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Ensuring the security and reliability of information has increasingly become a key issue for modern society,
placing greater demands on encryption technologies and anti-counterfeiting materials. Therefore, the
development of intelligent responsive materials with multi-mode encryption and protection capabilities
has become crucial. In this study, an aldehyde—amine exchange approach was applied based on the
traditional ESIPT-ISO (Excited state intramolecular proton transfer and cis to trans isomerization) color-
switching mechanism of salicylaldehyde-aniline Schiff bases. The reaction between tetraphenylethyl
salicylaldehyde and aniline derivatives generated eight Schiff base compounds. Five of these compounds
displayed UV-triggered color change in the solid phase, whereas the other three exhibited fluorescence
emission in solid form. Spectroscopic analysis, theoretical computation, and crystal-structure
characterization clarified the mechanisms responsible for both color variation and stability. The stable
compounds showed characteristic stacking configurations, and the hydroxyl groups formed weak
interactions with nearby atoms, restricting the ESIPT transition and preventing color change under UV
irradiation. This work presents the first systematic report on the effect of substituent variation on the
ESIPT-ISO process, illustrating how weak interactions and packing modes can inhibit ESIPT. It also
represents the first study describing substituent influences on the reverse ESIPT-ISO reaction. Finally,
five UV-responsive color-switching materials were developed into color-shifting inks. Through pad and
screen printing, these inks enabled encrypted information and anti-counterfeiting features on paper,
inorganic, and fiber substrates, maintaining long-term stability for up to three years. Moreover, by

utilizing differences in fading times among the photochromic molecules, color-changing inks were
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DOI: 10.1039/d6sc00735] overprinted in specific sequences. Upon UV activation, this approach allowed multi-level time-space

rsc.li/chemical-science encryption and anti-counterfeiting of data.

Introduction

In the big data era, the methods and channels through which
people obtain information have become increasingly varied and
convenient.” However, maintaining the authenticity and
security of information has gradually become a major issue,
creating higher requirements for encryption techniques and
anti-counterfeiting materials.*® Thus, studies on encrypted
anti-counterfeiting materials have become particularly impor-
tant, with intelligent responsive systems capable of multi-mode
encryption and protection being of prime significance.”®
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At present, several photochromic, phosphorescent, and
fluorescent materials are employed in the anti-counterfeiting
field.>™ Among these, the development of photochromic
compounds has attracted wide attention in optical encryption
and security applications.™® In recent years, various repre-
sentative photochromic molecules—such as spiropyran, azo-
benzene, and aromatic radical derivatives—have been reported
and widely applied for information protection and
verification.””*® Nevertheless, most photochromic materials
experience restricted molecular rotation and motion in the
aggregated state, hindering the formation of optical isomers. As
a result, their photochromic response generally appears only in
the dissolved state.””*" Additionally, the extent of color change
in aggregated photochromic systems is governed by crystalli-
zation, making synthesis procedures laborious and time-
consuming.”**® The differing color-switching behaviors
between crystalline and amorphous states further complicate
the interpretation of mechanisms, limiting progress in under-
standing and applying photochromic systems for encryption
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and anti-counterfeiting.>* Organic crystals, with well-defined
structures and molecular arrangements, provide ideal models
for analyzing how intermolecular forces and packing affect
solid-state luminescence.”>*” Therefore, designing photo-
chromic materials that perform efficiently in both amorphous
and crystalline forms—with easy preparation, quick response,
and strong stability—represents highly valuable research. Such
materials can also provide clear experimental evidence for
understanding the origin of color transformation.

