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Organic fluorescent materials hold considerable promise across
diverse fields such as chemical biosensing, optoelectronic
devices, and bioimaging."®* Among them, a large Stokes shifts is
critically helpful for fluorescent dyes as it effectively minimizes
self-absorption and background interference, thereby signifi-
cantly enhancing the signal-to-noise ratio and detection sensi-
tivity in applications such as high-contrast bioimaging and anti-
counterfeiting.>® However, the widespread adoption of
conventional fluorescent dyes including established families
like rhodamine,>'* BODIPY,"*** and cyanine'*™” are limited by
their small Stokes shift, typically less than 50 nm. The narrow
gap between excitation and emission wavelengths leads to
severe self-absorption and re-excitation, causing signal cross-
talk and compromising the sensitivity and accuracy of detection
and anti-counterfeiting technologies.®** Furthermore, issues
such as low luminescence efficiency in aggregate states and
poor solubility in aqueous environments significantly restrict
their practical utility in biological and environmental
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emissions, which are attributed to the enhanced charge transferring triggered by excited-state
deprotonation of the phenol group and twist intramolecular charge transfer.

To address the limitations of small Stokes shifts, several
molecular design strategies have been explored. A prominent
approach involves the construction of donor-acceptor (D-A) or
donor-m-acceptor (D-m-A) systems, where intramolecular
charge transfer (ICT) can create a significant difference in
electron cloud distribution and dipole moment between the
excited and ground states and thus cause moderate increase in
the Stokes shift.>>*° Moreover, the construction of the D--A
structure is one of the most powerful and widely used strategy to
extend emission wavelengths. More sophisticated mechanisms
to enhance Stokes shift, primarily including excited-state
intramolecular proton transfer (ESIPT),*** which induces
a substantial energy loss via rapid proton transfer after excita-
tion, and the formation of a twisted intramolecular charge
transfer (TICT)**** state in donor-m-acceptor systems, where
significant structural reorganization leads to a large Stokes
shift. Besides, ICT and ESIPT mechanisms can effectively
increase the Stokes shift and have been tremendously impor-
tant for the development of fluorescence chemical sensors and
imaging probes,*** the TICT mechanism plays a core role in
fields such as aggregation-induced emission (AIE),*®
crystallization-induced emission enhancement (CIEE),* and
metal-organic frameworks (MOFs),** owing to its combination
of significant molecular conformational reorganization and
charge transfer characteristics. As an example, Peng* et al. re-
ported a viscosity-responsive endoplasmic reticulum targeting
NIR fluorescent probe HBT-PP based on the twisted intra-
molecular charge transfer (TICT) and the excited state intra-
molecular proton transfer (ESIPT), which exhibited a Stokes
shift up to 320 nm. In addition, to manipulate a single emitter
unit, incorporating two fluorophores with short and length
emission wavelength, respectively, into fluorescence resonance
energy transfer (FRET) cassettes or designing specific molecular
skeletons can also achieve a large “pseudo”-Stokes shift deter-
mined by the energy difference between the donor's absorption

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and the acceptor's emission.**™*” Cui* et al. incorporated the
photoisomerizable molecule spiropyran as an energy transfer
intermediate, and two fluorescent dyes coumarin 153 (Cou153)
and methylene blue (MB) within a metal-organic frameworks
(MOFs), which achieving the dual-color dynamic luminescent
material with NIR fluorescence at 700 nm and a maximum
Stokes shift of 300 nm.

Beyond molecular engineering, strategies operating at the
aggregate level, such as forming J-aggregates and incorporating
aggregation-induced emission (AIE) moieties, provide effective
pathways to amplify the Stokes shift. J-aggregation significantly
enhances the Stokes shift primarily through two interconnected
mechanisms, the distinctive “head-to-tail” slip-stacked molec-
ular packing and the subsequent facilitation of excited-state
structural relaxation and intermolecular charge transfer.
Furthermore, J-aggregated state can restrict intramolecular
motions that typically dissipate energy non-radiatively in single
molecules, thereby channeling more energy into excited-state
geometric relaxation, which further enlarges the energy differ-
ence between absorption and emission.**? Similarly, intro-
duction of aggregation-induced emission (AIE) groups like
tetraphenylethene can significantly enhance the Stokes shift by
restricting intramolecular motion (RIM).>**7*>43 However, active
intramolecular rotations/vibrations of AlEgenic moieties in
solution provide dominant non-radiative decay pathways,
resulting in weak emission and a convoluted Stokes shift. In
addition, molecular encapsulation strategies, such as the
incorporation of fluorescent molecules within metal-organic
frameworks (MOFs) or cyclodextrins, can effectively enhance
the Stokes shift of the fluorophores by constraining intra-
molecular motion and promoting excited-state proton transfer
processes.*>***! Despite sustained efforts, achieving exception-
ally large Stokes shifts greater than 400 nm in organic fluoro-
phores, especially in small molecules and UV-visible region,
remains a significant challenge, underscoring the need for
novel design strategies.

