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Abstract: The occurrence and transmission of chirality is a 
fascinating characteristic of nature. However, the intermolecular 
transmission efficiency of circularly polarized luminescence (CPL) 
remains challenging due to the poor through-space energy transfer. 
Here we report a unique CPL transmission from inducing the achiral 
acceptor to emit CPL within a specific liquid crystal (LC)-based 
intermolecular system through a circularly polarized fluorescence 
resonance energy transfer (C-FRET), wherein the luminescent 
cholesteric LC is employed as the chirality donor, and rationally 
designed achiral long-wavelength aggregation-induced emission 
(AIE) fluorophore act as the well-assembled acceptor. In contrast to 
photon-release-and-absorption, the chirality transmission channel of 
C-FRET is highly dependent upon the energy resonance in the highly 
intrinsic chiral assembly of cholesteric LC, as verified by deliberately 
separating the achiral acceptor from the chiral donor to keep far 
beyond the resonance distance. This C-FRET mode provides a de 
novo strategy concept for high-level information processing for 
applications such as high-density data storage, combinatorial logic 
calculation, and multilevel data encryption and decryption. 

Introduction 

The occurrence and transmission of chirality is an essential 
feature of nature,[1] and plays an important role in biological 
evolutions,[2] asymmetric catalysis,[3] and chiral materials.[4] 
Generally, chirality transmission can be classified into two types: 
intramolecular modes and intermolecular modes. In chiral 
functional materials, the intermolecular chirality transmission is 

most fascinating but the efficiency remains limited due to its 
through-space energy transfer pathway.[1c,5a] Until now, improving 
the intermolecular chirality transmission efficiency has proved 
highly challenging,[5b] and considered as the bottleneck especially 
in the transmission of circularly polarized luminescence (CPL). 
Generally, CPL exhibits left- or right-handed fluorescence, which 
can be regarded as part of a high-level visual perception for 
supplying one more dimension information than regular 
fluorescence. Chiroptical functional materials with CPL are 
attracting increasing interest in photonic technologies, such as 3D 
optical imaging,[6] chiral sensors,[7] and photoelectric devices.[8] 
Accordingly, there are major opportunities to circumvent this 
bottleneck of intermolecular CPL transmission, and this field 
urgently requires a straightforward and general route to efficient 
chirality transmission. 

Given the highly intrinsic chiral assembly of the cholesteric 
liquid crystals (LCs),[9] we incorporated a cholesteric unit to 
construct a specific aggregation-indcued emission (AIE) 
tetraphenylethene (TPE)-based LC as the energy/chirality donor 
with a chiral scaffold, along with an achiral long-wavelength AIE 
fluorophore with flexible alkyl chains as the well-assembled 
acceptor. Through the non-radiative energy transfer from the 
chiral donor, the achiral acceptor could emit bright CPL with 
efficient transmission, achieving both chirality transmission and 
fluorescence resonance energy transfer (FRET) within this 
intermolecular system (Figure 1). This chirality transmission 
channel is critically dependent upon the highly ordered cholesteric 
LC state, which can be attributed to the unique circularly polarized 
fluorescence resonance energy transfer (C-FRET) rather than the 
photon-release-and-absorption. In the highly efficient 
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intermolecular CPL transmission from chiral donor to achiral 
acceptor, the C-FRET was verified by deliberately separating the 
acceptor from the CPL-active donor to it keep far beyond the 
resonance distance. By virtue of this strategy, the cholesteric-
based co-assembly intermolecular system can realize an efficient 
C-FRET channel with chirality amplification, and simultaneously 
achieve a high luminescent dissymmetry of CPL (glum = 0.12) and 
strong emission efficiency (42.8%), thereby successfully building 
high-density information capacities and anti-counterfeiting 
technologies. 