Salicylaldehyde-aniline Schiff bases constitute a class of
organic molecules known for their solid-state photochromic
behavior. Due to their simple synthesis and ease of structural
modification, they are widely used to construct photoresponsive
systems for encryption-decryption and anti-counterfeiting
applications.”**' The photochromic mechanism in these
compounds generally involves a two-step process: “enol — iso
— anti” (ESIPT + ISO). In this mechanism, excited-state intra-
molecular proton transfer (ESIPT) allows the enol form to
convert into the iso tautomer, producing a red-shifted absorp-
tion band, followed by conversion of the ISO form to the anti-
isomer, leading to further absorption enhancement.?**

During crystallization, salicylaldehyde-aniline Schiff bases
tend to form six-membered intramolecular hydrogen-bonded
rings, promoting the ESIPT transition. Consequently, earlier
studies concentrated on tuning the ISO process to explore
photochromism, assuming ISO as the main factor governing
the phenomenon.*** To strengthen the ISO transition, tetra-
phenylvinyl units with strong steric effects were introduced into
the Schiff base framework. This modification disrupted -7
stacking, induced active molecular motion, and triggered
photochromism.* However, later research revealed that ISO
alone does not solely determine photochromic behavior. The
ESIPT process also plays a vital role in influencing the ESIPT-
ISO mechanism. For example, Tang and Cai (2021) incorporated
alicyclic substituents into salicylaldehyde-aniline Schiff bases
and proposed that ESIPT-ISO cooperative effects enhance
photochromism.?**” In a subsequent study (2023), they intro-
duced triphenylamine groups with propeller-like configura-
tions, demonstrating that crystallization and rapid
precipitation methods affect hydrogen bond formation and
thus control the ESIPT process. Their work identified ESIPT as
the primary factor controlling the ESIPT-ISO coupling mecha-
nism.*® Meanwhile, various studies have shown that aggrega-
tion states can significantly influence the ESIPT process. With
advances in aggregate science, it has been recognized that some
aggregated forms exhibit properties superior to their mono-
meric counterparts, while others display synergistic enhance-
ment where 1 + 1>2. Aggregation-Induced Emission (AIE)
systems are the most representative examples of this
behavior.**** Although the importance of aggregate-level
understanding is now well acknowledged, practical methods
for analyzing complex internal interactions and establishing
clear structure-property correlations—particularly regarding
new properties emerging upon aggregation—remain insuffi-
cient. Therefore, expanding theoretical frameworks and
research methods in aggregate science to enable deeper inves-
tigation in this area remains an essential goal.
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Triphenylamine and tetraphenylethylene, owing to their
twisted molecular structures, are widely employed in the design
and construction of AIE molecules.*** Introducing tri-
phenylamine and tetraphenylethylene into salicylaldehyde-
aniline Schiff base compounds to construct AIE-type systems
yields more pronounced photochromic properties. Chi, Ni, and
Hou reported three examples of ESIPT-type salicylaldehyde-
aniline Schiff base AIE compounds based on a tetra-
phenylethylene skeleton. All exhibited significant color changes
under UV irradiation and spontaneously reverted to their orig-
inal state upon cessation of light exposure. These advantages
offer considerable potential for practical applications.**"*

Previous studies on the construction of triphenylamine- and
tetraphenylethylene-based salicylaldehyde-aniline Schiff base
photochromic compounds primarily involved reactions
between the amino group on the triphenylamine or tetra-
phenylethylene skeleton = and  various types of
salicylaldehyde.***7%3-%5 Given the relatively limited range of
salicylaldehyde derivatives with different substituents, few
studies have examined the influence of substituents on the
ESIPT-ISO process. What would be the photochromic behavior
of tetraphenylethylene salicylaldehyde-aniline Schiff base
compounds if tetraphenylethylene salicylaldehyde were reacted
with different anilines through an aldehyde-amine exchange
strategy? If this strategy successfully constructs photochromic
tetraphenylethyl salicylaldehyde-aniline Schiff base
compounds, it would expand the possibilities for photochromic
molecular design. Aromatic anilines with diverse substituents
are relatively inexpensive and easy to synthesize, enabling more
convenient investigation of substituent effects on the ESIPT-
ISO process.

Although the photochromic mechanism of salicylaldehyde-
aniline Schiff base photochromic compounds is well estab-
lished, the fundamental cause of the process remains
unclear.?®37°3%5 To date, no studies have examined how
substituents influence either the ESIPT-ISO or the reverse
ESIPT-ISO process. Furthermore, few investigations have
explored the impact of single-molecule versus aggregated states
on the ESIPT-ISO mechanism. The factors governing how
aggregation affects photochromic properties also remain
uncertain, necessitating further research to develop strategies
for controlling photochromic behavior.

