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Manipulating excited-state dynamics through macrocycle 
positioning in a rotaxane for sensitive and discriminative 
methanol sensing 
Yu Wang,†a Yalei Ma,†a Ruijuan Wen,a Jing Li,a Taihong Liu,a Liping Ding,a Rong Miao*a and Yu Fanga

Precise control of excited-state dynamics is essential for advancing molecular materials. Herein, we present a 
supramolecular strategy utilizing mechanical interlocking to regulate photophysical pathways and molecular recognition. 
Three rotaxanes were synthesized by positioning a dibenzo-24-crown-8 macrocycle at specific sites along a naphthalimide-
based axle. Femtosecond transient absorption spectroscopy revealed that the relaxation of excited-state is critically 
governed by the spatial separation: the closer the macrocycle to the fluorophore, the slower the twisted intramolecular 
charge transfer process. Single-crystal of the rotaxane showed a lamellar architecture, where the macrocycle acts as a pre-
organized gatekeeper for the fluorophore. Therefore, highly sensitive and selective detection of methanol vapor is realized 
based on the rotaxane film. In addition, a portable sensor for reliable (limit of detection: 0.099%Vol), rapid (< 3 s), and 
reusable methanol detection in adulterated beverages is achieved. Our work establishes mechanical interlocking as a 
versatile approach to excited-state manipulating and sensor design.

Introduction
The precise manipulation of molecular excited states is a central 
goal in photophysics and photochemistry, as it ultimately 
dictates the performance of functional materials in applications 
such as organic light-emitting diodes (OLEDs), solar energy 
conversion, and optical sensing.1-3 Upon photoexcitation, 
molecules adopt unique electronic configurations that trigger 
distinct dynamical processes, including luminescence efficiency, 
reactivity, and photostability.4-6 Despite the extensive 
exploration of ground-state molecular libraries, the ability to 
predictively control excited-state dynamics remains limited.7, 8 
The development of efficient strategies to direct and modulate 
these pathways is therefore paramount, not only for 
fundamental understanding but also for the rational design of 
advanced optical materials.
Covalent chemical synthesis has been the predominant strategy 
for manipulating molecular excited states. Through rational 
molecular design, such as introducing electron-
donating/withdrawing substituents or modifying π-conjugation, 
key photophysical processes including twisted intramolecular 
charge transfer (TICT), photoinduced electron transfer (PET), 
and excited-state intramolecular proton transfer (ESIPT) can be 
effectively modulated.9-11 Similarly, in metal complexes, altering 
the ligand or metal center precisely controls the nature of 

