling of the polymer film compromised its oxygen-
shielding capability. Given the inherent oxygen sensitivity of the TTA-
UC system, this structural modification allowed gradual oxygen per-
meation into the swollen matrix. Consequently, the UCPL intensity
decreased by 20% within the first 3hours of exposure. This
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degradation process continued progressively, ultimately leaving only
residual UCPL signals after 7 days of sustained oxygen infiltration
through the compromised polymer structure. In contrast, the other
five solvents maintained excellent stability for both UCPL and |gjml
over extended periods (Fig. e, f and Supplementary Figs. 17-22). With
their long-term air stability and solvent resistance, these films effec-
tively address key challenges related to environmental sensitivity and
operational stability. These remarkable properties lead us to further
explore their potential applications. We fabricated films with photonic
bandgap positions at 440 and 550 nm, and precisely tailored them to
create the logo of The National Center for Nanoscience and Technol-
ogy, featuring a blue substrate and yellow wings (Fig. 5g). Under visible
light, the photonic bandgap effect causes a clear contrast in brightness
between the logo’s elements when viewed through left and right CPF.
When illuminated with 365 nm light, the logo is hidden, but it could be
effectively revealed under 639 nm light with CPF. These results
demonstrate the practical feasibility of these films and the intriguing
heterochromatic phenomena they exhibit, paving the way for broader
and deeper applications in the future.

Discussion

In summary, the proposed dual-annihilator model expands the reg-
ulation of luminescence gamut in the TTA-UC system with the help of
the dual-channel energy transfer design. In this work, we propose
coupled equations for estimating the energy flow of the model and
then apply them to TTA-UCCPL color design. Additionally, the com-
bination of the upconversion emission tunability brought by the dual-
path structure and the CLCs makes it possible for potential applica-
tions in optical information security. It is demonstrated that high-level
and multi-dimension anti-counterfeiting patterns, graphical encoding,
and flexible chiral film can be fabricated. Through this model, our
research shows how to use an asymmetric energy transfer process to
achieve multi-dimensional optical regulation, marking the profound
exploration of TTA-UC information encryption anti-counterfeiting
applications.

Methods

Materials

The emitter (9,10-Diphenylanthracene, DPA) was purchased from
Shanghai Aladdin Biochemical Technology Co., LTD. Another emitter
(4-(prop-2-yn-1-yloxy)-boradiazaindacene, BDP) was synthesized
according to the method in reference 52%%. Pt(ll) mesotetraphenyl
tetrabenzoporphine (>95%) was purchased from Frontier Scientific,
Inc. Commercial room-temperature nematic liquid crystal, SLC1717,
was bought from the Chengzhi Yonghua Display Material Co., Ltd.
Polymer precursor 2-methyl-1,4-phenylene bis(4-((6-(acryloyloxy)-
hexyl)oxy)benzoate) (C6M, 97%), cross-linking agent trimethylolpro-
pane triacrylate (TMPTA, 95%), and photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (I-651, 99%) were purchased from Merck. The
chiral dopant S (or R)5011 (>98%) was provided by Jiangsu Hecheng
Display Technology Co., Ltd. Cleaned glass slides were used to prepare
liquid crystalline cells. The conventional reagents and solvents used
were purchased from the public platform and the National Pharma-
ceutical Reagent Company and were not purified and used directly.

Characterizations

The 'H NMR and C NMR spectra were recorded on a Bruker Avance I1I
400 HD spectrometer. High-resolution mass spectra (HRMS) were
obtained on a Finnigan MAT TSQ 5800 Mass Spectrometer System
operated in a MALDI-TOF mode. UV-Vis spectra were recorded in
quartz cuvettes on a U-3900 spectrophotometer. Upconverted emis-
sion decays were recorded on a HORIBA Scientific Nanolog FL3-
iHR320 spectrofluorometer using multichannel scaling. Fluorescence
spectra were obtained using EDINBURGH FS5 Spectrofluorometer.
Fluorescence lifetime measurements were recorded on the Edinburg

FS5 fluorescence spectrometer using time-correlated single photon
counting (TCSPC). Transient absorption spectra were measured on
Vitara T-Legend EliteTOPAS-Helios-EOS-Omni spectrometer sup-
ported by Technical Institute of Physics and Chemistry, CAS. Circular
Dichroism (CD) spectra were recorded in quartz curettes on a JASCO
J-1500 spectrophotometer. CPL spectra for single-component studies
measurements were performed with a JASCO CPL-200 spectrometer.
To keep the detector at the best state and obtain the precise signals,
the DC values were monitored to about 0.5 Voltage. Upconverting and
downshifting photoluminescence and CPL measurements were per-
formed on a monochromator equipped with a charge-coupled device
detector (Andor Technology, iVac 316). 639 nm continuous wave laser
was chosen for excitation. The detection of CPL is set according to the
description in Supplementary Fig. 27. Typically, the emissive light of
samples passed through an achromatic broadband quarter-waveplate,
which was used to separate the left (L, having intensity /;) and right (R,
having intensity /) circularly polarized components. The DS-/ UC-CPL
signal was calculated as DS-/ UC-CPL =/, - I. Polarizing optical micro-
scopy (POM) was recorded on the Olympus X83 using a high-pressure
mercury lamp as an excitation source for fluorescent images. The
schematic figures in this manuscript were drawn by the first author in
Microsoft PowerPoint and Blender. Python Software Uses Spyder 5.4.3.