Based on this rationale, we employed an aldehyde-amine
exchange strategy to synthesize eight tetraphenylethyl
salicylaldehyde-aniline Schiff base derivatives by reacting 2-
hydroxy-5-(1,2,2-triphenylvinyl)benzaldehyde with eight
anilines bearing different substituents. The luminescent prop-
erties of these compounds were systematically investigated. All
the compounds exhibited AIE effects. Theoretical calculations
indicated that in the single-molecule state, all eight molecules
are capable of undergoing the ESIPT-ISO process, making them
photoresponsive. However, in the solid aggregate state, only
TPE-P, TPE-p-tBuP, TPE-0-FP, TPE-p-FP, and TPE-p-MP exhibi-
ted significant color changes (from pale yellow to red) upon UV
irradiation in both crystalline and amorphous states through
the ESIPT-ISO process. Substituents modulate the reverse
ESIPT-ISO process, and after UV-induced red coloration, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fading times decrease in the order: TPE-p-tBuP, TPE-0-FP, TPE-
p-FP, TPE-P, and TPE-p-MP. The longest fading time was 16 min
for TPE-p-tBuP, while TPE-p-MP and TPE-P exhibited the
shortest fading time of 5 s. TPE-p-MOP, TPE-0-BrP, and TPE-p-
NO,P maintain their color under illumination and exhibit
fluorescence in the solid state.

Crystal structures revealed that TPE-P, TPE-p-tBuP, TPE-0-FP,
TPE-p-FP and TPE-p-MP adopt a single conformation, termed
the “X” conformation. The molecular packing patterns of TPE-P,
TPE-0-FP, TPE-p-FP and TPE-p-MP are essentially identical. In
these structures, hydroxyl groups form only O1-H1---N1
hydrogen bonds and are unaffected by other weak interactions,
favoring the ESIPT process. The three photostable compounds,
TPE-p-MOP, TPE-0-BrP and TPE-p-NO,P, adopt a distinct
structural arrangement referred to as the “Y” conformation.
Within these molecules, the hydroxyl groups establish intra-
molecular O1-H1---N1 hydrogen bonds with the nitrogen atom
of the C=N bond and simultaneously participate in weak
secondary interactions with nearby atoms, thereby suppressing
the ESIPT process. As a result, these compounds exhibit no
observable color change under UV irradiation. This study
provides the first evidence of substituent-dependent regulation
of the ESIPT-ISO mechanism, highlighting the constraining
role of weak intermolecular interactions and molecular stacking
patterns on ESIPT behavior. It also represents the first study
examining substituent effects on the reverse ESIPT-ISO process.

Finally, five color-changing materials were formulated into
color-shifting inks. Through pad printing and screen printing,
information encryption and anti-counterfeiting were achieved
on paper, inorganic, and fiber substrates. These applications
remained effective even after three years of storage. Further-
more, exploiting the differing fade times of photochromic
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compounds, these materials were cross-printed in specific
sequences to create time-dependent color transitions. Upon UV
illumination, this technique enables multimodal spatiotem-
poral encryption and anti-counterfeiting of data.

Results and discussion
Design and synthesis of compounds

Inspired by the photoresponsive behavior of Schiff base deriv-
atives obtained from reactions between amino groups on tri-
phenylamine or tetraphenylethylene frameworks and various
salicylaldehydes, eight tetraphenylethylene
salicylaldehyde-aniline Schiff base compounds were synthe-
sized through an aldehyde-amine exchange method. In this
approach, 2-hydroxy-5-(1,2,2-triphenylvinyl)benzaldehyde was
reacted with eight anilines bearing different substituents to
produce the corresponding Schiff bases (Scheme 1). Details of
the synthesis routes and characterization data are provided in
the SI (Fig. S1-5S24). Among these, TPE-P, TPE-p-tBuP, TPE-0-FP,
TPE-p-FP and TPE-p-MP exhibit photochromic properties, while
TPE-p-MOP, TPE-0-BrP and TPE-p-NO,P demonstrate photo-
luminescent properties.

