
Temperature-Responsive Supramolecular Chiral Switch Achieved by
Macrocyclic Confinement
Xuan Zhao, Shuangqi Song, Hengzhi Zhang, Xuejian Zhang,* and Yu Liu*

Cite This: JACS Au 2026, 6, 621−630 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A series of tunable morphological nanoaggregates
are constructed by hydroxypropyl-β/γ-cyclodextrin (HPβ/γCD)
and cucurbit[8]uril (CB[8]), respectively, encapsulating phenyl-
alanine dipeptide-modified pyrene (PFF) based on host−guest
complexation, which not only exhibits a topological transformation
from helical nanofibers of PFF to supramolecular nanoparticles,
nanotubes, and nanosheets but also induces chiral transmission
from phenylalanine dipeptide to pyrene moiety achieving temper-
ature-controlled supramolecular chiral switches. Unlike the
encapsulation of HPβCD to PFF at a 1:1 stoichiometric ratio,
HPγCD with larger cavity can encapsulate two PFFs, achieving
enhanced fluorescence behavior with quantum yield increasing from 1.66% to 32.14% and circular dichroism (CD) with a negative
Cotton effect peak at 440 nm with an asymmetric factor (gabs) of −1.44 × 10−4. Compared with HPβ/γCD, CB[8] gives a stronger
binding affinity of up to 5.99 × 105 M−1 and a significant positive CD peak at 450 nm. Molecular dynamics and density functional
theory calculations reveal that HPγCD and CB[8] could effectively disrupt the symmetric aggregates and restrict the conformations
of PFF to realize the efficient chiroptical transmission. Moreover, PFF-HPγCD and PFF-CB[8] supramolecular chiral switches
exhibit reversible thermal responsiveness (20−75 °C) and positive circularly polarized luminescence, which are successfully applied
to chiral logic gate and polarization-dependent encryption.
KEYWORDS: tunable morphologies, supramolecular chiral temperature switches, chiral transmission, macrocyclic confinement,
thermal responsiveness

■ INTRODUCTION
Chiral supramolecular assemblies based on macrocycles have
broad application prospects in fields such as chiral sensing,1−3

molecular machines,4−6 chiroptical switches,7−10 and informa-
tion encryption11,12 due to their dynamically adjustable steric
configurations and responsiveness to the external stimuli.
Supramolecular macrocyclic confinement can modulate the
guest’s stacking modes and host−guest assembly behaviors
often accompanied by changes in topological morpholo-
gies,13−15 thereby expanding fluorescence properties16−19 and
facilitating chirality transfer and amplification.20−22 Most
reported chiral supramolecular assemblies have been achieved
by chiral host-induced achiral guests,23,24 or achiral hosts
activated by assembling with chiral guests,25−27 developing
various stimulus-responsive intelligent chiral materials. Cyclo-
dextrins with hydrophobic chiral cavities have been widely
reported to significantly induce chiroptical activities through
complexation and aggregation with chromophores.28−30 For
example, Stoddart and co-workers demonstrated that γ-
cyclodextrin (γCD) formed a 1:2 complex with 1-pyrene
carboxylic acid in a cyclodextrin-based metal−organic frame-
work (CD-MOF) exhibiting green fluorescence with a
quantum yield (QY) of 38% and obvious circularly polarized

luminescence (CPL) with a high asymmetric factor (glum =
+3.5 × 10−3) arising from confinement of a helix-like chiral
superstructure within the CD-MOF.31 Yang et al. designed and
synthesized pyrene-substituted γCD to aggregate into nano-
strips in aqueous solutions, exhibiting significant circular
dichroism (gabs = +4.3 × 10−2) and CPL activities (glum =
+5.3 × 10−2) due to the interpenetration of pyrene units into
the γCD cavities.32 As compared with cyclodextrins,
cucurbiturils can specifically recognize and encapsulate
positively charged guest molecules with high binding affinities
through electrostatic interactions.33−35 Cao et al. demonstrated
that chiral supramolecular organic frameworks were con-
structed from left-handed (M) and right-handed (P) rotational
chiral tetra(6-coumarinylmethyl-pyridinium) hexaphenylben-
zene derivatives and cucurbit[8]uril (CB[8]) in water, which
displayed opposite circular dichroism (CD) and CPL spectra
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because of the specific recognition properties of CB[8] in the
presence of L-PhePhe and L-TrpTrp, respectively.36

