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Protecting hierarchical data via multi-level encryption and authenticating high-contrast touch traces
represents an emerging frontier demanding technological innovation in molecular materials. Herein, via
precise molecular interventions, three D-A-A" (donor—acceptor—acceptor) type aggregation induced
emission (AlE)-active positional isomers (p-TPy, m-TPy, and o-TPy) are designed by varying the pyridine
ring position in the acceptor. Their systematic investigation reveals key photophysical and structure—
property insights, revealing their potential in advanced security and encryption. Positional modulation
regulates electron-accepting strength and molecular packing, leading to red-shifted solid-state emission
and influencing PLQY, transient PL, solvatochromism, and thermal stability as supported by crystal
analysis and theoretical calculations. These stimuli-adaptive isomers address two critical challenges in
advanced security systems. First, thermochromic luminescent materials (TLMs) exhibiting multiple
temperature-dependent luminescent states are formulated as security inks by doping the para-isomer
into phase-change matrices, enabling a multi-level security system. Second, a red-emissive, water-
soluble amphiphilic fluorescent probe is obtained by functionalizing the para-isomer into a pyridinium
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Introduction

Metal-free organic m-conjugated molecules offer advantages of
precise tunability to achieve desired structural modifications,
and have found wide-ranging applications in areas such as
security inks and data encryption,' fingerprint detection,*
switches,® and sensors.* In general, materials incorporating an
electron donor (D) and acceptors (A) connected via a conjugated
bridge are preferred, as their inherently twisted molecular
architectures increase the likelihood of exhibiting aggregation-
induced emission (AIE) characteristics.” The optical and elec-
trical properties of those emitters are strongly influenced by
both the molecular structure and their solid-state structural
organization, with emission largely dictated by molecular
conformation and non-covalent interactions.*” However,
previous studies have primarily focused on the effects of the
type and number of substituents on the photophysical proper-
ties of PL materials. It is well established that the position of
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relationships,
counterfeiting, data encryption, and forensic technologies.

highlighting their potential for next-generation anti-

substituents significantly influences the photophysical proper-
ties of isomers.*® Despite having identical functional groups,
slight variations in their substitution positions can lead to
distinct molecular arrangements, which in turn alter the elec-
tron affinity, ionization potential, electronic absorption, fluo-
rescence spectra, and dipole moment, resulting in new
materials with intriguing optoelectronic properties.'®** Like-
wise, a recent study has demonstrated that by altering the
position of cyano groups within the m-conjugated backbone of
styrylbenzene molecules significantly influences their solid-
state luminescence.' Despite its huge significance, the impact
of isomerization on the fluorescence behavior of organic
fluorophores in the solid state has been addressed in only
a handful of discrete reports.”®*” Thus, comprehensive studies
aimed at understanding the structure-property relationships
are essential for the rational design and development of novel
molecules with tailored photophysical properties, even at harsh
temperature conditions for very specific applications.

This conformational sensitivity of AIEgens can be further
harnessed to develop smart luminescent materials, particularly
thermo-responsive materials, enabling their advanced applica-
tions in areas such as anti-counterfeiting,’® information
encryption and decryption," and other high security-related
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technologies based on their thermochromic behavior. Ther-
mochromic luminescent materials (TLMs) are developed either
by leveraging the inherent temperature-responsive properties of
luminescent materials or by incorporating high-contrast AIE-
gens into phase-change polymer matrices. However, achieving
TLMs capable of exhibiting more than two luminescent states at
varying temperatures remains very challenging, especially high-
contrast red emitting, due to the lack of effective and rational
design strategies.

To mitigate the multiple issues outlined above, we have
designed a series of D-A-A’-based AIE active positional isomers,
i.e., p-TPy, m-TPy, and o-TPy, by varying the position of the pyri-
dine ring within the acceptor moiety, aiming to explore the
structure-property relationships arising from conformational
changes (Scheme 1). Upon modulating the position of the pyri-
dine unit with respect to the phenyl bridge is expected to affect
the electron-accepting strength and alter the molecular packing
characteristics of the isomers. A comparative investigation into
how positional variation affects the solid-state photophysical
behavior, AIE characteristics, photoluminescence quantum yield
(PLQY), solvatochromism, transient PL, and viscosity depen-
dence of the isomers has been conducted, with findings sup-
ported by crystal structure analysis and theoretical calculations.
Conceptually, the para isomer, p-TPy, was utilized for the design
of a thermochromic luminescent material (TLM) by embedding it
into the thermoplastic polymer, PEG. Three distinct TLM security
inks exhibiting unique thermochromic transition temperatures
were developed by incorporating the p-TPy isomer into PEG2000,
PEG4000, and PEG20000 matrices. This strategy facilitates the
development of security inks with tailored thermal response
behaviors, thereby improving their utility for multi-level data
encryption and authentication systems. Therefore, the develop-
ment of TLMs with tunable response behaviors is of great
scientific and industrial importance for constructing advanced,
multilevel anti-counterfeiting security systems.