excited states (e.g., ligand-field or metal-to-ligand charge 
transfer states) and spin-orbit coupling effects.12-14 
Supramolecular chemistry provides an alternative paradigm, 
relying on non-covalent interactions to organize chromophores 
and manipulate their photophysical behavior through their local 
environment.15, 16 This approach can promote excitonic 
coupling and lead to emergent excited-state species such as 
excimers and exciplexes.17, 18 While supramolecular strategies 
can circumvent intensive synthetic efforts, they often introduce 
new challenges: the dynamic and non-equilibrium nature of 
assembly processes typically results in heterogeneous 
populations and not well defined excited-state structures. This 
inherent disorder complicates the precise manipulation and 
fundamental understanding of excited-state dynamics.
Mechanically interlocked molecules (MIMs), and rotaxanes in 
particular, offer a transformative design paradigm to address 
these limitations. The architecture of a rotaxane, a macrocycle 
threaded onto a linear axle and capped by bulky stoppers, 
creates a unique topology wherein the mechanical bond 
maintains structural integrity while enabling large-amplitude, 
yet controlled, translational motion of the macrocycle along the 
axle.19-22 This intrinsic dynamic provides a unique platform for 
spatial manipulation with sub-angstrom precision, which we 
envisioned could be harnessed to directly regulate 
photophysical processes.23, 24 Specifically, the precise 
positioning of the macrocycle relative to an embedded 
fluorophore offers a novel means to manipulate excited-state 
dynamics through steric restriction.25-27 Concurrently, the 
macrocycle can serve as a pre-organized molecular gatekeeper, 
sterically hindering interfering analytes from reaching the 
fluorophore core. Thus, the macrocycle is designed to serve a 
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dual function: as a conformational lock to tailor photophysics 
and as an intrinsic molecular sieve for size-selective recognition.
In this work, we actualize this design by synthesizing a series of 
rotaxanes based on a naphthalimide-derived axle, with the 
position of a dibenzo-24-crown-8 macrocycle precisely varied 
along its length. We then employ femtosecond transient 
absorption spectroscopy combined with steady-state 
spectroscopy to unravel how spatial proximity governs the 
excited-state dynamics. Our results demonstrate that the 
excited species relaxation, particularly the TICT process, is 
effectively suppressed at shorter fluorophore-macrocycle 
distances, leading to a markedly enhanced fluorescence. 
Meanwhile, the rotaxane exhibited lamellar architecture in the 
single-crystal analysis, where the interlocked macrocycle acts as 
a pre-organized gatekeeper for the fluorophore. Capitalizing on 
these characteristics, the rotaxane-based film exhibits superior 
sensitivity and selectivity to methanol compared to its linear 
axle counterpart, facilitating the development of a portable 
device for the fast and reliable identification of methanol in 
adulterated beverages. This study thus establishes macrocycle 
positioning as a powerful and general strategy for manipulating 
molecular properties via mechanical bonding, opening new 
avenues for the creation of sophisticated functional materials.

Results and discussion
Design and Synthesis of Rotaxanes. The rotaxanes are 
composed of three parts: a donor-acceptor type fluorophore, a 
blocking group (bis-trifluoromethyl-substituted benzene), and a 
macrocycle (dibenzo-24-crown-8, D24C8). In the fluorophore, 
the N-methylindole was connected with naphthalimide through 
a rotatable C-C single bond, which facilitates the formation of 
the TICT state according to our previous work.28, 29 As is shown 
in Fig. 1a, R-2 was synthesized using asymmetric metal-free 
active templated method referring to the reported work with 
slight modifications.30, 31 The macrocycle in R-2 was constrained 
around the amide group owing to the hydrogen bonding 
between the N-H group and D24C8. To move the macrocycle, 
the N-H group was masked by tert-butylformate. The disruption 
of hydrogen bonding interactions and the considerable steric 
hindrance imposed by tert-butylformate confined the 
macrocycle to opposite sides of the original amide group, 
consequently yielding rotaxanes (R-1 and R-3) with distinct 
fluorophore-to-macrocycle distances.
Detailed synthesis of the compounds is shown in supporting 
information and the identity of the rotaxanes was 
unambiguously determined by 1H, 13C NMR, 19F NMR 
spectroscopy as well as high-resolution mass spectrometry (Fig. 
S18-39). Fig.1b shows partial 1H NMR spectra of naked axle, R-
1, R-2, and R-3 in CD2Cl2 at 298 K. In the spectrum of naked axle, 
the N-H group showed a single peak at ~ 6.1 ppm. While in the 
1H NMR spectrum of R-2, the peak was broadened and shifted 
to higher frequency (~ 7.6 ppm), indicating the hydrogen 
bonding between the N-H group and the D24C8. The signal of 
N-H group was absent in 1H NMR spectrum of R-1 and R-3, 
confirming successful masking of the N-H group. Compared to 
the other three compounds (R-2, R-3 and the axle), the protons 