Results and Discussion 

Molecular engineering on chiral LC donor and achiral 
acceptor 
The luminescent dissymmetry and emission efficiency are the two 
most critical indexes for CPL-active materials.[10] Generally, in the 
pursuit of high dissymmetry process, the emission efficiency was 
suppressed unwarily.[11] Here, we make full use of the “step-by-
step” strategy to construct a CPL-active material with both a high 
dissymmetry factor and strong emission (Figure 1b). Cholesteric 
LC was selected as the chiral matrix being capable of self-
organizing into helical superstructures with observable helical 
pitch and high dissymmetry. To avoid aggregation-caused 
quenching (ACQ) disadvantages in the condensed state, we 
incorporated an AIE luminogen (AIEgen)[12] of 
tetraphenylethylene (TPE) into cholesterols as the chiral donor 
(TPE-Chol). Other kinds of AIE-active quinoline-malononitrile 
(QM) derivatives[13] were also designed as the fluorescence 
acceptor by consideration of the spectral overlap between energy 
donor emission and acceptor absorption. We attached three long 
alkyl chains into QM12 to enhance both the miscibility and co-
assembly of the flexible liquid crystal (Figure 1c), focusing on 
addressing the major dilemma between high dissymmetry and 

strong emission within the intermolecular system of chiral donor 
TPE-Chol and achiral QM acceptor.  

Enhancing the miscibility of LC-based co-assembly to 
improve energy transfer 

Fast directional transfer of excitation energy within the 
chromophore assemblies is crucial to the energy transfer 
processes such as organogel-dependent white light modulation 
between functional dyes and π-conjugated systems.[14] Given the 
self-organized helical superstructures with one-dimensionally 
intrinsic long-range orientational order,[9a,10] the nematic 
cholesteric LCs can be considered as an ideal matrix for efficient 
energy transfer and chirality transmission. Figure 2a shows the 
differential scanning calorimetry thermograms (DSC) of TPE-Chol 
measured on heating and cooling at a rate of 5 oC min-1, two 
exothermic transitions at 105 and 78 oC, along with a glass 
transition at around 32 oC were detected during cooling. The 
onset temperature of two transitions during cooling was 
comparable to that during heating, and the transition temperature 
during cooling was independent upon the cooling rate (Figure S1). 
These results indicate that the two transitions are associated with 
LC transition, that is, TPE-Chol formed two LC phases when the 
temperature was increased higher than glass transition 
temperature (Figure 2a).[15] As shown in the polarizing optical 
microscope (POM) image of oily-streak texture snapshotted at 96 
oC (Figure 2b), TPE-Chol was directly identified as a typical chiral 
liquid crystal.[16] Both DSC and POM results indicate that the 
cholesteric LC system of TPE-Chol can provide an intrinsically 
ordered assembly environment to take insight into the energy 
transfer and chirality transmission. 

Beyond the chiral liquid crystallinity, TPE-Chol possesses a 
typical AIE nature, along with emitting strong cyan fluorescence 
under UV light irradiation with a high fluorescence quantum yield 
(QY) of 72.3% (λex = 330 nm) in the solid film state (Figures 2c, 
S5 and S6). Given a chiral luminescent donor for energy transfer, 

Figure 1. Circularly polarized fluorescence resonance energy transfer (C-FRET) between chiral donor and achiral acceptor. (a) Schematic CPL representation 
of TPE-Chol and QM12⊂TPE-Chol. Rational design of (b) chiral TPE-Chol based on chiral liquid crystal cholesterol and (c) achiral QM12 based on the 
AIEgen building block of quinoline-malononitrile (QM). When orange-emitting AIEgen QM12 dissolved into cholesterol forming QM12⊂Chol, QM12 emits 
silent CPL excited directly by regular 460 nm light. And when QM12 dissolved into CPL donor TPE-Chol forming C-FRET system QM12⊂TPE-Chol, acceptor 
QM12 emits bright CPL excited indirectly by 330 nm regular light. 
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the challenge is to identify a suitable acceptor for trapping the 
excitation energy through an ordered co-assembly system. For 
improving the miscibility and co-assembly of flexible liquid crystal, 
another AIEgen QM12 substituted with three long alkyl chains 
(Figures S7 and S8) was exploited as the acceptor within the LC 
scaffold of TPE-Chol (QM12⊂TPE-Chol) for the sake of the 
efficient energy transfer. To our knowledge, this is the first use of 
dual-AIE mode (QM12⊂TPE-Chol), exhibiting highly emissive in 
the condensed state without aggregation caused quenching effect, 
which is desirable for ehhancing the efficient energy transfer. [17] 

