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Dynamic photochromism in cocrystals and
tri-state fluorescence switching in films for
multilevel optical encryption

ShuzhenLi ,MenghaoXing,XifanXu,WenjingHu,HangZhou&XiaoyuCao

Organic crystalline systems combining dynamic photosalient effect with static
photochromism represent a promising class of intelligent responsive materi-
als. In this work, we construct a 3Abf-Ofn cocrystal (3Abf = 3-aminodibenzo-
furan, Ofn=Octafluoronaphthalene) through molecular co-assembly strategy.
Upon UV irradiation, the 3Abf-Ofn undergoes a solid-state transformation
involving volatile Ofn release and N-N coupling of 3Abf to bis(benzofuran-3-yl)
azo compound (Bfa), triggering significant photochromism and photosalient
behavior. This reaction pathway differs from conventional mechanisms such
as photoisomerization or cycloaddition, representing an example of such
photochemical process in organic cocrystals. Furthermore, the 3Abf-
Ofn@PMMA composite film exhibits dynamically tunable fluorescence under
UV irradiation: an initial enhancement of fluorescence upon photoactivation,
followed by excitation wavelength-dependent emission (EWDE) and pro-
gressive fluorescence quenching, showing great potential for advanced anti-
counterfeiting and information encryption applications. This work not only
provides valuable insights for designing multifunctional, light-controlled
organic luminescent materials but also offers complementary synthetic
approaches to azo-aromatic compounds.

Photo-responsive dynamic materials, capable of exhibiting various
macroscopic mechanical effects (such as bending, twisting, rotating,
jumping, expanding, and fragmentation) in response to light stimuli,
have received widespread attention in the fields of soft robotics,
flexible electronics, sensors, and actuators1–5. In particular, light as a
non-contact stimulus source possesses inherent advantages of clean-
liness, adjustability in real time, and high precision, presenting a pro-
mising opportunity for the further development of intelligent
photomechanical materials. In addition, compared with polymer-
based materials such as hydrogels, rubbers, and liquid crystals6–8,
molecular crystals stand out for their fast response, as well as rapid
coupling between light and mechanical energy within the long-range
ordered stacking structures, which can be conducive to further eluci-
dating the relationship between structure and photomechanical
properties through single crystal X-ray diffraction9–11. To date,

common dynamic photomechanical molecular crystalline materials
have mainly been investigated in light-sensitive chromophore systems
(e.g., diarylethenes, azobenzenes, anthracenes, and stilbenes)12–16. The
mechanical motions of such molecular crystals are predominantly
driven by photochemical reactions, including photoisomerization,
photocycloaddition, photodimerization, and other photoinduced
reactions, thereby releasing accumulated strain energy. Once the
strain is above the threshold and isn’t canceled, the macroscopic
photo-responsive mechanical motions would be observed17–20. Cur-
rently, many photo-responsive crystalline materials can dynamically
respond to light stimuli. However, research on integrating multiple
distinguishable output signals for a single material is still relatively
limited14.

In the context of photo-responsive materials, photochromism
refers to a phenomenon wherein photosensitive substances undergo
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reversible changes in color upon exposure to specific wavelengths of
light, driven by structural transformations or electronic transitions,
which are distinguished by pronounced color contrast and undetect-
able fluorescent signals under natural light21–25. These materials pos-
sess advantages for high-security, diversified, and intelligent
information protection, making them as ideal candidates for light-
induced static response applications26–31. Despite significant research
progress and widespread practical applications of organic photo-
chromic materials, the integration of the photochromic process with
dynamic mechanical responses in a single system remains a key chal-
lenge, possibly attributed to the rational design of multi-channel
response modes based on synergistic action mechanisms.

Cocrystals engineering enables precise modulation of molecular
conformations, intermolecular interactions, and structural dimensions
through rational selection of co-assembled unit (co-former), achieving
well-ordered molecular arrangement and spatial stacking at the
supramolecular scale, often giving rise to emergent physicochemical
properties that go beyond the simple sum of the individual
components32–36. For example,Michael R.Wasielewski et al. studied the
influence of chiral electron acceptors on charge transfer dynamics and
triplet exciton formation in charge transfer cocrystals37. Tang et al.
reported triethylamine vapor induces a cyclization reaction in AOTC
cocrystals, accompanied by a cocrystal-to-polycrystal phase transition
process, converting the non-emissive fluorescence state of AOTC into
a red-emissive ACTC cocrystal and a blue-emissive AIC38.The structural
tunability of cocrystals materials39–41 make them an ideal platform for
exploring light-driven chemical reactions, as their ordered molecular
packing can regulate the reactivity, selectivity, and kinetic behavior of
photochemical processes effectively. The convergence of crystal
engineering and photochemistry is emerging as a promising pathway
for developing intelligent photoresponsive materials. Nevertheless,
current research on photo-responsive cocrystals remains pre-
dominantly focused on classical photochemical processes, such as
isomerization or cycloaddition reactions, with limited exploration of
diverse reaction pathways and their multifunctional outputs42. There-
fore, designing co-crystal systems through supramolecular self-
assembly to regulate photochemical reactions, and further translat-
ing structure changes induced by chemical reactions into tunable

functional properties, holds significant scientific importance. Particu-
larly, the synergisticmechanismbetweenguest release in cocrystal and
photochemical reactions, and how the cascade process transforms
molecular-scale structural evolution into dual optical-mechanical
responses, has lacked systematic investigation.