However, there are few examples of supramolecular chiral
switches with reversible temperature responsiveness that
activate the chiral transfer of guests through the independent
confinement of cyclodextrins and cucurbiturils, accompanied
by topological morphology transformation. Herein, we wish to
report a novel supramolecular strategy utilizing macrocyclic
modulation to achieve tunable morphological and reversible
supramolecular chiral temperature switches (Scheme 1).
HPβCD, HPγCD, and CB[8] could effectively encapsulate
guest-PFF at stoichiometric ratios of 1:1, 1:2, and 1:1,
respectively, resulting in the fluorescence enhancement with
QYs increasing from 1.66% of phenylalanine dipeptide-
modified pyrene (PFF) to 42.49%, 32.14%, and 34.10%
through macrocyclic confinement and the topological trans-
formation of PFF from helical nanofibers to supramolecular
spherical nanoparticles, fine nanotubes, and rectangular
nanosheets. Compared with PFF and PFF-HPβCD, PFF-
HPγCD and PFF-CB[8] possessed stronger host−guest
interaction with binding affinity up to 1.15 × 106 M−2 and
5.99 × 105 M−1, respectively, which could induce obvious
chiral transmission by spatial confinement to give strong
negative and positive CD signals at 350−600 nm as well as
positive CPL emissions. Molecular dynamics (MD) calcu-
lations revealed that PFF molecules tend to aggregate via π−π
stacking into symmetric aggregates in an aqueous solution, and
then, electronic circular dichroism (ECD) calculations of PFF
displayed negligible CD signals due to the effective weakening
of chiral exciton coupling. Different from PFF nanofibers,
density functional theory (DFT) calculations revealed that
PFF-HPγCD nanotubes and PFF-CB[8] nanosheets with
asymmetric guest alignment and constrained geometries
disrupted achiral aggregation and stabilized chiral conformers,
leading to pronounced ECD signals. Especially, the chiral PFF-
HPγCD and PFF-CB[8] supramolecular switches demonstra-
ted solvent responsiveness and reversible thermal responsive-

ness within the temperature range of 20−75 °C, achieving
dynamically regulated chiral luminescent assembly. This
thermally reversible chiral transmission supramolecular strat-
egy was successfully applied to logic gates and polarization-
dependent CPL information encryption, providing new insight
into well-defined nanostructures and intelligent chiral materi-
als.

■ RESULTS AND DISCUSSION
PFF was synthesized from 4-(2-(pyren-1-yl)vinyl)pyridine and
methyl(2-bromoacetyl)-L-phenylalanyl-L-phenylalaninate via a
nucleophilic substitution reaction at the nitrogen of pyridine
(Scheme S1) and was characterized by nuclear magnetic
resonance (NMR) and high-resolution mass spectrometry
(HR-MS) (Figures S1−S3). PFF was designed to contain a
pyrene core with a cationic group and a phenylalanine
dipeptide moiety (FF) to tune the amphiphilicity in order to
facilitate its luminescent behavior and assembly morphology in
aqueous solutions. The spectroscopic experiments indicated
that the polarity of the solvent significantly influenced the self-
assembled luminescence behavior of PFF (Figure S7). The
emission intensity at 580 nm in nonpolar dimethyl sulfoxide
(DMSO) rapidly decreased and gradually red-shifted to 610
nm as the volume ratio of polar solvent H2O increased from
0% to 99% accompanied by a decrease in QY from 52.24% to
1.66% (Figures S8 and S9), indicating that PFF has an
aggregation-caused quenching (ACQ) characteristic. More-
over, the two-dimensional nuclear Overhauser effect spectros-
copy (2D NOESY) spectra of PFF in a solution of different
polarities confirmed that the correlation signal of protons on
pyrene units significantly increased with the increase in the
polarity of the solution (Figure S10), suggesting that the PFF
molecules formed tighter π−π stacking aggregates driven by
strong hydrophobic interactions.

