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Developing materials with precisely tunable photochromic properties is crucial for innovative applications,
and this requires rational design strategies to overcome photoisomerization constraints imposed by
molecular stacking. Herein, we introduce a pillararene-based “blocker” strategy to mitigate wt—m stacking
of photoisomerizable molecules. The pillararene entity facilitates photochromic chromophore torsion by
providing free volume and stabilizes photoisomerization products in conjunction with specific volatile
organic compounds (VOCs) through supramolecular interactions. With this strategy, we obtain a solid-
state photochromic material induced by VOCs, exhibiting reversible white-to-red color changes. This
material's enhanced photochromic behavior, especially when exposed to oxygen-containing VOCs, such
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counterfeiting, and multi-dimensional information encryption. Leveraging the pillar-shaped structure and
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Introduction

Photochromic compounds have attracted significant attention
in scientific research and technological applications owing to
their reversible color changes upon light irradiation, making
them essential optical functional materials." This phenomenon
typically stems from the light-induced interconversion between
two or more metastable molecular isomers,* resulting in altered
light absorption and emission properties. Common photo-
chromic compounds, such as spirooxazines,® spiropyrans,* and
diarylethenes,>® are widely deployed in various fields, including
optical information storage,”'® specialty inks and coatings,"
and advanced smart optical devices (e.g., photochromic lenses
and glasses).”> Among these, diarylethene derivatives are
promising candidates, particularly for emerging applications
including high-density optical data storage,"* advanced bi-
oimaging, and nanoscale optoelectronics,” due to their
readily tunable chemical structures. This tunability, facilitated
by multiple substitution sites, enables the fine-tuning of some
crucial properties, such as high thermal stability, strong envi-
ronmental resistance, low background absorption, high cycling
durability, light-response wavelength, and color-change
rate.'®*"” On this basis, triphenylethylene derivatives,
prepared by substituting a hydrogen atom on the diarylethene
framework with an additional phenyl ring, exhibit excellent
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of multi-stimuli-responsive photochromic molecules and functional supramolecular macrocycles.

photochromic performance with high sensitivity and rapid
response via reversible intramolecular ring-opening/closure
reactions," ™ enabling significant progress in applications
such as photo-induced deformation and information encryp-
tion. However, due to tight -7 stacking during molecular
aggregation, which impedes photocyclization, the photo-
chromic behavior of these molecules remains significantly
challenging in the solid state,»'®?*?¢?® an issue that has
attracted widespread attention from researchers seeking
improvement.

Based on these considerations, suppressing tight -7
stacking between chromophores is a practical approach to
extending and enhancing solid-state photochromic perfor-
mance. Supramolecular macrocyclic compounds, including
crown ethers,”?*° cyclodextrins,*" cucurbiturils,***® calixarene-
s,** and pillararenes,**® offer a versatile strategy to mitigate
chromophore aggregation due to their inherent cavity archi-
tectures. These macrocycles leverage non-covalent interactions
(hydrogen bonding, van der Waals forces, and electrostatic
interactions) and the spatial confinement of host-guest
complexation to enable improved photoresponsive
behavior.>””** For instance, encapsulation in macrocyclic cavi-
ties readily stabilizes, refines, and amplifies the optical prop-

erties of guest chromophores, encompassing
photoluminescence, photochromism, and
photosensitization.***> Additionally, conjugating chromo-

phores or other functional moieties to macrocyclic arene rims
through covalent or coordination linkages has been extensively
investigated to create advanced photoresponsive materials.>**
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A rationally designed macrocycle-based photochromic material
should meet the following criteria: (1) judicious selection of
macrocycle type, size, and rigidity is paramount to ensure
optimal spatial separation of photochromic active groups. This
precise spacing is essential for robust chromic behavior, espe-
cially in the solid state, synergistically mitigating activity loss
from close packing and m-m stacking. (2) Flexible electronic
distributions and diverse supramolecular interactions are
indispensable for facilitating chromophore twisting, bond
formation, or bond cleavage, thereby optimizing the photo-
chromic response.

Considering these criteria, pillararenes, particularly pillar[5]
arenes, emerge as highly advantageous for optimizing the
optical properties of photoresponsive groups.?”***%* Pillar[5]ar-
enes possess a rigid, pillar-shaped structure with an excep-
tionally high symmetry and an optimal cavity size, which are
crucial for acting as ordered scaffolds and effectively preventing
active site aggregation.®** Their inherent rigidity and five-fold
symmetry, along with favorable synthetic yields and readily
modifiable rims,**® can render them ideal chromophore
spacers. Moreover, the electron-rich arene units of pillar[5]ar-
enes allow for tunable modulation of electronic distributions
through delicate intermolecular interactions.”® A practical
approach to achieving this involves utilizing volatile organic
compound (VOC)-induced specific superstructures, which
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consequently redistribute the electron density of constituent
units.***%*7* This process occurs as VOCs bind to the macro-
cycles' internal cavities or external surfaces, a binding mecha-
nism dictated by the VOCs' unique size, polarity, and specific
intermolecular interactions. By leveraging charge-transfer or
adsorption/desorption coupling, these materials can precisely
regulate the microenvironment within the molecular frame-
work, enabling or significantly amplifying phenomena such as
vapochromism (vapor-induced color change) or vapolumi-
nescence (vapor-induced luminescence change).