Figure 2c shows normalized absorption and emission spectra 
of TPE-Chol and QM12 in the solid state. QM12 exhibits a broad 
absorption band from 325 to 520 nm, which well overlaps with the 
fluorescence band of TPE-Chol from 400 to 520 nm. By gradually 
encapsulating QM12 within TPE-Chol upon excitation at 330 nm, 
the fluorescence spectra of QM12⊂TPE-Chol were slightly 
broadened with the increase in the molar fraction of QM12 (fQ) 
from 0% to 3% (Figure 2d). When increasing the fQ to 5%, a new 
emission wavelength was presented at 530 nm with around 60 

nm redshift, which showed a characteristic fluorescence from 
QM12, indicative of a possible intermolecular energy transfer. [18] 
Conversely, when fQ was increased to 20%, the emission intensity 
became dropped obviously at 530 nm. This result might be 
attributed that the liquid crystallinity of TPE-Chol was destroyed 
when redundantly adding high amount of QM12, thereby distinctly 
weakening the intermolecular energy transfer. Here the doping 
concentration at 5% was an appropriate ratio, along with a 
fluorescence quantum yield of 42.8%, since the fluorescence 
energy of the donor could be effectively transferred to the 
acceptor. 

Except for QM12⊂TPE-Chol, another co-assembly mode 
QM1⊂TPE-Chol was employed as a reference to investigate the 
energy transfer efficiency. We carried out the fluorescent lifetime 
test to evaluate the energy transfer efficiency of QM12⊂TPE-Chol 
and QM1⊂TPE-Chol both at the doping fraction (fQ) of 5% 
(Figures 2e-f, S11 and S12). Their fluorescence lifetimes (568 
nm), monitored at the acceptor emission (QM12 and QM1), were 
both extended from direct excitation (459 nm) to indirect excitation 

 

Figure 2. Intermolecular energy transfer in liquid crystal. (a) DSC heating and cooling curves of typical liquid crystal TPE-Chol at a rate of 5 ℃ min-1. (b) POM 
image of TPE-Chol snapshotted at 96 ℃ showing oily streaks texture, indicative of a typical chiral texture of liquid crystal. (c) Normalized absorption (dashed line) 
and emission (solid line) spectra of TPE-Chol (blue, λex = 330 nm) and QM12 (orange, λex = 440 nm) in solid-state. Insert: photographs of TPE-Chol and QM12 
under daylight and UV light, respectively. (d) Fluorescence spectral changes of TPE-Chol in thin film with different molar ratio of QM12 (fQ): λex = 330 nm except for 
QM12 (λex = 440 nm), 25 ℃. Inset: Fluorescence images of TPE-Chol, and 0.5%, 1%, 3%, 5%, 10%, 20% molar ratio of QM12⊂TPE-Chol, as well as QM12. (e-f) 
Fluorescence decay and energy transfer efficiency of TPE-Chol, QM12⊂TPE-Chol (QM12/TPE-Chol = 5% molar ratio), and QM1⊂TPE-Chol (QM1/TPE-Chol = 5% 
molar ratio) in thin film state. 
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(349 nm), which is in agreement with the 
energy transfer mechanism.[19] The 
transfer efficiency is typically measured 
using the relative fluorescence lifetime (τ) 
of the donor, in the absence (Donor) and 
presence (Donor-Acceptor) of acceptor: E 
(efficiency) = 1 - τDonor-Acceptor/τDonor, which 
is applicable to donor-acceptor pairs that 
are separated by a fixed distance. As 
shown in Figure 2e, while excited by 349 
nm light, the lifetime of TPE-Chol (τTPE-Chol 
= 3.52 ns) was measured at 481 nm. 
Meanwhile, we observed a decreased 
donor fluorescence lifetime (τQM12⊂TPE-Chol 
= 1.73 ns) in the co-assembly mode of 
QM12⊂TPE-Chol. Thus, the energy 
transfer efficiency was calculated as 
50.8%, indicative of the highly efficient 
energy transfer from TPE-Chol to QM12. 
In contrast, the reference system of 
QM1⊂TPE-Chol showed a much less 
energy transfer (15.3%). Compared with 
QM1⊂TPE-Chol, the additional three 
grafted long alkyl chains of QM12 can 
indeed increase the energy transfer 
efficiency in the intermolecular co-
assembly, which might result from the 
matchable co-assembled system in 
QM12⊂TPE-Chol with the enhanced 
miscibility between the flexible alky chain-
based QM12 and TPE-Chol. 

