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ABSTRACT: The bridging role of aggregate between single-molecule structures and macroscopic photophysical properties 
has attracted intense attention. Pyrene (Py), as the simplest dimer candidate, is a proper model for studying accurate 
structure-property relationships of aggregates. Herein, a series of Py and derivatives were systematically investigated. With 
a largely planar and conjugated conformation, Py shows anomalous aggregation-induced emission (AIE) characteristics due 
to the oxygen quenching at the molecular level but turn-on fluorescence in the aggregate state because of the oxygen isolation. 
Although introducing substituents induces molecular motion and weakened luminescence in the molecular state, the impact 
of substituents on the aggregate-state photophysical properties enormously differs. A small and electron-conjugated 
substituent (-CHO) can generate long-range ordered dimer stacking, leading to redshifted and weakened emission. Meanwhile, 
the larger substituent (-CyA) can disrupt long-range stacking and result in discrete dimers, leading to blue-shifted but 
enhanced emission. Further, incorporating a natural and bulky alicyclic structure (-DAA) inhibits dimer formation and 
activates strong molecular motions in the crystalline state, resulting in the shortest wavelength and weakest emission. 
Interestingly, crystalline Py-DAA exhibits both mechanochromic and acidichromic properties, which can be synergistically 
applied in dynamic encryption-decryption. These results indicate that substituents significantly affect their fluorescent 
behaviors due to the complexity of aggregate structures. This work not only elucidates the unique AIE performance of Py for 
the first time but also applies it as an accurate model for regulating the aggregate structures, offering precise molecular design 
strategies for aggregate-state luminescent materials. 

INTRODUCTION  

Traditional methodology on organic solid materials is 
based on the “reductionistic” approach, which holds the 
concept that the properties of the microscopic molecular 
structure can determine those of the macroscopic 
substance. Therefore, traditional material design usually 
focuses only on the properties at molecular level1-3. 
However, many facts have proved that this is not always 
true. For example, the solid-liquid-gas phases of water and 
the solid-gas states of carbon dioxide all represent the same 

molecular structure but different macroscopic properties. 
For typical luminogens, perylene and hexaphenylsilole 
(HPS) exhibit completely different fluorescence properties 
in both solution and aggregate states, which are referred to 
as aggregation-caused quenching (ACQ) and aggregation-
induced emission (AIE) behaviors, respectively4-5. On this 
basis, it is proposed that a gap exists between molecular 
structure and material property, i.e., aggregate structure, 
which plays a bridging role in determining their different 
properties in different states6-8. However, due to the unclear 
structure-property relationships, the design and control of 
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aggregate structures remain challenging. Nevertheless, a 
“holistic” approach using specific aggregate structure 
systems as models to study the aggregation process through 
the macroscopic properties could be adopted, thus 
elucidating the corresponding aggregate structures. By 
investigating such a system, it is probable to achieve initial 
control of the macroscopic property at the aggregate level 
(Figure 1a). 

Pyrene (Py) is a highly planar and conjugated molecule. 
Hence, it is prone to form a dimer structure due to strong -
 stacking during the aggregation process9-11. To our 
knowledge, dimer is the simplest form of aggregate 
structure. However, there are various types of dimer 
structures with distinct - distances and overlaps, which 
can be appropriately used as aggregate models to study the 
structure-property relationship at the aggregate level12-15. 
Kambe and coworkers introduced alkyl chains with 
different lengths and branching patterns into the Py scaffold 
and found the alkyl chain-position-dependent 
photophysical properties. The solid-state properties could 
be modulated by changing the alkyl groups to alter the 
crystal packing12. Li et al. described a simple and effective 
method to regulate distances in Py dimers via mono- and di-
substitution, elucidating the clear correlations between Py 
distance and emission wavelength13. Elucidating the 
structure-property relationships in the aggregate state by 
these pioneering works is beneficial for conducting 
structural design at the molecular level, thereby providing 
more precise molecular design strategies for our purpose. 
This represents a typical “holistic” methodology. 