Herein, we present a strategy for optimizing photochromism
by leveraging pillar[5]arenes as “blockers” to circumvent tight
intermolecular packing and thereby enhance molecular spatial
freedom. By modifying the pillar[5]arene rims with tri-
phenylacrylonitrile (TPAN) units, we synthesized a TPAN-
functionalized pillar[5]arene (TPAN-P5, Scheme 1a). To inves-
tigate the pillararene’s crucial role in regulating photochromic
activity, a control compound lacking the pillararene moiety,
TPAN-Ph (Scheme 1a), was also prepared. Our findings reveal
a remarkable contrast: TPAN-P5 powder, when exposed to
specific VOCs such as CH;0H, HCOOH, and ethyl acetate (EA),
visibly transforms into a pink hue under 365 nm light irradia-
tion and reverts to its initial state in darkness or under white
light irradiation (Scheme 1b). TPAN-Ph powder exhibits no
observable photochromic  properties under identical
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(a) Schematic diagram of the molecular design and photochromic features. (b) Structural transformation and photographs of TPAN-
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conditions. The photochromism observed in TPAN-P5 is
attributed to the enhanced molecular spatial freedom conferred
by the pillararene cavity. This freedom optimally separates the
TPAN units, effectively preventing detrimental close packing
and m-7 stacking. It facilitates supramolecular interactions
between the TPAN units and VOCs, which, in turn, lead to the
formation of stable superstructures. These supramolecular
architectures significantly reconfigure the excited-state electron
distribution within the TPAN chromophore, enabling free
rotation and subsequent bond formation of the TPAN units,
thereby powerfully promoting the solid-state photocyclization
reaction. Furthermore, the multi-stimuli-responsive TPAN-P5
powder shows excellent potential for practical applications in
UV printing, anti-counterfeiting, and multi-dimensional infor-
mation encryption, due to its fast response speed, anti-fatigue
properties, and long color retention time.

Results and discussion
Syntheses and characterization of TPAN-P5 and TPAN-Ph

TPAN-P5 and TPAN-Ph were synthesized via a one-step Suzuki
coupling reaction. The required brominated and boronated
triphenylacrylonitrile derivatives (TPAN-Br and TPAN-BO),
triflate-bearing  pillar[5]arene  (P5-OTf), and  1,4-di-
bromobenzene (DBB) were prepared according to literature
procedures or purchased directly (Schemes S1-S3).”” Both
compounds were rigorously purified by column chromatog-
raphy, and their chemical structures were confirmed by 'H and
3C nuclear magnetic resonance (NMR) spectra, high-resolution
mass spectrometry (HRMS), and single-crystal X-ray diffraction
(SC-XRD) (Fig. S1-S7). To elucidate the influence of the pillar[5]
arene moiety on the configuration and conformation of the
TPAN chromophore, single crystals of TPAN-P5 and TPAN-Ph
were obtained by slow solvent evaporation from mixed CH;OH/
CH,Cl, and CH3;O0H/CHCI; solutions, respectively, affording
transparent block-shaped crystals (Table S1).

The crystal structure of TPAN-P5, determined to be mono-
clinic with space group P2/n, revealed that TPAN incorporation
at the pillar[5]arene periphery did not substantially perturb the
macrocycle's overall geometry (Fig. 1a). The cavity retained
aregular pentagonal shape with a diameter of 4.7 A, comparable
to that of an unmodified pillar[5]arene.*® The TPAN unit's
benzene rings, directly linked to pillar[5]arene, exhibited
a 60.19° twist relative to the macrocycle plane, adopting
opposing orientations (Fig. 1b and S8). This orientation,
combined with the inherent void space of the pillararene cavity,
promoted a staggered, non-close-packed arrangement of
neighboring TPAN-P5 molecules. Consequently, the crystal
packing featured one-dimensional channels along the g-axis
(Fig. 1c) and a layered, staggered pattern along the b- and c-axes
(Fig. S9). As expected for a photochromic TPAN derivative, the
C---C distance between cis-oriented benzene rings was
measured to be 3.378 A (Fig. 1d), priming the molecule for
photocyclization. Crucially, the pillararene cavity can provide
ample free volume for these photoactive TPAN moieties, as
evidenced by centroid-to-centroid distances of 11.524 A and
12.396 A between the TPAN's benzene rings directly connected
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to the pillararene (Fig. 1e and f). This free volume is essential for
reducing steric crowding and promoting the necessary rotation
and cyclization of TPAN units, processes that are otherwise
hindered by intermolecular interactions. TPAN-Ph crystallized
in a monoclinic lattice (space group P2,/c) and exhibited an
intramolecular distance of 3.189 A between cis-oriented
benzene rings, an intramolecular arrangement theoretically
suitable for photocyclization (Fig. 1g). However, unlike TPAN-
P5, the terphenyl moiety in TPAN-Ph exhibited a smaller dihe-
dral angle of only 29.58° (Fig. 1h and S10), implying enhanced
conjugation that can restrict torsional motion. Furthermore,
TPAN-Ph displayed a close-packed arrangement with rhombus-
shaped pores (Fig. 1i and S11) and significantly smaller inter-
molecular distances between active sites (4.911, 9.142, 11.125,
4.277,and 6.170 A; Fig. 1j-1) compared to TPAN-P5, highlighting
a more constrained packing environment.