on naphthalimide in R-1 showed obvious shift to up field, 
indicating the interaction between naphthalimide and D24C8. 
Significant difference was observed in the protons on the 
trifluoromethyl-substituted stopper (Ha and Hc) as well as the 
adjacent benzyl group (Hb) in the NMR spectra. Compared to the 
axle, Ha and Hb in R-2 shifted to higher frequency, while Hc 
shifted to lower frequency. When D24C8 was shuttled to the 
naphthalimide (in R-1) or pushed closer to the bis-
trifluoromethyl-substituted benzene stopper (R-3), the 
shielding effect (for Ha and Hb) and deshielding effect (for Hc) 
were simultaneously attenuated or enhanced, leading to 
systematic shifts in corresponding peaks. Moreover, it was also 
obvious that the protons on the fluorophore in R-1 (8.52 ~ 8.56 
ppm) shift to higher field compared to that of R-2, R-3 and the 
axle (8.60 ~ 8.64 ppm). This suggests shielding effect of the 
macrocycle to the fluorophore, indicating the macrocycle 
approaches the fluorophore in R-1.

Fig. 1. (a) Synthesis route of the rotaxanes (R-1, R-2, and R-3). (b) Partial 1H NMR 
spectra of the naked axle, R-1, R-2, and R-3 in CD2Cl2.

Photophysical Properties Study in Solution. To study 
photophysical properties, UV-vis and fluorescence properties of 
the naked axle, R-1, R-2, and R-3 in solution state were recorded 
(Fig. 2, Fig. S1-5). UV-vis spectra of the four compounds showed 
feature of intramolecular charge transfer (ICT) with maximum 
absorption around 400 nm. Spectroscopic studies revealed that 
the key distinctions between the molecular axle and the 
rotaxanes lie in their fluorescence characteristics (Fig. 2a). The 
rotaxanes exhibited hypsochromic effect as well as enhanced 
fluorescence intensity in fluorescence spectra compared to that 
of the axle. Notably, R-1 showed a hypsochromic shift of 14 nm 
in the maximum emission and more than twice in fluorescence 
intensity than the axle under the same molar concentration. 
Furthermore, a clear trend is evident across the series from R-1 
to R-3. Both the fluorescence lifetime (Fig. 2b) and quantum 
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yield (Fig. 2c) follow the order R-1 > R-2 > R-3. As solvent polarity 
increased, fluorescence quantum yields of all the four 
compounds dramatically decreased, due to the facilitated 
formation of the TICT state in highly polar solvents.32 
Fluorescence of the compounds was nearly quenched in 
protonic solvents, like methanol and ethanol (Fig. S5). It was 
also noticed that the proportion of the fluorescence quantum y 
ield of the rotaxanes to that of the free axle was significantly 
increased (from 16% to 50%) upon the increase in solvent 
polarity from toluene to ethyl acetate.
To further investigate the effect of mechanical bonding on 
fluorescence emission, fluorescence responses of the 
compounds to viscosity and temperature were studied. TICT 
fluorophores are usually sensitive to viscosity, as the 
intramolecular twisting would be restricted in viscous system, 
leading to fluorescence enhancement.33, 34 Fig. 3a shows 
fluorescence spectra of the four compounds in solutions with 
different methanol/glycerol ratios.
At the initial stage, the fluorescence intensity changed only 
marginally with the increasing proportion of glycerol. However, 
a significant enhancement in fluorescence intensity was 
observed in the rotaxanes when the glycerol proportion 
reached 90%. The enhancement for the three rotaxanes went 
in the order of R-1 (64 times) > R-2 (40 times) > R-3 (15 times), 
which may be in the reverse order to the tendency of 
intramolecular rotation. No significant enhancement was 
observed in the emission spectra of the axle, indicating higher 
intramolecular rotation tendency in the axle than that in the 
rotaxanes.
Considering the significant influence of temperature on 
mechanical bond as well as molecular conformations,35, 36 
fluorescence spectra of the axle and the rotaxanes under varied 
temperatures were recorded. All the four compounds exhibited 