Subsequently, in order to explore the binding behaviors of
HPβ/γCD and CB[8] with PFF, fluorescence and NMR
titration experiments were performed. As shown in Figure 1d,

Scheme 1. Schematic Illustration of the Assembly Mechanisms and Topological Morphologies of PFF-HPβCD, PFF-HPγCD,
and PFF-CB[8] and the Influence of Temperature on the Chiral Supramolecular Assemblies
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the fluorescence titration spectra exhibited a persistent blue-
shift from 610 to 585 nm and a 50-fold fluorescence
enhancement with a QY of 42.49% and a lifetime of 2.46 ns
until stabilizing around 300 equiv HPβCD (Figure S11), which
was attributed to restricted fluorophore vibration and reduced
aggregation. Job’s plot of PFF and HPβCD indicated a 1:1
stoichiometric ratio (Figure S12a), and the binding constant
(Ks) was calculated to be 2.08 × 102 M−1 by the nonlinear
least-squares fitting method. 1H NMR experiments also
confirmed the binding behavior between PFF and HPβCD,
in which the proton signals on the pyrene group occurred
during the peak passivation and a high-field shifting (Figure
S13). Different from HPβCD, HPγCD with a larger cavity
could encapsulate PFF at stoichiometric ratios of 1:2 as
determined by the Job’s plot and gave a higher Ks to be 1.08 ×
106 M−2 (Figures 1e and S11b), which further confirmed the
stronger binding ability by 1H NMR titration (Figure S14).
The 2D NOESY spectra of PFF-HPβ/γCD presented the
correlation signal between protons on the pyrene units and
HPβ/γCD (Figure S15), which further confirmed the
formation of supramolecular assemblies. The fluorescence
intensity of PFF enhanced 35-fold and blue-shifted to 595 nm,
achieving the QY of 32.14% and a lifetime of 2.73 ns when 300
equiv of HPγCD were added (Figure S16). The use of 300
equiv HPβ/γCD to construct supramolecular assemblies was
to ensure that the PFF molecules were completely encapsu-
lated, thereby maximizing the disruption of their own π−π
stacking and ACQ effect and then achieving the best
fluorescence enhancement effect. We determined the QYs of
PFF-HPβCD (1:1) and PFF-HPγCD (2:1) under the optimal
stoichiometric ratio, which were 4.32% and 6.93%, respectively
(Figure S17). Moreover, the QYs of PFF-HPβ/γCD at even
higher host concentrations (350 and 500 equiv) were slightly

lower than those at 300 equiv (Figures S18 and S19), which
was consistent with our expectations. On the other hand, the
fluorescence titration experiment revealed that the complex-
ation between CB[8] and PFF at a 1:1 stoichiometric ratio
showed a high Ks up to 5.99 × 105 M−1 attributed to both
strong ionic dipole interaction and hydrophobic interaction
(Figures 1f and S12c). The PFF-CB[8] assembly displayed a 7-
fold fluorescence increase at 610 nm with a QY of 34.10% and
a lifetime of 2.08 ns, as shown in Figures 1c and S20. 1H NMR
spectroscopy showing a low-field-shift of the protons on the
vinyl phenylpyridine and a high-field-shift of the protons on
pyrene further supported the strong interaction, which also
indicated the CB[8] bound to the positive charge site of PFF
and the pyrene moiety was outside the cavity (Figure S21).
According to previous reports,37 the internal diameters of
HPβCD and HPγCD are approximately 5.8−7.8 Å and 7.4−
9.5 Å, respectively, which explains that HPγCD can bind to
two PFF molecules. However, CB[8] has a portal diameter of
6.9 Å and tends to bind a cationic vinyl phenylpyridine moiety
via ion−dipole interactions with carbonyl groups. To confirm
that the host−guest enhancement is not solvent-specific,
fluorescence spectra were further collected in H2O/DMF
(99:1, v/v) and H2O/MeOH (99:1, v/v). In both mixed
solvents, PFF retained the ACQ behavior, and the addition of
HPβCD, HPγCD, or CB[8] produced pronounced fluores-
cence enhancement due to macrocyclic confinement (Figure
S22), consistent with the results in H2O/DMSO (99:1, v/v).
In addition, HPβ/γCD and CB[8] exhibited no fluorescence
within the emission range of PFF as shown in Figure S23,
confirming that the observed fluorescence enhancement was
entirely due to the formation of supramolecular complexes
between PFF and the three hosts.