Photochromic properties of TPAN-P5 and TPAN-Ph in solution

The photochromic properties of TPAN-P5 and TPAN-Ph were
investigated in solution and solid states to assess our design
strategy. Upon UV irradiation (365 nm), a TPAN-P5 solution in
CH,Cl, exhibited a new absorption band at 485 nm with
increasing irradiation time, accompanied by a color change
from colorless to orange-red (Fig. 2a and S12). This trans-
formation was reversible, with the solution returning to its
initial state in the dark after 27 minutes (Fig. S13). Irradiation
with visible light significantly accelerated the reverse
reaction, completing it in just 5 minutes (Fig. 2b and S13),
highlighting the light-controlled nature of the photochromism.
TPAN-Ph, when dissolved in CH,Cl,, also exhibited photo-
chromic behavior, displaying an additional absorption peak
at around 500 nm (Fig. 2c¢ and S14). Besides, TPAN-Ph
displayed spontaneous fading in the dark (4 minutes) and
accelerated fading (18 seconds) under white light irradiation
(Fig. 2d and S15).

The photochromic performance of TPAN-P5 and TPAN-Ph
was quantified (Fig. 2e), with TPAN-P5 showing a 3.6-fold higher
conversion efficiency than TPAN-Ph. This enhancement is
attributed to the intrinsic structural and electronic influence of
pillararene. With its electron-rich, rigid cavity, pillararene
optimizes the electronic landscape and molecular conforma-
tion of the TPAN unit, thereby promoting more efficient pho-
tocyclization. Moreover, the photoisomerized TPAN-P5 showed
superior stability, as evidenced by its lower spontaneous and
white light-induced fading rates (Fig. S16). The recovery kinetics
deviated from ideal first-order behavior, necessitating direct
determination of half-lives from experimental traces. TPAN-P5
showed significantly longer dark recovery (¢;, = 82 s) compared
to TPAN-Ph (¢, = 13 s), while white light irradiation shortened
the half-lives to 36 and 7 s, respectively (Fig. 2f and S17). This
has confirmed the enhanced photochromic and coloration-
retention properties of TPAN-P5 compared to TPAN-Ph. More-
over, TPAN-P5 exhibited excellent cycling stability with no
significant fatigue observed after six cycles, whereas TPAN-Ph
retained only 73% of its initial coloration intensity after the first
cycle (Fig. 2g, h and S18).

Chem. Sci., 2026, 17, 5745-5757 | 5747
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Fig. 1

(a) Top view, (b) side view, and (c) packing mode in the SC-XRD structure of TPAN-P5. (d) Bonding distance required for photo-

isomerization in the SC-XRD of TPAN-P5. (e and f) Distances between photochromic TPAN groups in the TPAN-P5 crystal, measured using the
connecting pillar[5]arene benzene ring. (g) Bonding distance required for photoisomerization in the SC-XRD of TPAN-Ph. (h) Dihedral angles and
(i) packing mode of the TPAN-Ph crystal. (j—1) Distances between TPAN groups in the TPAN-Ph crystal.

The photoinduced cyclization of the TPAN unit, responsible
for the photochromism of TPAN-P5 and TPAN-Ph in solution,
was confirmed by "H NMR spectroscopy before and after irra-
diation at 365 nm. The TPAN unit, as a typical photochromic
group capable of photoinduced cyclization, initially cyclizes
upon light irradiation to form the ring-closed isomer TPAN-B
(Fig. S19).*° Subsequently, due to TPAN-B's poor thermal
stability, it readily transforms into the dehydrogenated form,
TPAN-C, in air. Thus, prolonged UV irradiation of TPAN-P5 and
TPAN-Ph in CDCI; solution yielded the dehydrogenated species,
TPAN-P5-C and TPAN-Ph-C, respectively, originating from
TPAN-P5-B and TPAN-Ph-B (Fig. S20 and $21). This confirms
that the photochromic mechanism of both compounds is
a structural transformation caused by intramolecular cycliza-
tion. The TPAN unit endows both TPAN-P5 and TPAN-Ph with
aggregation-induced emission (AIE) characteristics. While
TPAN-P5 showed weak fluorescence emission at around 400 nm
in tetrahydrofuran, increasing the water fraction (f;,) from 0% to

5748 | Chem. Sci, 2026, 17, 5745-5757

95% induced a red shift of the emission peak to 502 nm,
accompanied by enhanced aggregation and a maximum fluo-
rescence intensity at f,, = 95% (Fig. S22). TPAN-Ph displayed
AIE, with its aggregated state exhibiting a fluorescence emission
peak at 510 nm (Fig. S23). According to the CIE chromaticity
diagram, TPAN-P5 transitioned from deep blue (0.16, 0.05) to
blue-green (0.19, 0.40) with increasing aggregation, while the
chromaticity coordinates of TPAN-Ph shifted from (0.16, 0.10) to
(0.21, 0.46) (Fig. S24).