Additionally, condensed state luminogens exhibiting
amphiphilic behavior are extremely rare and can serve as ideal
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Scheme 1 Chemical structures of the investigated positional isomers
and a schematic illustration of their application in multi-level anti-
counterfeiting and latent fingerprint detection after respective
modification.
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candidates for sensitive touch traces such as latent fingerprint
(LFP) detection owing to their easy functionalization, high
contrast, and intrinsic AIE characteristics.?>** Moreover, devel-
oping a water-soluble AIE developer that does not rely on
organic solvents is a major strategic step forward since it is
easier to prepare, and exhibits a fluorescence turn-on mode
with longer-wavelength emission to enhance resolution and
contrast, which are very rare and of significant importance.
Drawing motivation from these challenges, the free nitrogen
atom in the pyridine core of the para isomer (p-TPy) was
employed to transform the lipophilic AIEgen into an amphi-
philic pyridinium salt, p-TPyMe. This strategic modification
furnished a water-soluble, amphiphilic emitter, purposefully
tailored for high-performance LFP detection, delivering an
impressive contrast value of 5.39 and enabling precise forensic
analysis. The fluorophore exhibits excellent LFP development
performance through a fluorescence turn-on mechanism at
longer wavelength emission, providing up to level 3 details and
a very high contrast ratio, achieved simply by the immersion
method in an aqueous p-TPyMe solution, without the need for
any organic cosolvent or further processing. This level of
precision paves the way for highly accurate fingerprint touch
trace identification, making it the most powerful and conve-
nient tool for forensic science available presently.

Results and discussion

The D-A-A’ type positional isomers, p-TPy, m-TPy, and o-TPy,
were rationally designed and synthesized to systematically
investigate how variation in the attachment position of the
pyridine unit on the bridging phenyl ring influences the pho-
tophysical properties. In this molecular framework, thianthrene
was employed as a twisted electron donor to suppress excessive
m-1 stacking and promote structural distortion, while malo-
nonitrile and pyridine functioned as dual acceptor units to
construct a D-A-A’ architecture with enhanced intramolecular
charge-transfer (ICT) sensitivity. By solely altering the positional
linkage of the pyridine moiety (para, meta, or ortho) without
changing the molecular composition, precise regulation of
conjugation efficiency, molecular conformation, and solid-state
packing can be achieved. This positional isomer engineering
strategy enables a clear elucidation of structure-property rela-
tionships and excited-state modulation in D-A-A’ systems. The
target molecule was obtained via a three-step synthetic proce-
dure, viz., Friedel-Crafts acylation, Suzuki cross-coupling, and
Knoevenagel condensation reaction. The synthetic pathway for
the position isomers is outlined in Scheme S1. "H NMR, **C
NMR, and HRMS analyses were conducted carefully to charac-
terize all the obtained products (Fig. S1-S11).

Unveiling the photophysical behavior of the positional
isomers

The pyridine unit was linked to the three different positions of
the phenyl ring, anchored with a malononitrile group, resulting
in the formation of the para (p-TPy), meta (m-TPy), and ortho (o-
TPy) isomers, respectively. Since the position of the substituent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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was believed to have a significant impact on the photophysical
properties of the isomers, detailed photophysical studies were
conducted in solution, aggregated, and solid states. The
isomers exhibit two prominent absorption bands: one in the
lower wavelength region (300-350 nm) attributed to m-m*
transitions, and another in the higher wavelength region (390-
425 nm) corresponding to intramolecular charge transfer (ICT)
transitions between the donor and acceptor functionality
(Fig. S12a). The isomers exhibit emission maxima within the
range of 550-700 nm in their aggregated state, with m-TPy and
0-TPy displaying a slight blue-shifted emission compared to p-
TPy due to reduced conjugation caused by its highly twisted
structure (Fig. S12b).