new

Physical properties of light

The UV-vis absorption spectra of all compounds in DMSO
solution were recorded (Fig. 1a). The spectra of the eight
derivatives displayed high similarity, attributed to their
comparable molecular frameworks, although the molar extinc-
tion coefficients varied slightly due to substituent effects (Table
S1). Since each compound contained the classical AIE fluoro-
phore tetraphenylethylene, it was anticipated that they would
exhibit AIE characteristics. Accordingly, fluorescence spectra

|
e,

TPE-p-MOP

09 O

TPE-o-BrP

/©/0Me

O O

TPE-p-NO,P
photoluminescence

Scheme 1 Eight synthetic tetraphenylethylsalicylaldehyde-aniline Schiff base compounds and their two distinct properties.
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(a) UV-vis absorption spectrum of the compound in DMSO solution (10 pM); (b) fluorescence behavior of the compound in mixed DMSO/

water solvents at different ratios; (c) fluorescence quantum yield of the compound in DMSO solution and in the solid state.

were measured in mixed solvents with varying ratios of DMSO
and water (Fig. 1b and S$25). As expected, all compounds
exhibited clear AIE behavior.

To further verify this property, fluorescence quantum yields
were determined both in DMSO and in the solid state. An
interesting contrast was observed: the solid-state quantum
yields of TPE-p-MOP, TPE-0-BrP and TPE-p-NO,P were higher
than their solution values, consistent with the typical AIE
phenomenon. In contrast, TPE-P, TPE-p-tBuP, TPE-0-FP, TPE-p-
FP and TPE-p-MP showed lower solid-state quantum yields than
in solution (Fig. 1c). This result is clearly related to the fact that
the solid compound exhibits two distinct properties under
ultraviolet light irradiation: photochromism and photo-
luminescence. Further studies revealed that when in solid
powder form, TPE-P, TPE-p-tBuP, TPE-0-FP, TPE-p-FP and TPE-
P-MP undergo a color change from white or pale yellow to red
upon exposure to UV light. When UV exposure ceased, the
colors gradually reverted to their original shades, with fading
times varying significantly. The longest fading time was recor-
ded for TPE-p-tBuP (16 min), while TPE-p-MP returned to its
initial color within 5 s. The order of fading time was TPE-p-tBuP
> TPE-0-FP > TPE-p-FP > TPE-P = TPE-p-MP (Fig. 526). Solid-
state UV spectroscopy further confirmed these results
(Fig. S27). According to literature reports, salicylaldehyde-
aniline Schiff base compounds readily undergo photochromic
changes under UV irradiation, exhibiting an ESIPT + ISO
process.**3°-2 Therefore, we speculate that the low solid-state
quantum yields of TPE-P, TPE-p-tBuP, TPE-0-FP, TPE-p-FP and
TPE-p-MP result from the energy absorbed by the molecules
being utilized for photochromism.

Crystal structures of compounds

The above research findings indicate that the powders of
compounds TPE-P, TPE-p-tBuP, TPE-0-FP, TPE-p-FP and TPE-p-
MP exhibit photochromic properties. Do their crystals also
possess photochromic properties? Organic crystals possess
well-defined structures and molecular arrangements, providing
an ideal model system for investigating the influence of inter-
molecular forces and molecular ordering on solid-state lumi-
nescent properties. If the crystalline forms of these compounds
also exhibit photchromic behavior, analyzing their crystal
structures would significantly facilitate elucidating the

9196 | Chem. Sci, 2026, 17, 9193-9203

photchromic mechanism and identifying factors influencing
color change. Single crystals of all eight derivatives were
successfully obtained through slow solvent evaporation and
analyzed by single-crystal X-ray diffraction. The X-ray crystallo-
graphic parameters of the 8 compounds are presented in Tables
S2 and S3. Among these, five compounds—TPE-P, TPE-p-tBuP,
TPE-0-FP, TPE-p-FP and TPE-p-MP—showed photochromism
(Fig. 5b), whereas TPE-p-MOP, TPE-0-BrP and TPE-p-NO,P
remained non-photochromic. These results demonstrate that
both crystalline and amorphous phases can undergo color
change, providing direct structural evidence for analyzing the
photochromic mechanism.