In this work, we present a single organic molecular cocrystal that
integrates photosensitive mechanical effect and photochromism, co-
assembled from the 3Abf and Ofn building blocks via dominant π-π
stacking interactions (Fig. 1). The 3Abf molecule as an electron donor
(D) adopts a disordered stacking arrangement, while Ofn, as an elec-
tron acceptor (A) satisfies energy matching in the 3Abf-Ofn cocrystal
system. Under UV irradiation, photoinduced electron transfer (PET)
between 3Abf and Ofn generates cationic radicals, enabling the
observation of clear photochromic properties. Concurrently, photo-
active 3Abf undergoes aphotochemical reaction that rapidly promotes
Ofn release, triggering macroscopic mechanical motions by releasing
accumulated strain. Single-crystal X-ray data (SCXRD) confirms that
Bfa is the final photoproduct, rather than undergoing complex and
cumbersome chemical synthesis traditionally required for azobenzene
derivatives. Control experiments with structurally related amine
donors demonstrate the potential generality of this photochemical
N–N coupling strategy. Moreover, the significant photo-induced
fluorescence enhancement effect can be achieved by embedding
3Abf-Ofn into PMMAmatrix. Subsequently, the fluorescence gradually
diminishes, accompanied by progressive photochromic transforma-
tion upon continuous 365 nm UV irradiation. The 3Abf-Ofn@PMMA
films also present tunable excitation wavelength-dependent emission
fluorescence ranging from blue to red light. Thus, this study provides
an advanced strategy for constructing multifunctional responsive
organic crystalline materials, laying the foundation for their potential
applications in optical anti-counterfeiting.

Results
Synthesis and photo-responsive properties of 3Abf-Ofn
cocrystal
3Abf-Ofn cocrystals were obtained in 1:1 stoichiometry ratio by slow
evaporation from the mixed solvent (methanol: dichloromethane=1:1)
at room temperature. The crystalline products present a transparent,
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Fig. 1 | Schematic illustration of 3Abf-Ofn cocrystal and 3Abf-Ofn@PMMA film. a Chemical structures and self-assembled patterns of 3-aminodibenzofuran (3Abf),
Octafluoronaphthalene (Ofn), 3Abf-Ofn cocrystal and photoproduct bis(benzofuran-3-yl) azo (Bfa). b Dynamically tunable fluorescence of 3Abf-Ofn@PMMA film.

Article https://doi.org/10.1038/s41467-026-69434-9

Nature Communications |         (2026) 17:2556 2

www.nature.com/naturecommunications


well-defined two-dimensional (2D) plate-like morphology with blue
fluorescence, which are consistent with the predicted crystal mor-
phology by Bravais−Friedel Donnay−Harker calculations22,43 (Fig. 2a).
The predicted morphology shows that the largest crystal faces corre-
spond to the (002) miller plane based on the single-crystal structure
analysis, which is parallel to the slipped 3Abf–Ofn columnar stacks
(Fig. 2b). The crystallographic data of 3Abf-Ofn cocrystal (Supple-
mentary Table 1) show it belongs to a monoclinic system with the
centrosymmetric space group of P21/c (No.14). Adjacent 3Abf mole-
cules adopt a head-to-tail stacking mode with close overlap and dis-
ordered conformations, which may facilitate the susceptibility of the
material to internal strain. The disorder of the 3Abf molecule arises
from its crystallographic placement at a special position, as the local
symmetry of the lattice site is higher than the intrinsic symmetry of the
3Abf molecule, which crystallizes in the orthorhombic Pna2₁ space
group.Moreover, the orderedOfnmolecules are intercalated between
two layers of disordered 3Abf molecules with the larger interlayer
spacing distance of 3.381Å and overlapping area of nearly 95%, form-
ing a mixed stacking structural motif (DADADA) through π −π
interactions41 (Fig. 2c). Such alternating stacks column enhances
strong electronic coupling44, promoting PET from 3Abf to Ofn. In
addition, adjacent 3Abf motifs are interconnected via C-H···N and N-
H···C hydrogen bonding interactions in a staggered arrangement
(Fig. 2d), with the dihedral angle of 40.59° and 42.63° (Supplementary
Fig. 1). Likewise, neighboring Ofn molecules are linked by F···F con-
tacts, with no significant interplanar twist between adjacent naphtha-
lene rings (Supplementary Fig. 2). Bothmolecular components further
extend into 2D supramolecular layers infinitely along the c-axis (Sup-
plementary Fig. 3). Furthermore, the phase purity and crystalline nat-
ure of the as-prepared 3Abf-Ofn during crystallization can be
elucidated by powder X-ray diffraction (PXRD) analysis, which show
good agreement with the simulated pattern from single-crystal struc-
ture, the intense (002) diffraction peak indicates a preferred orienta-
tion (Fig. 2e). Fourier transform infrared (FT-IR) spectra indirectly

reveals the formation of 3Abf–Ofn cocrystal containing both char-
acteristic vibrational peak of building blocks (Supplementary Fig. 4).
Thermogravimetric analysis (TGA) shows the 3Abf-Ofn cocrystal
exhibits good thermal stability and remain undecomposed until
reaching 145.8 °C (Supplementary Fig. 5), which differs from thermal
behavior that of the individual 3Abf and Ofn molecules (Supplemen-
tary Fig. 6), further confirming two-component self-assembly strategy
can effectively modulate the thermal stability of single-component
systems.