Figure 1. (a) UV−vis absorbance (inset: the photo of PFF solution under 365 nm UV irradiation), (b) CD spectra, and (c) time-resolved decay
spectra of PFF, PFF-HPβCD, PFF-HPγCD, and PFF-CB[8] in H2O/DMSO (99:1, v/v, [PFF] = [CB[8]] = 5 × 10−5 M, [HPβ/γCD] = 1.5 ×
10−2 M); the fluorescence titration spectra of PFF with the addition of (d) HPβCD, (e) HPγCD, and (f) CB[8] (inset: the corresponding
fluorescence emission intensity changes of PFF at 610 nm in the presence of the hosts and photos of three assembly solutions under 365 nm UV
irradiation).
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After the binding models and behaviors of macrocyclic
confinement were studied, their topological aggregation
morphologies were revealed through transmission electron
microscopy (TEM) experiments. As shown in Figure 2, the

free guest PFF molecules led to M rotational nanofibers
attributed to the π−π stacking of pyrene groups, which has
been supported by MD calculations. In comparison, the PFF-
HPβCD supramolecular assembly transformed into spherical
nanoparticles with diameters ranging from 50 to 100 nm, and
PFF-HPγCD formed fine nanotubes with a diameter of
approximately 20 nm. Interestingly, the morphology of PFF-
CB[8] exhibited rectangular nanosheets in the TEM image.
From the above experimental results, HPβ/γCD and CB[8]
possessed different binding affinities and bonding positions
with PFF, which not only effectively expanded the fluorescence
emission of PFF but also realized a diverse regulation of the
topological morphology of the aggregates.

Although free PFF self-assembled to form helical nanofibers,
no obvious CD signals were observed in the range 350−600
nm (Figure 1b). PFF-HPβCD also exhibited negligible Cotton
effect peaks because of its relatively weak bonding ability.
Interestingly, HPγCD gave rise to a negative CD signal at 440
nm corresponding to chirality transfer from FF to the pyrene
group, and the asymmetric factor (gabs) was calculated as −1.44
× 10−4 (Figure 1b). This phenomenon aligned with the DFT
studies in which two PFFs were encapsulated within the cavity
of HPγCD in a head-to-head configuration (Figure 3a). In
comparison, the PFF-CB[8] assembly showed a positive CD
signal at 450 nm with a notable gabs calculated as +1.42 × 10−4

(Figure 1b). No Cotton effect peak value of 350−600 nm has
been found for any of the assemblies in nonpolar DMSO
(Figure S24), and the absence of CD signals could be
attributed to the very weak host−guest interaction between the
macrocycles and PFF in DMSO. The above results confirmed
that macrocyclic confinement via hydrophobic and electro-
static interactions played a critical role in inducing chiral
transmission in the supramolecular PFF assemblies. As a
control experiment, we synthesized 1-methyl-4-(2-(pyren-1-yl-
vinyl)-pyridinium iodide (PY) without the phenylalanine
dipeptide moiety (FF) characterized by NMR and HR-MS
experiments (Figures S4−S6). Although spectral titration
experiments confirmed that HPβ/γCD and CB[8] could
encapsulate PY by host−guest complexation (Figures S25−

S33), the addition of macrocycles induced no obvious chiral
signals of PY in the range 350−600 nm (Figure S34), which
implied that the macrocyclic cavity cannot directly induce
obvious chirality of the pyrene moiety. The further doping of
FF emerged no Cotton effect peaks corresponding to the UV/
vis signal of PY, indicating that the noncovalent assembly with
FF could not achieve chiral transfer to PY. Collectively, these
results demonstrated that macrocyclic confinement enabled
PFF single-molecule efficient chirality transferred from the FF
to the pyrene group.

To further explore the origin of chirality transfer, DFT
calculations and MD simulations were performed. The results
showed that the HOMO-LUMO energy gap of free PFF was
2.84 eV, while complexation with macrocycles resulted in
narrowed gaps (Figure 3a). Notably, PFF-HPγCD and PFF-
CB[8] exhibited reduced gaps of 2.56 and 2.13 eV, indicating
macrocyclic encapsulation effectively stabilized the frontier
orbitals and facilitated photoexcitation, thereby leading to
enhanced luminescent behaviors. The markedly deeper LUMO
of the PFF-CB[8] complex arises from the much stronger ion−
dipole electrostatic interaction between CB[8] and the
positively charged pyridinium unit of PFF, which stabilizes
the frontier orbitals more effectively than cyclodextrin
encapsulation.38