In addition, factors affecting the photophysical properties 
of aggregates include molecular motion, substituents, 
oxygen, and aggregate structures. Substituents are often 
introduced to study the differences in the optical properties 
of aggregates, such as electron donor/acceptor, positional 
isomers, bulky/small substituents, etc. For instance, 
incorporating D/A groups intrigues the charge transfer 
process in the excited states, thus affecting the 

photophysical properties16-17. Meanwhile, isomeric 
positions influence the behaviors of aggregate structures 
due to the steric hindrance and conjugation effects18-19. 
Further, the size of the groups can affect the packing of 
aggregates by altering the steric hindrance, which in turn 
changes the properties of aggregates20. Frequently, 
traditional substituent selection relies on commonly used 
ones with regular structures, such as triphenylamine and 
tetraphenylethylene21-22, leading to a shortage of originality 
in structural design. The novel structures derived from 
biomass, such as rosin, may bring new ideas for molecular 
design23-29. Based on our previous findings, the rigid 
alicyclic moiety of rosin can be used to restrict the 
intramolecular motion of the flexible chromophore of 
simple Schiff bases, leading to aggregated emission30-31. The 
unique and natural alicyclic structure as a substituent for Py 
may be a potential candidate for producing unexpected 
photophysical properties. Furthermore, oxygen is another 
critical factor affecting luminescence properties, especially 
when relevant to the triplet state32-33. Understanding the 
specific effects of these factors on aggregate states is of 
great significance for studying the structure-property 
relationships between molecular/aggregate structures and 
macroscopic properties.  

Herein, a series of derivatives based on the Py skeleton 
were systematically investigated. With a largely planar and 
conjugated structure, Py exhibits anomalous AIE behavior 
due to the combined effect of oxygen and aggregation. In 
addition, the initial control of Py-dimer structures with the 
corresponding macroscopic fluorescence properties has 
been achieved by elucidating the factors, including oxygen, 
substituent, molecular motion, and aggregate structure at 
different levels of structural hierarchy. This work not only 
elucidates the unique AIE performance of Py for the first 
time but also applies it as an accurate bridging model for 
regulating aggregate structures from a “holistic” 
perspective (Figure 1b).

 

Figure 1. Schematic illustration of design approaches for the pyrene-based AIE system. ES and HB represent electrostatic effect and 
hydrogen bonding, respectively.  
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RESULTS AND DISCUSSION 

As shown in Scheme S1, 1-Pyrenecarboxaldehyde (Py-
CHO) reacted with Cyclohexylamine (CyA) and 
Dehydroabietylamine (DAA) via a simple Schiff base 
reaction to yield Py-CyA and Py-DAA. Structures were 
confirmed by 1H and 13C NMR and high-resolution mass 
spectroscopy measurements (Figures S1-S6). Single 
crystals of Py, Py-CHO, Py-CyA, and Py-DAA were obtained 
via slow evaporation for X-ray diffraction measurements 
(please see the details in the SI). 

The photophysical properties of all four compounds were 
first studied. They all show the typical AIE effect with weak 
fluorescence in dilute solution and enhanced fluorescence 
at high water fraction (fw) (Figure 2a). Among them, the AIE 
effect of Py challenges our previous knowledge of the 
traditional ACQ phenomenon, which always happens within 
planarly conjugated luminogens, driving us to find the 
underlying reasons for the opposite observation. From the 
photoluminescence (PL) spectra, Py exhibits fine-
structured monomer emission in the molecular state 
(Figure 2b). As the fw gradually increases, the emission 
intensity of the monomer rises due to the polarity of the 
solvent14, 34. When fw > 80%, the intensity of the monomer 
peak decreases and is accompanied by a new and broad 
peak with visible sky-blue fluorescence, which is attributed 
to the dimer emission generated by aggregation14. With the 
increased concentration,  the dimer-emission proportion of 
Py also increases (Figure S7), consistent with a previous 
report14. Still, they fail to provide a clear explanation for the 
following issue: although it is easy to understand that the 
AIE phenomenon originates from dimer emission, the 