As shown in Fig. 3a and Supplementary Movie 1, the obvious
static photochromic behavior and dynamic photomechanical effect
of macroscopic 3Abf-Ofn crystals can be first observed simulta-
neously, which are absent in the 3Abf crystals (Supplementary Fig. 7).
Upon irradiation with UV light (365 nm, 441mW/cm2), the 3Abf-Ofn
crystals (0.15 × 0.1 × 0.05 mm3) changes from colorless to brown
rapidly within 4 s, accompanied by the fading of green fluorescence.
Concurrently, the crystals show a distinct photosalient (splitting and
jumping) effect in response to UV light. When the duration of light
irradiation time range of 0–2minutes, the 3Abf-Ofn crystals undergo
fast and obvious splitting actuation, and break down into individual
microcrystals suddenly, some of which jumped to random directions
beyond the illuminated area and remain unchanged thereafter, sug-
gesting that such crystalline material exhibits a specific response to
UV light. Notably, the micro-sized crystalline fracture surfaces emit
bright green fluorescence under UV light, which rapidly diminishes
and eventually disappears completely, implying that the high-
contrast photochromic transformation of the crystals occurs con-
tinuously throughout the entire illumination process. Furthermore, it
is observed that the needle-like fragmented crystal retains a curved
morphology with an angle of 10.16° without reverting to its original
straight shape upon removal of the light source, indicating a certain
degree of light-induced plastic deformation (Supplementary Fig. 8).
The light-induced mechanical motion and photochromic behavior
can also be presented in crystals of different sizes with varying

Fig. 2 | Characterization of the cocrystal. a Predicted morphology and corre-
sponding crystal faces of 3Abf-Ofn crystal. b Crystal packing structure parallel to
the (002) miller plane. c Intermolecular π···π, C-H···F and F···F contacts of 3Abf-Ofn

cocrystal. d Hydrogen bond interactions of 3Abf-Ofn crystal. e PXRD patterns of
experimental sample and simulated results from single crystal structures of 3Abf-
Ofn crystal.
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response speeds (Supplementary Fig. 9), which are largely related to
various internal and external factors, such as internal defects, crystal
size, light intensity, as well as morphology45–48. Crucially, thermal
effects can be excluded as the primary driver of these responses.
Differential scanning calorimetry (DSC) result (Supplementary
Fig. 10) indicates that the as-prepared 3Abf-Ofn crystals have a
melting point of 139 °C, and no morphological changes are observed
when the crystals are heated below this temperature (Supplementary
Fig. 11). More importantly, the maximum temperature of the crystals
reached about 42 °C under continuous UV irradiation. Therefore, it
can be concluded that the mechanical motions and photochromic
behavior of 3Abf-Ofn crystals are primarily driven by the direct
influence of UV light stimulation rather than thermal-induced struc-
tural changes.

Unlike the dynamic mechanical behavior of crystalline 3Abf-Ofn
at the macroscopic scale, the powder sample remains static upon UV
light irradiation, confirming that the fine particles prevent the
accumulation of energy due to size effect48. It is worth mentioning
that photochromic processes are retained for 3Abf-Ofn powder, with
the powder samples transitioning from white to deep yellow rapidly
within 20 s (Fig. 3b), accompanied by the emergence of a new
absorption band in the scope of 370-450 nm (Supplementary Fig. 12),
indicating the formation of light-induced species with radical char-
acter. Correspondingly, a pronounced signal with g = 2.004 can be
detected for the colored sample after irradiation in electron para-
magnetic resonance (EPR) spectra (Fig. 3c), while only a weak signal
is observed before irradiation, verifying the generation of free