Efficient chirality transmission in 
chiral-LC-based co-assembly 

Beyond energy transfer, the chirality 
transmission could occur synchronously in 
the encapsulation of QM12⊂TPE-Chol. 
Since TPE-Chol possesses a typical chiral 
LC nature, we employed a popular 
method, CPL, to investigate the chirality transfer of TPE-Chol and 
QM12⊂TPE-Chol. Compared with the CD test (Figure S16), CPL 
can be used to evaluate the macroscopic chirality of chiral 
fluorescence dyes in the excited state. The primary criterion for 
appraising CPL is to measure luminescence dissymmetry factor, 
glum = 2(IL-IR)/(IL+IR), which provides the excited-state 
luminescence difference of left (L) and right (R) circularly 
polarized light.[20] For CPL, a high glum value is an important 
standard to evaluate the chiroptical property. As shown in Figure 
3a and 3e, a strongly positive CPL signal of TPE-Chol at 472 nm 
was observed, and stayed completely consistent with its 
fluorescence (λem = 472 nm) in the condensed state. After 
encapsulating QM12 into LC TPE-Chol, the CPL peak of 
QM12⊂TPE-Chol shifted from 472 to 545 nm upon indirect 
excitation at 330 nm (Figure 3e). QM12⊂TPE-Chol exhibited a 
positive CPL signal in the fluorescence emission range of QM12, 
accompanied by the disappearance of the CPL peak of TPE-Chol. 
Similarly, the maximum glum peak also shifted from 434 to 570 nm 
in agreement with CPL, which was also located in the zone of 
QM12 (Figure S17 and S18). Within the intermolecular LC-doping 
system, the chirality transmission between chiral donor TPE-Chol 
and achiral acceptor QM12 was successfully realized in the form 

of fluorescence energy transfer. To rule out the medium-mediated 
circular polarisation induction, a Bragg reflection test was 
employed. As shown in Figure S20, the Bragg reflection of TPE-
Chol was away from the visible light region, and no reflection color 
was observed, which strongly ruled out the LC cholesteric stacks 
and verified the CPL transmission process. 

Due to the positive CPL signal, the helical superstructure of 
QM12⊂TPE-Chol is considered as left-handed (Figure 3c). For 
glum analysis (Figure S17 and S18), the maximally calculated glum 
value of TPE-Chol is about 0.1 in the thin film state (dThickness = 10 
μm), which is much higher than other reported values (10-5‒10-

3).[20b] Coupled with a high quantum yield of 72.3%, liquid crystal 
TPE-Chol showed superb chiroptical properties and liquid 
crystallinities, thereby successfully constructing a brand-new 
chiral fluorescent LC. Impressively, the maximal glum value of 
QM12⊂TPE-Chol is 0.12, which is even slightly increased from 
0.1 of TPE-Chol (Figure S18), indicative of a highly efficient 
chirality transmission accompanied with energy transfer within the 
intermolecular co-assembly mode of QM12⊂TPE-Chol. 

As energy transfer, QM1 was employed as a reference to 
investigate the influence of acceptor structure on CPL 
transmission. As shown in Figure 3e and S18, although the CPL 

Figure 3. Efficient chirality transmission occurred synchronously in liquid crystal. (a) Schematic CPL 
representation of TPE-Chol. (b) Chirality transmission and energy transfer of QM12⊂TPE-Chol. Donor: 
TPE-Chol (chiral luminescent liquid crystal); Acceptor: QM12 (achiral dye). When co-assembled with the 
chiral liquid crystal, QM12 could capture the CPL from TPE-Chol and emit CPL; Note: QM12/TPE-Chol 
= 5% molar ratio. (c) Molecular organization of QM12⊂TPE-Chol in cholesteric LC phases, according to 
positive CPL value, the helical superstructure of QM12⊂TPE-Chol could be left-handed. (d) Altering 
exciting light from 330 to 460 nm light for QM12⊂TPE-Chol. (e) Spectral changes of CPL transmission 
between donor TPE-Chol and acceptor QM12/QM1 (5% molar ratio) excited at 330 nm. (f) CPL spectrum 
of QM12⊂TPE-Chol excited at 460 nm; Note: QM12/TPE-Chol = 5% molar ratio. 
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peak of QM1⊂TPE-Chol shifted from 472 
to 565 nm upon indirect excitation at 330 
nm, its glum value at 570 nm (0.03) was 
only a quarter of QM12⊂TPE-Chol (0.12). 
In agreement with the energy transfer, 
here the efficient chirality transmission is 
feasible only in the case of the well co-
assembled system of QM12⊂TPE-Chol, 
which was further certified by the CD 
behavior of QM12⊂TPE-Chol and 
QM1⊂TPE-Chol (Figure S21 and S22). 
Considering these results together, we 
have successfully developed a 
generalizable strategy—a pair of chiral 
donor and well-assembled achiral 
acceptor—for improving the 
intermolecular chirality transfer efficiency. 