monomer emission does not exhibit an ACQ phenomenon. 
The fact suggests that the emission in the molecular state 
may be influenced by factors other than polarity. According 
to the literature, the fluorescence of Py is always quenched 
by oxygen in the solvent35-37. Therefore, the PL spectra, 
absolute quantum yield (QY), and lifetime of Py in the 
molecular state before and after the degassing process were 
compared (Figure 2c and Table 1). After degassing, the PL 
intensity significantly increases, QY rises from 3.3% to 
54.0%, and the lifetime also increases from 15.75 ns to 
126.07 ns. The results indicate that oxygen indeed plays an 
essential role in the luminescent behaviors of Py. 
Accordingly, we also measured the PL spectra of Py in DMSO 
solution upon UV light irradiation (Figure 2d). The PL 
intensity increased with the elongated irradiation time, 
suggesting the generation of singlet oxygen during the 
irradiation process. Singlet oxygen can react with DMSO to 
gradually create an oxygen-free environment and enhance 
Py fluorescence33. The generation of singlet oxygen 
indicates the production of triplet excited states in Py, 
which was supported by the previous report 38-39. Under 
oxygen-containing conditions, the triplet excitons react 
with oxygen, resulting in the non-radiative decay. However, 
under anaerobic conditions, the triplet excitons may 
undergo the triplet-triplet annihilation (TTA) process, 
leading to delayed fluorescence13, 40-41 and increasing the PL 
intensity, QY, and lifetime. To further understand the 
evolution of excited states, we calculated the singlet and 
triplet energy levels of Py. As shown in Figure 2e, the energy 
level of S1 (3.450 eV) is approximately twice that of T1 
(1.719 eV), meeting the basic conditions for TTA. 

 

Figure 2. (a) Fluorescence photographs of Py, Py-CHO, Py-CyA, and Py-DAA in THF/H2O mixtures with different fw taken under a 
365 nm UV lamp. Concentration: 20 M. (b-d) PL spectra of Py in (b) THF/H2O mixtures with different fw, (c) the ambient and 
degassed states, and (d) DMSO solution upon UV light irradiation. Concentration: 20 M; λex = 335 nm. (e) The calculated energy 
levels of Py. (f) A simplified Jablonski diagram to illustrate the photophysical processes. Abs is absorption, F is fluorescence, NR is 
non-radiative relaxation, DF is delayed fluorescence, ISC is intersystem crossing, and TTA is triplet–triplet annihilation.
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Table 1. Summary of photophysical properties of Py, Py-CHO, Py-CyA, and Py-DAA in solution, aggregate, and crystal 
state. 

 

Besides, the molecular state of Py-CHO is also influenced 
by oxygen (Table 1 and Figure S8), with a lower QY of only 
0.5% under oxygen-containing conditions than Py. This may 
be related to molecular motion and n-* transitions. After 
degassing, the QY of Py-CHO increased to 9.4%, along with 
an increase in the lifetime from 7.17 to 12.28 ns, exhibiting 
a similar trend as Py. From the energy levels of singlet and 
triplet states, Py-CHO also satisfies the possibility for TTA 
(Figure S9). On the contrary, Py-CyA and Py-DAA show very 
low QY and lifetime in their molecular states before and 
after degassing without noticeable delayed fluorescence, 
which may be attributed to the dominant molecular 
motions introduced by the largely flexible substituents (CyA 
and DAA), making the influence of oxygen negligible (Table 
1 and Figure S8). Based on the above results, it is proposed 
that the excited-state processes experienced by Py in the 
molecular state include fluorescence, DF of TTA, and energy 
transfer. The substitution of the aldehyde group could 
introduce molecular motions into the rigid molecular 
skeleton, leading to stronger non-radiative decay. When 
CyA and DAA are introduced, primary fluorescence and 
non-radiative processes occur due to the dominance of 
molecular motions (Figure 2f). 

The detailed photophysical properties of Py under 
different fw provide insights into the fundamental 
mechanism of weak molecular state emission and AIE 
properties of this conjugated planar compound. Although 
oxygen plays a vital role in the molecular state emission of 
Py, does oxygen impact the aggregate state? According to 
Figure 3a, after forming Py aggregates, there is an increase 
in dimer emission and an enhancement in monomer 
emission. Theoretically, the emission intensity from 
monomers should decrease significantly after aggregation 
due to the reduced proportion of monomers and increased 
energy transfer from monomers to dimers. The strange 
behavior of increased monomer emission suggests that 
aggregation may isolate oxygen, enabling monomers to 
avoid quenching and instead exhibit enhanced emission. 
Additionally, a different AIE trend of Py-CHO was observed 
compared to Py (Figure 3b). When fw < 90%, the monomer 
emission is too weak to be noticed, and a continuous 
redshift enhancement is observed as the fw increases. Its QY 
in the aggregate state reaches 41.5% (far exceeding the 
molecular state of 0.5%), indicating the combined 
proximity effect and aggregation42. Py-CyA and Py-DAA 

exhibit similar AIE trends to Py, wherein monomer 
emission is observed in the molecular state, and a new 
emission peak from dimer appears after aggregation 
(Figure 3c-d). The concentration and viscosity experiments 
also confirm their AIE properties (Figures S7 and S10). The 
difference lies in the dimer emission of the latter two 
compounds, which is much stronger than the monomer 
emission. This is because the molecule-state emission of Py-
CyA and Py-DAA are extremely weak due to molecular 
motion. After aggregation, the restricted motions enhance 
fluorescence with increased QY from 0.5% to 35.1% of Py-
CyA and 0.4% to 15.8% of Py-DAA, respectively. 