radicals during the light-induced electron transfer process for the
visible coloring process. Furthermore, 3Abf-Ofn powder exhibits a
distinct decrease in fluorescence intensity upon UV irradiation
(Fig. 3d and e), consistent with their decreasing trends in both
fluorescence lifetimes from 4.80 to 3.78 ns (Fig. 3f, g) and fluores-
cence quantum yield (PLQY) (Supplementary Figs.13 and 14). The
quenching is attributed to the PET generating a non-emissive radical
state49, as well as the self-absorption effect50. This is further sup-
ported by the notable spectral overlap between the UV-Vis absorp-
tion bands of photoproducts during irradiation and fluorescence
emission spectra of the pristine 3Abf-Ofn material. Furthermore, the
yellow powder by short-term UV irradiation can be restored to the
initial state upon heating to 95 °C (Supplementary Fig. 15). The
thermal decomposition as a contributing factor during the fading
process can be excluded based on the decomposition temperature of
3Abf-Ofn. Moreover, the PXRD and FT-IR spectra after thermal
treatment are nearly in agreement with those before the photo-
chromic process (Supplementary Figs. 16, 17), indicating no sig-
nificant structural changes during this process. Importantly, the
pronounced decrease in EPR signal intensity after heat treatment,
suggesting the photogenerated radicals can be quenched, which is
directly correlated with the color fading and fluorescence
recovery49,51. Furthermore, repeated UV irradiation of the thermally
treated 3Abf-Ofn samples leads to the reappearance of the EPR signal
and a darkening of the sample color (Supplementary Fig. 18), con-
firming that the color recovery is primarily attributed to the regen-
eration of photogenerated radicals upon irradiation. However,
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Fig. 3 | Photosalient effects andphotochromismof3Abf-Ofn. aThephotographs
of light-induced cracking and popping processes for 3Abf-Ofn crystal. b The pho-
tochromicbehavior of 3Abf-Ofnpowder. c EPR spectraof 3Abf-Ofnbefore and after
UV irradiation. d Emission spectra and emission spectra mapping (e) at different

irradiation time of 3Abf-Ofn. f Fluorescence lifetime decay profile of 3Abf-Ofn
before UV light irradiation. g Fluorescence lifetime decay profile of 3Abf-Ofn after
UV light irradiation.
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following prolonged UV irradiation, the powder undergoes a color
darkening upon thermal treatment (Supplementary Fig. 19) and
exhibits new diffraction peaks in the PXRD patterns (Supplementary
Fig. 20), owing to the active radicals that may trigger side reactions52.
Meanwhile, the intensity of UV-Vis absorption peaks decreases sig-
nificantly upon heating, approaching the initial spectral profiles prior
to irradiation (Supplementary Fig. 21), indicating the coexistence of
the reversible radical-based original reactants and photoproducts in
a mixed phase. In contrast, mechanically grinding achieves good
cycling stability without altering the crystalline phase, as evidenced
by PXRD patterns (Supplementary Fig. 22) that are consistent with
those of the light-irradiation product. This structural recovery is
accompanied by a significant increase in blue fluorescence intensity
observable to the naked eye (Supplementary Fig. 23).

Mechanism investigation for photo-responsive properties
To further clarify the origin of the photochemical reaction process
in the 3Abf-Ofn cocrystal during UV light irradiation, various struc-
tural characterization techniques were performed. SCXRD, serving
as the most direct and powerful tool to determine potential struc-
tural changes, was further performed on freshly split crystals
maintained in high quality with shorter UV irradiation time. After
20 s of light irradiation, the 3Abf-Ofn crystal exhibits an expansion
of approximately 0.25% along the b-axis and a contraction of about
0.34% along the c-axis. Additionally, the dihedral angle between
3Abf and neighboring Ofn molecules decreases from 6.91°, and
6.86° to 3.76°, and 4.65°, respectively (Supplementary
Figs. 24 and 25). This anisotropic lattice deformation indicates that
significant relative rotation and structural rearrangement between
molecules occur during the photoinduced process, generating and
gradually accumulating internal stress within the lattice. However,
the crystal quality of 3Abf-Ofn has been significantly deteriorated

after sufficient irradiation for 2 h, making it difficult to resolve
photochemical reaction products by single-crystal X-ray diffraction.
After numerous attempts10,14,53–55, the final photoproduct can be
obtained successfully through solution recrystallization and con-
firmed the formation of only Bfa.

ThephotoreactioncompoundBfa is crystallized in themonoclinic
space group P21/c, as summarized in Supplementary Table 1. The
adjacent Bfa molecules are tightly connected through strong C-H···π
interactions (2.862 and 2.887 Å), with a dihedral angle of 47.12°,
forming an ordered network structure along the b axis (Fig. 4a, and
Supplementary Fig. 26). The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of Bfa
are predominantly distributed across the conjugated backbone. The
calculated energy gap of Bfa (3.270 eV) is lower than that of the 3Abf-
Ofn molecules (3.490 eV) (Fig. 4b), further corresponding to experi-
mental evidence demonstrating the visible light absorption capacity of
the 3Abf-Ofn under continuous illumination. In addition, the intensity
of the peak at 5.5 ppm in 1H NMR spectra exhibit a significant change
following UV light irradiation, indicating an alteration in the chemical
environment of the hydrogen atoms of -NH₂ (Supplementary Fig. 27).
In the FT-IR spectra, the intensity of -NH₂ stretching vibration peak at
3388 cm-1 gradually weakens upon prolonged UV irradiation time
(Fig. 4c, and Supplementary Fig. 28), suggesting a change in the con-
tent of -NH₂ groups and involvement in the photochemical transfor-
mation. Furthermore, new diffraction peaks appear in the PXRD
pattern (Supplementary Fig. 29), which correspond well to the simu-
lated pattern of the Bfa product. High-resolution mass spectrometry
(HRMS) further confirms the formation of the final product Bfa
(C₂₄H₁₄N₂O₂), with a detected m/z value of 363.111 matching the cal-
culated exactmass. Moreover, the relative abundance of Bfa markedly
increases from 20% to nearly 100% upon continuous irradiation for 2 h
(Supplementary Fig. 30). Subsequent X-ray photoelectron