The crystal structure reveals that compounds TPE-P, TPE-p-
tBuP, TPE-0-FP, TPE-p-FP and TPE-p-MP exhibit the “X”
conformation (Fig. 2a), while TPE-p-MOP, TPE-0-BrP and TPE-p-
NO,P adopt the “Y” conformation (Fig. 2b). Because tetra-
phenylethylene can vibrate freely in solution, both configura-
tions are possible. Interestingly, photochromic solids
consistently adopt the “X” conformation (Fig. S28), whereas
non-photochromic solids take the alternative “Y” form
(Fig. S29), confirming that conformation and packing arrange-
ment are decisive factors for photochromic behavior.

Next, we conducted a detailed analysis of the packing
arrangement and interactions within the compound crystals.
The crystal structure reveals that the hydroxyl groups on the five
photochromic molecules form only O1-H1---N1 hydrogen
bonds, with no other weak interactions affecting the hydroxyl

()

:“N 0.44518 nm S\
- t ¢
<

-
: ]

Fig. 2 Two distinct molecular conformations: (a) “X" conformation
(taking TPE-o-FP as an example); (b) "Y" conformation (taking TPE-o-
BrP as an example).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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groups. This configuration enables proton transfer in the
photoexcited state. Additionally, owing to their essentially iden-
tical conformations, TPE-P, TPE-0-FP, TPE-p-FP, and TPE-p-MP
exhibit C12-H12---Cgl, C13-H13---Cg3, (C18-H18---Cg5,
C27-H27--- Cg2, C30-H30---Cgl, and C32-H32---Cg2 interac-
tions at six identical positions with other molecules, exhibiting
essentially identical molecular packing patterns. Substituents exert
no influence on their packing arrangements (Fig. 3a and S31).

Unlike the previous four photochromic molecules, TPE-p-
tBuP exhibits only two C17-H17---Cgl and C36-H36---Cgl
interactions (Fig. 3b). Indicating that the stacking arrangement
of TPE-p-tBuP differs from that of the previous four molecules.
In TPE-p-tBuP, the phenyl rings containing tert-butyl groups
exhibit C30-H30---C33 and C33-H33---C30 intermolecular
atypical hydrogen bonding interactions (Fig. 3c). Furthermore,
the benzene rings are disordered, and the tert-butyl group is
relatively large. Consequently, after forming the anti-ketone
form upon light exposure, the return to the cis-ketone form
and subsequent reverting to the enol form occurs relatively
slowly. This is likely the reason why TPE-p-tBuP turns red upon
light exposure and takes the longest to revert to its initial color
after light exposure ceases. The weak interactions of photo-
chromism compounds are shown in Table S4

The hydroxyl group of compound TPE-p-NO,P forms not only
an O1-H1---N1 hydrogen bond but also a C29-H29---O1 inter-
molecular hydrogen bond with an adjacent molecule, creating
a dimer (Fig. 3d). This dimer forms a 1D structure vig an atyp-
ical C32-H32---0O3 hydrogen bond. The 1D structure expands
into a 2D channel structure via C19-H19---O2 weak interactions