The ICT transition is highly sensitive to solvent polarity
changes and serves as a defining characteristic of donor-acceptor
molecules. These synthesized compounds were anticipated to
exhibit pronounced charge transfer behavior due to the D-A-
A'type architecture. The solvatochromic study was conducted by
varying the solvents from non-polar (hexane) to polar solvent
(methanol) while maintaining a constant luminogen concentra-
tion (50 uM) in UV-visible and PL experiments. Minimal change
in absorption bands was observed for all the isomers on changing
the solvent polarity from non-polar to polar, indicating that the
variations in environmental polarity had minimal impact on the
ground-state electronic structures (Fig. S12c-e). Interestingly, for
all isomers, an increase in solvent polarity from hexane to
methanol resulted in a notable red shift in the emission spectrum
along with a decrease in intensity. Specifically, the emission
peaks shifted significantly from 586 to 654 nm (68 nm) for p-TPy,
585 to 644 nm (59 nm) for m-TPy, 582 to 637 nm (55 nm) for o-TPy
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(Fig. 1a-c). However, the emission intensity of all isomers is
completely suppressed in highly polar solvents such as methanol,
DMF, DMSO, and acetonitrile. This suppression is attributed to
the formation of a twisted intramolecular charge transfer (TICT)
state, which leads to a continuous redshift and a decrease in
emission intensity. In polar environments, the excited charge-
transfer state is significantly stabilized, which promotes confor-
mational twisting between the donor and acceptor moieties,
generating a TICT state with reduced orbital overlap. This twisted
geometry facilitates non-radiative decay pathways, thereby
quenching fluorescence. Interestingly, the para isomer (p-TPy)
exhibited a greater redshift in its emission maxima compared to
the meta and ortho isomers, suggesting the involvement of
extended m-conjugation in the p-TPy, which enhances donor-
acceptor electronic communication and strengthens the ICT
character, making it more sensitive to solvent polarity.
Conventionally, the twisted architecture of the isomers
facilitates aggregation-induced solid-state emission. To further
investigate this behavior, a fluorescence experiment was con-
ducted using DMF as a good solvent and water as a poor solvent.
Nanoaggregate formation was triggered by gradually adding
water to the DMF solution, and the AIE characteristics of the
isomers were evaluated through fluorescence measurements.
Negligible variation in the fluorescence intensity was observed
with increasing the water fraction (f,,) from 0% to 70% in DMF/
water mixture (Fig. 1d and S13a-c). However, a sharp increase in
emission intensity was observed as f,, further increased to 80%
and reached the maximum value at f, 99%, 90%, and 99%,
resulting in an orange emission peaked at 610 nm, 605 nm, and
605 nm for p-TPy, m-TPy, and o-TPy, with a photoluminescence
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Fig.1 Emission spectra of the isomers (a) p-TPy, (b) m-TPy and (c) o-TPy recorded in solvents with varying polarities. (d) Plot of fluorescence
intensity versus water fraction (% f,,); luminogen concentration: 50 uM, with intensity measured at 1.y (€) Solid-state PL spectra of p-TPy, m-
TPy, and o-TPy, accompanied by photographs under 365 nm UV illumination. (f) Transient PL decay profiles of p-TPy, m-TPy, and o-TPy in their

solid state.
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quantum yield (PLQY) of 13%, 22% and 24% respectively
(Fig. 1d and S13a-c). These findings suggest that all the isomers
exhibit a distinct AIE property due to the restriction of intra-
molecular motion (RIM). The nano aggregate formation of the
isomers was further visualized via FESEM analysis. Fig. S13d-f
illustrate the formation of nano aggregates with square,
spherical, and rectangular shapes for p-TPy, m-TPy, and o-TPy,
respectively, within the 200-250 nm size range.

To interpret the role of the functional group position, solid-
state emission properties of the isomers were recorded for
powder samples. Unlike aggregate state, all the isomers
exhibited distinct emission properties in their solid state. The
fluorescence spectrum of p-TPy exhibited a blue-shifted emis-
sion peak at approximately 560 nm in the solid state compared
to its aggregated state (Fig. 1e). This 50 nm blue shift in the Apax
of p-TPy is substantial enough to change its emission color from
orange to yellow, with CIE coordinates of (0.56, 0.43) for the
solid state and (0.35, 0.53) for the aggregated state (Fig. 1e, S14a
and b). Similarly, for m-TPy, the solid-state emission spectrum
was shifted by 25 nm towards lower wavelength compared to its
aggregated state, with Ap,,x values of 580 nm and 605 nm for the
solid and aggregated states, respectively, and corresponding
CIE coordinates were (0.45, 0.39) and (0.55, 0.44) (Fig. le, S14a
and b). In contrast, o-TPy showed an emission maximum at
612 nm, consistent with its nanoaggregate emission behavior,

ri-m = 3.390 (Th-Th), CN-HC = 2.740 (Cy-Th),
CN-CN= 3.335 (Cy-Cy), CH-it = 2.841 (Ph-Th),
N-S = 3.346(Py-Th), CN-S = 3.288 (Cy-Th)
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with CIE coordinates of (0.54, 0.37) in the solid state and (0.55,
0.44) in the aggregated state. Also, the quantum yields of the
isomers are highly affected by slight changes in their confor-
mation, followed by modulation in the position of the pyridine
group. The quantum yields for p-TPy, m-TPy, and o-TPy in their
solid state are 16%, 49% and 44%, respectively (Fig. 1e). Addi-
tionally, the positional isomers also displayed a distinct average
lifetime of 6.42 ns, 8.27 ns and 8.91 ns for the p-TPy, m-TPy, and
o-TPy in their solid states, respectively (Fig. 1f).

