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Fabrication of efficient and red-emissive
salicylaldehyde Schiff base isomers for
multi-scenario information decryptiont

Weiren Zhong,#*° Yanchen Wu,#? Yuting Lin,? Shouiji Li,*° Jianyu Zhang*© and
Xu-Min Caj () *°

Due to their broad applications in information technology, biochemical sensors, and optoelectronic
devices, stimuli-responsive fluorescent materials (SRFMs) have gained significant attention. With their
simple synthesis and modification, Schiff bases are considered promising candidates for SRFMs.
However, realizing highly efficient luminescence with aggregation-induced emission (AIE) properties as
well as stimuli responses is still challenging due to the lack of clear structure—property relationships. In
this work, a general strategy for constructing efficient and red-emissive salicylaldehyde Schiff bases is
proposed utilizing the triphenylamine (TPA) substitution strategy. Experimental results and theoretical
calculations illustrate that all four isomers show a typical AIE effect of the keto-form emission upon
photoexcitation and red fluorescence due to the charge-transfer transition from TPA on the
salicylaldehyde unit to the keto unit. The single-crystal structure also demonstrates that the introduction
of dual TPA leads to appropriate intermolecular interactions, resulting in high-intensity fluorescence.
Moreover, with excellent acidochromic properties under both daylight and UV light conditions, p,p-2TPA
is successfully applied in steganography and multi-scenario information decryption. This work not only
realizes efficient and red-colored luminescence from a simple salicylaldehyde Schiff base skeleton but
also provides a strategy for constructing SRFMs with AIE properties.

Introduction

Stimuli-responsive fluorescent materials (SRFMs) are smart materials
that can alter fluorescence signals in response to external stimuli,
including light,"” mechanical force,>” temperature,>” and pH.*"°
Due to their vast potential applications in anti-counterfeiting,""'>
information encryption-decryption,"*'* biochemical sensors,”™
and optoelectronic devices,*° the development of SRFMs has
gained significant attention in recent years.”* Hence, many conven-
tional stimuli-responsive molecular scaffolds, such as spiropyran,*>*?
azobenzenes,”*?* dihydroazulenes,”**’ diarylethenes,”®** and Schiff
bases,***! have been developed with dynamic covalent bonds for
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advanced applications. For example, the stimuli-responsive proper-
ties of Schiff bases are derived from the isomerization of the central
C=N double bonds and protonation processes of the nitrogen
atom.*® On the other hand, luminogens with aggregation-induced
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emission (AIE) properties, which are non-emissive in the solution
state but can emit bright luminescence in the aggregate state,
have recently paved the way for organic luminescent materials.****
However, most molecules with AIE properties are constructed from
triphenylamine (TPA) and tetraphenylethylene scaffolds, which do
not show any stimuli-responsive behavior.*>*® Therefore, designing
luminogens with both AIE and stimuli-responsive properties is still
challenging due to the limited molecular skeletons and unclear
structure-property relationship. Nevertheless, one straightforward
strategy is to combine the functional elements of these dynamic
molecular scaffolds with AIE. With the advantages of simple synth-
esis, modification, and multifunctionality, Schiff base derivatives
have great potential for constructing stimuli-responsive AIE materials
and illustrating the underlying working mechanisms.

In previous works, single TPA and bromine groups were utilized
to construct stimuli-responsive Schiff base derivatives.>?”
However, these molecules exhibit two main issues: short emis-
sion wavelength and low fluorescence efficiency (Fig. 1a). The
former can be attributed to the limited electronic conjugation,
while the latter is ascribed to either too loose or overly tight
aggregation. Loose aggregation reflects fewer intermolecular
interactions, leading to active molecular motions and geo-
metric relaxation in the excited state. In contrast, tight aggrega-
tion always leads to continuous intermolecular n-n stacking,
resulting in long-range exciton diffusion and non-radiative
decay.®® Hence, it is believed that the substituents of the Schiff
base skeleton play an essential role in regulating the aggregate
structure and photophysical performance. To optimize the
macroscopic performance, we envision grafting multiple TPA
units onto the salicylaldehyde Schiff base scaffold. The broad
conjugation effect of TPA can red-shift the emission wave-
length, and the propeller-like structure can facilitate more
intermolecular interactions and disrupt strong n-m stacking,

View Article Online

Journal of Materials Chemistry C

finally increasing the luminescence efficiency.***° Additionally,
the salicylaldehyde Schiff base can undergo an excited-state
intramolecular proton transfer (ESIPT) process between the
imine and hydroxyl groups, resulting in the keto form in the
excited state.*’ Therefore, the carbonyl group can serve as an
electron acceptor, promoting the charge-transfer (CT) effect
and red-shifting emission. Thus, introducing multiple TPA
units is believed to be a strategy for constructing red-
emission luminogens with high quantum yields (QYs).

