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To clarify the impact of the end groups on aggregation behaviour and emission properties, a series of a-
cyanostilbene pyrene-based compounds (Py-R and Py-PR) were synthesized. These compounds display
aggregation-induced emission characteristics with broad colour-tunable solid-state emission with the
colour ranging from cyan to deep red (500-667 nm), achieved by modulating their end groups. The
electronic effect of these end groups plays a key role in regulating the emission and the aggregation
mode, demonstrating a strong correlation with Hammett constants. Specifically, as end groups transition
from donor to acceptor substituents, the aggregates gradually shift from J-aggregation to H-
aggregation. This transition is accompanied by a gradual red shift in emission wavelength and a decrease
in quantum yield. This regulatory mechanism is realized by adjusting the electrostatic potential on the
aromatic ring through the end groups, which in turn affects the centroid distance between adjacent =
planes and intermolecular interactions in the aggregated state. Moreover, these AlEgens demonstrate

remarkable photochromism through a continuous Z — E transformation and a [2 + 2] cycloaddition
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have been successfully applied for anti-counterfeiting. This work demonstrates precise control over end-
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Introduction

Aggregates, as a collection of molecules via interactions, often
exhibit properties and functions that are quite different from
their molecular units. Organic molecular aggregates have
received extensive attention due to their unique aggregated
optoelectronic properties, and simultaneously, their key
advantages of tunable colour, low cost and easy fabrication have
ensured their utility in various fields, such as organic light-
emitting diodes (OLEDSs), organic solid-state lasers (OSLs) and
organic field effect transistors (OFETs)."> These photoelectric
properties are mainly related to the influence of the aggregate
structure and packing mode.* For example, H-aggregation is
beneficial to charge transport, and J-aggregation is profitable to
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mechanism, and underscores its significance for tailoring advanced functional materials.

fluorescence emission.* Although many examples of H- or J-
aggregates have been found and their relationship between
aggregation modes and properties has been elaborated, it has
proved difficult to achieve controllable aggregation modes by
design at the single-molecule level.>® Therefore, it is necessary
to find a systematic strategy that will enable pre-programming
of molecular design so as to fine-tune the emission features
through specific aggregation modes and thereby allow for the
development of organic molecular aggregate materials with
desirable optoelectronic properties.

End groups play an extremely important role in various fields
of organic chemistry and are the smallest units of molecular or
material design in the field of organic chemistry or materials
science.” Although these groups may only have a few differ-
ences, even at the atomic level, they may produce huge differ-
ences in properties and thus be applied to different fields.'* End
groups with different electronic effects are widely used to study
chemical reaction mechanisms; they can adjust photophysical
and chemical processes and can induce inter/intra-molecular
interactions, etc.'" For instance, classically, end groups can
control the electrophilic substitution reaction at different sites
by affecting the distribution of electrons on aromatic
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hydrocarbons.'*** Furthermore, the end groups play a crucial
role by influencing the electronic effect of the substituent to
construct donor-acceptor (D-A) systems in luminescent mole-
cules, thereby easily achieving controllable regulation of the
emission to realize a multifunctional application.”® Unfortu-
nately, the study of substituent effects is more limited to the
molecular level, whilst systematic research on the aggregated
states has largely been ignored, and importantly, molecules
usually exist in the aggregated state in practical applications.
Therefore, the realization of the controllable regulation of the
substituent effect on the aggregation behaviour and the elabo-
ration of its mechanism will provide valuable ideas for the
design of materials in various fields.

Broad colour-tunable organic luminescent materials with
aggregation-induced emission (AIE) properties are excellent
candidates for potential applications in anti-counterfeiting,
chemical sensors, etc.'®"” Various molecular strategies have
been explored to construct colour-tunable luminescent mate-
rials, including intramolecular charge transfer (ICT),"® excited-
state intramolecular proton transfer (ESIPT),*® Forster reso-
nance energy transfer (FRET),”® and self-assembly.”* The
preferred strategy involves creating a suitable D-A system by
regulating the electronic effects of substituents through
molecular engineering due to high controllability, stability and
reproducibility.”” This approach allows for easier processing
and regulation, enabling a wide emission colour range from
blue to near-infrared red. Recently, a number of molecular
engineering strategies have achieved broad-band emission by
adjusting the conjugated backbone or m-bridge.”>>* Although
these methods are effective, their synthesis is complicated, and
the molecular properties are also significantly affected by the
newly introduced parts. Therefore, it is meaningful to find
easier and even atomic-level strategies to achieve broad colour-
tunable emission.