View Article Online
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(Fig. S32c). Additionally, TPE-p-NO,P forms interactions with
two surrounding molecules: C5-H5---Cg3 and C4-H4---Cg2
(Fig. S33a). The hydroxyl group of TPE-0-BrP, in addition to
forming the O1-H1---N1 hydrogen bond, interacts with another
adjacent molecule via a C16-H16---O1 intermolecular hydrogen
bond, thereby expanding into a 1D structure (Fig. S32a). Addi-
tionally, the TPE-0-BrP forms C3-H3---Cg2, C11-H11---Cg5,
C19-H19---Cg4, and C25-H25---Cg2 interactions with four
surrounding molecules (Fig. S33b). The hydroxyl group of TPE-
P-MOP, besides forming an O1-H1---N1 hydrogen bond, also
exhibits a weak C18-H18:--O1 intermolecular hydrogen bond
interaction with another adjacent molecule (Fig. S32b). Addi-
tionally, TPE-p-MOP forms interactions with three surrounding
molecules: C3-H3---Cg2, C11-H11---Cgl, C17-H17---Cg4, C33-
H33---Cg5, and C34-H34---Cg4 (Fig. S33c). In summary, besides
the O1-H1---N1 hydrogen bond between the hydroxyl group and
the nitrogen atom of the C=N double bond, the hydroxyl group
in the three photoluminescent molecules also forms weak
interactions with other atoms (Table S5). This restricts proton
transfer at the hydroxyl group and limits the ESIPT process, so
illumination does not cause color change but instead induces
luminescence. Furthermore, analysis of the distances between
the hydroxyl group and the nearest atoms in adjacent molecules
reveals that the hydroxyl group in photochromic molecules is
farther from its nearest neighbors than in photoluminescent
molecules (Fig. S30 and Table S6). This indicates relatively
looser packing, providing a more permissive environment for
ESIPT. Consequently, these molecules exhibit photochromism.

Fig. 3

(a) Schematic illustration of C—H---Cg interactions present in TPE-P, TPE-o-FP, TPE-p-FP, and TPE-p-MP; (b) C—H---Cg intermolecular

interactions and (c) C-H---C atypical intermolecular hydrogen bonds in TPE-p-tBuP; (d) O-H---N hydrogen bonds between molecules of

TPE-p-NO,P.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Since the photochromic and photoluminescent properties of
both crystalline and amorphous states are consistent, we
conclude that the color-changing and luminescent mechanisms
in the amorphous state are identical to those in the crystalline
state. We further examined the morphology of powder samples
via SEM (Fig. S34-S35). SEM observations revealed that the solid
powder microstructures of all eight compounds exhibited
various regular morphologies, indicating that the powder
directly precipitated from the reaction formed micro- and
nanocrystalline structures. Therefore, the color-changing
mechanism and luminescence mechanism are consistent for
both crystalline and amorphous states.

Investigation of the photochromic mechanism

The crystal structure reveals that the hydroxyl group on the non-
color-changing compound molecule forms weak interactions
with other atoms, thereby restricting the ESIPT process. This
leads to the preliminary conclusion that photochromism does
not occur. Although the crystal structure indicates that the
hydroxyl group on the non-color-changing compound molecule
forms weak interactions with other atoms, thereby restricting
the ESIPT process, photochromism does not occur. To directly
observe the ESIPT process, we performed X-ray diffraction
experiments on the crystals of the photochromic compound
while continuously exposing them to ultraviolet light. Unfor-
tunately, the resulting structure was identical to that of the
unexposed sample, indicating that illumination only caused
changes on the crystal surface without altering the internal
structure or arrangement of the entire crystal. The proton
transfer process cannot be observed from the crystal structure.
To elucidate the color-changing mechanism, combining litera-
ture reports,**>7*** we propose that the photochromism of
salicylaldehyde-aniline Schiff base involves a dual ESIPT + ISO
process (Scheme 2). We then calculated the HOMO-LUMO
energy levels and UV absorption spectra for the enol, cis-ketone,
and trans-ketone forms of each compound (Table S7 and Fig. 4).
Results indicate that the HOMO-LUMO energy gaps of these
compounds show little variation. Following ESIPT, absorption
peaks appear around 400 nm, and these peaks further intensify
after the ISO process. This result aligns with solid-state UV
measurements of photochromic compounds, indicating that all

- 9

HO o
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compounds undergo color change following the ESIPT + ISO
process. Consistent with literature reports, the mechanism for
color change in these compounds involves the dual ESIPT + ISO
process.