Interestingly, the fluorescence of the crystals and 
aggregates (fw = 95%) of the four compounds show 
significant differences (Figure 3e-i). The aggregated Py 
exhibits emission from both monomer and dimer, 
indicating the disordered packing after rapid aggregation. 
The emission peak of the dimer is consistent with that of the 
crystalline state with shift ( = 0), suggesting that the dimer 
structure of Py in the aggregate state is similar to the 
packing in the crystalline state. However, Py-CHO crystal is 
significantly redshifted compared to the aggregate state ( > 
0), exhibiting yellow emission. On the other hand, the 
crystals of Py-CyA and Py-DAA exhibit varying degrees of 
blueshift compared to the aggregate state ( < 0), indicating 
that the dimer structures of the substituted Py derivatives 
in the aggregate state and crystal state differ to some extent. 
This difference may be attributed to the dominance of the 
electronic effect of the Py scaffold during the rapid 
formation of aggregates, favoring discrete dimers and 
resulting in sky-blue or green emission (wavelength range 
of 460-510 nm). In contrast, the substitution groups control 
the slow crystallization process, leading to dark blue 
emission of Py-DAA (422 nm), sky-blue emission of Py (465 
nm), green emission of Py-CyA (495 nm), and yellow 
emission of Py-CHO (543 nm). The various fluorescence 
properties exhibited by the aggregate and crystalline states 
provide more insights into the critical influence of the dimer 
structure of the Py scaffold on the macroscopic luminescent 
properties. Understanding the structure-property 
relationship of the Py scaffold dimers is beneficial for 
inferring the aggregate state structure of compounds and 
making rational molecular designs through a “holistic” 
approach. 
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Figure 3. (a) PL spectra of Py in THF/H2O mixtures with fw = 0% and 95%. Concentration: 20 M; λex = 335 nm. (b-d) PL spectra of 
(b) Py-CHO, (c) Py-CyA, (d) Py-DAA in THF/H2O mixtures with different fw. Concentration: 20 M; λex = 360 nm. (e-h) PL spectra of 
(e) Py, (f) Py-CHO, (g) Py-CyA, and (h) Py-DAA in the solution, aggregate (fw = 95%), and crystal states, respectively. Concentration: 
20 M. Δ represents the wavelength of the crystal minus the wavelength of the aggregate. (i) The plots of wavelength versus 
compounds in the solution (minimum wavelength), aggregate, and crystal states. 

To further understand the structure-property 
relationship in the aggregate state, the single-crystal 
structures of these four compounds were obtained (Figure 
4 and Table S1). As shown in Figure 4a, Py owns a planar 
conformation with a short distance (3.535 Å) and a large 
overlap (58%) between adjacent Py molecules, resulting in 
dimer emission. The stacking pattern indicates a discrete 
arrangement, which leads to strong sky-blue fluorescence 
with a QY of 42.4%. Similarly, Py-CHO possesses a relatively 
planar conformation (with a torsion angle of only 2.61°). 
Compared to Py, the distance between adjacent Py scaffolds 
in Py-CHO is smaller (3.475 Å), and the overlap is larger 
(62.5%), resulting in stronger π-π interactions. Additionally, 
the electronic effect brought by the aldehyde group endows 
Py-CHO with a head-to-tail and long-range ordered stacking, 
resulting in exciton diffusion and quenching. Therefore, Py-
CHO shows weaker yellow fluorescence with a QY of 16.7% 
(Figure 4b). Py-CyA and Py-DAA with larger substituents 
exhibit torsion angles of 21.23° and 19.42°, respectively, 