Pyrene, a significant polycyclic aromatic hydrocarbon (PAH),
has garnered considerable attention due to its high-efficiency
blue photoluminescence and excellent carrier mobility.* It is
a candidate unit for studying aggregation behaviour because of
its special large m-conjugated structure and high-resolution
monomer and dimer emission. Taking pyrene as the research
object is more convenient to observe and understand the
behaviour of aggregates and then reveal the structure-property
relationships. However, due to strong m-m stacking in the
aggregated state, the aggregation-caused quenching (ACQ)
effect of pyrene-based molecules is very unfavorable for the
investigation of fluorescence and even practical applications.”®
The discovery of AIE luminogens (AlEgens) has provided
a solution to overcome ACQ, achieving high-contrast emission
changes.””*® o-Cyanostilbenes with a twisted structure are
among the important units to endow dyes with AIE character-
istics, and they also possess multiple functionality (such as
solvatochromism, photochromism, mechanochromism,
etc.).>>" Furthermore, there is limited research on systemati-
cally developing o-cyanostilbene pyrene-based AIEgens with
broad colour-tunable emission from blue to red, and the
structure-property relationships also remain unclear.
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In this study, a series of a-cyanostilbene pyrene-based
molecules were synthesized via a Knoevenagel reaction char-
acterized by end group modification by different electronic
effects. They exhibit remarkable AIE characteristics, with broad
colour-tunable emission from cyan to red in the aggregated
state, through the precise regulation of the electronic effect of
the end groups, ranging from electron-donating (-CHj;) to
electron-withdrawing (-NO,) groups. Furthermore, the elec-
tronic effect of the end groups on the aggregation modes and
emission behaviour was systematically examined. Additionally,
these molecules display fascinating photochromism attributed
to successive Z — E isomerization and [2 + 2] cycloaddition
reactions, and the mechanisms were elucidated through
a combination of experimental and theoretical studies. More-
over, these AlEgens were successfully utilized as colourful inks
for fluorescent anti-counterfeiting applications, achieving
a vivid “Burn after Reading” effect. This work provides valuable
insight into how the electronic effect of the end groups influ-
ences the aggregation modes and emission behaviour. It also
highlights their potential for multi-colour emission in anti-
counterfeiting applications.

Results and discussion
Synthesis and characterization

In order to study the effect of end groups on the optical
behaviour in solution and in the aggregated state, a family of o-
cyanostilbene pyrene-based molecules (Py-R) modified with
different electronic effect substituents was designed and
synthesized, as shown in Scheme S1 (the methoxy modified
compound Py-OMe was referred to in previous reports),®* and
the corresponding molecular structures are summarized in
Fig. 1. The Knoevenagel condensation reaction of pyrene-1-
carbaldehyde with the corresponding phenylacetonitrile deriv-
atives afforded the target compounds Py-R (Py-CH;, Py-Ph, Py-
Br, Py-CF;, Py-CN and Py-NO,) in high yield (ca. 70%). As the
electronic effect from the donor (D) to the acceptor (A) followed
the order of -CHj3, -Ph, -Br, -CF3;, -CN, -NO,, the apparent
colour of the target compounds gradually changed from green
to red. To further investigate the effect of the extended 7-bridge
on photophysical behaviour, 4-(pyren-1-yl)benzaldehyde was

Fig.1 The molecular structures of the a.-cyanostilbene pyrene-based
molecules Py-R and Py-PR are illustrated. Insets show photographs of
compounds Py-R and Py-PR under daylight (top) and UV irradiation
(bottom).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption spectra of Py-R and Py-PR in THF (107> M).

mixed with either 2-([1,1’-biphenyl]-4-yl)acetonitrile or 4'-(cya-
nomethyl)-[1,1’-biphenyl]-4-carbonitrile to produce the final
compounds Py-PR (Py-PPh and Py-PCN). All compounds show
good solubility in common solvents, such as CH,Cl,, THF,
DMSO, etc., but are insoluble in water and ethanol. These ob-
tained pyrene-based cyanostilbene compounds Py-R and Py-PR
were characterized by 'H/"*C/"®F NMR spectroscopy, high-
resolution mass spectrometry (HRMS), and single-crystal X-ray
diffraction analysis (Fig. S1-S24).

Photophysical properties

To investigate the impact of electronic effects of end groups on
the photophysical properties of the a-cyanostilbene pyrene-
based molecules, UV-vis absorption spectra were measured in
dilute tetrahydrofuran (THF, 10~ > M). As shown in Fig. 2, the Py-
R molecules exhibit characteristic absorption spectra with
a broad absorption band (A.,s) in the range of 378-410 nm,
accompanied by an additional shoulder band near 310 nm
(Table 1). As the end-group electronic effect shifts from D to A,
the maximum absorption band is red-shifted by ca. 32 nm,
which is attributed to the intramolecular charge transfer (ICT)
effect. The high-energy absorption bands correspond to the H-2
— L transition (40-73%) with a lower oscillator strength (fysc) of

Table 1 The linear photophysical parameters of Py-R and Py-PR.
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0.1996 to 0.3025, and the low-energy bands correspond to the
dominant H — L transition (~98%) with a higher f,. of 0.6259
to 1.1309 (Table S3). In contrast, the dominant absorption
bands of Py-PR molecules are blue-shifted to 358 nm for Py-PPh
and 366 nm for Py-PCN, which can be attributed to the presence
of a w-bridge (phenyl) between the pyrene and a-cyanostilbene
units, twisting the molecular conformation.