To gain deeper insights into the chiroptical behavior, 200
PFF molecules were simulated in an aqueous solution using
MD. Within 10 ns, all PFF dimers with an intermolecular
distance of 5 Å and an interplanar angle less than 10° were
identified. Spontaneous π−π stacking led to the formation of
46 stable pyrene−pyrene dimers (Figure 3b,e), indicating a
strong tendency of aggregation in aqueous media. As the
simulation progressed to 100 ns, the molecules further formed
helical stacks around the pyrene moieties, which was consistent
with the observed results for M rotational nanofibers of PFF in
the TEM image (Figure 3c). Molecular simulation indicated
that at an early stage of assembly, most PFF molecules formed
dimers with a parallel, symmetric head-to-head manner (Figure
3d). These dimers adopted a broad distribution of twist angles
indicating low overall chirality. MD simulations in a 1%
DMSO−H2O mixture (100 ns) showed similar dimer
formation and aggregation patterns as in pure water, indicating
that the small DMSO content has a minimal influence on the
overall assembly behavior (Figure S35). Subsequent ECD
calculations on the PFF aggregate extracted from the MD
trajectories revealed negligible Cotton effects (Figure S36),
confirming that the PFF aggregates eliminated chiral exciton
coupling. These computational findings were consistent with
the experimental CD spectra of PFF. Meanwhile, ECD
calculations showed that PFF-HPγCD and PFF-CB[8]
assemblies exhibited pronounced and distinct Cotton effects,
whereas PFF-HPβCD displayed a weak CD signal, likely due
to its lower binding affinity (Figure S37). In case of HPγCD,
two PFF molecules were asymmetrically aligned around its
chiral cavity, which suppressed the achiral aggregation and
stabilized the CD-active conformer. For CB[8], the strong
host−guest interaction at a 1:1 stoichiometric ratio posed
strong conformational restrictions on PFF, disrupting the
pyrene−pyrene stacking and resulting in chiroptical activity.
This interaction biased the chromophore toward twisted
configurations with net chirality. Collectively, these findings
highlight two key mechanisms by which macrocycle-confined
guests lead to chirality transmission: (i) disruption of achiral

Figure 2. TEM images of (a) PFF, (b) PFF-HPβCD, (c) PFF-
HPγCD, and (d) PFF-CB[8] ([PFF] = [CB[8]] = 5 × 10−5 M,
[HPβ/γCD] = 1.5 × 10−2 M).
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aggregation pathways and (ii) stabilization of chiral conformers
through geometric confinement.

As can be seen from the above CD spectroscopic and
theoretical studies, it is indicative that the chiral transfer can be
attributed to macrocyclic confinement. Due to the weak nature
of the host−guest interaction, we wanted to investigate the
temperature-responsive assembly and disassembly of PFF-
HPγCD and PFF-CB[8]. As illustrated in Figures 4 and S38,
the negative Cotton effect peak of PFF-HPγCD at 440 nm
realized strong and reversible temperature-controlled chiral
transfer with the increase or decrease of temperature (20−75
°C). Concomitantly, the morphology of PFF-HPγCD
exhibited nanoparticles at 75 °C in TEM images and reverted
to nanotubes when it was cold down to 20 °C (Figure S39).
Unlike the PFF-HPγCD complex, the temperature only placed
a minor effect on the PFF-CB[8]’s CD signal at 450 nm due to
its ionic dipole electrostatic interaction further stabilizing the
complexation. The CD spectroscopy research indicated that
the macrocyclic confinement achieved reversible temperature-
controlled supramolecular chiral transfer switches. However,
the chirality of PFF-HPβCD showed no obvious change with
thermal stimulation because of weak complexation. Sub-

sequently, we further explored the influence of temperature
variations on the luminescence performance of supramolecular
chiral switches’ luminescence performance. The fluorescence
of PFF-HPβCD and PFF-HPγCD greatly decreased with the
temperature increasing, and the quenching efficiencies were
64.84% and 55.59%, respectively. The fluorescence emission of
PFF-CB[8] with a stronger bonding effect diminished by
37.97% as the temperature rose to 75 °C. As the temperature
of the system gradually decreased, the fluorescence intensities
gradually recovered (Figure S40). After studying their
temperature responsiveness, we further discovered that supra-
molecular chiral assemblies PFF-HPγCD and PFF-CB[8]
possessed CPL behaviors. As shown in Figure 5a, b, PFF-
HPγCD gave a positive CPL signal corresponding to its
fluorescence emission in the 500−800 nm range, and the glum
value was 1.30 × 10−4, and the PFF-CB[8] also generated a
positive CPL signal with a glum value of 1.28 × 10−4, which
indicated that the CPL was derived from the chiral transfer
based on macrocyclic confinement.