causing conformational distortion. The stacking of Py-CyA 
with a smaller steric hindrance group is similar to Py. 
However, with a discrete dimer alternating arrangement 
but a large overlap (62.5%), Py-CyA exhibits redshifted 
green fluorescence with a QY of 43.5% (Figure 4c). In the 
case of Py-DAA with the bulky rosin group, significant steric 
hindrance and looser arrangement during crystallization 
are formed, resulting in almost no overlap of Py moieties in 
Py-DAA and the bluest and weakest fluorescence from its 
monomer (QY = 2.3%) (Figure 4d). From the above results 
on the structure-property relationship in the crystalline 
state, it can be concluded that substituents can regulate the 
structure and properties of Py aggregates. Bulky 
substituents can disperse the aggregate of Py, resulting in a 
blueshifted and weaker fluorescence. Middle steric 
substituents have minimal impact on the emission behavior 
of aggregate, while substituents with both planarity and 
electron effects can lead to redshifted and weaker 
fluorescence. This explicit structure-property relationship
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Figure 4. Molecular conformation, packing, and dimer of (a) Py (discrete dimer), (b) Py-CHO (long-range dimer), (c) Py-CyA (discrete 
dimer), and (d) Py-DAA (monomer). 

in the aggregate state suggests that we can infer the 
aggregate structure of compounds and make rational 
molecular designs using a “holistic” approach. 

The above discussion highlights the vital role of the 
aggregate structure in macroscopic properties. Therefore, it 
is possible to switch macroscopic properties by changing 
the aggregate structure under external stimuli. Taking Py-
DAA as an example, the original sample exhibits a faint dark 
blue fluorescence. However, after grinding, it transforms 
into a bright green fluorescence (Figure 5a and 5b), 
showing significant mechanochromic luminescence (MCL) 
properties. PXRD spectra infer that the change in 
fluorescence color is due to the alteration of packing 
arrangement before and after grinding, which suggests that 
the Py units transition from a non-overlap state to a partial 
overlap state under the external force14. As expected, it 
successfully regulates macroscopic properties by modifying 
the aggregate structure43. However, fuming by volatile 
organic solvents or heating fails to restore it to the initial 
state because the strong π-π interactions between Py units 
could not be sufficiently disrupted. In addition, ground Py-
DAA is sensitive to acid and base stimuli. When fuming with 
trifluoroacetic acid (TFA), its green fluorescence changes to 
red. Then, when fuming with triethylamine (TEA), it reverts 
to the original fluorescence with a dark blue color. Similarly, 
the above color change could also be achieved by fuming the 
crystalline sample with TFA and TEA vapors. NMR spectra 
illustrate that TFA protonates the imine bonds in Py-DAA44-

45 (Figures 5d and S11). The absorption spectra show that 
the protonated Py-DAA exhibits an additional absorption 
peak of charge-transfer (CT) state within 400-500 nm. 
Moreover, theoretical calculations based on density 
functional theory indicate that both HOMO and LUMO are 
located on the Py scaffold before the protonation of Py-DAA. 
After protonation, the significant CT process with a 
decreased energy gap is consistent with their redshifted 

emission. Py-CyA also exhibits the same ACL property 
(Figures S12-S13). Therefore, we can synergistically alter 
the macroscopic optical properties by separately altering 
the molecular and aggregate structure through external 
stimuli. 

Stimuli-responsive materials have a wide range of 
applications in smart materials, such as anti-counterfeiting 
and encryption-decryption46-47. The multi-stimuli 
responsive properties of Py-DAA hold the potential to 
achieve dynamic encryption-decryption of information, 
thereby enhancing information security. Accordingly, we 
designed a quartz container to develop a dynamic 
encryption-decryption model as a proof-of-concept. Figure 
6a represents the schematic diagram of the MCL and ACL 
properties of Py-DAA. The process involves placing the Py-
DAA pristine powder in a quartz container, subjecting it to 
different treatments, such as grinding, fuming, and 
restoring it to its pristine state. The three states of Py-DAA 
and three commercial dyes with similar fluorescence color 
(lacking ACL properties) are filled in different positions of 
the quartz container and arranged in a specific order to 
achieve information storage. For example, the different 
states of the solid are filled in a 77 array of the quartz 
container, and information is written in this manner. 
Without any processing, the seemingly chaotic arrangement 
cannot provide valid information. However, by using TFA 
and TEA fumigation in order, two Chinese characters, “田” 

and “王”, can be sequentially read, indicating that this model 
has dynamic decryption properties. This dynamic and 
color-controllable system also holds the potential to be a 
candidate material for three-dimensional (3D) code. The 
colorful 3D code is developed based on traditional two-
dimensional codes with another dimension of color, 
demonstrating higher information storage capacity and 
better security.
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Figure 5. (a) Fluorescence photographs, (b) PL spectra, and (c) PXRD spectra of Py-DAA under various treatments. (d) NMR spectra 
of Py-DAA before and after the addition of TFA. (e) Absorption spectra of Py-DAA solid sample before and after fuming by TFA in 
pure EtOH solution. Concentration: 20 M. (f) Frontier molecular orbitals and corresponding energy levels of Py-DAA before and 
after fuming by TFA. 