AIE characteristics and aggregation behaviour

The a-cyanostilbene unit is widely recognized as a classical
substituent for facilitating the ACQ-to-AIE transformation, and
chromophores incorporating the cyanostilbene scaffold typi-
cally exhibit pronounced AIE characteristics.>® The AIE proper-
ties of Py-R and Py-PR were investigated in THF/H,O mixtures
with various water fractions (fy, vol%) (Fig. 3 and S26-S31). Both
Py-CH; and Py-Ph exhibit weak cyan emissions in THF, with
maximum emission peaks (A.,) at 467 and 482 nm. Upon
increasing the f,, from 0 to 99%, the emission intensity was
enhanced by 25- and 40-fold with red-shifted emission to 560
and 530 nm, accompanied by strongly enhanced fluorescence
quantum yields (®y) of 40% for Py-CH; and 25% for Py-Ph,
respectively (Fig. 3a and S27). These results confirm that both
Py-CH; and Py-Ph are AlE-active molecules.

In contrast to Py-CH; and Py-Ph, the electron-withdrawing
group decorated a-cyanostilbene pyrene-based compounds Py-
Br, Py-CF;, Py-CN, and Py-NO, exhibit a dual emission with
distinct characteristics (Fig. 3b and S28-S30). For example, Py-
CN displays weak dual emission bands at approximately 500
and 630 nm (Fig. 3b) with ®; of ca. 1%. When f, is below 80%,
the intensity of the short-wavelength emission was gradually
enhanced with a slight redshift. When f,, = 80%, the intensity at
Aem = 430 nm is promoted approximately 11-fold, and a new
emission peak emerges at 625 nm. Subsequently, the intensity
of the short-wavelength emission decreases, accompanied by an
increased emission in the long-wavelength emission region,
resulting in orange-red fluorescence with a weakly enhanced ®¢
of 4%. Similarly, Py-Br, Py-CF;, and Py-NO, also exhibit dual-
emission enhancement properties in the aggregated state, with
weakly enhanced @y values of 16%, 5%, and 2%, respectively,

Jem (NM)? D 7 (ns)

fW fw
Comps. Amax abs” [NM}/e M~ em ™) 0° 99% Solid 0 99% Solid THF Solid oA’ CIE1931 (x, y)*
Py-PPh 358/8.7 x 10* 498 525 500 60% 76% 61% 1.64 1.77 1.0 (0.19, 0.56)
Py-PCN 366/2.4 x 10* 538 560 520 46% 68% 52% 1.12 2.16 1.1 (0.28, 0.60)
Py-CH, 378/3.6 x 10* 167 530 525 1% 40% 37% 1.03 3.79 37.0 (0.33, 0.59)
Py-Ph 382/3.1 x 10* 482 558 553 1% 26% 25% 0.67 4.13 26.0 (0.42, 0.54)
Py-Br 380/2.9 x 10* 476 565 556 1% 16% 12% 1.15 4.90 12.0 (0.43, 0.55)
Py-CF; 382/7.0 x 10* 488 656 572 1% 5% 5% 0.89 5.21 5.0 (0.48, 0.48)
Py-CN 384/1.7 x 10* 500 636 630 1% 4% 5% 1.15 5.69 5.0 (0.64, 0.36)
Py-NO, 410/1.2 x 10* 538 684 667 1% 2% 4% 1.91 5.92 4.0 (0.70, 0.30)

“ Maximum absorption peak in THF solution. b Maximum emission peak. ¢ aare = Dt so1ia/Ps THE- 9 In the solid state.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Emission spectra of (a) Py-Ph, (b) Py-CN and (c) Py-PCN in THF/
H,O with varying f,,; (d) I/lo curves of Py-R and Py-PR as a function of
fw: (€) emission spectra and (f) CIE1931 color coordinates of Py-R and
Py-PR in the solid state.

reflecting a weak AIE effect. In addition, the short-wavelength
and long-wavelength emissions are assigned to the monomer
emission and the excimer emission, respectively.

Unlike Py-R, Py-PPh and Py-PCN exhibit bright emission in
THF, with A, at 500 and 520 nm, and relatively high ®¢ (60%
for Py-PPh and 46% for Py-PCN, respectively) (Fig. 3¢ and S31).
As the f,, increases to 70%, their emission intensity gradually
decreases, accompanied by a red-shifted e, to 530 nm for Py-
PPh and 580 nm for Py-PCN, which is attributed to the ICT
effect. Upon further aggregation, the emission intensity rapidly
enhances, with a slightly blue-shifted emission to 525 nm for
Py-PPh and 560 nm for Py-PCN, and increased ®¢ (76% for Py-
PPh and 68% for Py-PCN) (Fig. 3d), clearly reflecting aggrega-
tion-enhanced emission (AEE) properties. Moreover, the initial
red shift is attributed to the ICT effect, while the subsequent
blue shift in higher f,, is due to the dominance of the hydro-
phobic aggregates overwhelming the ICT effect.*