Synthesis of compound BDP

To a 250 mL round-bottomed flask containing 20 mL argon-degassed
dichloromethane were added 3-ethyl-2,4-dimethyl pyrrole (595 mg,
4.82 mmol) and propargyl benzaldehyde (350 mg, 2.19 mmol). One
drop of TFA was added, and the solution was stirred under a nitrogen
atmosphere at room temperature for 24 h. 2,3-Dichloro-5,6-dicyano-
1,4-benzoquinone (504 mg, 2.19 mmol) diluted with dichloromethane
(50 mL) was added to the reaction solution, stirred for 30 min, fol-
lowed by NEt; (2.5 mL) and BF3 « OEt; (2.5 mL), and continued to react
at room temperature for 30 min. At the end of the reaction, the reac-
tion liquid was evaporated by rotation, extracted three times using
dichloromethane and water (3 x 100 mL), collected the organic phase,
dried with anhydrous MgSO,, and evaporated by rotation. Subse-
quently, the raw product was separated by column chromatography
(dichloromethane/petroleum ether = 2:1) to achieve 275 mg of the
target compound BDP. Yield 28%. 'H NMR (400 MHz, CDCl;) § 7.22 (d,
J=8.6Hz, 2H), 7.10 (d, /=8.6 Hz, 2H), 4.79 (d, /=2.3Hz, 2H), 2.59
(s,1H), 2.55 (s, 6H), 2.32 (q,/ = 7.5 Hz, 4H), 1.35 (s, 6H), 1.00 (t, /= 7.5 Hz,
6H). *C NMR (101 MHz, CDCl5) 6 157.93, 153.60, 139.91, 138.41, 132.71,
131.09, 129.49, 129.36, 128.84, 115.52, 75.86, 56.03, 17.08, 14.66, 12.51,
11.84. Maldi-TOF: calculated for C,sH,9BF,N,0: [M] = 434.2341; found:
[M] = 434.2351.

Preparing samples of the TTA-UC system in solution

Deaerated toluene was prepared by freezing and thawing toluene with
liquid nitrogen and replacing air with nitrogen. Then prepare TTA-UC
system samples in a glove box, use the prepared deaerated toluene to
dissolve the samples in a plug cuvette (1mm x 1cm), and seal the
opening with a hot melt gun. All tests were carried out in the air.

Preparation of chiral dual-annihilator model liquid crystal cell
(LC cell)

An empty liquid crystal cell is made by attaching two quartz sheets to
both sides through spacers. Prepare toluene solutions of annihilators
([DPA] =0.1mol L™, [BDP] =4.0 x 10~>mol L™) and sensitizer ([PtTPBP] =
2.0 x 10°molL™). A CLCs mixture containing 10 mg commercial
eutectic nematic LC (SLC1717), 0.27 ~ 0.33 mg chiral dopants (R5011 or
S5011), and the corresponding toluene solution of the TTA model were
uniformly mixed. The mixture was heated to 80 °C and filled in an LC
cell (thickness was 20 um) by capillary action. Then annealing was car-
ried out at a rate of 0.5 °C per minute. All the above sample preparation
and testing using LC cells are carried out in the air.
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Preparation of chiral dual-annihilator model micromatrices
Using a laser marking machine (UV-50) purchased from Changchun
New Industry Optoelectronic Technology Co., Ltd., to mark grooves
with encrypted information and patterns on a clean quartz substrate.
According to the encryption protocol, different dual-annihilator
molecules prepared above are selectively filled into the correspond-
ing matrix to achieve information customization and encryption.
Information encryption and anti-counterfeiting pattern production are
equivalent to the LC cell environment, and they are also prepared and
displayed in the air.

Preparation of flexible dual-annihilator model films

A CLCs mixture containing 10 mg SLC1717, 0.10-0.25mg chiral
dopants (R5011 or S5011), 5mg reactive mesogen (C6M), 0.78 mg
crosslinking agent (TMPTA), 0.25 mg photoinitiator (I-651), and dif-
ferent dual-annihilator molecules prepared above was homogeneously
mixed in a chloroform solution. The mixture was heated to 80 °C and
filled in an LC cell (thickness was 20 um) by capillary action. Then
annealing was carried out at a rate of 0.5 °C per minute. Afterward, the
sample was exposed to UV irradiation (365 nm) for 21 min to poly-
merize the orderly arranged C6M and TMPTA; Remove the LC cell.
Finally, the film was dipped into a 10 wt% PVA aqueous solution to
evenly cover the surface of the film with dense PVA and then placed at
room temperature overnight to obtain a flexible dual-annihilator
model film. All the above operations for preparing flexible dual-
annihilator model films are carried out in the air.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting this study, including detailed methods and
experimental details, photophysical properties studies, are available in
the Manuscript, Supplementary information, and Source Data file. All
data are available upon request. Source data are provided with
this paper.
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