To further confirm the high glum value 
of QM12⊂TPE-Chol results from the 
fluorophore-fluorophore intermolecular 
interaction rather than its chiral 
environment, we also measured the glum 
upon direct excitation and indirect 
excitation. As mentioned above, QM12 
showed obvious absorbance at 460 nm, 
while TPE-Chol had non-absorbance in 
this region. In this case, we excited QM12⊂TPE-Chol at 460 nm 
(i. e. directly excited QM12 in chiral environment), and nearly zero 
CPL was detected (Figure 3f). Accordingly, the observed 
dissymmetry factor |glum| of QM12⊂TPE-Chol by the indirect 
excitation at 330 nm (0.12) is much larger than the one by the 
direct excitation at 460 nm. This super gap demonstrates that the 
efficient chirality transmission and amplification could occur 
synchronously by indirect excitation (λex = 330 nm) within the 
intermolecular system of QM12⊂TPE-Chol. 

C-FRET rather than photon-release-and-absorption 

Fluorescence resonance energy transfer (FRET) is one kind of 
energy transfer, and a heavily studied topic in contemporary 
chemistry. In FRET, the through-space transfer of energy 
transfers from an excited donor to an acceptor that subsequently 
emits this energy as light. As mentioned above, the AIEgen 
fluorescence lifetime of the donor (Figure 2e and 2f) became 
shortened from free donor TPE-Chol (3.52 ns) to the highly 
intrinsic chiral assembly of QM12⊂TPE-Chol (1.73 ns), indicating 
that there occurred a possible FRET process upon indirect 
excitation from TPE-Chol within the intermolecular co-assembly 
system. It is the highly ordered chiral assembly of the cholesteric 
LC system that we have successfully constructed a specific LC-
based intermolecular system, and achieved an efficient CPL 
chirality transmission and amplification occurred synchronously 
during the circularly polarized fluorescence resonance energy 
transfer (C-FRET). 

It is well known that two prerequisites should be satisfied to 
achieve FRET effect: (i) a good overlap between the emission 
spectrum of donor and the absorption spectrum of acceptor; (ii) a 
proper distance between the donor and the acceptor (< 100 Å). 
[18,19] To verify the concept of C-FRET, we attempted to 
encapsulate QM12 within pure cholesterol without the FRET 
donor (Figure 4a), that is, QM12⊂Chol exhibited nearly zero CPL. 
As illustrated with a phase-separated trial of TPE-Chol→QM12 

(Figure 4b), donor TPE-Chol and acceptor QM12 were coated on 
two sides of quartz glass, respectively, to maintain a separation 
between donor and acceptor. Specifically, the thickness of the 
glass was 1.0 mm, well out of the efficient resonance distance (< 
100 Å). According to the array of CPL device (Figure S24), 330 
nm excitation light was placed on the side of TPE-Chol, and the 
CPL and fluorescence spectra of TPE-Chol→QM12 could be 
simultaneously detected from the side of QM12 simultaneously. 
We note that the excitation light of CPL or fluorescence in CPL 
device was horizontal with the direction of signal detection, rather 
than in the orthogonal direction as in regular fluorescence devices. 