This 3D code can be constructed by arranging a 55 
quartz container with specific colors in a certain way 
(Figure 6d), and the number and arrangement of the four 
colors are controlled by different treatment methods of Py-
DAA. For example, the encoding parsed into information A 
can dynamically be converted into the code pattern of  
“Rosin” through TFA fuming. After TEA fuming, it can be 
further dynamically switched to the third encoding, such as 
the new information code that can be analyzed as 
information C, showing the great potential of Py-DAA in 
constructing dynamic fluorescent 3D codes. Compared with 
traditional 3D codes that store information in a static form 
and do not support multi-level display of encrypted 
information, this dynamic and controllable multi-color 
fluorescent system may become a candidate for developing 
higher-level 3D codes and further enhancing information 
security. In addition, besides solids, Py-DAA solutions are 
also expected to be used as “invisible ink” for information 
storage and decryption (Figures S14 and S15). Information 
can be encrypted and selectively read by using it in 
combination with commercial ink. Compared with 
traditional single-stimulus response materials, the unique 
multi-stimulus response properties endow Py-DAA with 
better privacy and display the tremendous potential of this 
material in anti-counterfeiting and encryption-decryption 
applications. 

CONCLUSION 

The aggregate structures play a crucial bridging role in 
investigating the structure-property relationships of single  
-molecular structure and macroscopic photophysical 
properties. However, so far, the design of aggregate 
structures still faces challenges. In this work, Py has been 
adopted as an aggregate model to construct a series of 
derivatives by introducing substituents of -CHO, -CyA, and -
DAA with different electronic and steric effects. The results 

demonstrate that rational molecular design can regulate the 
Py-based dimer structures, thereby controlling their 
macroscopic optical properties. With a largely planar and 
conjugated conformation, Py exhibits anomalous AIE 
properties resulting from the combination of oxygen and 
aggregation. The highly unexpected small QY of 3.31% at 
the molecular level uncovers that oxygen quenches the 
triplet exciton, leading to efficient non-radiative decay in 
the monomer state. However, aggregation can isolate 
oxygen, resulting in dimer emission and increased QY. 
Although introducing substituents induces molecular 
motion and weakens the emission intensity in the monomer 
state, their influence on the aggregate-state fluorescence 
properties is totally distinct. The introduction of a small and 
electronically conjugated substituent (-CHO) leads to long-
range ordered stacking, resulting in redshifted and 
weakened emission. On the other hand, the larger 
substituent (-CyA) disrupts long-range stacking, resulting in 
discrete dimers with blue-shifted and enhanced emission 
close to those of the Py skeleton. Incorporating the bulky 
natural rosin structure (-DAA) with steric hindrance leads 
to the monomer mode in the crystalline state, resulting in 
intense molecular motion with the bluest and weakest 
emission. Furthermore, the aggregate structures can be 
changed by multiple external stimuli. Interestingly, Py-DAA 
exhibits MCL property due to changes in the aggregate 
structure under external force, while the protonation of 
imine bonds leads to ACL property. The synergistic effect of 
MCL and ACL provides excellent potential in dynamic 
encryption and decryption of information. This work not 
only clarifies the anomalous AIE property of Py, but also 
provides a precise bridging model to study the structure-
property relationship at the aggregate level, thus offering 
more accurate molecular design strategies for aggregate-
state luminescent materials from the “holistic” point of view. 
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Figure 6. (a) Schematic progress of MCL and ACL of Py-DAA. (b) Schematic representations of the formation by adding Py-DAA under 
various treatments to quartz containers. Blue, green, and red represent the pristine sample, ground sample, and sample fumed by 
TFA of Py-DAA, and commercial dyes of their corresponding colors, respectively. (c-d) A schematic illustration of the information 
encryption-decryption process as character code (c) and 3D code (d).
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