Fig. 4 | Themechanismofphotochemical transformation from3Abf-Ofn toBfa.
a C-H···π interactions and dihedral angle of photoproduct Bfa. b Calculated energy
and molecular orbital diagrams of HOMOs and LUMOs for photoreaction com-
pound Bfa and 3Abf-Ofn, respectively. c FT-IR patterns of 3Abf-Ofn sample before

and after UV irradiation. d High-resolution F 1 s XPS spectra of 3Abf-Ofn before UV
irradiation. e High-resolution F 1 s XPS spectra of 3Abf-Ofn after UV irradiation for
10min. f Energy profile of the reaction by DFT calculations.
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spectroscopy (XPS) analysis reveals that the signal intensity of the C-F
bond diminishes with increasing UV irradiation time (Fig. 4d, e, Sup-
plementary Figs. 31 and 32), consistent with the release of Ofn during
photoinduced process, which contributes to the stability of the pho-
toproduct Bfa.

To elucidate the reaction pathway from 3Abf-Ofn to Bfa, the
control experiments with alternative electron donors (1-aminodi-
benzofuran (1Abf) and 2-aminodibenzofuran (2Abf)) and acceptors
(1,2,4,5-Tetracyanobenzene (Tcnb), 3,4,5,6-Tetrafluorophthalonitrile
(Tfpn), and 3,4,5,6-Tetrachlorophthalonitrile (Tcpn)) under identical
conditions are conducted. Bfa compounds can be detected (m/z
363.111) by HRMS upon UV irradiation of 1Abf–Ofn (Supplementary
Fig. 33) and 2Abf–Ofn (Supplementary Fig. 34), which demonstrate
that the strategy can be extended to more systems. EPR results of
1Abf–Ofn and 2Abf–Ofn reveal the presence of radical signals by PET,
accompanied by photochromic behaviors (Supplementary
Figs. 35–37). Notably, the reaction proceeds efficiently even under a
nitrogen atmosphere, as evidenced by both Bfa product formation
(Supplementary Fig. 38) and photochromic behavior (Supplementary
Fig. 39), confirming that this reaction is not a conventional oxidative
coupling pathway with molecular oxygen56,57. However, it is failed to
observe color changes and yield azo compounds in 3Abf-Tcnb, 3Abf-
Tfpn and 3Abf-Tcpn (Supplementary Fig. 40), underscoring the crucial
role ofOfn in driving the reaction. Based on the experimental findings,
we propose the reaction mechanism. Upon UV irradiation, photo-
induced electron transfer from the electron-donor 3Abf to the
electron-acceptor Ofn generates radicals, which subsequently
undergo intermolecular N–N coupling to form the azobenzene deri-
vative Bfa. Density functional theory (DFT) calculations (Fig. 4f) are
performed to support our proposed reaction pathway. Upon photo-
excitation, 3Abf-Ofn enters the singlet excited state, followed by
intermolecular electron transfer to generate radical species. Subse-
quently, the -NH2•+ of 3Abf deprotonates to form -NH•, resulting in a
reductionof the systemenergy to0.89 kcal/mol. Thegenerated radical
then participates inN–Ncoupling process to yield an azo-linkeddimer,
and final product energy (1.43 kcal/mol) is lower than the initial state,
demonstrating that PET-assisted coupling reaction of 3Abf-Ofn is
thermodynamically favorable.

The photochemical reactivity of the 3Abf–Ofn cocrystal is
intrinsically linked to its macroscopic photomechanical response. To
further uncover the origin behind the photoinduced mechanical
motion, taking the pristine 3Abf and 3Abf-Tcpn cocrystal systems as
an example. Under identical irradiation conditions, both pristine
3Abf and 3Abf-Tcpn cocrystals remain stable macroscopic
morphologies (Supplementary Figs. 5 and 41), and their photo-
response properties are distinctly different from those of the 3Abf-
Ofn system (Supplementary Figs. 42 and 43). SCXRD analysis further
reveals the self-assembly patterns and intermolecular interactions
are key factors influencing photochemical processes. Pure 3Abf
adopts a classic herringbone packing motif driven by C–H⋯π inter-
actions (Supplementary Fig. 44a), the closest N⋯N distance is as long
as 7.312 Å (Supplementary Fig. 44b), indicating molecules struggle to
achieve close-range cooperative motion through slip or rotation,
preventing observable macroscopic deformation. The 3Abf-Tcpn
cocrystals present D-A arrangement pattern (Supplementary Fig. 45),
but its structure is stabilized by hydrogen bonds interactions (N-
H⋯N, C-H⋯N, and N-H⋯F) that form rigid dimers units (Supple-
mentary Fig. 46), which further assemble into highly parallel, tightly
packed DADA columns. This strong hydrogen-bonding network
rigidly locks molecular conformation and significantly restricts the
degrees of freedom formolecularmotion in the excited state. For the
as-prepared 3Abf-Ofn crystals, intermolecular interactions are
dominated by weak interactions (C–F⋯H, F⋯F and π-π) contacts,
lacking strong directional hydrogen bond constraints between 3Abf
and Ofn. This packing arrangement displays a loosely packed