negative thermal quenching as evidenced by the enhanced 
emission upon temperature increasing (Fig. 3b and c, Fig. S6 and 
7). This can be attributed to an increased population of the 
locally excited (LE) state and a diminished contribution from the 
twisted intramolecular charge transfer (TICT) state, a trend 
which has also been reported in other naphthalimide 
derivatives.37, 38 The plots of fluorescence intensity versus 
temperature for the rotaxanes exhibited steeper slopes than 
those for the axle, indicating a more effective suppression of the 
TICT state with increasing temperature in rotaxane. When the 
temperature increased from 10 ℃ to 60 ℃, fluorescence 
intensity of R-2 showed a twofold increase over that observed 
for the free axle.
The results from both viscosity and temperature studies verified 
the conspicuous effect of mechanical bonding on fluorescence 
emission and implied its influence on the excited-state 
dynamics. To gain deeper insights into the excited-state 
dynamics, transient absorption spectroscopy was employed.
To understand the influence of temperature on mechanical 
binding, temperature-dependent 1H NMR spectra of R-2, the 
axle and D24C8 were recorded (Fig. 3d, Fig. S8-10). Negligible 
shift was observed for the protons on D24C8. It was found that 
the N-H signal in both R-2 and the axle shifted to lower 
frequency with the increasing in temperature, which reflects 
the hydrogen bonding between N-H and the solvent. While the 
three protons (Ha, Hb and Hc) participated in the formation of 
the mechanical bond in R-2 shifted to higher frequency, this 
could be hardly observed in the axle. With these results, it is 
reasonable to deduce that the mechanical bond is sensitive to 
temperature, which leads to the remarkable fluorescence 
enhancement in the rotaxanes during temperature increase.

Fig. 2. Photophysical properties of the axle, R-1, R-2, and R-3 in solution state. (a) UV-vis and fluorescence spectra of the four compounds in dichloromethane. (b) Summarized 
photophysical properties of the four compounds. (c) Absolute fluorescence quantum yield of the four compounds in different solvents (Tol: Toluene; Diox: 1, 4-Dioxane; TCM: 
Trichloromethane; DCM: Dichloromethane; THF: Tetrahydrofuran; EA: Ethyl acetate). Compound concentration: 5.00×10-6 M. The values above the bars indicate the relative 

enhancement in quantum yield for R-1 compared to Axle, calculated as  𝜑𝑅1―𝜑𝐴𝑥𝑙𝑒

𝜑𝐴𝑥𝑙𝑒 × 100%.
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Fs-TA experiments of the free axle, R-1, R-2 and R-3 in 
tetrahydrofuran were conducted, and the global analysis was 
performed to reveal the relaxation mechanism (Fig. 4 and Fig. 
S11-14). All the four compounds showed similar spectral 
evolution scenarios (Fig. S11), where the excited species 
underwent transition from the LE state to ICT state, and 
subsequently to the TICT state. Fs-TA pseudo-color maps and 
representative kinetics of the excited species (LE, ICT and TICT) 
of the Axle and R-1 are shown in Fig. 4a and 4b. It is clear that 
R-1 exhibited a smaller population of the TICT state and a 
delayed onset of its formation compared to the naked axle. 
According to the transient spectroscopy, lifetime of the excited 
species (LE, ICT, and TICT) in the four compounds (Axle, R-1, R-
2, and R-3) were calculated (Fig. S14). Slight difference was 
found in the lifetime of the LE state, however, the lifetime of 
both ICT and TICT states of the rotaxanes were significantly 
longer than that of the axle. kTICT (Fig. 4c) of the four compounds 
went in the order of Axle > R-1 > R-2 > R-3, which is opposite to 
the fluorescence intensity (e.f. Fig. 2). These results confirmed 
the distance-dependent of the TICT state on the macrocycle-
fluorophore separation.
As inferred from stationary and transient spectroscopy, the 
excited-state relaxation mechanism of the rotaxanes is 
summarized in Fig. 4c. It is demonstrated that the TICT kinetics 
can be effectively regulated through precise control of the 
macrocycle's position, thereby establishing the mechanical 
bond as a powerful tool for manipulating excited-state 