In this work, we successfully synthesized four isomers with red
emission by grafting two TPA units onto the salicylaldehyde Schiff
base scaffold (Fig. 1b). The solvent effect reveals that the emission
wavelength of the isomers red-shifts with increasing solvent
polarity, indicating the presence of CT transition. The theoretical
calculations also verify that the TPA substituent in the salicylalde-
hyde unit effectively affects the CT effect. Besides, single-crystal
analysis demonstrates that o,p-2TPA exhibits appropriate inter-
molecular forces and lacks strong n—n stacking, resulting in high-
intensity fluorescence. Furthermore, p,p-2TPA, with the highest
quantum yield and red emission, displays excellent acidochromic
luminescence (ACL) properties, endowing it with potential appli-
cations for information security protection. Accordingly, several
examples of steganography and multi-scenario information
decryption have been successfully applied as a proof-of-concept.
This work provides a new strategy for developing high-intensity
and red-emission AIE materials with stimuli-responsive properties
based on salicylaldehyde Schiff bases.

Results and discussion

Synthesis and characterization

The synthesis routes to 0,p-2TPA, p,p-2TPA, 0,0-2TPA, and p,o-
2TPA are depicted in Scheme 1. The detailed synthetic
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Fig. 1 (a) The structures and packing modes of salicylaldehyde Schiff bases modified by a single TPA unit. (b) Molecular design and properties of

multiple-TPA modifications in this work.
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2TPA: (a) toluene, K,COsz, Pd(PPhsz)s, 115 °C, 6 h; and (b) EtOH, reflux,
80 °C, 3 h.

procedures are provided in the Experimental section of the
ESI.{ The structures and purity of these compounds are con-
firmed by 'H NMR, *C NMR, HRMS, and single-crystal X-ray
diffraction techniques (Fig. S1-S12 and Table S1, ESIY).

Aggregation-induced emission properties

First, the photophysical properties of these four compounds were
investigated. Their absorption properties were similar, with the
main absorption peaks at 310 nm and another shoulder peak
corresponding to the CT transition at 374 nm (Fig. 2a).*> Further-
more, their photoluminescence (PL) properties were examined in
a mixed solvent system of tetrahydrofuran (THF) as the good
solvent and water as the poor solvent. The fluorescence photo-
graphs show that they are almost non-emissive in mixtures with
low water fractions (f,) but are significantly emissive at high f,,
demonstrating the typical AIE property (Fig. 2). However, the four
isomers show different emission curves. For example, 0,p-2TPA,
P,p-2TPA, and 0,0-2TPA exhibit distinct dual-emission properties
due to the ESIPT process (Fig. 2b-d). The short-wavelength and
long-wavelength peaks are attributed to enol-form and keto-form
emissions, respectively. In contrast, p,0-2TPA mainly exhibits
long-wavelength emission from the keto form, indicating an
efficient ESIPT process in the excited state upon photoexcitation
(Fig. 2e). Although the changing trend of the enol-form emission
is irregular, the emission intensity of the keto-form emission
displays a typical AIE property. Accordingly, the relative emission
intensity () of the keto form in mixtures with different f;, values
was further plotted (Fig. 2f). With an increase in f,, within 0-50%,
the intensity enhancement is negligible due to the flexible skele-
ton and active intramolecular motions before aggregation. When
fw increases to more than 60%, the intensities of all four isomers
significantly increase, indicating the formation of aggregates and

1396 | J Mater. Chem. C, 2024, 12, 11394-11401

View Article Online

Paper

AIE characteristics. Furthermore, concentration-dependent and
low-temperature experiments further confirm their AIE proper-
ties. With increasing concentration, the molecules tend to form
aggregates and exhibit enhanced PL intensity (Fig. S13, ESIT).
Similarly, fluorescence at 77 K is significantly enhanced com-
pared to that under room temperature conditions (Fig. S14,
ESIT), which supports the mechanism of restriction of intra-
molecular motions.”*** Therefore, the above results demon-
strate the typical AIE properties of these salicylaldehyde Schiff
bases with multiple TPA substituents.