Furthermore, the solvatochromic effects of Py-R and Py-PR
were investigated in various solvents (Fig. $32-S39). Although
the absorption spectra of these a-cyanostilbene pyrene-based
compounds exhibit slight red shifts, the emission spectra show
a significant change. As the solvent polarity increased from
cyclohexane to DMSO, the long-wavelength emission bands of
Py-CH3;, Py-Ph, Py-Br, Py-CF; and Py-CN were slightly red-shifted
by no more than 50 nm, showing the limited ICT effect, but the
strongest electron-withdrawing decorated Py-NO, exhibits
a pronounced ICT effect with an enormous red-shift to 605 nm.
Additionally, D-t-A compounds containing 7-bridges, such as
Py-PPh and Py-PCN, display distinct solvent-dependent emis-
sion with red-shifts of 110 and 160 nm, respectively, showing
a much stronger ICT effect (Fig. S38 and S39). These results
further confirm that the electronic nature of the end groups can
significantly regulate the impact of the solvent effects on the
emission properties.

The excited state dynamics of Py-R and Py-PR were further
studied by time-resolved emission spectroscopy (Fig. S40-S48). In
different solvents, their fluorescence lifetimes show obvious end-
group dependence: as the end groups change from electron-

16722 | Chem. Sci., 2025, 16, 16719-16728
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donating —~CHj3; to electron-withdrawing -NO,, the lifetime of Py-R
decreases gradually from 1.14 to 0.57 ns in weakly polar CHX,
while increases from 0.70 to 5.92 ns in highly polar DMSO. This is
mainly due to the significant difference in the molecular dipole
moment caused by the end groups. For the electron-donating
modified Py-R (R = -CHj, -Ph), their dipole moment is smaller,
and they can be stabilized by less polar solvents (e.g. CHX,
toluene, etc.), leading to a longer lifetime, while for the electron-
withdrawing modified Py-R (R = -Br, -CF3, —-CN, -NO,), their
dipole moment is increased, so they are stabilized in large polar
solvents (e.g. DMF, DMSO, etc.) to extend the lifetime. A similar
trend is also applicable in Py-PR, which is reflected in the life-
times of Py-PPh and Py-PCN, which are 0.66 and 0.39 ns in CHX,
while they are 2.32 and 2.59 ns in DMSO, respectively. In the solid
state, the lifetime gradually increases from 3.79 to 5.92 ns as the
end groups change from ~CH; to -NO,, which is mainly because
the electron-withdrawing group enhances the strong intermo-
lecular interactions such as - stacking.

More importantly, these compounds display a wide range of
tunable emission from cyan to deep red, with A, spanning from
500 to 667 nm in the solid state (Fig. 3e and f). The emission
spectra of Py-PPh and Py-PCN in the solid state closely resemble
those in solution, suggesting that the dominant emission
primarily originates from the charge transfer process. The pres-
ence of the w-bridge (phenyl) effectively suppresses any -7
stacking in the aggregated state, a finding corroborated by the
concentration-dependent emission spectra of Py-PR (from 10 to
2 x 10 M) (Fig. S49-S56). In contrast, the maximum emission
peaks (Aem) in the solid state for Py-R have dramatically red-
shifted by about 58-130 nm, accompanied by a decreased P
(37% to 4%) in the order of Py-CH; > Py-Ph > Py-Br > Py-CF; > Py-
CN > Py-NO,, compared to in THF solution. This may be ascribed
to the synergistic effect of the weak ICT effect and stronger
intermolecular interactions, resulting in a pronounced, red-shif-
ted emission and low ®y. It is worth noting that under the similar
influence of a limited ICT effect, the electron-withdrawing end-
group modified Py-R (R = -NO,, —-CN, -CF;, -Br) show a some-
what lower a, (4-12) while the electron-donating end-group
modified Py-R (R = -Ph, -CH3, -OMe) shows higher o (26 for
Py-Ph, 37 for Py-CHj3, and 50 for Py-OMe), which means that the
Aems @are and P¢ of the step-by-step change are mainly related to
the aggregation behaviour, and show significant end-group
dependent photophysical properties.