As expected, we observed two completely different results on 
CPL and fluorescence spectra. On the CPL hand, a positive CPL 
of TPE-Chol→QM12 was found at 476 nm upon 330 nm light 
irradiation (Figure 4b), which could be ascribed to TPE-Chol. 
Similar to CPL, the glum peak of TPE-Chol→QM12 also located in 
the range of TPE-Chol (Figure S25). Obviously, the chirality of 
TPE-Chol was not transferred to QM12 in the phase-separated 
state. On the fluorescence hand, an intensive peak was found at 
550 nm resulted from AIEgen QM12 while excited by 330 nm light, 
indicating that the fluorescence of TPE-Chol could make QM12 
emit fluorescence. Given that the distance of TPE-Chol phase and 
QM12 phase (1.0 mm) was out of the FRET range (< 100 Å), the 
fluorescence energy transfer of TPE-Chol→QM12 relied on a 
photon-release-and-absorption mechanism (a radiative energy 
transfer). In the phase-separated state of TPE-Chol→QM12, we 
observed no chirality transmission, which was quite distinct from 
a non-radiative process based on the process of C-FRET. By 
purposefully separating the acceptor from the LC-active donor to 
keep it far beyond the resonance distance, we prove the C-FRET 
concept of QM12⊂TPE-Chol from the perspective of the key 
FRET prerequisites. Taking advantage of its strong AIE property, 
flexible liquid crystallinity and optical chirality, TPE-Chol is 
expected to be an excellent CPL donor and chiral scaffold to co-
assemble with acceptor QM12 into chiral encapsulation modes, 

Figure 4. Verifying the concept of C-FRET in the absence of donor or in the phase separation state. (a) 
Schematic CPL representation of QM12⊂Chol. (b) In the status of phase separation (TPE-Chol→QM12), 
QM12 was unable to capture CPL but able to capture regular fluorescence from TPE-Chol. (c) CPL and 
glum spectra of QM12⊂Chol excited at 460 nm. CPL (d), emission (d), and glum (e) spectra of TPE-Chol in 
the presence but separation of QM12 (TPE-Chol→QM12) excited at 330 nm. 
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thus achieving the specific C-FRET with efficient chirality 
transmission efficiency within an intermolecular system. 

Information processing based on C-FRET 

It is well known that the information density limits in memory 
devices could be overcome by moving from a binary (using “bit” 
as the unit) to a ternary logic system (using “trit” as the unit). [21] 
However, for most fluorophores, the inherent characteristics (emit 
or not) made them impractical in binary systems. For example, 
the outputs of QM12 (emission at 545 nm) are only “1” (with 
excitation at 460 nm), and “0” (without excitation at 460 nm) 
(Figure 5a). Clearly, the information capacity of this binary system 
is 2n (“0” or “1” in each unit). In contrast, the chiral inversion in 
QM12⊂TPE-Chol allows multiplexing because: (i) when excited 
at 330 nm, QM12⊂TPE-Chol emits at 545 nm with CPL (output 

“+1”); (ii) when excited at 460 nm, QM12⊂TPE-Chol emits at 545 
nm without CPL (output “-1”); and (iii) without excitation, 
QM12⊂TPE-Chol does not emit (output “0”) (Figure 5b). These 
desirable three outputs (combined “+1”, “0”, and “-1”) are the 
typical feature of a ternary logic system. This means that the 
diversity of QM12⊂TPE-Chol in each unit is 1.5-fold than that of 
QM12, and its information capacity is 3n (“+1”, “0”, and “-1” in each 
unit) (Figure 5c). To gain further understanding of this high-
density data storage, we calculated the exponential enhancement 
of information capacity from binary to a ternary logic system (that 
is, from “bit” to “trit”): the information capacity values of the ternary 
system (Mt, Gt, and Tt) were 3.3 × 103-, 1.9 × 105-, and 1.1 × 107-
fold higher than the respective binary systems (Mb, Gb, and Tb) 
(Figure 5c). Hence, the C-FRET strategy might enable the 

Figure 5. C-FRET enables high-density data storage, combinatorial logic calculation, as well as multilevel data encryption and decryption. (a and b) The outputs 
of QM12 (binary logic system: “0” and “1”) and QM12⊂TPE-Chol (ternary logic system: “0”, “+1”, and “-1”) under excitation at 330 or 460 nm. (c) The exponential 
enhancement of information capacity from QM12 to QM12⊂TPE-Chol (i.e. from “bit” to “trit”). (d-g) The truth table and logic gate types of QM12, TPE-Chol, TPE-
Chol→QM12, and QM12⊂TPE-Chol. (h) The variety of combinational logic circuit (CLC) in QM12, TPE-Chol, TPE-Chol→QM12, and QM12⊂TPE-Chol. (i) Pattern 
designed with different phosphors. (j) Thought experiment: experimental setup for the multilevel anti-counterfeiting device. By modulating the excitation (λex = 330 
or 460 nm) and output mode, different information at 472 nm (PL and CPL) and 545 nm (PL and CPL) can be recorded. 
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evolution from binary to ternary systems, greatly improving 
information capacities. 