So, does the energy required for the ESIPT + ISO process
remain the same? Therefore, we employed the Gaussian 16
software package to perform density functional theory (DFT)
calculations at the B3LYP/6-31G(d) level of theory. This was
done to elucidate the reaction mechanism of the double isom-
erization process in a series of tetraphenylethylene (TPE)
derivatives. The optimized stable structures of enols, ketos,
trans-ketos and the dual isomerization reaction energy barriers
from enol to keto (TS1) and keto to trans-keto (TS2) are di-
splayed in Fig S36-S38, Table S8 and S9, respectively. Notably,
the isomerization from enol to keto are almost a barrierless
process (TS1), TPE-P (0.21 kcal mol "), TPE-0-FP
(0.64 kcal mol '), TPE-p-MP (0.64 kcal mol '), TPE-p-FP
(0.79 kcal mol™"), TPE-p-tBuP (0.15 kcal mol™ '), TPE-0-BrP
(1.28 kecal mol™"), TPE-p-MOP (0.27 kcal mol "), TPE-p-NO,P
(0.42 keal mol ™), indicating that the isomerization from enol to
keto is nearly spontaneous.

After the formation of a series of ketone structures, the
calculated keto-to-trans-keto rotational barriers (TS2) are
42.52 kecal mol™* for TPE-P, 42.27 kcal mol ' for TPE-o-FP,
42.39 kcal mol " for TPE-p-MP, 42.92 kcal mol~* for TPE-p-FP,
41.94 kecal mol™" for TPE-p-tBuP, 42.08 kcal mol ™" for TPE-o-
BrP, 41.62 kcal mol " for TPE-p-MOP, 45.49 kcal mol " for TPE-
P-NO,P. Comparing with the energy barriers of enol-to-ketone,
keto-to-trans-keto barriers are significantly higher (41.6-
45.5 keal mol '), peaking at 45.49 kcal mol™" for TPE-p-NO,P,
reflecting the steric-enhancing effect of strong electron-
withdrawing groups. TPE-0-FP (42.27 kecal mol ') exhibits
lower rotational barrier than its para-isomer (TPE-p-FP,
42.92 kcal mol™'), revealing positional control over steric
hindrance. Furthermore, the C1-C2-C3-N dihedral angle in the
TS2 structure was twisted by approximately 84° relative to the
keto, deviating from the anticipated 90° due to steric
constraints, as shown in Fig. S38b. During the conversion from
the keto to the trans-keto, the C2-C3 bond shortens while the
C3-N bond elongates, suggesting a disruption of conjugation
between the nitrogen atom and the benzene ring. The selected

o'

enol*
—— ESIPT cis-keto* I 5
e SOmerization  trans-keto*
(ISO) —_—
hv T l
—_—
—_— / trans-keto
e / cis-keto (photochromism)
enol

Scheme 2 Schematic illustration of the photochromic mechanism of salicylaldehyde-aniline Schiff bases.
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Fig. 4 Theoretical UV-vis absorption spectra of the three configurations of compounds (a) TPE-P, (b) TPE-p-tBuP, (c) TPE-o-FP, (d) TPE-p-FP,
(e) TPE-p-MP, (f) TPE-p-MOP, (g) TPE-0-BrP, and (h) TPE-p-NO,P.

bond lengths and angles during keto-to-trans-keto conversion ultraviolet irradiation can induce the ESIPT + ISO process to
and the energy barriers of TS1 and TS2 are presented in Tables achieve photochromism. Similar to reports,***"*** this indi-
S8 and S9. cates that the aggregated state of molecules significantly influ-

The above calculations indicate that the energy required for ences the ESIPT process. Crystal structures serve as ideal
the ESIPT + ISO process in these eight compounds is essentially models for studying aggregated states. Therefore, we conclude
identical. This means that at the single-molecule level, that compounds TPE-p-tBuP, TPE-0-FP, TPE-p-FP, and TPE-p-
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Fig. 5 Information encryption and storage based on compound color change: (a) preparation of color-changing inks and their anti-counter-

feiting performance; (b) anti-counterfeiting effects on various substrates; (c) time-encoded data storage and decryption; (d) QR code encryption
and application demonstration.
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MP undergo the ESIPT + ISO process upon UV irradiation to
achieve color change. In contrast, compounds TPE-p-MOP, TPE-
0-BrP, and TPE-p-NO,P exhibit luminescence upon illumination
rather than color change. This is because the hydroxyl group
forms C-H---O weak interactions with other atoms in addition
to the O1-H1---N1 hydrogen bond with the nitrogen atom of the
C=N double bond, thereby restricting the ESIPT process.