Inspired by our recent reported deprotonation-caused red-
shifting of emission in hydroxystyryl-pyridinium (SP-OH) dyes,
herein, a series of SP-OH derivatives were developed, and an
ultra-large Stokes shift up to 404 nm were discovered.

The SP-OH dyes were synthesized via a Knoevenagel
condensation catalysed by ammonium acetate (Scheme 1). As
an example, the SP-2-NO,-5-OH was prepared by coupling
commercially available 5-hydroxy-2-nitrobenzaldehyde with
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Scheme 1 Easy synthesis of SP-OH derivatives through Knoevenagel
condensation reaction.
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pre-synthesized 1-(2-hydroxyethyl)-4-methylpyridinium
bromide. The same synthetic strategy was applied to afford
the full library of SP-X-Py derivatives. All intermediates and final
products were fully characterized by 'H and "*C nuclear
magnetic resonance (NMR) spectroscopy and high-resolution
mass spectrometry (HRMS) (see Experimental section in SI,
Fig. S13-S26). In the SP-OH dyes skeleton, the phenol group
serves as an electron-donor (D), the nitro group attaching onto
the phenyl and the vinyl-bridged pyridinium behave as electron-
acceptors (A). The conjugated D-m-A skeleton promised long-
wavelength emission due to the intramolecular charge-transfer.

All the SP-OH dyes showed significant absorptions and
fluorescent emissions in various organic solvents (c = 10~> M).
The full UV-Vis absorption spectra of all derivatives in different
solvents are presented in Fig. S1, which reveals the broad
absorption characteristics of SP-OH dyes in the UV to visible
range; corresponding fluorescence emission spectra are shown
in Fig. S2. The pH-dependent UV-Vis absorption and fluores-
cence emission spectra of SP-OH dyes in aqueous solution are
shown in Fig. S3 and S4, which directly reflect the deprotona-
tion behavior of phenolic hydroxyl group under different pH
conditions (Fig. 1, S1, S2, Tables 1 and S1-S4). The absorption
and fluorescence emission spectra of SP-OH dyes were first
investigated in dimethylformamide (DMF) solutions (¢ = 107>
M) (Fig. 1). All derivatives exhibited broad absorption bands in
the UV to visible range and red emissions with large Stokes
shifts (Table 1). Practically, SP-2-NO,-5-OH-Py showed main
absorption at 304 nm, with two side peaks at 331 nm and
422 nm, and the emission at 600 nm with a large Stokes shift up
to 296 nm and QY of 6.6%. In contrast, the SP-5-NO,-2-OH-Py
also showed 3 absorption peaks, but with the main peak at
513 nm, and red-shifted emission at 642 nm with QY of 9.2%,
indicating significant influence of positional effect on their
absorption and emission behaviours. To further disclose the
role of phenolic hydroxyl group, SP-2-NO,-Py and SP-2-NO,-5-
OMe-Py were designed as the blank control in which the
hydroxyl group was eliminated and etherified, respectively. SP-
2-NO,-Py absorbed at 351 nm and an emission peak at 591 nm,
resulting in a Stokes shift of 240 nm. SP-2-NO,-5-OMe-Py

o=
=2

£ g o a Z
g =3 o £
so08 50810 srenozzomry 082
2 4O $P-2-NO-5-OH-Py 2 =
<06 065 <06 0.6
T =3 =
2 o 2 2
o4 045 Sod 048
E = E =
. 025 0. 02 £
502 2 £ 502 2 £
S S

z zZ z

300 400 500 600 700 300
‘Wavelength (nm)

400 500 600 700
‘Wavelength (nm)

(o] Stokes shift=240 nm Stokes shift=238 nm _

= z
SO0 B, FLOGE 101 AT 105
2 o o ) o N
s o = 082
2 P3N0 Py g o SPaNorsoNery =
<06 2 063
= =
2 g3 g
S04 045 Sod 048
] = 8 =
E £E £
502 022 502 02 £
3 5
z zz z

3
=
e
>

600 700 300 700

400 500
‘Wavelength (nm)

300

400 500 600
‘Wavelength (nm)

Fig. 1 Normalized absorption and fluorescent emission spectra in
DMF (c = 107> M). Green: donor (D); red: acceptor (A).
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Table 1 Photophysical characteristics of SP-OH dyes
&

Sample® Aaps/NM Aex/NM Aern/NM Stokes shift/nm x 10Y/M ' em™! QY/%
SP-2-NO,-5-OH-Py 304 360 600 296 5.86 6.6
SP-5-NO,-2-OH-Py 513 385 642 129 3.04 9.2
SP-2-NO,-Py 351 410 591 240 4.08 2.6
SP-2-NO,-5-OMe-Py 317 393 555 238 5.64 14.7