dynamics and paving the way for future innovative work in 
molecular photophysics.
Molecular Packing in Single Crystal and Methanol Sensing. To 
further consolidate the molecular structure and study the 
intermolecular interactions between the rotaxane molecules, 
single crystal was prepared through solvent evaporation. As 
shown in Fig. 5a, single crystal of R-2 is monoclinic and is 
characterized by a lamellar structure, where the naphthalimide 
moieties and the bonded macrocycles are stacked in an 
alternating fashion. Structure of a single R-2 molecule in the 
crystal is illustrated in Fig. 5b. As is expected, the macrocycle 
locates around the amide group owing to the significant 
hydrogen bonding between the N-H group and D24C8 (~ 3.06 
Å), which consolidated the discussion in NMR study (e.f. Fig. 1). 
The front view revealed that D24C8 adopted a boat-like 
conformation, in which the flexible crown ether chain formed 
the hull, while the two phenyl rings were bent upward. 
Interestingly, a π-stacked sandwich configuration was observed 
between the two phenyl rings of D24C8 and the 
bis(trifluoromethyl)benzene ring, with interplanar distances of 
3.41 Å and 3.65 Å, respectively. Additionally, a nearly perfect 
overlap of these three phenyl rings was found in the side view, 
indication sufficient π-π interactions within the molecule.39, 40 
Further inspection on the intermolecular interaction within the 
single crystal revealed that two R-2 molecules were arranged in 
either head-to-head or head-to-tail fashion (Fig. 5c). Van der 
Waals forces were identified as the dominant interaction, as 

Fig. 3. (a) Fluorescence spectra of the Axle, R-1, R-2, and R-3 in methanol/glycerol mixtures with varied ratios. (b) Plots of fluorescence intensity of the Axle, R-1, R-2, 
and R-3 versus temperature. Solvent: THF. (c) Fluorescence spectra of the axle and R-2 in THF under different temperatures (10 ℃ - 60 ℃). (d) Partial 1H NMR spectra 
of R-2, the Axle and D24C8 in CDCl3. Compound concentration for (a-c): 5.00×10-6 M.
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close π-π stacking between the naphthalimide rings was 
precluded by the pronounced steric hindrance from both sides. 
This is favorable for solid-state fluorescence, as close π-π 
stacking may cause excitonic coupling and lead to fluorescence 
quenching.

Fig. 4. (a) The fs-TA pseudo-color maps of the naked axle and R-1 in THF. 
Compound concentration: 5.0 × 10-5 M (b) The distribution of excited-state species 
(LE, ICT and TICT) in the naked axle and R-1 as a function of time. (c) Schematic 
illustration of excited-state relaxation pathways of the four compounds (Axle, R-
1, R-2, and R-3), the formation rate constant of the TICT state, and the illustration 
of the supramolecular strategy for excited-state dynamics manipulation. Referring 

to the Marcus theory, 𝑘 ∝ 𝑒𝑥𝑝 ― (𝜆+∆𝐺)2

4𝜆𝑘𝐵𝑇
, where ∆𝐺 represents the change in reaction 

free energy.

Fig. 5d shows the normalized fluorescence spectra of R-2 and 
the naked axle in solid state. Though R-2 and the naked axle
showed almost the same emission wavelength in solution (e.f. 
Fig. 2), they exhibited different fluorescence behaviors in solid 
state. While the powder of the axle was bright yellow with the 
maximum emission wavelength (λmax) of ~ 545 nm, both powder 
and crystal of the R-2 emitted bright green fluorescence (λmax ≈ 
512 nm and 495 nm). This result is reasonable as π-π interaction 
between the adjacent naphthalimide rings was hardly observed 
in the crystal. Meanwhile, the pronounced hypsochromic shift 
in the fluorescence spectra of the rotaxane in solid states, 
compared to the naked axle, demonstrated the critical role of 
the macrocycle in intermolecular stacking. The abundant 
macrocycle rings would also create a unique microenvironment 
for the fluorophores, which may establish a foundation for 
selective molecular sensing.
Methanol is highly toxic to humans and can cause severe illness 
or even death.41, 42 Traces of methanol is naturally present in 