Charge-transfer properties

The appearance of CT peaks in the absorption spectra indicates
that these isomers exhibit certain CT properties (Fig. 2a), which
may be attributed to the D-A structure formed due to the
electron-donating properties of TPA units and the electron-
withdrawing ability of the salicylaldehyde Schiff base.*® To further
investigate their CT effects, solvent-dependent PL spectra of these
four isomers were obtained. Their absorption spectra show simi-
lar characteristics, with a slight red-shift within 350-400 nm in
different solvents (Fig. S15, ESIt). Density functional theory (DFT)
calculations based on the enol-form structure also indicate almost
the same energy gaps between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) (Fig. S16, ESIf). However, the PL spectra in different
polar solvents show obvious differences (Fig. 3). With increased
polarity, the maximum emission wavelength of 0,p-2TPA shifts
from 606 nm in cyclohexane to 656 nm in dimethyl sulfoxide,
exhibiting a red-shift of 50 nm. Meanwhile, p,p-2TPA shifts from
599 nm to 625 nm, showing a red-shift of 26 nm; 0,0-2TPA shifts
from 606 nm to 629 nm in N,N-dimethylformamide with a red-
shift of 23 nm; and p,0-2TPA shifts from 617 nm to 631 nm in
acetonitrile solvent with a red-shift of 14 nm. The above solvent
effects clearly indicate the CT feature of the keto form.*® DFT
calculations were also carried out based on the optimized excited-
state geometry as the keto form to evaluate the electron distribu-
tion. As shown in Fig. 3e, all isomers show the HOMO distribution
on the TPA-modified salicylaldehyde unit. The electron of the
LUMO is located in the salicylaldehyde part. However, only a few
electrons are located on the TPA-substituted aniline part, suggest-
ing that the CT effect mainly depends on the modification of the
salicylaldehyde group. This result is consistent with a previous
report.’” In summary, the synergistic effect of the large Stokes
shift caused by the ESIPT process and the CT transition in the
keto form resulted in red emission from these isomers.

Solid-state properties

The photophysical properties of the four isomers in the solid
state were further explored, which are crucial for practical
applications. The UV-DRS spectra of the solid samples show a
redshifted absorption wavelength compared to that in the
solution state, indicating comparatively strong intermolecular
interactions (Fig. S17, ESIf). The PL spectra show that the
fluorescence wavelength is around 600 nm, reaching the red-
colored region (Fig. 4a). This result suggests the universality of
constructing red-light salicylaldehyde Schiff bases using the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Normalized absorption spectra of the four isomers. (b)—(e) PL spectra of (b) 0,p-2TPA, (c) p.p-2TPA, (d) 0,0-2TPA, and (e) p,0-2TPA in THF/H,O

mixtures with different f,, values. Aex = 310 nm for 0,p0-2TPA, 304 nm for p,p-2TPA, 308 nm for 0,0-2TPA, and 374 nm for p,0-2TPA. Inset: fluorescence
photographs taken under 365 nm UV irradiation. Concentration: 20 pM. (f) Plots of relative keto-form emission intensity (xae = //1p) versus different f,,
values of the four isomers. Io = PL intensity in pure THF solution.
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dual-TPA strategy. However, 0,0-2TPA and p,0-2TPA are weakly
emissive with absolute QYs of 0.59% and 0.83%, respectively
(Fig. 4b). In contrast, 0,p-2TPA and p,p-2TPA show comparatively
high efficiency with absolute QYs of 11.15% and 14.52%, respec-
tively, which are much higher than those of the mono-TPA-

This journal is © The Royal Society of Chemistry 2024

substituted compounds (0-TPA-Br: 0.6% and p-Br-TPA: 0%), as
reported in previous work.>*” The above results also indicate
that the para-substituted position of the phenol group in the
salicylaldehyde Schiff base scaffold is more conducive than the
ortho-substituted position to produce efficient luminescence.
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intermolecular interactions based on the single-crystal structure of o,p-
2TPA.