“ Absorptions, fluorescent emission, molar extinction coefficients (¢) and absolute photoluminescence quantum yields (QY) (integrating sphere

method) were measured in DMF solution (¢ = 10> M).

showed broad absorption at 317 nm and emitted at 555 nm,
with a shift of 238 nm. The molar extinction coefficients (¢)
ranged from 4.08 to 5.86 x 10" M~" em™’, indicating strong
light-absorbing ability, while the absolute fluorescence
quantum yields (QY) varied from 2.6% to 14.7%. The low QYs
are attributed to non-radiative decay pathways such as molec-
ular vibrations or rotation.

To disclose effect of potential deprotonation of the phenolic
hydroxyl group, the absorption and emission of SP-OH dyes
were investigated in solvents of varying polarity, including
chloroform (CHCl;), dichloromethane (DCM), acetonitrile
(MeCN), DMF and DMSO, etc. (Fig. 2). In contrast to SP-5-NO,-2-
OH-Py which exhibited absorption at longest wavelength among
the dyes, the SP-2-NO,-5-OH-Py showed unexpected absorption
at shortest wavelength (<310 nm). Interestingly, both SP-5-NO,-
2-OH-Py and SP-2-NO,-5-OH-Py exhibited longer emission
wavelengths than that of their analogues without hydroxyl
group. The increase of solvent polarity caused red shifting of the
emission. For example, emission wavelength SP-2-NO,-5-OH-Py
extended from 585 nm to 610 nm. The short-wavelength
absorption and long-wavelength emission promised large
Stokes shift.

The fluorescence performance in aqueous media is particu-
larly important for biological applications. In water, the SP-OH
dyes maintained large Stokes shifts, as detailed in Fig. 3 and
Table 2. Especially, SP-2-NO,-5-OH-Py showed absorption at
305 nm (UV region) and NIR emission at 709 nm and an ultra-
large Stokes shift of up to 404 nm is achieved which is one of the
largest reported for organic fluorophores. Besides, after 180 min
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Fig.2 The solvent-dependent absorption and emission wavelength of
SP-OH dyes (c = 107> M).
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of continuous light irradiation, SP-2-NO,-5-OH-Py can still
maintain 40% of its fluorescence intensity, indicating that it has
good photostability (Fig. S5). SP-5-NO,-2-OH-Py exhibited two
absorption peaks at 319 nm and 366 nm, respectively. And it
showed red emission at 608 nm and large Stokes shifts of
289 nm and 242 nm. In contrast, SP-2-NO,-Py showed a smaller
shift of 155 nm (absorption at 313 nm, emission at 468 nm),
emphasizing the critical effect of phenolic hydroxyl group,
which further proved the results showed by SP-2-NO,-5-OMe-Py
with Stokes shift of 234 nm. The molar extinction coefficients in
water remained high (e.g., 7.06 x 10* M~ em ™" for SP-2-NO,-5-
OH-Py), but quantum yields decreased to 0.8-4.4% due to
strong interaction between dyes and water molecules.

Due to the determinative effect of pH over the deprotonation
of phenolic hydroxyl group, the fluorescence behaviors of SP-
OHs were investigated in aqueous solutions with varying pH
(Fig. 4, S3, S4 and Tables S5-S8). In alkali solutions, deproto-
nation of phenol group and electrostatic interaction between
quaternary ammonium moiety and hydroxide coexist, which
enhance and suppress electron transferring across the D-m-A
conjugated skeleton of SP-OH, respectively. It is believed that in
SP-OH containing a phenolic hydroxyl group, the proton-
transfer pathway dominates and thus lead to the long-
wavelength emissions.

In case of SP-2-NO,-5-OH-Py and SP-5-NO,-2-OH-Py, due to
pH-dependent protonation, both two dyes showed absorption at
~411 nm and 441 nm at high pH, which significantly blue-
shifted to the UV region at ~305 nm and 350 nm at low pHs.
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Fig. 3 Normalized absorption and fluorescent emission spectra in
water (c = 107> M). Green: donor (D); red: acceptor (A).
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Table 2 Photophysical characteristics of SP-OH dyes
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Sample® Aaps/M Aex/NM Aem/IM Stokes shift/nm ex 10Y/M* em™ QY/%
SP-2-NO,-5-OH-Py 305 450 709 404 7.06 1.9
SP-5-NO,-2-OH-Py 319/366 380 608 289/242 2.70/2.53 4.4
SP-2-NO,-Py 313 345 468 155 3.09 0.8
SP-2-NO,-5-OMe-Py 319 393 553 234 8.29 4.3

¢ Absorptions, fluorescent emission, molar extinction coefficients (&) and absolute photoluminescence quantum yields (QY) (integrating sphere

method) were measured in aqueous solution (¢ = 10> M).
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Fig. 4 pH-dependent absorption and emission wavelength of SP-OH
dyes (c = 107> M in water).