Application of color-changing encrypted anti-counterfeiting
materials

Given the excellent photochromic properties of these
compounds, their potential applications in information
encryption and anti-counterfeiting were explored. Color-
changing inks were prepared by grinding the photochromic
compounds with mugwort and castor oil (Fig. 5a). The inks were
used to print the Guizhou Medical University emblem and
a personal QR code of Professor Qilong Zhang on paper. Upon
UV irradiation, the printed patterns became clearly visible, and
the QR code could still be scanned to access stored data. Similar
encryption-decryption effects were achieved on textiles and
inorganic substrates such as gypsum boards (Fig. 5b). These
effects remained stable even after three years of storage (printed
in 2022). Fabric samples printed with the photochromic inks
retained full color-switching capability after five wash cycles
using detergent (Tide Laundry Detergent), demonstrating the
material's robustness and practical usability.

Next, color-changing inks derived from TPE-P, TPE-0-FP, and
TPE-p-tBuP-which exhibit different fading durations—were
combined to print the sequence “8888-4960-1357” in
a designed pattern. As shown in Fig. 5¢, immediately after UV
exposure, all compounds were excited, displaying “8888”. When
TPE-P faded first, the visible pattern changed to “4960”, and
after TPE-o-FP faded, only TPE-p-tBuP remained, leaving
“1357”. By exploiting differences in fading times, temporal
encryption of numerical data was achieved.

To test higher-dimensional encryption, QR codes were
printed using TPE-P and TPE-p-tBuP—the compounds with the
shortest and longest fading times—under two modes: half-
printing and cross-overlay printing. The results are shown in
Fig. 5d. In the half-printing mode, each ink covered half of the
QR pattern without overlap, allowing it to be scanned imme-
diately after UV exposure. When TPE-P faded, only the half
containing TPE-p-tBuP remained, rendering the code unread-
able. In contrast, in the cross-overlay mode, the overlapping
inks initially interfered with one another, making the QR code
unscannable under light exposure. After about 5 s, as TPE-P
faded and interference disappeared, the section printed with
TPE-p-tBuP became scannable, successfully revealing the
encrypted information.

Conclusions

In this study, an aldehyde-amine exchange strategy was
employed based on the classical ESIPT + ISO color-switching
mechanism of salicylaldehyde-aniline Schiff bases. Tetra-
phenylethyl salicylaldehyde was reacted with aniline derivatives
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bearing various substituents to synthesize eight tetra-
phenylethyl salicylaldehyde-aniline Schiff base compounds.
Among them, five exhibited distinct photochromic behavior,
while the remaining three showed strong solid-state fluores-
cence. Through a combination of spectroscopic analysis, theo-
retical calculations, and crystallographic characterization, the
mechanisms responsible for color change and stability were
elucidated. It was found that in the non-photochromic
compounds, hydroxyl groups form additional weak interac-
tions with nearby atoms, constraining the ESIPT process and
thereby preventing color transition upon irradiation. This study
constitutes the first systematic report on how substituent effects
influence the ESIPT-ISO mechanism and demonstrates that
weak intermolecular interactions and molecular packing can
suppress ESIPT activity. It also represents the first investigation
of substituent effects on the reverse ESIPT-ISO process. Finally,
five photochromic materials were converted into color-shifting
inks, enabling practical information encryption and anti-
counterfeiting applications on paper, inorganic, and textile
substrates through pad and screen printing. These printed
materials maintained functionality for over three years of
storage. Moreover, by exploiting differences in fading durations,
multi-mode spatiotemporal data encryption and anti-
counterfeiting were successfully achieved through controlled
sequential printing of these color-changing inks.
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