Fortunately, single crystals of o,p-2TPA were obtained by
slow evaporation of its EtOH/DCM (2:1, v/v) solution (Fig. 4c
and Table S1, ESIt), which may provide more insight into its
high efficiency with red luminescence. From the single-crystal
structure resolved via the X-ray diffraction technique, the tor-
sion angles of the two TPA units around the core are 59.45° and
21.24°, respectively, indicating that the twisted conformation of o,p-
2TPA limits n-7 stacking to prevent fluorescence quenching. The
packing arrangement suggests multiple intermolecular interactions
with appropriate distances of 2.358-3.400 A, which is beneficial to
provide a solidification environment to suppress non-radiative
decay. In comparison, the intermolecular interactions of o-TPA-Br
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are mainly H---H interactions, and the packing of p-Br-TPA is
denser.>®” The above analysis clearly supports the modification
strategy with multiple TPA units to provide the appropriate packing
mode and transition characteristics of luminogens in the solid state
and finally endow them with red emission and high QY.

Encryption and decryption enabled by ACL

Usually, a Schiff base scaffold with an imine bond exhibits ACL
properties, which can undergo acid/base-stimuli responses
(Fig. S18, ESIf). With the highest QY and red emission, p,p-
2TPA was chosen as an example to investigate the ACL perfor-
mance. As shown in Fig. 5a, pristine p,p-2TPA exhibits an
emission peak at 600-650 nm. The emission peak disappears
after exposure to trifluoroacetic acid (TFA) vapor, indicating
fluorescence quenching. Subsequent exposure to triethylamine
(TEA) vapor results in the reappearance of the emission peak.
To explore the mechanism behind this observation, the
"H NMR spectra of the sample before and after TFA treatment
were measured (Fig. 5b). When excess TFA was added to the
CDCl; solution, the hydrogen signal of the -N=—CH- unit
shifted to a lower field, demonstrating protonation of p,p-
2TPA under acidic conditions.”” As shown in Fig. S19 (ESI{),
the fluorescence spectra of the solution and solid samples
indicate that the emission peak of the enol form increases in
proportion after acid treatment. Hence, the protonated imine
group blocks the ESIPT process, which finally quenches the
long-wavelength fluorescence from the keto form.*® After TEA
fuming, the hydrogen signal of the -N—CH- unit returns to the
high field, and the keto peak increases (Fig. 5b and Fig. 519,
ESIYt), indicating deprotonation and reactivation of the ESIPT
process (Fig. 5¢). As a result, red fluorescence was recovered. By
leveraging the characteristics of fluorescence quenching and
activation under acid/base stimuli, p,p-2TPA can be used for
information steganography. As shown in Fig. 5d, p,p-2TPA
solution was utilized as the ink to write the letter “E” on a
paper, which appears under UV irradiation. When exposed to