some beverages, such as commercially produced wine and 
beer, which is fine to consume. However, it can be deadly in 
large quantities, and illegal breweries sometimes use methanol 
as a cheap substitute for ethanol. It is difficult to detect the 
presence of methanol in contaminated beverages, as it looks, 
smells, and tastes like regular ones. A portable and easy-to-
operate sensor for reliable methanol detection would provide 
consumers with robust food safety assurance. While facile and 
efficient strategies such as chemo-resistive gas sensor 
combined with separation column,43, 44 nanofilm constructed 
using designed build blocks,45 and push-pull fluorophores have 
been explored in recent years,46, 47 they often suffer from 
drawbacks including dependent on high-performance 
separation materials, synthetic complexity, or slow response 
kinetics. Nevertheless, sensors that can directly and selectively 
detect methanol over ethanol are urgently needed. 

Fig. 5. Molecular packing (a), molecular structure (b), and two types of dimers (c) in the 
single crystal of R-2. (d) Normalized fluorescence emission/excitation spectra of R-2 
crystal, R-2 powder, and the axle powder. (e) Images of powders of the naked axle and 
R-2 under daylight and 365 nm UV light.

Based on the results from fluorescence studies, we 
hypothesized that fluorescence of the rotaxane in solid state 
could be quenched upon exposure to methanol vapors. 
Concurrently, the surrounding D24C8 were expected to provide 
a molecular sieving effect, facilitating methanol differentiating 
from ethanol and other species. This synergy effect would 
enable highly selective and efficient methanol sensing without 
the need of sample pretreatment.
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To verify the hypothesis, we prepared fluorescent films by drop-
casting the solutions of R-2 or the naked axle onto a glass sheet 
(1.2 × 1.2 cm), which were subsequently assembled as a 
portable device (3 × 4 × 4 cm³; Fig. 6a). Fluorescence responses 
of the film-based devices to methanol and other interferences 
are shown in Fig. 6b. It was found that the film of R-2 (Film-R) 
exhibited remarkable fluorescence quenching efficiency of > 50% 
for methanol vapor, which is more than four times of that vale 
for the Axle film (Film-A), suggesting preferrable sensitivity of 
Film-R. Response of Film-R to ethanol was less than one-fourth 
of that to methanol, while response of Film-A to ethanol was 
more than one-third of that to methanol, indicating higher 
selectivity of Film-R to methanol over ethanol than Film-A. 
Therefore, methanol can be easily differentiated even in a high 
(> 90%) background of ethanol in the mixture of 
methanol/ethanol mixture (Fig. S15). It was also noted that 
Film-R (1/6) demonstrated superior resistance to acetone 
during methanol sensing compared to Film-A (1/3). All other 
recognized interferences in methanol detection, such as water, 
tetrahydrofuran, n-hexane, and toluene caused negligible 
fluorescence responses, suggesting excellent selectivity of the 
sensor. In addition, fluorescence response of the film of R-1 and 
R-3 was also investigated (Fig. S16). Similar to R-2, R-1 and R-3 
also exhibited doubled fluorescence quenching efficiency in 
methanol sensing compared to the axle, infering the advantages 
of the as-synthesized rotaxanes in methanol sensing.
Sensitivity of the Film-R-based sensor was investigated by 
recording responses of the sensor to air/methanol mixtures 
with varied methanol contents (Fig. 6c). Distinguishable 
response was noticed when a low methanol concentration of 
0.12%Vol was pumped into the system. With the increase in 
methanol concentration, the responses gradually intensified. A 
good linear relationship (R2 = 0.99) between response intensity 
and the concentration of methanol vapor was obtained. The 
limit of detection was calculated to be 0.099%Vol using the 