To further evaluate the influence of the pillar[5]arene cavity
on the photoresponsive behavior of TPAN, we investigated the
photophysical and photochemical properties of the two
compounds in the aggregated state. The less densely packed
TPAN within TPAN-P5 facilitated intramolecular cyclization,
leading to the emergence of a new, albeit weak, absorption band
at around 510 nm upon UV irradiation, a feature absent in
TPAN-Ph (Fig. S25). Additionally, powder emission peaks were
observed at 530 nm (TPAN-P5) and 502 nm (TPAN-Ph) (Fig. 2i),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Time-resolved UV-vis absorption spectra of TPAN-P5 in CH,Cl, under irradiation with (a) 365 nm light and (b) white light. Time-resolved
UV-vis absorption spectra of TPAN-Ph in CH,Cl, under irradiation with (c) 365 nm light and (d) white light. (e) Time-dependent coloration profiles
of TPAN-P5 and TPAN-Ph in CH,Cl, under UV irradiation for different time intervals. (f) Half-lives of bleaching for TPAN-P5 and TPAN-Ph in
CH,Cl, in the dark and under white light irradiation. Reversible switching of absorption intensity for (g) TPAN-P5 and (h) TPAN-Ph in CH,Cl,
through 6 cycles of alternating UV (30 seconds) and visible light (5 minutes) irradiation. (i) PL spectra of TPAN-P5 and TPAN-Ph.

with a lower photoluminescence quantum yield (PLQY) for
TPAN-P5 (18.74%) than for TPAN-Ph (27.37%) (Fig. S26). We
attribute this diminished PLQY to the looser packing of TPAN in
TPAN-P5, which facilitates intramolecular cyclization. This
cyclization promotes absorption and restricts the AIE charac-
teristics of TPAN, resulting in weaker fluorescence emission. To
further validate this hypothesis, we calculated the free volume
fraction (FVF) of TPAN-P5 and TPAN-Ph crystals. The results
revealed that TPAN-P5 exhibited a higher FVF (35.01%) than
TPAN-Ph (32.48%) (Fig. 3a and b). The larger FVF, correlating
with a lower PLQY, suggests that the enhanced non-radiative
decay pathways arising from vibrational relaxation in fluores-
cence emission provide more energy for photoinduced
cyclization.

The electronic structure was further investigated using
frontier orbital analysis based on density functional theory
(DFT) calculations, aiming to elucidate how pillararenes
promote the photocyclization of TPAN. In TPAN-P5, the highest
occupied molecular orbital (HOMO, —5.58 eV) is predominantly
localized on the pillararene framework, while the lowest unoc-
cupied molecular orbital (LUMO, —1.97 eV) resides on the TPAN

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

unit (Fig. 3c). This clear spatial separation establishes a distinct
donor-acceptor partitioning, which supports a directional
intramolecular charge-transfer (ICT) pathway upon excitation.
Conversely, in TPAN-Ph, both the HOMO (—5.58 eV) and LUMO
(—1.97 eV) are extensively co-localized across the entire molec-
ular framework (Fig. 3d), indicating that its lowest-energy
excitation is highly delocalized in nature. This suggests that
TPAN-P5, owing to its ICT character, undergoes a substantial
change in dipole moment upon photoexcitation, which, in turn,
acts as a potent driving force to induce significant intra-
molecular charge polarization and concomitant structural
rearrangements, thereby establishing optimal conditions for
subsequent cyclization. Moreover, this notable dipole moment
difference also renders the excited state particularly sensitive to
solvent polarity. The resulting solvatochromic stabilization may
consequently
modulating both the reaction pathway and its activation
barrier. In contrast, TPAN-Ph, upon delocalized excitation,
shows a negligible change in dipole moment, lacks these
advantageous attributes, and exhibits poor photocyclization
efficiency. Additionally, owing to the ICT character induced by

drastically reduce the excited-state energy,

Chem. Sci., 2026, 17, 5745-5757 | 5749
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the pillar[5]arene acting as an electron donor, the excited-state
lifetime of TPAN-P5 (7.5 ns) is considerably longer than that of
TPAN-Ph (0.9 ns), thereby providing ample time for the cycli-
zation to proceed (Fig. S27).

VOC-dependent photochromic behaviors of TPAN-P5 versus
TPAN-Ph in the solid state

Considering the susceptibility of TPAN-P5's large excited-state
dipole moment to solvent polarity, various VOCs (such as
toluene, bromoethane, 1,2-dichloroethane, CHCl;, CH,Cl,,
CH;0H, CH;3;CH,OH, and H,0) were selected to promote TPAN
cyclization, thereby further enhancing its photochromic
performance in the aggregated state. Remarkably, only CH;O0H
vapor, under 365 nm UV irradiation, induced a pronounced
pink coloration in TPAN-P5 powder, accompanied by a charac-
teristic absorption peak at 510 nm in its UV-vis spectrum
(Fig. 3e and $28). Furthermore, the "H NMR spectrum of the
CH;OH-fumigated TPAN-P5 (TPAN-P5-CH;0H) powder after 10
minutes of photoirradiation provided clear evidence of cycli-
zation (Fig. S29). TPAN-P5-CH;OH powder exhibited reversible
photochromism, reverting from pink to white upon exposure to
white light (Fig. S30). In contrast, TPAN-Ph powder showed no