The various emission outputs of QM12⊂TPE-Chol also 
provide the feasibility for constructing combinational logic circuits 
(CLC). [22] As shown in Figure 5d-5f, QM12 and TPE-Chol can only 
build one kind of logic gate (YES), while TPE-Chol→QM12 can 
only build two kinds (TRANSFER and OR logic gate), which 
greatly limits their diversity for constructing CLCs. In QM12⊂TPE-
Chol, if we set excitation at 330 and 460 nm as the double-input, 
and the PL at 472 nm as the single-output, it can be obtained 
TRANSFER logic gate. Accordingly, we can also build NOR, OR, 
and TRANSFER logic gates by setting CPL at 472 nm, PL and 
CPL at 545 nm as the single-output, respectively (Figure S26 and 
S27). In this case, using QM12⊂TPE-Chol as a circuit unit 
enables the diversified combinatorial logic calculation (Figure 5h). 

Furthermore, given the unique C-FRET features of 
QM12⊂TPE-Chol with various emission outputs at 472 and 545 
nm (Figure 5g), we carried out a conceived display: an anti-
counterfeiting pattern[23] “2020” was fabricated using different 
phosphors (Figure 5i). The photoactivation results are shown in 
Figure 5j: (i) Under 460 nm visible-light excitation, the pattern only 
displayed digital numbers “2888” at 545 nm (PL). (ii) In contrast, 
under 330 nm UV-light excitation, the luminescent pattern could 
be converted into “8028” at 472 nm (PL), and meaningless 
information at 472 nm (CPL). (iii) Under 330 nm UV-light 
excitation, the pattern displayed digital numbers “2028” at 545 nm 
(PL). (iv) More interestingly, only when the 330 nm light as the 
input combining with the CPL at 545 nm as the output mode, the 
true information could be observed as digital numbers “2020”. 
These various characteristic outputs enable multilevel data 
encryption and decryption that is distinct from conventional 
approaches, as well as high-density data storage. 

Conclusion 

Given that CPL is a high-level visual perception for supplying one 
more dimension information than regular fluorescence, here we 
focused on the major dilemma between high dissymmetry and 
strong emission, which is particularly relevant for intermolecular 
systems. Making full use of its strong AIE property, flexible liquid 
crystallinity, and optical chirality, we have developed TPE-Chol as 
excellent CPL donor, and co-assembled with achiral AIEgen 
acceptor QM12 into chiral LC scaffold (QM12⊂TPE-Chol), and 
successfully achieved the unique intermolecular C-FRET process 
with efficient chirality transmission efficiency. Three long alkyl 
chains were specifically grafted into the achiral acceptor of 
AIEgen QM12 to improve the miscibility and co-assembly of 
flexible liquid crystal, thus facilitating the efficient energy transfer. 
The chiral luminescent LC co-assembly with achiral AIEgen can 
achieve a superb dissymmetry factor of CPL (glum = 0.12) and 
strong emission efficiency (42.8%), simultaneously, through a 
non-radiative C-FRET process. We tactfully separated the 
acceptor from the LC-active donor to keep far beyond the 
resonance distance, and found that the photon-release-and-
absorption process doesn’t allow chirality transmission within the 
intermolecular system. Here the specific chirality transmission 
channel is critically dependent on the highly ordered cholesteric 
LC state, endowing with two essential features: (i) the photon-
release-and-absorption modes only results in energy transfer; 
and (ii) the C-FRET mode can transfer and amplify CPL for both 

efficient chirality transmission and energy transfer. This dual-AIE 
chiral-LC-based co-assembly (QM12⊂TPE-Chol) is highly 
desirable for the efficient energy transfer, chirality transmission 
and amplification due to the beneficial AIE characteristic with 
strong emission in the condensed phase, which can realize a 
unique C-FRET channel, along with potential practical application 
to high-density information capacities and new anti-counterfeiting 
technologies. 
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Improving the intermolecular transmission efficiency of circularly polarized luminescence (CPL) remains challenging. A unique CPL 
transmission with circularly polarized fluorescence resonance energy transfer (C-FRET) is verified, along with a high dissymmetry factor 
and strong emission. This C-FRET mode provides a de novo strategy concept for high-level information processing for applications 
such as high-density data storage, combinatorial logic calculation, and multilevel data encryption and decryption. 
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