Structural elucidation via single crystal XRD

The distinct photophysical properties of the positional isomers
are likely attributed to the differences in their solid-state
packing. To further investigate these differences in molecular
packing, single-crystal analysis was performed. We successfully
obtained well-diffracted single crystals for m-TPy and p-TPy and
compared their conformational differences to reveal the
disparities in their condensed state optical phenomena. Yellow
and orange-colored crystals were obtained through the slow
evaporation method using a mixture of chloroform and hexane
as solvents. However, despite repeated attempts using various
crystal growth techniques, suitable well-diffracting single crys-
tals of o-TPy for SCXRD analysis were not obtained. Both p-TPy
and m-TPy crystallize in the monoclinic with space group P21/n.

s

Y \ 7
\ 3.374

r-re = 3.374 (Py-Th), N-HC = 2.483 (Py-Th),
CN-HC = 2.603 (Cy-Th) and 2.722 (Cy-Py),
CH-it = 2.664 (Py-Ph) and 2.843(Py-Py)

Fig. 2 Molecular conformation of p-TPy (a) and m-TPy (d) in the crystal lattice. Detailed views of Intermolecular interactions and molecular
packing in the crystal lattice of (b and c) p-TPy and (e and f) m-TPy, demonstrating the distinct packing motifs and interaction patterns arising

from its structural isomerism.
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In case of p-TPy, two conformers with different twist angles and
interactions coexist as a dimer within the same crystal packing.
By analyzing the angle between the thianthrene (Th) core and
the malononitrile (MN) unit, we observed twist angles of 41.31°
and 45.06° between the donor and acceptor groups for
conformers 1 and 2, respectively (Fig. 2a). Similarly, the twist
angles between the pyridine (Py) unit and the bridging phenyl
ring (Ph) were measured at 27.40° for conformer 1 and 23.78°
for conformer 2, highlighting the unique twisting characteris-
tics of each conformer. Furthermore, conformer 1 exhibited six
non-covalent interactions with neighbouring molecules,
whereas conformer 2 showed only four (Fig. 2a). Notably, the
N---S (3.346 A) and CH---t (2.841 A) interactions observed in
conformer 1 were absent in conformer 2 (Fig. 2c). Each
conformer forms a dimer with its own type and is arranged in
a segregated stacking pattern in the crystal packing (Fig. S14c).
As anticipated, the meta isomer, m-TPy, adopts a more twisted
structure than the para isomer, with twist angles of 48.98° and
31.49° between the thianthrene-malononitrile unit and the
pyridine-phenyl group, respectively (Fig. 2d). Notably, only one
conformer is observed in the crystal packing. Likewise, m-TPy
engaged in six distinct non-covalent interactions with neigh-
boring molecules, including an N---HC hydrogen bond (2.483 A)
(Fig. 2e and f). Overall, the single-crystal analysis clearly
suggests that m-TPy adopts a more twisted donor-acceptor
architecture and a distinct packing arrangement compared to p-
TPy, and these structural variations directly modulate the extent
of intramolecular charge transfer and molecular rigidity in the
solid state, thereby leading to their different emission colors.
Interestingly, in the aggregate and amorphous states, both
isomers exhibited red-shifted emission maxima around 610/
605 nm compared to their crystalline states (560 nm for p-TPy
and 590 nm for m-TPy) (Fig. S15a). This red shift in the aggre-
gated state can be attributed to the TICT effect induced by the
polar aqueous environment. In contrast, the well-defined
molecular packing in the crystalline state restricts the TICT
effect, resulting in relatively blue-shifted emission. Addition-
ally, the PLQY values were higher in the crystalline state (0.18
for p-TPy and 0.48 for m-TPy) compared to the aggregated state
(0.13 and 0.22, respectively), confirming that molecular packing
significantly influences both emission wavelength and effi-
ciency. The slightly blue-shifted emission of p-TPy compared to
m-TPy can be attributed to the more twisted molecular structure
of m-TPy. This increased twist in m-TPy leads to a stronger TICT
effect, resulting in a red-shifted emission maximum relative to
p-TPy. Furthermore, the powder X-ray diffraction (PXRD)
patterns of the isomers showed precise alignment with simu-
lated data generated from SC-XRD analysis, demonstrating the
exceptional crystallinity of the powdered samples (Fig. S15b-d).

DFT-based interpretation of molecular behavior

To validate the impact of structural modulation on electronic
distribution, density functional theory (DFT) calculations were
performed. A slight increment in the HOMO-LUMO energy
bandgap was observed, from 3.21 eV to 3.28 eV, as the pyridine
group shifted from the para to the ortho position (Fig. S16a—c). In