The intramolecular motion mechanism was further studied
via the viscosity-dependent emission in mixtures of DMSO/
glycerol with different glycerol fractions (Fig. S57-S64). For Py-R
(except Py-NO,), with the increase of glycerol fraction, the
emission intensity increases about 6-fold with a smaller change
of Aem, due to the restriction of intramolecular motions in the
high viscosity of glycerol. As the glycerol fractions increase, the
emission behaviour of Py-NO, was changed from dual emission
peaks to single emission at 470 nm with enhanced emission
intensity, suggesting that -7 stacking has been suppressed. In
contrast, the fluorescence intensity of Py-PR changes slightly
with the increase of viscosity (about 1.8-fold), indicating that Py-
PR has a weaker free motion and structural relaxation, which is
consistent with the higher @; of Py-PR in dilute solution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The morphology of aggregates of typical Py-CHj3, Py-CF;, Py-
CN and Py-PPh samples in THF/H,O with various f,, was further
studied by field emission scanning electron microscopy (FE-
SEM) (Fig. 4). When f,, = 10%, the compounds were dispersed
in the field of view without a characteristic aggregation struc-
ture. As the f,, increased to 50%, segmental Py-CH; and Py-CF;
initially self-assembled into a twisted linear morphology with
a width of about 300 nm, Py-CN aggregated into a sponge-like
structure, while Py-PPh showed an aggregation trend without
a characteristic aggregation structure at this time. In f,, = 90%,
Py-CH; and Py-PPh formed lamellar aggregates, while Py-CF;
and Py-CN formed dense spherical aggregates with an average
particle size of about 150 nm (Fig. S65 and S66), indicating that
the electron-withdrawing group promotes the formation of
spherical aggregates, while the electron-donating group is
conducive to lamellar aggregates in high f,, solutions. These
results provide visual evidence for the formation of aggregates.

Furthermore, single crystal X-ray diffraction was performed to
further understand the electronic effect of the end groups on the
molecular packing in the aggregated state (Fig. 5a and S67). Single
crystals of Py-CF; (CCDC: 2433820) and Py-PPh (CCDC: 2433821)
suitable for X-ray diffraction analysis were obtained from chlo-
roform solutions via slow evaporation at room temperature. For
comparison, the single crystal structure of Py-PPh (CCDC:
1529865) is also presented. All single crystals exhibit a non-planar
Z-conformation and form dimers via a head-to-head packing
mode in aggregation. In Py-CF;, Py-OMe and Py-PPh packing
modes, the slip stacking of pyrene units between adjacent mole-
cules was observed, with slip distances of 2.83, 5.78 and 6.69 A
and the centroid-to-centroid distances of 4.05, 6.86 and 7.57 A,
respectively. The calculated slip angles for Py-CF;, Py-OMe and Py-
PPh are 58.5°, 20.8° and 27.8°, respectively; thus, the aggregation
pattern of Py-CF; is classified as H-aggregation (slip angle >54.7°),
while Py-OMe and Py-PPh are J-aggregation.** Therefore, the
electron-withdrawing end groups (such as -NO,, -CN, -CF3, and -

w
10%

fu
50%

fu
90%
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Br) readily induce H-aggregation, which is favourable for charge
carrier migration properties, while the electron-donating end
groups (such as -Ph, -CHj, and -OMe) are more inclined to J-
aggregation, which is favourable for luminescent properties. This
is consistent with the lower ®; and more enormous red-shifts of
the electron-withdrawing Py-R but higher ®; and smaller red-
shifts of electron-donating Py-R in the solid state.

To further investigate how the electronic effect of the end
group influences the intermolecular interaction between a-cya-
nostilbene pyrene-based compounds in the aggregated state,
Hirshfeld surface analysis was conducted based on the single-
crystal structures (Fig. 5b, ¢ and $69).***” The intermolecular C-C
interactions (shaded in the fingerprint graph) usually lead to -7
stacking and long-wavelength emission of dimers, accounting for
a higher proportion of 14.43% in all intermolecular interactions
of Py-CF;, but much lower in Py-OMe and Py-PPh (1.01% and
7.08%). Among them, the 7t stacking in the Py-CF; aggregates is
clearly shown in the white highlighted area in the Hirshfeld
surface map and is mainly concentrated at the pyrene group and
the phenyl moiety. This supports the large-wavelength emission
and lower @ in the aggregated state of Py-R modified by electron-
withdrawing groups (-NO,, -CN, -CF;, and -Br). In addition,
about 9% of the N-H interactions in all molecules are attributed
to the hydrogen bonds between the cyano group and adjacent
molecules. On the other hand, the proportion of weak C-H
interactions in Py-OMe and Py-PPh is as high as 50.27% and
41.19%, while that of Py-CF; is only 21.35%, indicating that the
electron-donating group-modified Py-R mainly stabilizes the
aggregation geometry and produces higher &; via weak C-H---1
interactions and C-H---N hydrogen bonds (Fig. 5d and Table S2).