The supramolecular chiral transfer switches with thermally
reversible response performance realized the regulation of
multistate chiral assemblies, which was successfully applied in a

Figure 3. (a) HOMO−LUMO analyses illustrating the real-space distributions of holes (blue) and electrons (green), along with energy level
diagrams for PFF, PFF-HPβCD, PFF-HPγCD, and PFF-CB[8]; (b) final snapshot from a 10 ns MD simulation of 200 PFF molecules in an
aqueous solution (representative pyrene dimers are color-coded and all other molecules are depicted in cyan); (c) final frame from a 100 ns
GROMACS MD simulation of the PFF system (molecular exhibiting pyrene−pyrene stacking interactions are highlighted in yellow for clarity);
histograms of (d) intermolecular twist angle α; and (e) interplanar angle β parameters for all detected dimers from 10 ns simulation.
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chiral logic gate and multilayer chiral information anticoun-
terfeiting system. As shown in Figures 5c and S42, the
components of PFF, HPγCD, and temperature or CB[8] were
defined as “Input”. The CD signal intensity at 420 nm below
−3 was denoted as “1” for “Output”, while values above −3

were labeled “0”. In this logic gate system, temperature or
CB[8] was utilized as a nongate to “mute” the output signal
clearly displaying in the truth table, and the CD intensity at
420 nm can “lock” the supramolecular assembly of PFF-
HPγCD, which demonstrated molecular-level information

Figure 4. CD spectra of (a) PFF-HPβCD, (c) PFF-HPγCD, and (e) PFF-CB[8] and the fluorescence spectra of (b) PFF-HPβCD, (d) PFF-
HPγCD, and (f) PFF-CB[8] under heating conditions from 20 to 75 °C in H2O/DMSO (99:1, v/v, [[PFF] = [CB[8]] = 5 × 10−5 M, [HPβ/γCD]
= 1.5 × 10−2 M).

Figure 5. CPL spectra (a) and glum (b) of PFF-HPγCD and PFF-CB[8] in H2O/DMSO (99:1, v/v); (c) temperature (50 °C) or CB[8] regulated
and INHIBIT logic gate; (d) schematic illustration of information encryption under daylight and 365 nm light; (e) binary information encryption
according to the 8-bit ASCII Code; and (f) CPL filter information encryption. ([PFF] = [CB[8]] = 5 × 10−5 M, [HPβ/γCD] = 1.5 × 10−2 M. ①:
PFF, ②: PFF-HPβCD, ③: PFF-HPγCD, ④: PFF-CB[8]. The four solutions were added to the 96-well plate, respectively).
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processing driven by supramolecular chirality. The macrocycle-
confined supramolecular chiral assemblies with excellent
luminescent properties can also realize multilevel information
encryption. As seen from 96-well plates, PFF-CB[8] emitted
bright orange-red fluorescence, and PFF-HPγCD appeared
yellow under 365 nm irradiation, allowing the direct
visualization of numbers (“752”) and letters (“LFE”) via
spatial fluorescence contrast, whereas there was no effective
information under daylight because the all wells appeared
visually identical (Figure 5d). Furthermore, the binary pattern
followed the 8-bit ASCII encoding of each character with
fluorescence intensity serving as the binary state (1 = ON, 0 =
OFF). The message “GNWO” was displayed under daylight,
while under UV light, it revealed “FLUO” by using wells
containing either PFF alone or with HPγCD (Figures 5 and
S43). Especially, we further leveraged the difference in CPL
output between PFF-HPγCD and PFF-HPβCD to construct a
polarization-dependent encryption system (Figures 5f and
S44). Under unfiltered UV, a “389” pattern was visible. Upon
applying a left-handed CPL filter, the reduced emission of the
PFF-HPγCD complex led to a different readout “123”, thereby
revealing a hidden layer of chiroptical information only under
specific polarization conditions. Macrocycle-mediated chirality
transfer has been successfully applied in the multilevel
information counterfeit and polarization-dependent encryp-
tion.