© 2026 The Author(s). Published by the Royal Society of Chemistry
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all the isomers, the HOMO electron cloud is localized on the
thianthrene core. However, for the para isomer, p-TPy, the LUMO
electron cloud extends across the entire acceptor group,
including both malononitrile and pyridine group. In contrast, for
the m-TPy and o-TPy isomers, the LUMO electron cloud is
confined to the malonitrile group due to conjugation disruption
and steric hindrance. Moreover, the shift of the pyridine group
from the para to the meta and ortho positions significantly
influences the conformational twist in the DFT-optimized struc-
tures, resulting in an increase in the dihedral angle between the
thianthrene-malononitrile unit (42.85°, 43.39°, 60.76°) and the
pyridine-phenyl group (38.45°, 40.13°, 51.77°) for p-TPy, m-TPy
and o-TPy respectively (Fig. S16d-f). In the solid state, the emis-
sion spectrum of o-TPy exhibited a more pronounced red shift
compared to m-TPy, which was itself more red-shifted than p-TPy
(Amax p-TPy < m-TPy < o-TPy). This trend can be attributed to
enhanced charge transfer (CT) associated with the increased twist
angle as the pyridine position shifts from para to ortho.”

Viscosity-driven photophysical transitions

Molecular rotors are fluorescent probes sensitive to the nature
of their environment, as their emissive properties occur
through the restriction of intramolecular rotation and vibra-
tion. Looking into the twisted rotor-like architecture of the
isomers, we investigated their viscosity-dependent fluorescence
behavior using a water-glycerol mixture. As the viscosity of the
medium increased, the fluorescence intensity of the isomers
decreased at around 600 nm with the simultaneous emergence
of a new peak at 430 nm (Fig. S17a-c). In 100% glycerol, the
intense peak at 600 nm was fully quenched, while a weaker peak
appeared at 430 nm. This quenching of emission intensity is
likely due to the disruption of aggregate formation in the glyc-
erol medium, whereas the new peak at 430 nm is attributed to
monomeric emission resulting from the slight restriction of
molecular motion in the highly viscous environment.

Thermal stability

To further understand the thermal behavior, DSC and TGA
analyses were performed of the four luminogens (Fig. S17d and
e). The DSC thermograms exhibit broad endothermic transi-
tions in the range of 130-260 °C, which are attributed to a phase
transition (Fig. S17e). Additionally, TGA analysis demonstrates
a slight weight loss observed below 350 °C, which can be
attributed to the removal of physically adsorbed moisture or
residual solvent molecules (Fig. S17d). The major thermal
decomposition occurs at significantly higher temperatures,
confirming the excellent thermal stability of the luminogens.

Thermochromic luminescent material (TLM) for data
encryption

After gaining a thorough understanding of how various non-
covalent intermolecular interactions influence the photo-
physical properties of the isomers in varying environments, we
further explored their development as stimulus-responsive
luminescent materials and formulations. The p-TPy isomer

was chosen for the preparation of a thermochromic
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luminescent material (TLM) owing to its higher synthetic
accessibility and pronounced ICT characteristics, which makes
it particularly suitable for thermochromic modulation. It was
subsequently embedded into the widely used thermoplastic
polymer PEG as the matrix (Fig. 3a). As illustrated in Fig. 3b, the
emission band at 610 nm, displaying bright orange fluores-
cence, diminishes at 35 °C and eventually becomes non-
emissive. Once the temperature returned to room tempera-
ture, the emission color reversed from non-emissive to bright
orange. Typically, upon heating, the internal micro-
environment of the PEG matrix undergoes changes due to
increased free volume and enhanced polymer chain mobility.
This alteration is sufficient to disrupt the intermolecular
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interactions and aggregate formation, ultimately leading to
emission quenching. As depicted in Fig. 3c, the temperature-
dependent PL spectral changes of p-TPy/PEG2000 were repeat-
edly recorded at room temperature and 35 °C over ten consec-
utive cycles without any significant intensity variations,
confirming that the prepared TLM exhibited excellent
reversibility.

Strengthening the security of data encryption inks has become
a significant challenge due to the increasing incidents of docu-
ment forgery and counterfeiting. Consequently, there is a high
demand for the development of multi-level data encryption inks.
In this regard, the variation in phase transition temperatures
among PEGs with different molecular weights was employed to
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(a) Schematic illustration of thermochromic luminescence arising from reversible aggregation and disaggregation triggered by heating