Moreover, molecular electrostatic surface potential (ESP)
maps were calculated to further understand the nature of the
influence of the electronic effect of the end groups on the
aggregation behaviour (Fig. 5e and $70).*® The ESP energy of the
pyrene unit shows a significant substituent dependence, that is,

Py-PPh

Fig. 4 SEM photographs of Py-CHs, Py-CF3, Py-CN and Py-PPh in a solution of THF/H,O with f,, = 10%, 50% and 90%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the electronic effect of end groups.

as the end groups change from the donor to the acceptor, the
ESP energy of the minimum point becomes more and more
positive (from —10.7 to 2.0 kcal mol ™). The larger negative ESP
level on the surface of polycyclic aromatic hydrocarbons
produces a stronger repulsion between adjacent molecules and
prolongs the distance between the two w-planes thereby
inhibiting -7 stacking and enhancing emission (Fig. 5f). In
addition, according to the distribution of the frontier molecular
orbital electron cloud (Fig. S71), in the dimer of Py-CF;, the
shorter intermolecular distance promotes the accumulation of
effective electron 7 conjugation and the charge transfer
between adjacent molecules, so it has a larger red-shift A.p, in
aggregation, which is beneficial to charge transport; while in the
dimer of Py-OMe, the longer distance limits the accumulation of
electrons between molecules, so the red shift of the A.,, in the
aggregated state is limited. Therefore, the end groups can
adjust the electrons on the polycyclic aromatic hydrocarbons
through the electronic effect to achieve controllable aggregation
mode and AIE characteristics.

DFT calculations

The end group effects on the photophysical properties at the
single-molecule level were interpreted by density functional
theory (DFT) calculations performed using Gaussian 09 at the

16724 | Chem. Sci., 2025, 16, 16719-16728

B3LYP/6-31g+(d,p) basis set (Fig. 6). First, the optimized
molecular structures and electronic distributions of Py-R and
Py-PR were analyzed. As shown in Table S3, all Py-R exhibit
a distorted molecular conformation, with the dihedral angle
between the pyrene and a-cyanostilbene units increasing from
68° to 73° (Fig. 6a) as the electronic effect of the end group
changes from D to A, accompanied by a decreased molecular
dipole moment from 4.38 to 8.40 D (Fig. 6b) indicating that the
electronic nature of the end groups significantly influences the
molecular conformation and dipole moment, resulting in
distinct optical properties.

The electron distribution of the frontier molecular orbitals
further illustrates this effect (Fig. 6¢). In the Py-R system, the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of Py-CH; are primarily
distributed across the entire molecule, showing a weak ICT
effect. As the electronic effect of the end group shifts from the
donor to the acceptor, the electron in the HOMO gradually
localizes on the pyrene, while in the LUMO it shifts towards the
a-cyanostilbene unit, which reflects an enhanced ICT effect
from Py-CH; to Py-NO,. Although the electron-withdrawing
effects promote the enhanced ICT effect, the limited m-conju-
gated structure of Py-R makes the ICT very limited. In contrast
to Py-PR with an extended m-conjugated structure, the electron
density in the HOMO is mainly located on the pyrene and the -

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the dihedral angle of Py-R influenced by the end groups; (b) molecular electrostatic surface potential energy

diagrams and dipole moment values of Py-R; (c) frontier molecular orbital electron cloud distributions and energy gaps of Py-R and Py-PR; (d)
the relationship of the Hammett constant and photophysical parameters of Py-R with different end groups.

bridge (phenyl), while in the LUMO, the electron density of Py-
PPh is spread across the pyrene ring and a-cyanostilbene unit,
and that of Py-PCN is centered on the a-cyanostilbene unit. This
separation of the HOMO and LUMO enhances the ICT process,
consistent with the observed solvatochromism. The calculated
band gaps (AEg,,) decrease from 3.11 to 2.57 eV in the Py-R
system and from 3.03 to 2.99 eV in the Py-PR system as the end
group changes from electron-donating to electron-withdrawing.
This trend aligns with the end group's role in tuning the
absorption and emission spectra across both Py-R and Py-PR
systems, which is in good agreement with the experimental
results. Moreover, the results show that both the theoretical
results (dihedral angle, dipole moment and AE,,;,) and spectral
experiments (UV-vis absorption and emission wavelength) are
correlated with the Hammett constant (Fig. 6d), which provides
a foundation for the rational design of broad colour-tunable
fluorescent materials.

Photochromism

Inspired by our previous work, the photo-induced trans-
formations of a-cyanostilbene pyrene-based molecules have
also been explored.* The a-cyanostilbene pyrene-based
compounds Py-R and Py-PR display intriguing photo-responsive
behaviour both in solution and aggregated states upon irradi-
ation. For instance, in THF (10~> M), the Acp, of Py-Ph is grad-
ually blue-shifted from 480 to 460 nm with a nearly 7-fold
enhancement in emission intensity, after being irradiated with
a 30 W UV lamp for approximately 3 h (Fig. 7a). More remark-
ably, in the aggregated state (f,, = 90%), the emission intensity

© 2025 The Author(s). Published by the Royal Society of Chemistry

of Py-Ph undergoes a significant blue-shift from 552 to 466 nm
(Fig. 7b). Meanwhile, the emission intensity initially decreases
and then increases, and the emission colour changes sequen-
tially from yellow to warm white and finally to blue under the
same experimental conditions. Similarly, all Py-R compounds
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Fig. 7 Emission spectra of Py-Ph (a) in THF (107> M) and (b) in THF/
H,O with f,, = 90%; (c) *H NMR spectrum of Py-Ph before and after
irradiation.
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exhibit analogous photochromism to that of Py-Ph (Fig. S72-
S79).