5750 | Chem. Sci,, 2026, 17, 5745-5757

photochromic response in analogous experiments, due to
a negligible change in its excited-state dipole moment (Fig. 3f),
indicating inhibited solid-state photocyclization. Similarly,
exposure of the solid TPAN-Br monomer to CH3;OH vapor did
not induce coloration (Fig. S31). UV-vis absorption spectroscopy
kinetics studies revealed the crucial influence of CH;0H on the
photochromic behavior of TPAN-P5. Upon irradiation with
365 nm light, the TPAN-P5-CH;OH powder exhibited a signifi-
cant and sustained enhancement of the absorption band in the
490-700 nm region within only ten minutes (Fig. 3g and S32). In
stark contrast, the original TPAN-P5 powder lacked any
noticeable dynamic changes in absorption under the same
conditions (Fig. 3h and S32). Further kinetic analysis indicated
that the TPAN-P5-CH;OH powder faded slowly in the dark,
whereas visible-light irradiation significantly accelerated this
fading (Fig. S33). Conversely, the original TPAN-P5 powder
exhibited no measurable kinetic response under either dark or
visible light conditions (Fig. S34).

VOC-selective solid-state photochromism of TPAN-P5

To investigate the scope of this vapor-dependent photochro-
mism, a broader range of VOCs was tested, such as acids, bases,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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aldehydes, ketones, and cycloalkanes. Among the various VOCs
examined, only HCOOH, in addition to CH3;OH, induced
a visually discernible, amplified photochromic transformation
from white to pink in the TPAN-P5 powder (Fig. S35). This
transformation was also reversible upon visible light irradiation
(Fig. S36). Other VOCs did not exhibit a comparable effect on
TPAN-P5 photocyclization, showing only weak color changes,
similar to those observed for the original TPAN-P5 powder
(Fig. S37). Solid-state UV-vis absorption spectra of TPAN-P5
powders fumed with these other VOCs showed no significant
peak or band at 510 nm (Fig. S38). Correspondingly, '"H NMR
spectra also lacked characteristic signals for the cyclized
product (Fig. S39). Furthermore, analogous to CH3;OH-fumed
TPAN-Ph and TPAN-Br powders, HCOOH also failed to
enhance the aggregated-state photochromic ability of these
compounds (Fig. S40), highlighting the necessity of the pillar-
shaped cavities.

To further define the characteristics of these VOCs, a range
of alcohols and acids was examined. Remarkably, while CH;OH
and HCOOH readily facilitated TPAN-P5 photocyclization, other
alcohols and acids with larger molecular sizes (including CH,-
CH,OH, ethylene glycol, 1,2-propanediol, isopentanol, iso-
butanol, and acetic acid (HAc)) did not yield such a stable pink
color change or a distinct spectroscopic signature (Fig. S41 and
S42). This compelling observation strongly suggests that the
VOC-induced photochromism of TPAN-P5 powder is not solely
determined by interactions with VOC molecules. Instead,
synergistic effects involving both the geometric size and the
precise electronic influence of the VOCs are essential.

Synergy between intermolecular interactions and structural
order in solid-state photochromism of TPAN-P5

Building upon the observed VOC-dependent photochromism,
we hypothesize that matched molecular dimensions enable
specific VOCs to efficiently intercalate into specific microenvi-
ronments within the TPAN-P5 aggregates (e.g., micropores or
interfacial voids), rather than simply forming disordered
aggregates. Concurrently, the intrinsic dipole moments of the
VOC molecules, through the induction of local microenviron-
mental electric fields, fine-tune the electronic structure and
energy-level distribution of TPAN-P5. This concerted effect
ultimately generates an optimal molecular conformation and
electronic state conducive to an efficient photocyclization
reaction under 365 nm light excitation. To validate this
hypothesis, we exposed TPAN-P5 powder to CH;0H vapor and
monitored the resulting color change via photography at
various exposure times (Fig. 4a). Simultaneously, we quantified
the CH30H content in the powder to correlate adsorption with
photochromic behavior. Appreciable photochromism was
observed in TPAN-P5 after only 0.5 hours of CH;OH adsorption,
with no significant increase in intensity after 5 hours of
continued exposure. "H NMR spectra of these powders in CDCl,
revealed a new signal at 3.48 ppm, attributable to the -CHj;
protons of CH30H (Fig. S43). While the chemical shift of the —
CH; protons remained constant with increasing exposure time,
the signal exhibited splitting, suggesting intermolecular
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interactions between CH3;OH and TPAN-P5. Moreover, based on
a CH3;0H content of 0.60 mol per mol of TPAN-P5 (Fig. S44), we
have further inferred that CH;OH is unlikely to be tightly
encapsulated within the TPAN-P5 cavity.