The long-wavelength absorption at high pH is attributed to the
neutralization of acidic phenolic hydroxyl group. The deproto-
nation generated a negatived charge which further greatly
prompted charge transfer induced by the positive-charged pyr-
idinium group. In contrast, after elimination of hydroxyl group,
the resulting dyes of SP-2-NO,-5-OMe-Py and SP-2-NO,-Py as
control showed slightly red-shift with the pH decreasing, which
is caused by the weaken charge transfer by the large amount of
OH™ with strong negative charge (Scheme 2). Surprisingly, the
emission of both of SP-2-NO,-5-OMe-Py and SP-2-NO,-5-OH-Py
are not effected by the pH, which clearly indicated a consist
structure at S; state, suggesting a deprotonation process at
excited state.

Upon photoexcitation, the deprotonation and twisted intra-
molecular charge transfer (TICT) process of the SP-2-NO,-5-OH-
Py molecule form a synergistic effect of mutual promotion,
ultimately leading to an ultra-large Stokes shift of 404 nm.
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Scheme 2 Comparison of pH on charge transferring of (A) SP-2-NO,-
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To prove the mechanism for the ultra-large Stokes shifts of
SP-OH dyes, especially SP-2-NO,-5-OH-Py, density functional
theory (DFT) and time-dependent density functional theory (TD-
DFT) calculations were performed at B3LYP/6-311+G(d,p) level®
(Fig. S7-S10). As shown in Fig. 5 and S11, all the SP-OH dyes
have significantly distorted dihedral angle between the phenol
and pyridinium rings (75.2-83.6°) in the excited state (S;). The
large twisted structure endows the SP-OH dyes with the char-
acteristic of exhibiting significant fluorescence emission under
solid-state conditions (Fig. S6). In ground state (S,), in contrast
to SP-5-NO,-2-OH-Py showing planar structure, due to the large
steric hindrance effect of the nitro group, dihedral angles were
observed in all SP-2-NO,-5-OH-Py (45.8°), SP-2-NO,-5-OMe-Py
(37.7°), and SP-2-NO,-Py (35.5°). The highest occupied molec-
ular orbital (HOMO) localized on the electron donor in both S,
and S; states, whereas the lowest unoccupied molecular orbital
(LUMO) on electron acceptor. The twisted intramolecular
charge transfer (TICT) effect caused large Stokes shift of all the
nitro-contained dyes.

In addition to comparison of dihedral angle, the changes of
bond length of SP-OH dyes before and after excitation were
investigated. Taking SP-2-NO,-5-OH-Py and SP-5-NO,-2-OH-Py
as an example, after excitation, the bond length of O-H in
phenol group increases from 0.964 A to 0.970 A and from 0.965
A t0 0.970 A (Fig. 6). The deprotonation in excited state leads to
increasing of the electron density on oxygen atom and thus
enhancement of charge transferring to the pyridinium moiety,
which promises these molecules red-shifted emission and
a large Stokes.

Based on the above analysis, the dual synergistic effect of the
TICT and the deprotonation effect enable SP-2-NO,-5-OH-Py to
have the largest Stokes shift (>400 nm).
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Fig. 5 The distorted dihedral angle between the phenol and pyr-
idinium rings of SP-OH dyes in the ground state (Sg) and the excited
state (Sq).
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Conventional invisible fluorescent inks are typically limited
to blue emission. Developing long-wavelength versions is chal-
lenging because they must remain invisible under daylight,
which requires negligible absorption in the visible range. The
SP-OH-Py dyes overcome this limitation due to their excep-
tionally large Stokes shift. This enables the preparation of an
invisible ink that shows no color in daylight but emits bright
orange fluorescence under UV excitation. This distinct optical
signature is difficult to replicate with existing technologies,
thereby significantly enhancing anti-counterfeiting security
(Fig. 512).

In summary, a series of hydroxystyryl-pyridinium derivatives
were facilely synthesized. These dyes show remarkable optical
properties in aqueous solution, among which SP-2-NO,-5-OH-Py
exhibits an ultra-large Stokes shift up to 404 nm with UV
absorption and NIR emission. Mechanistic studies reveal that
the large Stokes shift arises from the synergistic effect of
excited-state deprotonation and twisted intramolecular charge
transfer (TICT). Benefiting from their unique optical features,
these dyes can be used as invisible anti-counterfeiting inks with
high security. This work provides a new strategy for construct-
ing large Stokes shift fluorophores and offers promising
candidates for bioimaging, sensing, and anti-counterfeiting
applications.
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