Further evidence was provided by NMR spectroscopy and
high-resolution mass spectrometry (HRMS) (Fig. 7c and S25).
The "H NMR spectra of Py-Ph clearly shows six pairs of double
peaks at 6 8.66, 8.14, 8.10, 7.92, 7.75, and 7.67 ppm, three triplet
peaks at 8.06, 7.50 and 7.41 ppm and a singlet peak at 8.62 ppm
with integration rate of 1:1:1:2:2:2:1:2:1:1, which
corresponds to the H1, H8, H9, H11, H12, H13, H6, H14, H15
and H10, respectively. The other proton peaks in the range of
8.29-8.17 ppm correspond to the H2, H3, H4, H5 and H7. After
UV irradiation for 3 h, the characteristic proton peaks at 8.66
and 8.61 ppm remain, indicating the presence of Py-Ph.
However, new triplet and the singlet proton peaks emerge at
7.34 ppm and 6.91 ppm, suggesting the formation of a new
product.*>** Based on the proton NMR integration area, the
ratio of Py-Ph to the new compound is determined to be 1:1.8.
Thus, it is inferred that Py-Ph undergoes an intermolecular [2 +
2] cycloaddition to achieve 2@Py-Ph. Additional HRMS analysis
shows that the molecular peak (m/z + Na') of Py-Ph is 428.1409.
After 3 h of irradiation, the mass-to-charge ratio (m/z + Na")
changed to 833.2916, indicating the formation of a new cyclo-
addition product, 2@Py-Ph (Fig. S25). Thus, these results offer
detailed evidence demonstrating the photo-induced cycloaddi-
tion reaction of Py-Ph to form the new cycloaddition product,
2@Py-Ph, via a [2 + 2] cycloaddition reaction.*?

As part of an in-depth study of the photochromic process,
stable single crystals of Py-CH; with an E-conformation (E-Py-
CHj;) were successfully grown by treating the Py-CH;z sample in
chloroform under UV irradiation for 30 min, followed by slow
evaporation at room temperature (Fig. S68). This result provides
molecular-level visual evidence to confirm the molecular rota-
tion from Z — E conformation under irradiation. Such evidence
is beneficial for investigating the photochromic mechanism by
molecular dynamics simulations.

To further understand the photochromic process at the
molecular level, the relative energies of these molecules in E-
and Z-conformations were calculated based on optimized
geometric structures (Table S5). Taking Py-Ph as an example
(Fig. 8), Py-Ph tends to adopt a Z-conformation in the ground
state, and the energy barrier for the Z — E isomerization is 1.88

(a) L] (b) w ek
E (keal/mol) O‘ N ‘? 2
— & 2B 2%
E-Py-Ph / s e
S
"D /¥ 257 eV
1 /’;\" Sem—
o &
® 319
L5

Process

2@Py-Ph

Fig. 8 (a) Relative energy changes during the photochemical process
of Py-Ph. (b) Energy gap and FMO of Py-Ph, E-Py-Ph and 2@Py-Ph.
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keal mol ! (a.u.), indicating that the molecule can easily over-
come this energy barrier and transform into the E-conformation
under extra stimulus. It can further undergo a [2 + 2] cycload-
dition to form 2@Py-Ph through an endothermic process of 8.78
keal mol ™. In contrast, due to a relatively high energy barrier of
734.17 kecal mol ™", Py-Ph cannot undergo intramolecular cycli-
zation to form Intra-Py-Ph. Additionally, the calculated energy
gap (AEg,p) is 3.03 eV for Py-Ph, 3.19 eV for E-Py-Ph, and 3.59 eV
for 2@Py-Ph, respectively. The enhanced AEg,, can promote the
blue-shifted emission of the UV-irradiated Py-Ph sample, which
is consistent with the experimental emission spectra. This
conclusion is also applicable to both Py-R and Py-PR systems
(Tables S5 and S6).

Application in anti-counterfeiting and colourful ink

The broad tunable emission of a-cyanostilbene pyrene-based
molecules Py-R and Py-PR with AIE properties and photo-
chromic properties could be very useful in fluorescence mate-
rials for enhancing information security.* First, a solvent effect
data-encryption method was developed.** As shown in Fig. 9a,
the 3 x 3 matrix containing three typical AIEgens vertically, that
is Py-PCN (P1), Py-PPh (P2) and Py-CN (P3), is defined as the
“lock” matrix. There are three different solvents along the
horizontal axis that is toluene (S1), dimethyl sulfoxide (S2), and
water (S3), which are defined as the “key” matrix. The 3 x 3
“output” matrix is generated by adding corresponding elements
from both the “lock” and “key” matrices. For example, when
combining S1 with P1, P2 and P3, a green, blue, and cyan output
is generated, respectively. Therefore, only the “key” matrix
containing three solvents in the correct positions will produce
the desired “output” matrix. In theory, there are about 20 000
possible “key” and nearly 380 000 000 “output” results, but only
one is correct. The above findings clearly illustrate the high level