and cooling. (b) Temperature-dependent emission spectra of p-TPy/PEG2000 recorded during heating from 25 °C to 35 °C. (c) Demonstration
of thermal cycling stability/intensity variations measured over ten consecutive heating—cooling cycles from 25 °C to 35 °C. (d) Preparation of
thermochromic luminescent inks using p-TPy and phase change matrix, PEG. Photographs of luminescent letters (e), digital number (f) and
binary code (g) written with four different TLM encryption inks, recorded under 365 nm UV light before and after heating.
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design a series of TLMs with particular thermochromic transition
temperatures. Three different TLM security inks with unique
thermochromic transition temperatures were obtained by incor-
porating p-TPy isomer into PEG2000, PEG4000, and PEG20000
matrices at 2.5 wt% (Fig. 3d). Varying the molecular weight of
PEG enabled fine-tuning of the thermochromic transition
temperature of each ink precisely, since the melting point and
phase-transition characteristics of PEG rise with increasing
molecular weight. To further validate the use of these TLMs as
security ink for multi-level anti-counterfeiting, we utilized the p-
TPy isomer solution (Ink A) along with TLMs based on p-TPy/
PEG2000 (Ink B), p-TPy/PEG4000 (Ink C), and p-TPy/PEG20000
(Ink D) composites to inscribe the letters AIR, MAN, C, and H
on glass substrates, respectively, forming the word “CHAIRMAN”
(Fig. 3e). All letters exhibited an orange glow at room tempera-
ture. Upon heating to 35 °C, the orange fluorescence of the letters
‘MAN’ transitioned from emissive to non-emissive, while the
remaining letters retained their glow, forming the word “CHAIR”.
At 45 °C, the letter ‘C’ transitioned from emissive to non-emissive
and generated another word “HAIR”. When the glass substrate
was heated to 60 °C, the orange emission of the letter ‘H’ also
became non-emissive. The letters ‘AIR’ remained unchanged, as
they were written using only the p-TPy solution. Once the glass
substrate returned to room temperature, all letters regained their
original orange glow and displayed the initial letter
“CHAIRMAN”.

Similarly, a reversible multi-encryption and decryption
strategy was devised to further explore the potential application
of TLM inks in optical encoding. In the first experiment, the
numerical code ‘888’ was inscribed on a glass slide using three
TLM inks and the p-TPy isomer solution (Fig. 3f). At room
temperature, all digits exhibited bright orange fluorescence. As
the temperature increased to 35 °C, the code transformed from
‘888’ to ‘893’. Further heating to 45 °C altered it to ‘691’, and at
60 °C, it changed to ‘531’. However, upon returning to room
temperature, the code reverted back to ‘888’. In the second
experiment, orange fluorescent TLMs were used as encryption
ink, while an isomer fluorescent solution served as a stable ink
to write a binary code designed to prevent information leakage.
As shown in Fig. 3g, under UV light at room temperature, the
binary code was intentionally misrepresented. Even at 35 °C,
a false code appeared to provide misinformation for enhanced
security encryption. However, when the glass slide was heated
to 45 °C, the first part of the security code clearly appeared,
followed by the appearance of the second part of the code after
the temperature increased to 60 °C. Upon returning to room
temperature, the code was erased once again. Interestingly, our
data encryption and decryption strategy allowed us to store
different information that could be revealed at different
temperatures. As a result, only authorized individuals who are
aware of the correct encryption methods and the precise heat-
ing temperature can access the hidden information, signifi-
cantly enhancing the security of the protected data. Based on
the above results, the TLMs developed in this work demon-
strated greater suitability for multi-level encryption strategies
and advanced confidential information protection systems
compared to previously reported encryption methods.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence-based detection of latent fingerprints

Furthermore, exploiting the nucleophilic character of the pyri-
dine nitrogen in the para isomer (p-TPy), it was modified to
enhance hydrophilicity by quaternizing the pyridine nitrogen,
yielding a pyridinium salt (Fig. 4a). The combination of
a hydrophilic pyridine cation and lipophilic thianthrene units
renders p-TPyMe amphiphilic, making it soluble in water as well
as in polar organic solvents such as acetone, methanol, ethanol,
acetonitrile, DMSO, DMF, and THF. Upon excitation at 430 nm,
the emitter exhibited red emission with a maximum wavelength
at 720 nm in its solid state (Fig. S18a and b). Due to its water
solubility, high-contrast red emission, and amphiphilic nature
of p-TPyMe, we utilized the emitter for fingerprint identifica-
tion. The development of latent fingerprints (LFP) using fluo-
rescence molecules involves two approaches: the powder
dusting method and the solution method. Among these, the
solution method is more widely studied due to its simplicity and
low dye consumption. To assess the effectiveness of p-TPyMe in
LFP development, a fingerprint on aluminum foil was
immersed in an aqueous p-TPyMe solution at varying concen-
trations for 1 minute (Fig. 4b). At a lower concentration of 10
uM, the fingerprint profile appeared faint and indistinguish-
able, but it became distinctly visible at concentrations
exceeding 30 uM. Under 375 nm light irradiation, bright red and
high-quality fluorescence images of LFPs were observed,
resulting from the preferential accumulation of p-TPyMe on the
fingerprint ridges rather than the furrows due to the absence of
sweat secretion (Fig. 4c). FESEM images reveal a preferential
accumulation of p-TPyMe on the fingerprint ridges compared to
the furrows (Fig. S18c).