signal-to-noise approach (Supporting Information). 
Furthermore, the device exhibited a fast response (< 3 s) and 
outstanding reversibility, with little signal degradation over 40 
consecutive cycles (Fig. 6d).
Leveraging its superior sensitivity, selectivity, as well as 
reusability, the Film-R-based methanol senor was utilized for 
detecting illegal methanol adulteration in alcoholic beverages 
(Fig. 6e). Different amounts of methanol (2 ~ 20%Vol) was 
added to the beverages obtained from trusted sources and the 
mixture was sealed and left for 24 h at ambient condition (25 
℃) to get vapor-liquid equilibrium. The equilibrated vapor 
phase was then pumped into the sensor for the assessment of 
adulteration. Responses of the senor to liquor and beer 
adulterated with varying methanol concentrations are 
presented by the blue and red data series (Fig. 6f), respectively. 
As shown in the figure, both systems exhibited a consistent 
trend: the signal response progressively intensifies with 
increasing methanol content (Fig. S17). Accordingly, detection 
limits for methanol in liquor and beer were calculated to be 
0.10%Vol and 0.19%Vol, respectively, which offers a powerful 
tool for identifying adulterated as well as low-quality alcoholic 
beverages.
The outstanding performance of the portable methanol sensor, 
demonstrated in the detection of adulterated beverages, 
showcases the great potential of Film-R for real-world 
applications. Furthermore, this work highlights the critical role 
of mechanical interlocking in regulating excited states and 
developing smart materials.

Conclusions
In this work, we have achieved precise manipulation of excited-
state dynamics through a mechanical interlocking strategy in a 
series of rationally designed rotaxanes. These rotaxanes consist 
of a molecular axle bearing a fluorophore, threaded by a crown 

Fig. 6. (a) Photograph of the homemade sensing platform and the detailed layout of the portable sensor device. (b) Fluorescence responses of Film-R and Film-A to different types 
of volatile organic compounds and water. MeOH: Methanol; EtOH: Ethanol; IPA: Isopropyl alcohol; n-PA: n-Propanol; t-BA: tert-Butyl alcohol; n-BA: n-Butanol; THF: Tetrahydrofuran; 
ACE: Acetone; n-Hex: n-Hexane; Tol: Toluene (c) Responses of the Film-R sensor to vapors with varied methanol concentrations (0.12 ~ 23.86%Vol). The inset plots show the linear 
relationship between response intensity and methanol concentration. (d) Forty reversible sensing cycles of the Film-R sensor to methanol vapor (23.86%Vol). (e) Schematic 
illustration of the identification of illegal methanol addition using the Film-R sensor. (f) Responses of the Film-R sensor to liquor (blue) and beer (red) added with different amounts 
of methanol. 
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ether (D24C8) that is strategically confined at specific positions 
along the fluorophore. The photophysical properties of the 
fluorophore are highly dependent on the fluorophore-
macrocycle distance, where close spatial proximity of D24C8 
leads to a marked increase in the fluorescence quantum yield. 
Femtosecond transient absorption spectroscopy further reveals 
a distinct divergence in the excited-state species distribution 
between the rotaxane and its molecular axle. Notably, the 
population of the TICT state is significantly suppressed in the 
rotaxane relative to the free axle, a consequence of restricted 
molecular motion imposed by mechanical interlocking. Beyond 
influencing excited-state dynamics, D24C8 also provides a 
unique microenvironment for the fluorophore, as evidenced by 
the observed lamellar structure in the single crystal. Leveraging 
these properties, we realized sensitive and selective methanol 
detection over ethanol and other analogues using a rotaxane-
based film, which was subsequently integrated into a portable 
device for rapid and reliable identification of methanol-
adulterated beverages. Overall, this work underscores the 
potential of mechanical interlocking not only for manipulating 
excited-state dynamics but also for enabling advanced 
molecular sensing.
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