(a) Data encryption
st s2 s3

Py-PCN ’
- @
Py-PPh
- Q@@
P1 Pz‘ s1)(s2)(s3
P2‘P1 ‘s3)(s1)(s2
0hn > @ ®

(b) Anti-counterfeiting

TR (o T ——
S2: DMSO

$3: H,0

319 = 20000 i
possible key H

i H
1 = !
H H
H H
i. i

9”9 = 380,000,000
possible outputs

——
f,=90% THF

Lock matrix Key matrix Real data
(c) colorful ink
‘. 5 mg Comp. ultrasonic stirring colorful n H q
I I in DMF/Glyceol > ink I | .
‘/)‘l ? Burn ufter Reading by
wminga 365 nm, 3h
Daylight UV lamp Daylight UV lamp

Fig. 9 Application examples of Py-R and Py-PR. (a) Solvent-based
data encryption using Py-PCN, Py-PPh and Py-CN. (b) Fluorescent
anti-counterfeiting using Py-Ph in THF and THF/H,O mixture (f,, =
90%) in a 384-well PCR plate. (c) Schematic illustration of the prepa-
ration and application of colourful fluorescent ink.
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of data encryption security achieved by the proposed “lock-key”
strategy.

The fluorescence contrast of Py-R in solution and the
aggregated state, both before and after UV irradiation, enables
its use in information storage through a controlled “turn-on” or
“turn-off” mode. As shown in Fig. 9b, Py-Ph was dissolved in
THF and in a THF/H,O mixture (f,, = 90%), respectively. These
solutions were used to create a “1314” pattern (the symbol
represents “Forever and Ever” in Chinese culture) in a 384-well
PCR plate, where the symbols “1” and “4” were filled with THF
solution, and “31” with the f, = 90% solution. Before UV irra-
diation, a distinct “31” pattern with bright yellow fluorescence
was observed, attributable to the emission from the aggregates.
Upon exposure to a hand-held UV lamp, the “31” pattern
gradually faded, and subsequently a “14” pattern emerged with
bright blue emission because of photochromism. Py-Ph thus
serves as an ideal 2D fluorescence anti-counterfeiting material
with a high signal-to-noise ratio.

To further explore the potential of these compounds for
information storage, Py-PPh, Py-CHj3, and Py-CN (ca. 1 mg) were
dissolved in a mixture of DMF (1 mL) and glycerol (5 mL) to
prepare green, yellow, and red fluorescent inks. These inks were
stored in brown bottles for several months and remained stable.
They were used for Chinese handwriting with a traditional
Chinese brush. As shown in Fig. 9¢, the number “207” was easily
written on filter paper using green, yellow, and red inks, which
exhibited bright fluorescence under UV irradiation. The hand-
writing showed only a mild trace in daylight but could be almost
completely erased by UV irradiation, achieving a “Burn after
Reading” effect. This process demonstrates the efficiency of
pyrene-based cyanostilbene molecules as erasable fluorescent
inks, providing multistage data security protection. In
summary, the unique combination of AIE and photochromic
properties in a-cyanostilbene pyrene-based molecules offers
a versatile platform for high-security data encryption and
information storage. The proposed methods and materials hold
significant potential for practical applications in the field of
information security.

Conclusions

In summary, a series of pyrene-based AIEgens (Py-R and Py-PR)
were designed and synthesized via the Knoevenagel reaction.
They exhibit a pronounced AIE characteristic with broad colour-
tunable emission ranging from 500 to 667 nm, and enhanced ®¢
from 4% to 61% via regulating the end groups. Experimental
and theoretical studies reveal that the electronic effect of the
end group plays a crucial role in determining the optical
properties and crystal packing of these a-cyanostilbene pyrene-
based AlEgens. By tuning the energy gap and electrostatic
potential (ESP) distribution, which correlates with the Hammett
constant, we demonstrate significant control over their emis-
sion behaviour as much as possible. Importantly, all
compounds undergo Z — E isomerization and intramolecular
[2 + 2] cycloaddition reactions, resulting in remarkable photo-
chromic behaviour under UV irradiation both in solution and
aggregated states.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Based on the AIE properties, broad colour-tunable emission,
and photochromic properties of these AlEgens, the selected
cyan (Py-PPh), yellow (Py-CHj3) and red (Py-CN) emitters were
utilized as advanced fluorescent materials for the preparation of
colourful fluorescent ink for information storage, and the
hidden information can be destroyed after reading, achieving
a “Burn After Reading” effect. Thus, this work not only provides
a new molecular strategy for developing broad colour-tunable
emission AIEgens via precisely tuning the end groups but also
offers insights into understanding the influence of end-group
electronic effects on aggregation mode and emission behaviour.
Furthermore, it explores the potential applications of such
advanced molecules in multistage data security protection.
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