To investigate the LFP development mechanism or identify
which component in LFPs interacts with p-TPyMe, the letters
“LFP” were inscribed on aluminum foil using aqueous solutions
of key LFP components, including glucose, glycine, sodium
chloride, lysine, lactic acid, and oleic acid. The dried inscrip-
tions were soaked in a 50 pM aqueous solution of p-TPyMe.
Upon exposure to a 375 nm lamp, only the letters inscribed with
oleic acid exhibited a vivid red fluorescence and remained
clearly distinguishable, confirming the probe's ability to stain
oleic acid in the LFPs (Fig. 4d). To further confirm the mecha-
nism responsible for the red emission, the emission spectra of
p-TPyMe were recorded in various solvents, including hexane,
toluene, diethyl ether, methanol, ethanol, acetone, and water,
as well as oleic acid. As shown in Fig. S18d, p-TPyMe exhibited
no significant emission in any of the tested solvents except oleic
acid, where a distinct peak appeared at 640 nm, accounting for
its red emission. These results confirmed the selective interac-
tion of p-TPyMe with oleic acid over other polar and non-polar
solvents, thereby also demonstrating its amphiphilic nature.
The red emission observed from p-TPyMe upon interaction with
oleic acid is likely attributed to AIE through restriction of
intramolecular motion (RIM), promoted by the high supramo-
lecular assembly in oleic acid (Fig. 4c). To further verify this, PL
spectra were recorded by incrementally adding oleic acid to an
aqueous solution of p-TPyMe at concentrations ranging from
0.05% to 0.25%, with a spectrum measured after each addition.
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(a) Synthetic pathway illustrating the structural transformation of a lipophilic AlEgen (p-TPy) into its amphiphilic AIEgen (p-TPyMe). (b)

Fluorescence images of LFP developed with an aqueous solution of p-TPyMe with different concentrations under 375 nm light. (c) Diagram
depicting the mechanism of LFP formation with p-TPyMe in aqueous solution. (d) Fluorescence images of the characters ‘LFPs’ written using
various substances commonly found in LFPs and treated with a p-TPyMe aqueous solution (50 puM).

A significant enhancement in fluorescence intensity was
observed, which suggests a strong interaction between p-TPyMe
and oleic acid, likely due to aggregation that restricts non-
radiative decay, consistent with AIE-like behavior. This prop-
erty enables efficient detection of LFPs in the presence of oleic
acid.

High-resolution LFPs were successfully developed, di-
splaying clear level 1-3 fingerprint details using p-TPyMe,
without any additional optical, thermal, or chemical treatment.
Typically, fingerprint analysis involves three levels: level 1
includes general ridge patterns such as cores and lakes; level 2
encompasses features like ridge endings, short ridges, and
bifurcations; and level 3 involves fine, quantitative details such
as ridge path deviations, sweat pores, and ridge contours. Level
1 fingerprint features are clearly visible on the substrates;
however, they lack the uniqueness required for definitive indi-
vidual identification (Fig. 5a). Therefore, detailed fingerprint
analysis at levels 2 and 3 was conducted on aluminum foil. As
illustrated in Fig. 5a, the magnified local images clearly reveal
ridge endings, bifurcations, and short ridges (level 2), along
with sweat pores and ridge contours (level 3), thereby offering
clear and compelling evidence for personal identification and
demonstrating the effectiveness of this approach for LFP
recognition. Based on their fluorescence emission spectra and
chromaticity diagram, the developed contrast was quantified
using eqn (1)—(3).

-5 1)
o AB| V(X = Xa)* + (s — Ya) .

NI \/(prXA)2+(Ypf Ya)

Chem. Sci.

Contrast = Clog [ (3)
here, I represents the intensity index, and C denotes the chroma
index. 4, B, and P correspond to the LFP developed using the
probe, the blank substrate, and the pure probe, respectively.
The intensity index was determined from the integrated area
under the fluorescence emission peak of each sample, while the
chroma index was calculated based on the color difference
between the developed fingerprint signal and the background
noise in the chromaticity diagram (Fig. S19a and b). The
calculated intensity index for LFP development using p-TPyMe
was 4.84, indicating that the fingerprint signal is approximately
five times brighter than the background. Furthermore, the
chroma index was calculated to be 7.87, highlighting a signifi-
cant color contrast between the developed fingerprint pattern
and the background. Therefore, the fingerprint developed using
the water-soluble p-TPyMe on aluminium foil exhibited
a contrast value of 5.39, markedly higher than commonly re-
ported values, ensuring distinct ridge-to-valley separation
crucial for reliable forensic interpretation.