■ CONCLUSION
In summary, we constructed a series of morphology-tunable
aggregates and temperature-controlled supramolecular chiral
switches based on PFF through macrocyclic modulation.
HPβCD, HPγCD, and CB[8], respectively, encapsulating PFF
not only tuned the topological transformation of PFF from
helical nanofibers to spherical nanoparticles, fine nanotubes,
and rectangular nanosheets but also displayed significant
fluorescence enhancement with QY increasing from 1.66% of
PFF to 42.49%, 32.14%, and 34.10%, respectively. Especially,
PFF-HPγCD and PFF-CB[8] with higher binding effects
effectively disrupted the π−π stacking of PFF into symmetric
aggregates and restricted conformations achieving chiral
transmission, displaying a negative Cotton effect peak at 440
nm (gabs = −1.44 × 10−4) and a positive CD signal at 450 nm
(gabs = +1.42 × 10−4), respectively, which was further
confirmed by MD and DFT theoretical calculation. Mean-
while, under the thermal stimulation ranging from 20 to 75 °C,
PFF-HPγCD and PFF-CB[8] as chiral switches exhibited
reversible responsive chiral signals of varying degrees and
emitted positive CPL signals corresponding to their
fluorescence peaks. Especially, the supramolecular chiral
temperature switches were successfully applied in advanced
logic gate systems and polarization-dependent CPL encryption.

■ EXPERIMENTAL SECTION

Materials
The chemicals and solvents were purchased from commercial
suppliers.39 All reagents were used without purification, unless
specified otherwise.

Measurements
1H NMR and 13C NMR spectra were performed on the Bruker DMX
spectrometer at 298 K. High-resolution mass spectra (HRMS) were
recorded on a 6520 Q-TOF LC/MS (Agilent). The UV−vis
absorption spectra were recorded on a Thermo Fisher Scientific

EVO300 PC spectrophotometer (light path of the quartz cell = 1 cm).
The fluorescence spectra, quantum yields, and time-correlated decay
profiles were accomplished on the Edinburgh Instrument FS5
spectrometer (Livingstone, UK).40 The CD spectra were recorded
on a BioLogic MOS-500. The CPL spectra were performed on the
JASCO CPL-300. The Commission International del’ Eclairage (CIE)
1931 chromaticity diagram was determined by FLS1000 software.
TEM experiments were performed on an FEI Tecnai G2 F20 (200
kV). Photographs under UV irradiation and through a circular
polarizer were taken using a Sony A7R III mirrorless digital camera
equipped with a 35−75 mm f/1.8 lens. A Kase CPL filter was
mounted in front of the lens for chiroptical contrast imaging. The
CPL filter has a polarization extinction ratio of 100:1 (20 dB) and a
measurement uncertainty of less than 1%. All images were captured
under identical exposure settings to ensure comparability across the
experimental conditions.

Molecular Dynamics Simulations
All molecular dynamics (MD) simulations were performed by using
the GROMACS 2022.3 software package. The bonded and non-
bonded interaction parameters of the PFF molecule and HPγCD were
derived from the second-generation General Amber Force Field
(GAFF2). Missing bonded parameters were completed using the
parmchk2 utility, and restrained electrostatic potential (RESP)
charges were computed using the Multiwfn 3.8 program39 based
on gas-phase geometries optimized at the B3LYP/6-31G(d) level.

To ensure proper thermalization and equilibration, the systems
underwent sequential annealing consisting of 10 cycles of the NVT
(constant number, volume, and temperature) ensemble at 300 K and
10 cycles of the NPT (constant number, pressure, and temperature)
ensemble at 1 bar, each cycle lasting 2 ns. Following annealing,
production MD simulations were conducted for 10, 25, and 50 ns
depending on the system. The temperature was maintained using a
velocity-rescaled (V-rescale) thermostat, and pressure was controlled
with the Berendsen barostat.

All simulations used a 2 fs time step with all covalent bonds
involving hydrogen atoms constrained via the LINCS algorithm.
Nonbonded van der Waals and short-range electrostatic interactions
were calculated using a cutoff of 1.0 nm, while long-range
electrostatics were treated using the particle-mesh Ewald method.
Snapshots from the final 50 ns trajectories were extracted for
structural and statistical analyses, including aggregation behavior and
host−guest geometries.

Time-Dependent Density Functional Theory Calculations

To investigate the chiroptical properties of PFF monomers and host−
guest complexes, geometry optimizations and ECD calculations were
performed using a multistep approach. Initial conformational
sampling was carried out using GROMACS-based molecular
dynamics simulations followed by clustering and energy minimization
to identify low-energy conformers. For each system, the five lowest-
energy conformers were selected for ECD calculations, and the final
spectrum was obtained by the Boltzmann-weighted averaging of
individual ECD spectra.

All gas-phase ground-state geometries were optimized at the DFT
level using the B3LYP functional41 with the def2-SVP basis set,42

incorporating Grimme’s D3 dispersion correction with Becke-Johnson
damping (D3BJ).43 Harmonic vibrational frequency calculations were
performed to confirm that each optimized structure corresponded to a
local minimum on the potential energy surface (no imaginary
frequencies).