Additionally, powder X-ray diffraction (PXRD) measurements
were performed on TPAN-P5 powders treated with various VOCs
to investigate whether VOC-induced changes in the packing
mode significantly influence the photochromic properties
(Fig. S45). The PXRD patterns revealed distinct crystalline
phases in TPAN-P5 upon exposure to CH;OH and HCOOH, both
of which are known to induce photochromism. Specifically,
TPAN-P5-CH;O0H powder exhibited a crystalline phase corre-
sponding to the thermodynamically stable packing of crystal-
line TPAN-P5. In contrast, this stable phase was not observed in
the powder exposed to HCOOH. Furthermore, while cyclo-
hexane- and triethylamine-fumigated TPAN-P5 powders showed
weak reflections indicative of a packing mode similar to that of
the thermodynamically stable phase, no visible pink coloration
was observed. Additionally, the absence of visible pink colora-
tion in the amorphous TPAN-P5 powder obtained by grinding
underscores the importance of structural organization (Fig. S45
and S$46). These results suggest that, while not dictated by
a specific crystalline packing mode, photochromism of TPAN-
P5 is facilitated by the order within the framework, presumably
because it provides the necessary molecular environment,
including sufficient spatial freedom, for photochromic
transformation.

To distinguish the respective roles of CH;OH-mediated
intermolecular interactions and structural order in the photo-
chromism of TPAN-P5 powder, TPAN-P5-CH;OH powder was
subjected to sequential heating at elevated temperatures (110,
120, and 130 °C) for a total of 72 hours. "H NMR analysis
revealed the presence of residual CH3;OH after heating
(Fig. S47), indicating strong intermolecular interactions
between CH;OH and TPAN-P5. Remarkably, despite the signif-
icant loss of CH;0H and the consequent disruption of long-
range order (Fig. S48), the heated powder retained detectable
photochromic activity (Fig. S49). This sharply contrasts with the
amorphous TPAN-P5 powder obtained by mechanical grinding,
as mentioned earlier, which showed no photochromism. The
critical divergence lies in the presence of residual CH;OH in the
heated sample, which sustains intermolecular interactions even
in a disordered state. These results demonstrate that CH;OH-
derived intermolecular interactions are indispensable for initi-
ating the photochromic response, while structural order
primarily serves as a secondary enhancer, facilitating more
effective CH3;0OH anchoring and the spatial arrangement of
reactive sites. In light of the preceding analysis, the robust
photochromism of TPAN-P5 is fundamentally attributed to the
spatial freedom provided by its molecular pillar-shaped cavities.
Structurally, the pillararene component serves as a spatial
“blocker”, hindering close packing of TPAN moieties and
generating voids around the reactive sites. Within these voids,
CH;0H molecules may establish hydrogen bonds or other
dipole-dipole interactions that promote the formation of
reversible covalent bonds between adjacent benzene rings
within the TPAN moiety.
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(a) Time-dependent photographs of TPAN-P5 obtained before and after UV irradiation after exposure to CHzOH. (b) SC-XRD structure of

TPAN-P5-CH3OH. (c) C—H---N (2.562 A), C-H---O (2.616 A), and O-H---N (3.075 A) interactions between TPAN-P5 and CHzOH. (d) Bonding
distances required for photoisomerization and dihedral angles of the terphenyl moiety in the TPAN-P5-CHzOH co-crystal. (e) SC-XRD structure
of TPAN-P5-EA. (f) Binding iso-surfaces between TPAN-P5 and the EA complex. (g) C—H---N (2.737 A) and C-H---O (2.591 A and 2.504 A)
interactions between TPAN-P5 and EA. (h) Bonding distances required for photoisomerization and dihedral angles of the terphenyl moiety in the
TPAN-P5-EA co-crystal. (i) Packing modes of TPAN-P5 and TPAN-P5-EA crystals.

Structural basis of VOC-mediated pre-reactive conformations
for photocyclization

TPAN-P5-CH,;0H co-crystals (Table S2) were prepared and
characterized using a synchrotron radiation source to further
refine the function of CH;OH. Consistent with the "H NMR data
for TPAN-P5-CH;0H powder, disordered CH3;OH molecules
surrounded the TPAN moiety at the end of TPAN-P5 without
penetrating the cavity (Fig. 4b, the disordered CH;OH is shown
with two possible orientations). C-H--'N (2.562 A), C-H---O

5752 | Chem. Sci,, 2026, 17, 5745-5757

(2.616 A), and O-H---N (3.075 A) interactions existed between
CH;O0H and the TPAN-P5 molecule (Fig. 4c). The terphenyl unit
exhibited twist angles of 59.79° and 61.30° (Fig. 4d and S50),
with distances of 3.338 and 3.408 A between the bonding
benzene rings in the TPAN-P5-CH;OH crystal, which are
geometrically conducive to the photoisomerization reaction.
This confirms that CH;OH mediates the formation of a pre-
reactive conformation of TPAN-P5 through polar intermolec-
ular interactions, thereby facilitating initial photoinduced
cyclization.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To further validate this mechanism of conformation induc-
tion, we sought to grow additional photochromic crystals with
improved structural clarity. We selected ethyl acetate (EA),
a suitable TPAN-P5 solvent, as a functional substitute for
CH;0H. EA-fumigated TPAN-P5 (TPAN-P5-EA) powder resulted
in a pink color change upon 365 nm UV irradiation (Fig. S51 and
S52). The lack of chemical shift changes in TPAN-P5 and EA,
coupled with an EA:TPAN-P5 adsorption stoichiometry of
1.38:1 (Fig. S53), supports an EA-induced photochromic
mechanism in TPAN-P5, analogous to that of CH;OH. The
complete abolition of photochromism upon thermal removal of
EA at 110 °C (Fig. S54), coupled with the restoration of ordered
TPAN-P5 packing (Fig. S55), further demonstrates that the
photochromism in TPAN-P5-EA powder, much like that in
TPAN-P5-CH;0H powder, stems from the intermolecular
interactions between EA and TPAN-P5 molecules.