ESIPTx CTx

TPA

88 86 84 82 80 7.8 76 74 7.2 7.0

Encryption-decryption
4 Encryption

L4

Fig. 5 (a) PL spectra of solid p,p-2TPA after different treatments. Inset: fluorescence photographs taken after the different treatments. (b) *H NMR
spectra of p,p-2TPA before and after the addition of TFA and TEA in CDCls. (c) Schematic diagram of the luminescence mechanism behind acid/base
stimuli. (d) Application of stimuli-responsive p,p-2TPA for steganography and information encryption and decryption.
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TFA vapor, the letter “E” disappears with fluorescence quenching,
resulting in hidden information. After subsequent exposure to
TEA, the letter “E” reappears due to the reactivation of the ESIPT
process. To further demonstrate its potential application in infor-
mation encryption and decryption, p,p-2TPA was combined with
commercial fluorescent dyes of the same color to achieve more
concealed information transmission. Since these commercial
fluorescent dyes do not exhibit ACL properties, dynamic informa-
tion can be observed under different stimuli. For instance, the
information of “6 + 2 = 8” is written on a paper using p,p-2TPA and
commercial fluorescent dyes, which could be observed under UV
irradiation. However, after exposure to TFA vapor, only emissive
signals from the commercial dye display the decrypted informa-
tion of “5 — 2 = 3”. After exposure to the TEA vapor, the encrypted
information of “6 + 2 = 8” is restored to its original state. There-
fore, by controlling the external stimuli of the acid and base, a
sensitive fluorescence signal from pp-2TPA can be applied in
steganography and information encryption-decryption.
Interestingly, apart from fluorescence, the absorption of
p,P-2TPA responds to external acid/base stimuli. The UV-DRS
spectra exhibit an absorption peak at around 700 nm upon
exposure in TFA.*® Subsequent TEA treatment could not signifi-
cantly reduce the intensity of the peak due to incomplete
deprotonation and residual protonated product in the solid
state (Fig. S20, ESIt). Therefore, it is possible to realize com-
plicated information encryption and decryption by synergisti-
cally utilizing the responsive changes in absorption and
fluorescence. Therefore, a schematic diagram depicting the
application of p,p-2TPA stimulated by TFA and TEA is proposed
(Fig. 6a). Initially, when the p,p-2TPA solution is used as an ink to
write, there is no obvious color present under daylight, making it
impossible to obtain information. As a comparison, its fluores-
cent signal is very intense, revealing a clear message of “A”. After
TFA fuming, the absorption is deepened with the clear letter “A”,
but its fluorescence is quenched, and it is unable to display
information. Further, the sample’s absorption can still be
observed upon TEA fuming, showing the message of “A”. Hence,
the above phenomenon demonstrates that different information
can be obtained through the absorption and fluorescence signals
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of p,p-2TPA, respectively, achieving complex information encryp-
tion and decryption. Accordingly, some demonstrations using
p,p-2TPA and commercial dyes were developed as proof-of-
concept.” As shown in Fig. 6b, information “A” is written using
a commercial dye with red fluorescence, information “I” is
written with non-fluorescent commercial dye, and information
“E” is written with p,p-2TPA. First, the presentation of “AI”
under daylight and “AE” under UV light is achieved. After TFA
fuming, the complete information of “AIE” displays under day-
light, but only “A” shows as the fluorescence signal. Finally,
upon TEA fuming, these two signals become “AIE” and “AE”,
respectively. Using the same approach, multi-scenario informa-
tion decryption was developed (Fig. 6¢c). The information of
“02 18” representing the date of *“ February 18th” is initially
obtained using a combination of absorption and fluorescence
signals. After TFA and TEA fuming, the data “August 12th” and
“August 18th” can be interpreted. Similarly, it is possible to
switch the information between “94 39”, “99 34, and ‘“99 39”.
These data can be input into the corresponding mobile position-
ing program, and the specific locations can be determined as
“94°E, 39°N”, “99°E, 34°N”, and “99°E, 39°N”, respectively.
The above results support the potential application of these
compounds with ACL properties for multi-scenario information
encryption and decryption through different sensitivities of
absorption and fluorescence.

Conclusions

In summary, four isomers (0,p-2TPA, p,p-2TPA, 0,0-2TPA, and
P,0-2TPA) were synthesized by introducing two TPA units into
the salicylaldehyde Schiff base scaffold. Photophysical and
solvent effect experiments demonstrate that all four com-
pounds exhibit typical AIE properties, ESIPT upon photoexcita-
tion, and CT characteristics. DFT calculations have revealed
that the TPA substituent on the salicylaldehyde moiety plays a
predominant role in the CT effect, which results in long-
wavelength emission with a red color. Single-crystal analysis
reveals that the incorporation of dual TPA moieties introduces
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Fig. 6 (a) Schematic process of ACL. (b) and (c) Practical information decryption of the word and multi-scenario modes.
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appropriate intermolecular interactions, which prevent strong
n-n stacking and effectively restrict intramolecular motions,
promoting highly efficient fluorescence. More significantly, p,p-
2TPA displays excellent ACL properties under acid/base stimuli.
Therefore, several examples based on p,p-2TPA have been used
to show multiple pieces of information, demonstrating success-
ful applications in steganography and multi-scenario informa-
tion decryption. This work provides a design strategy for dual
TPA modification to realize the construction of efficient and
red-emissive AIE materials with stimuli responses based on a
salicylaldehyde Schiff base scaffold.
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