character, leading to localized structural instability. Upon light sti-
mulation, energy is rapidly transferred, inducing swift molecular
twisting in these disordered regions, thereby initiating a drastic
phase transition. During the phase transition, the extreme proximity
of adjacent 3Abf units facilitates a radical coupling reaction. Mean-
while, Ofn is no longer stabilized within the lattice due to loss of
structural compatibility. Given its low melting point and high vapor
pressure58, Ofn readily sublimes even at room temperature, thus
facilitating its escape through sublimation as the temperature
increases under UV irradiation. When the accumulated internal stress
is abruptly released, the crystal lattice is broken, giving rise to
observable mechanical effects that ultimately lead to an amorphous
state, marking the transformation from a metastable to a stable
state13,46. For the localized plastic deformation observed in a few
samples, which can be attributed to a relatively gradual stress release
that does not reach the energy threshold necessary to induce brittle
fracture. At the microscopic level, this behavior originates from
sudden anisotropic changes in the unit cell48. The molecular rear-
rangements of 3Abf-Ofn at transition states cause lattice volume
expansion, which can reach up to 84.8% (from 909.01 to 1679.84 Å3).
The anisotropic expansion of the crystal occurs rapidly to drive
macroscopic motion. Importantly, the structural defect environment
formed by molecular disordering, to some extent, facilitates mole-
cular rearrangement, thereby creating favorable conditions for the
photo-induced mechanical response.

Photophysical properties for 3Abf-Ofn doped into PMMA film
Considering the excellent photoresponsive properties of the
3Abf–Ofn cocrystals and the practical requirements for processa-
bility and integrability of solid-state functional materials, we incor-
porated 3Abf-Ofn powder into polymethyl methacrylate (PMMA)
polymer matrices in dichloromethane to improve their overall
applicability. The PXRD analysis indicate that 3Abf-Ofn components
are effectively doped into the PMMA forming amorphous states, with
no significant phase separation (Fig. 5a). XPS demonstrates the dif-
ferent functional groups between 3Abf-Ofn and the PMMA matrix
(Supplementary Figs. 47 and 48). Furthermore, the 3Abf-Ofn@PMMA
film shows distinctive optical characteristics, in addition to preser-
ving the photochromism (Supplementary Fig. 49) of the pristine
3Abf-Ofn powder. Specifically, the initial fluorescence signal is weak,
however, the fluorescence intensity increases by approximately 10-
fold after continuous irradiation for 20 s (Fig. 5b and c), and fluor-
escence lifetime slightly increases from 3.93 ns to 4.00 ns (Supple-
mentary Fig. 50), revealing a clear phenomenon of photoactivated
fluorescence enhancement. The behavior can be attributed to the
intrinsic aggregation-induced emission (AIE) of 3Abf-Ofn (Supple-
mentary Fig. 51) and UV-induced transient polymer chain mobility,
facilitating molecular ordered aggregates collectively6,59–61. Interest-
ingly, when different wavelengths of visible light are employed as
excitation sources, the 3Abf-Ofn@PMMA film displays pronounced
EWDE (Fig. 5d), with the wavelengths of emission spectra spanning
from 450 nm to 680nm, corresponding their CIE coordinates from
the blue to the red region (Supplementary Fig. 52), indicating a broad
tunability in luminescence, which exhibit promising applications in
smart displays, multicolor fluorescent devices, and optical encoding
technologies. Upon prolonged UV irradiation, a significant reduction
in fluorescence intensity is observed for 3Abf-Ofn@PMMA film
(Fig. 5e), with the PLQY decreasing from 4.32% to 3.90% (Supple-
mentary Fig. 53). The fluorescence attenuation is attributed to pho-
tochromism induced by radical formation, as evidenced by enhanced
visible-light absorption (Fig. 5f) and increase in EPR signal intensity
(Supplementary Fig. 54). Additionally, the 1Abf molecules are iso-
structural systems of 3Abf. 1Abf–Ofn powder exhibits photophysical
properties analogous to those of 3Abf–Ofn (Supplementary
Figs. 55–59). Correspondingly, the 1Abf-Ofn@PMMA films also show
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photoactivated fluorescence enhancement effect followed by
quenching upon prolonged irradiation, as well as EWDE (Supple-
mentary Figs. 60–63). In contrast, neither significant fluorescence
enhancement nor EWDE is detected in 3Abf-Tcpn@PMMA and
3Abf@PMMA films, and the overall fluorescence intensity is weak,
respectively (Supplementary Figs. 64-66). Supplementary
Figs. 67–69 clearly indicate that the photoresponse properties of
films are related to the inherent optical properties of the dopant
molecules themselves. Replacing the PMMA matrix with polyvinyl
alcohol (PVA) matrix in aqueous solution, both 3Abf-Ofn@PVA film
and 1Abf-Ofn@PVA film display only conventional photochromic
behavior, with a narrower excitation-dependent emission range
(Supplementary Figs. 70–74). XPS spectra of 3Abf-Ofn@PVA show
the presence of C-O-C and C-O-H bonding signals at 533.38, and
532.35 eV, respectively (Supplementary Fig. 75). The strong bonding
interactions restrictmolecular flexibility and promote fewer emissive
states. Furthermore, we further fabricated 3Abf-Ofn doped films
using other polymer matrices, including polylactic acid (PLA), poly-
amide (PA), and polyvinylpyrrolidone (PVP) in dichloromethane. The
results reveal that similar light-regulating behavior (Supplementary
Figs. 76–80) to that in 3Abf–Ofn@PMMA film, demonstrating that
the photoactivated aggregation induced luminescence mechanism
exhibits excellent reproducibility in various hydrophobic polymer
matrices.