Subsequent TD-DFT calculations were conducted using the CAM-
B3LYP functional44 and the same def2-SVP basis set. Vertical
excitations were computed from the optimized ground-state geo-
metries, including the first 20 singlet excited states, and both electric
and magnetic transition dipole moments were used to simulate the
ECD spectra.

All DFT and TD-DFT computations were performed using the
Gaussian 16 program suite.45
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Synthesis of Compound PFF
Compounds 146 and FF47 (Scheme S1) were synthesized according
to the previous reports. 1 (50 mg, 0.16 mmol) and FF (88 mg, 0.19
mmol) were added to CH3CN (15 mL). The mixture was heated to
85 °C and kept refluxing overnight under a nitrogen atmosphere.
Then, diethyl ether was poured into the reaction mixture to obtain
orange precipitate and dried under vacuum to give PFF (83 mg, yield:
67%).

1H NMR (400 MHz, DMSO-d6, 298 K): δ 9.15 (d, J = 15.9 Hz,
1H), 8.96 (d, J = 9.3 Hz, 1H), 8.92 (d, J = 8.4 Hz, 1H), 8.76 (d, J =
7.7 Hz, 1H), 8.71 (d, J = 6.6 Hz, 2H), 8.68 (d, J = 8.4 Hz, 1H), 8.51
(d, J = 6.6 Hz, 2H), 8.41 (t, J = 8.1 Hz, 4H), 8.31 (d, J = 9.0 Hz, 1H),
8.26 (d, J = 8.8 Hz, 1H), 8.15 (t, J = 7.6 Hz, 1H), 7.87 (d, J = 15.8 Hz,
1H), 7.29−7.23 (m, 5.2 Hz, 10H), 5.29 (d, J = 3.4 Hz, 2H), 4.70−
4.62 (m, 1H), 4.55−4.49 (m, 1H), 3.61 (s, 3H), 3.05 (m, 2H), 2.95
(m, 1H), 2.79 (m, 1H). 13C NMR (100 MHz, DMSO-d6, 298 K): δ
171.60, 170.53, 164.10, 153.34, 145.35, 137.42, 137.14, 137.00,
132.39, 130.87, 130.26, 129.55, 129.29, 129.03, 128.93, 128.84,
128.60, 128.27, 128.11, 127.37, 126.73, 126.60, 126.40, 126.31,
126.03, 125.66, 125.45, 124.30, 124.16, 123.73, 123.62,123.09, 60.55,
53.94, 53.71, 51.90, 38.10, 36.59. HR-MS (ESI) m/z: calcd for
C44H38N3O4

− [PFF-Br]−, 627.286; found, 627.286.
Synthetic Route of PY
Compound PY was synthesized according to the previous reports.48

1H NMR (400 MHz, DMSO-d6, 298 K): δ 9.11 (d, J = 16.1 Hz,
1H), 8.96 (d, J = 9.4 Hz, 1H), 8.93 (d, J = 7.0 Hz, 2H), 8.66 (d, J =
8.3 Hz, 1H), 8.51 (d, J = 7.0 Hz, 2H), 8.40 (t, J = 8.4 Hz, 4H), 8.28
(d, J = 11.5 Hz, 2H), 8.16 (t, J = 7.6 Hz, 1H), 7.85 (d, J = 16.0 Hz,
1H), 4.30 (s, 3H). 13C NMR (100 MHz, DMSO-d6, 298 K): δ
152.44, 145.04, 136.65, 132.29, 130.90, 130.29, 129.46, 128.99,
128.76, 128.56, 127.40, 126.74, 126.41, 126.28, 126.00, 125.71,
125.47, 124.20, 123.94, 123.77, 123.13. HR-MS (ESI) m/z: calcd for
C24H18N− [PY-I]−, 320.143; found, 320.143.
Preparation of Supramolecular Assemblies
PFF was dissolved in DMSO at a concentration of 3 × 10−3 M. HPβ/
γCD was dissolved in water at a concentration of 3 × 10−3 M. CB[8]
was dissolved in water at a concentration of 1 × 10−4 M. According to
the required concentration for the experimental test, the above host
and guest solutions were taken and mixed in H2O/DMSO (99:1, v/
v). Ensure thorough mixing by vortexing and ultrasonication and then
let them stand at 25 °C for 30 min before conducting all the
characterizations.
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