To assess the practical applicability of the p-TPyMe probe, LFP
development was carried out on a range of substrates, including
aluminum foil, glass, coin, tin foil, plastic, steel, and adhesive tape
(Fig. 5b). LFP development can be achieved using different
methods, among which the soaking method offers several prac-
tical advantages. This approach eliminates the need for post-
treatment, enabling convenient on-site operation. It is particu-
larly advantageous for water-resistant materials such as tinfoil,
steel, glass, and plastic, as the dye solution covers surfaces evenly,
ensuring high-resolution images. Additionally, the soaking
method is characterized by safety, cleanliness, ease of storage,
economical operation, user-friendliness, and high efficiency,
making it a practical and convenient technique for LFP

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

Plastic

Steel Tin foil Adhesive Tape

(a) Fluorescence microscopic images of LFPs developed on aluminium foil, revealing level 1 (overall ridge pattern and core), level 2 (ridge

terminal, bifurcations, lake), and level 3 (ridge edge contours, sweat pore distribution) details. (b) Digital images of latent fingerprints developed
using p-TPyMe (50 uM) on various substrates, including aluminum foil, glass, coin, plastic, stainless steel, tin foil, and adhesive tape under 365 nm

UV illumination.

development in various scenarios. The development of LFPs on
various substrates were obtained via the soaking method using
a 50 uM aqueous solution of p-TPyMe yielded distinct fingerprint
patterns with excellent contrast and resolution (Fig. 5b). LFPs can
also be collected from curved surfaces such as spoons, plastic caps,
cups, and steel tubes (Fig. S19c and d). However, capturing a clear
and complete fingerprint image is difficult because the camera
struggles to focus on the entire print on these curved surfaces.
Fingerprint identification at a crime scene often involves detecting
LFPs that have remained on surfaces for a long time. To verify the
potential of p-TPyMe probe, a series of aged LFPs on aluminium
foil were treated and analysed. As depicted in Fig. S20a, the LFPs
aged for 1, 3, 7, 15, and 30 days were developed exceptionally well,
resulting in sharp, high-resolution images that clearly displayed
even level 3 details. TGA and fluorescence thermal stability anal-
ysis revealed that the emission behavior of the compound remains
stable up to 100 °C (Fig. S17d and 20b). Thus, this probe holds
great promise for enhancing on-site fingerprint collection,
providing a practical and reliable solution for comprehensive LFP
analysis to advance standardized forensic protocols.

Conclusions

In summary, we have designed a series of AlE-active positional
isomers based on a D-A-A’ framework, p-TPy, m-TPy, and o-TPy
by altering the position of the pyridine ring with respect to the
malononitrile group within the acceptor unit, aiming to inves-
tigate the structure-property relationships among the isomers.
Upon shifting the position of the pyridine group from para to
ortho, the molecular configuration was notably altered,

© 2026 The Author(s). Published by the Royal Society of Chemistry

resulting in variations in the electron-accepting ability of the
acceptor unit and influencing the molecular packing of the
isomers within the crystal lattice. These structural modifica-
tions, in turn, modulated their photophysical properties, as
reflected in their solid-state emission maxima, which progres-
sively red-shifted from 560 nm to 580 nm to 612 nm, with cor-
responding quantum yields of 0.16, 0.49, and 0.44 for p-, m-, and
0-TPy, respectively. A detailed comparative study of the isomers
was performed, assessing their AIE characteristics, sol-
vatochromism, and transient PL, supported by single-crystal X-
ray diffraction and theoretical calculations. In addition, the
para isomer, p-TPy, served as the key ingredient in crafting
a TLM by embedding it within a phase-changing PEG matrix. By
incorporating p-TPy into PEG matrices of different molecular
weights, PEG2000, PEG4000, and PEG20000, three distinct
TLM-based security inks were developed, each displaying
a distinct color-changing response at different temperatures.
This innovative approach enables the creation of security inks
with precisely tuned thermal behaviors, significantly enhancing
their effectiveness for sophisticated, multi-level data encryption
and authentication applications. Leveraging the nucleophilic
character of the pyridine nitrogen in the para isomer (p-TPy),
a methylation reaction was strategically employed to form
a pyridinium salt, yielding a water-soluble, amphiphilic emitter
(p-TPyMe). This structural transformation was specifically
designed to enhance performances in latent fingerprint detec-
tion applications. The resulting fluorophore offered effective
LFP visualization through a fluorescence “off-on” mechanism
at longer emission wavelengths, achievable by a simple
immersion method with an aqueous p-TPyMe solution, without
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the involvement of organic cosolvents or further post-treatment.
The effectiveness of LFP detection was assessed on a wide range
of surfaces, ranging from aluminium and tin foils to stainless
steel, glass, coins, adhesive tape, and plastics. Not only does it
clearly reveal the fundamental level 1 fingerprint patterns, but it
also enables precise identification of level 2 and level 3 details,
such as ridge endings, bifurcations, short ridges, and even
minute pores. This is achieved through its impressive contrast
value of 5.39 against the background, thereby facilitating highly
accurate forensic analysis. Thus, this approach holds great
promise for enhancing on-site fingerprint detection, offering
a robust and versatile tool to advance standardized forensic
protocols. The outcomes of this research establish a clear
structure-property correlation in positional isomers and
demonstrate the successful translation of molecular design into
practical thermochromic security inks and high-performance
fingerprint detection agents, thereby driving innovations at
the molecular engineering level interfacing material chemistry,
security encryption technologies and forensic science.
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