Applications
Based on tri-state fluorescence switching in 3Abf-Ofn@PMMA film
materials, the potential applications in multi-level anti-counterfeiting
and information encryption are investigated. As illustrated in Fig. 6a,
peace dove and heart-shaped masks are placed on 3Abf-Ofn@PMMA
film samples. Before UV irradiation, the film remains transparent with
no visible patterns under both daylight and UV light, demonstrating
excellent properties for information storage. By applying UV

irradiation of varying durations to different regions, multi-level and
programmable optical responses can be achieved. For instance, after a
5 s irradiation of the heart region, no noticeable changes are observed
under daylight. However, due to

UV light-induced fluorescence enhancement effect of 3Abf-
Ofn@PMMA film, this region exhibits clear and bright blue fluores-
cence, forming a time-resolved fluorescence intensity anti-
counterfeiting mark. Meanwhile, the use of excitation light sources
at different wavelengths enables multi-channel optical responses,
providing an additional security dimension for information encryp-
tion and significantly enhancing confidentiality. When the peace
dove region is exposed to UV light for a longer time, a significant
photochromic response occurs, resulting in a visible color contrast
under natural light. The entire film is exposed to 20 s of UV light,
which falls in the fluorescence enhancement response window.
Under these conditions, the localized fluorescence signal in the heart
region is gradually masked by the enhanced background fluores-
cence, effectively concealing and fading the first-level information.
Upon further prolonging the UV exposure, the peace dove pattern
gradually fades, ultimately erasing the information and enabling a
system reset. Furthermore, the fluorescent visualization properties
of 3Abf-Ofn@PMMA can be applied in digital information encryption
system (Fig. 6b). The correct password 3113 is only revealed under
fluorescent mode after UV irradiation 20 s. In contrast, the initial
mask encoding is 1331, which is clearly visible under daylight and
serves as misleading surface-level information. Authorized personnel
can retrieve the true password 3113 via fluorescent imaging under UV
illumination after the designated exposure time. Continued irradia-
tion for 240 s induces fluorescence saturation across the entire area,
transitioning the display to 8888, an interference pattern designed to
prevent unauthorized access. Moreover, the photochromic materials
3Abf-Ofn and 1Abf-Ofn can be extended to functional decorative
applications by embedding them into a mold (Fig. 6c and

Fig. 5 | Photophysical properties for 3Abf-Ofn@PMMA. a PXRDpatterns of 3Abf-
Ofn powder and 3Abf-Ofn@PMMA film. b PL emission spectra and (c) emission
spectramapping of 3Abf-Ofn@PMMAfilmunderUV irradiation.d Emission spectra

and of 3Abf-Ofn@PMMA film under different excitation wavelengths.
e Photographs of light-induced fluorescence enhancement processes for 3Abf-
Ofn@PMMAfilm. fUV-Vis spectraof 3Abf-Ofn@PMMAatdifferent irradiation time.
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Supplementary Fig. 81). Under UV irradiation, 3Abf-Ofn changes from
white to yellow, while 1Abf-Ofn turns brown. With prolonged UV
illumination, 3Abf-Ofn and 1Abf-Ofn powders exhibit a noticeable
color gradient, showing excellent visual appeal. Importantly, the
colors can be restored to their initial states through mechanical
pressure, enabling reversible color switching.

Discussion
In summary, we reported an innovative design strategy for con-
structing multifunctional light-responsive crystalline materials
through cocrystal self-assembly and photochemical reaction
mechanisms, enabling the regulation of static optical responses and
dynamic mechanical responses. The 3Abf–Ofn cocrystal exhibits
distinct photochromic properties, which essentially originate from
radicals generated via the PET process, further triggering inter-
molecular N-N coupling to form Bfa, accompanied by the release of
volatile Ofn. The reaction process relieves internal lattice stress and
thereby drives macroscopic photomechanical motions. Further-
more, 3Abf-Ofn@PMMA film exhibits a sequential modulation pro-
cess from light-induced fluorescence enhancement and EWDE to
photochromic cascade, offering a viable platform for spatiotempo-
rally encoded information encryption, multi-level security labeling,
and anti-counterfeiting technologies. This study establishes a viable
photochemical synthetic route for the preparation of azobenzene
derivatives, laying an important insight and theoretical foundation
for the development of intelligent light-responsive functional
materials.