TPAN-P5-EA co-crystals were further cultured to investigate
the specific intermolecular interactions that promote
aggregated-state photochromism (Table S2 and Fig. S56). EA
molecules were found within the pentagonal cavity of TPAN-P5
and in the space surrounding the TPAN group (Fig. 4e). To
further estimate and visualize the weak interactions between EA
and TPAN-P5, we performed an independent gradient model
(IGM) analysis. The resulting TPAN-P5-EA binding iso-surfaces
(green and blue regions in Fig. 4f and S57) revealed weak
interactions concentrated not only at the electron-deficient
guest edge within the cavity, but also at reactive TPAN sites,
such as the cyclizing benzene rings and the cyano group.
Further structural analysis indicated that EA formed numerous
weak interactions with TPAN-P5, as we had anticipated. These
interactions primarily arise from C-H---m (3.103 A), C-H---N
(2.737 A), and C-H---O (2.591 A and 2.504 A) forces between
TPAN-P5 and EA (Fig. 4g and S58). Consequently, the dihedral
angles between TPAN and the pillararene were measured to be
59.47° and 81.03°, with corresponding distances between the
bonding benzene rings of TPAN of 3.158 and 3.294 A (Fig. 4h).
These suitable dihedral angles and short distances between the
bonding benzene rings ensure photochromism. Moreover, the
incorporation of EA into the crystal matrix led to discernible
multiple orientations of TPAN-P5 (Fig. 4i) and triggered a space
group transformation from the highly symmetric P2/n to the
less symmetric P2,/n (Tables S1 and S2). These structural
changes, driven by specific supramolecular interactions,
collectively induced an electronic rearrangement in TPAN,
thereby facilitating the photocyclization reaction.

To elucidate the structural factors governing VOC-induced
photochromism in TPAN-P5, we determined and compared
the crystal structures of TPAN-P5 co-crystallized with non-
photochromic CH3;CH,OH and CH3;COOH (TPAN-P5-CH;CH,-
OH and TPAN-P5-CH3;COOH) and with photochromic CH;OH
and EA. TPAN-P5 molecules in TPAN-P5-CH;CH,OH and TPAN-
P5-CH;COOH co-crystals exhibited a distorted conformation.
The pillararene cavity contracted, transitioning from an
approximate five-fold to an asymmetric symmetry (Fig. 5a and
b), a form distinct from the conformations observed in CH;0H
and EA-induced crystals. Conversely, in TPAN-P5-CH;CH,0OH
and TPAN-P5-CH;COOH co-crystals, TPAN-P5 molecules
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adopted a staggered packing that lacks the continuous one-
dimensional channels found in the CH;OH and EA systems
(Fig. 5¢-f).

Taking the TPAN-P5-CH;CH,OH co-crystal as an example,
we define the TPAN moiety with the smaller terphenyl dihedral
angle (53.89°) as ‘proximal TPAN’ (closer to the macrocycle) and
the one with the larger dihedral angle (59.15°) as ‘distal TPAN’
(further from the macrocycle) (Fig. 5g and S59). Although the
bonding distances between the reactive arene rings (3.314 and
3.283 A) met preorganization criteria, the proximal TPAN was
sterically hindered by the pillararene cavity. This hindering
conformation was further stabilized by short C-H--*N (2.656 A)
and C-H---O (2.585 and 2.637 A) contacts with neighboring
TPAN-P5 molecules (Fig. 5h-j and S59). Collectively, these
factors impede the arene torsion and inward adjustment
required for cyclization. The packing pattern and unit cell
parameters of the TPAN-P5-CH;COOH co-crystal are highly
similar to those of the TPAN-P5-CH;CH,O0H co-crystal (Table
S2, TPAN-P5-CH;COOH lattice parameters: a = 45.8868 A b=
13.1150 A, ¢ = 33.8049 A, @ = 90°, 8 = 132.234°, v = 90°; TPAN-
P5-CH;CH,OH lattice parameters: a = 45.8525 A, b = 13.1186 A,
¢ = 33.5659 A, « = 90°, 8 = 132.1990°, v = 90°). Within this
crystal packing context, TPAN-P5 molecules formed multiple
intermolecular C-H---O (2.638 and 2.609 A) and C-H--'N (2.665
A) interactions. This dense packing, mediated by these inter-
actions, inhibits cyclization by restricting the necessary struc-
tural reorganization (Fig. S60).