Methods
Materials
3-Aminodibenzofuran (3Abf, 98%), 1-Aminodibenzofuran (1Abf, 98%),
2-Aminodibenzofuran (2Abf, 98%), Octafluoronaphthalene (Ofn, 96%),
1,2,4,5-Tetracyanobenzene (Tcnb, 97%), 3,4,5,6-Tetra-
fluorophthalonitrile (Tfpn, 98%), and 3,4,5,6-Tetrachlorophthalonitrile
(Tcpn, 98%) were purchased from commercial suppliers (Aladdin and
TCI) and used without further purification.

Preparation of 3Abf-based cocrystals. In typical processes, the 3Abf-
Ofn, and 3Abf-Tcpn cocrystals were obtained by slow evaporation in a
methanol/dichloromethane solution (v/v = 1:1, 30mL) with the initial
molar ratios of the two compositions in 1:1. The single crystals can be
obtained within 10-15 days.

Preparation of PMMA, PLA, PA, and PVP films. 20 mg 3Abf, 20 mg
3Abf-Ofn, 20 mg 3Abf-Tcpn, and 20 mg 1Abf-Ofn powder were thor-
oughly mixed with polymer-dichloromethane solution, respectively,
and then stirred the resulting mixture for 30 min to ensure uniform
homogeneity. Following vigorous stirring, the well-mixed mixture
solution was directly deposited onto a clean substrate and allowed to
evaporate slowly to form uniform films.

Preparation of PVA film. 20 mg 3Abf-Ofn, 20 mg 1Abf-Ofn powder,
and 500 mg PVA polymer were thoroughly added into a 10 mL water
solution, respectively, and then stirred and heated the resulting mix-
ture at 80°C for at least 12 h to ensure uniform homogeneity. After
vigorous stirring, the homogenously mixed solution was directly
deposited onto a clean substrate and allowed to evaporate slowly to
form uniform films.

Computational details
The density functional theory (DFT) calculations were performed
using the Gaussian 16 program package. All geometric optimiza-
tions and energy calculations were carried out with the m062x
hybrid functional, combined with the 6-311 + +g (d,p) basis set,
containing the solvent(dichloromethane)effect modeled with the
solvation model of density (SMD)method. Vibrational frequency
analyses were performed to verify that all optimized geometries
correspond to energy minima, free of imaginary frequencies. For
accelerating the self-consistent field (SCF) convergence and
improving calculation efficiency, the extra-quick convergence
(XQC) algorithm was adopted (controlled by the SCF = XQC key-
word). All structures were optimized until the convergence cri-
teria for geometries and energies were fully satisfied.

Characterizations
PXRDpatternwere performed onX-ray diffractometer (Rigaku, 18 kW/
D/Max2550VB/PC, Cu Kα radiation, λ = 1.5418Å, 40 kV/100mA power)
at room temperature. SCXRD data were collected on a Bruker APEX-II
CCD diffractometer with Cu Kα radiation (λ = 1.54178 Å) at 298K, and
the structures were solved with Olex2. FT-IR were measured using the
WQF-530 instrument. UV-Vis absorption spectra were taken using
Shimadzu UV2700 (Japan). 1H NMR spectra were obtained using a
Bruker 500MHz Spectrometer. EPR wasmeasured with a JES-320 JEOL
RESONANCE system (microwave 9.422GHz). XPS measurements were
performed at the Thermo Scientific K-Alpha (America) at the SLS. FL

Fig. 6 | Applications. a Information anti-counterfeiting of 3Abf-Ofn@PMMAfilm.bDigital encryptionof 3Abf-Ofn@PMMAfilm. c Functional decorative of 3Abf-based and
1Abf-Ofn powder.
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spectra were characterized using a Shimadzu RF-6000 instrument.
HRMS is collected on a Thermo Scientific Q Exactive Orbitrap. The
photoluminescence lifetime (τ) and photoluminescence quantum
yield (PLQY) were measured on an Edinburgh FLS1000 spectrometer.
TGA/DSC analyseswereobtainedusing aRigaku,with the rate of 10 °C/
min in flowing nitrogen. Crystal morphology modelling and corre-
sponding Miller indices of dominant faces are predicted through the
Bravais–Friedel Donnay-Hulme (BFDH) method in the Mercury soft-
ware based on single crystal XRD data.

Data availability
The authors declare that the data in this study are available in this
article and the supplementary information files and available from the
corresponding authors on request. The crystallographic data for the
structures reported in this article have been deposited with the Cam-
bridge Crystallographic Data Centre (CCDC) as deposition numbers
2479066 (3Abf-Ofn), 2479067 (Bfa), and 2479133 (Abf-Tcpn). These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/cif. Atomic coordinates of the optimized computational
models. Source data are provided with this paper.
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