We used S;-state natural transition orbital (NTO) calcula-
tions on the four VOC-induced TPAN-P5 conformers to explain
how configuration affects photochromism at the electronic
level. Upon excitation, all four conformers can transfer elec-
trons from the electron-rich cavity to the flanking TPAN units
(Fig. 5k-n). Increased electron density on the TPAN units is
a prerequisite for bond formation, with unhindered TPAN
twisting being a necessary condition. In the symmetric CH;OH-
and EA-induced TPAN-P5 conformers, the excited-state
electron-rich TPAN units are free from steric hindrance by the
pillar-shaped cavity, enabling unimpeded twisting and bond
formation and resulting in photochromism in the aggregated
state. Conversely, the twisted conformations of the CH;CH,OH-
and CH3;COOH-exposed TPAN-P5 lead to excited-state electron
localization predominantly on the proximal TPAN unit. The
pillar-shaped cavity shields this TPAN unit, preventing free
twisting and thus inhibiting photochromism.

Material applications

TPAN-P5's multi-stimuli-response, rapid photoresponse, and
anti-fatigue properties make it suitable for UV printing, anti-
counterfeiting, and information encryption. To test its use in
UV printing, we created a transparent poly(methyl methacry-
late) (PMMA) film with a 2 wt% TPAN-P5 doping ratio and
a thickness of 0.7 uL. mm 2 (Fig. S61), which provided optimal
photochromic performance. The film was then used in a UV
printing test: a plastic stencil was placed on it, and the exposed
area was irradiated with 365 nm light for 10 seconds. The areas
not covered by the stencil turned a readily visible pink color,
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while the covered regions remained unchanged. Furthermore,
the film could be returned to its initial state within seconds
upon exposure to white light, allowing for continued informa-
tion input and editing using a UV light source (Fig. 6a). Utilizing
the erasable nature of the TPAN-P5-containing PMMA film, pink
“dog paw” and “shamrock” patterns were printed.

The visually discernible, delayed fading observed under
ambient daylight further enhances its practical applicability
(Fig. 6b). TPAN-P5 powder exhibits a remarkable photochromic
behavior that can be switched “on” and “off” by exposure to
CH,;O0H, suggesting its applicability for anti-counterfeiting. As
illustrated in Fig. 6c, we fabricated a white “dog paw” model
using TPAN-P5 powder, with some areas exposed to CH;OH

5754 | Chem. Sci., 2026, 17, 5745-5757

vapor and others left untreated. Upon UV irradiation, the
regions treated with CH;OH vapor exhibited a readily discern-
ible pink color, while the remaining areas retained white. The
photochromic area can be precisely controlled by adjusting the
amount of CH3;OH-fumed powder applied. This method's
excellent spatial resolution was demonstrated by selectively
changing the color of a paw print from one “toe” to two. This
suggests that TPAN-P5 powder could be used as an on-demand
anti-counterfeiting marker on items such as banknotes, pass-
ports, ID cards, and packaging to enhance consumer and public
safety.

Although QR codes are a popular choice for quick informa-
tion access, thanks to their high storage capacity and rapid

© 2026 The Author(s). Published by the Royal Society of Chemistry
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readability,”*”>”* many encryption applications require data to
be concealed or delayed, a limitation of the technology. TPAN-
P5 powder addresses these challenges by exhibiting a signifi-
cant color change, prolonged bleaching times, and sustained
color retention only when exposed to specific VOC vapors and
UV light. This dual-activation mechanism, attributed to
multiple layers of information encryption, enhances informa-
tion security. A 3D-printed white QR code was rendered active
by filling it with TPAN-P5 powder and exposing it to CH;OH
fumes (Fig. 6d). Upon 365 nm UV irradiation, the QR code
rapidly turned pink, revealing its embedded information—
a Jilin University logo that could be scanned with a mobile
phone. The QR code was non-functional without the fuming
process.

Conclusions

In summary, we described a pillararene-based strategy for
enhancing molecular free volume, leading to the development
of TPAN-P5, a macrocyclic arene with pronounced photo-
chromic properties. TPAN-P5 amplifies the photoisomerization

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

characteristics of the TPAN chromophore, exhibiting superior
photochromism and color retention compared to TPAN-Ph and
the isolated chromophore itself. The pillararene cavity in TPAN-
P5 generates a larger TPAN torsional angle, disrupting m-m
stacking and creating molecular free volume that facilitates
both photoisomerization and VOC intercalation. This, coupled
with TPAN-P5's prominent ICT effect, resulting in a significant
dipole moment difference between its excited and ground
states, renders TPAN-P5 powder selectively susceptible to VOC-
induced photochromism via superstructure formation. Mech-
anistically, polar interactions between VOCs and TPAN-P5
increase TPAN electron density, promoting TPAN's twisting and
bond formation, thereby enabling solid-state photochromism.
These molecular characteristics render TPAN-P5 a promising
candidate for applications in UV printing, anti-counterfeiting,
and multiple information encryption. This work highlights
the potential of pillararenes as molecular property amplifiers,
offering valuable insights for the design of photochromic
molecules and the advancement of macrocyclic arene
applications.
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