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Deciphering the Stimuli-Responsive Behavior of TPPE-
Incorporated Flexible Metal-Organic Frameworks

You Fan,?® Zhikai Zhu,¢ Shuo Zhou,* Federico Gorelli,¢ Yuchen Ye,¢ Huixin Hu,* Shenghan Zhang,®
Hongliang Dong,© Changzhong Liao,*? Ziyou Zhang *®¢ and Zhigiang Chen *¢

Aggregation-induced emission luminogens (AlEgens) hold great promise for the design of highly sensitive and stimulus-
responsive luminescent metal-organic frameworks (LMOFs). However, the underlying response mechanisms, particularly
the evolution of energy state and conformation of AIE linkers under external stimuli, remain insufficiently understood. Here,
we investigate a three-dimensional MOF, [Cd,(D-Cam),(TPPE)], (D-MOF) and demonstrate that conformational locking of
the flexible tetraphenyl-pyridylethylene (TPPE) ligand enables the retention of high-pressure-induced green fluorescence at
ambient conditions. Upon compression, structural contraction and conformational rearrangement of TPPE enhance m-
conjugation, leading to a remarkable 140 nm pressure-induced fluorescence red-shift from cyan blue (452 nm) to yellow-
green (592 nm), accompanied by a transition in emission intensity from strong to nearly quenched. Single-crystal X-ray
diffraction (SCXRD) analysis further confirmed that the conformational change arose from variations in the torsion angles of
the phenyl and pyridyl rings of TPPE, resulting in diminished molecular symmetry. This work establishes an effective strategy
to “harvest” high-pressure emission states through conformational locking, offering guidance for the rational development

of luminescent materials with tunable photophysical properties.

Introduction

Metal-organic frameworks (MOFs) are a class of porous
crystalline materials constructed through the self-assembly of
organic ligands with inorganic metal ions or clusters, which have
garnered considerable attention owing to their tunable pore
sizes, facile functionalization, and structural diversity.!
Continued advances in MOFs research have led to the
development of the third generation, flexible MOFs (FMOFs),
characterized by pore sizes that adapt responsively to external
stimuli.23 Susumu Kitagawa further classified FMOFs as soft
porous crystals (SPCs), defined as porous solids possessing

highly ordered networks and remarkable structural
transformability.*> In contrast to rigid inorganic porous
materials, FMOFs rely on weak interactions—hydrogen

bonding, coordination bonds, and m-mt stacking—that impart
structural flexibility to their frameworks.®? Consequently,
FMOFs undergo reversible structural transformations in
response to diverse physical and chemical stimuli, including
temperature, pressure, guest molecules, and light.® The unique
stimulus-response dynamics confer exceptional versatility for
the wide applications of FMOFs.>'° However, these materials
usually experience structural collapse or loss of crystallinity
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upon external stimuli, and the resulting structural disorder
greatly complicates their characterization. As a result, the
microscopic response mechanisms of FMOFs remain elusive,
hindering the rational design and precise synthesis of function-
oriented frameworks.

Tetraphenylethylene (TPE) represents one of the most
prototypical aggregation-induced emission (AIE)
luminogens.1213 |ts ethylene core is surrounded by four freely
rotatable phenyl rings, forming a propeller-like TPE molecule
with a highly twisted conformation.'* In solution, isolated TPE
molecules are nearly non-emissive; conversely, they exhibit
strong photoluminescence (PL) in the aggregated or the solid
state, where the restriction of intramolecular rotation (RIR)
effectively suppresses non-radiative decay.!> The distinctive
molecular flexibility of TPE and its derivatives (TPEs) enable
reversible fluorescence color changes in response to external
stimuli, driven by conformational rearrangements arising from
aromatic ring rotations or phase transitions.16-18 Recent studies
have demonstrated that rational molecular design of AlE-based
systems can effectively endow materials with diverse stimuli-
responsive luminescence behaviors for applications such as
information encryption and anti-counterfeiting.19-22
Incorporating AIE luminogens into FMOFs not only restricts the
rotation of phenyl rings through coordination bonds to achieve
efficient luminescence, but also imparts the framework with
unique flexibility under external stimuli.?32* Such integration
provides an ideal platform for exploring the interrelationship
between structure and photophysical properties of FMOFs
under pressure.
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Pressure, as a crucial thermodynamic parameter, enables the
regulate of macroscopic properties by altering microstructures
and bonding configurations without changing the material’s
chemical composition.?>22 Su et al. reported that a flexible MOF
retained redshifted fluorescence upon compression, as the
coordination locking facilitated weak m-m interactions between
adjacent AIE ligands, which intensified rapidly with increasing
pressure.?® Similarly, Zou et al. realized pressure-induced PL
emission enhancement in Tb(BTC)(H20O)s via pressure
engineering, in which strengthened hydrogen bonds locked the
conjugated configuration formed by the carboxyl group and
benzene ring of the organic ligands.3° However, high-pressure
phases that persist at ambient conditions after compression-
decompression treatment are rarely reported, rendering the
pressure-structure-property correlation unclear.

Herein, we conclusively realized piezochromic behaviors in a
three-dimensional MOF, [Cdy(D-Cam),(TPPE)], (D-MOF),
assembled from the flexible AlEgen TPPE and the chiral D-(+)-
camphoric acid (D-H,Cam). Upon compression, the
intermolecular distance between TPPE ligands decreases,
promoting the formation of rt-mt stacked excimers that triggered
a pronounced 140 nm redshift (from 452 nm at ambient
pressure to 592 nm at 10.1 GPa), accompanied by a color
evolution from cyan-blue to blue-green, green, and yellow-
green. After decompression, D-MOF remarkably retained the
green luminescent state of the high-pressure phase. In-situ
high-pressure Raman and infrared (IR) spectra demonstrated
that the microscopic crystal structure remained intact
throughout the compression-decompression process, with the
framework preserved. Notably, the decompressed single crystal
maintained the high-pressure phase, undergoing a structural
transition from space group P6,22 to P3,21. Density functional
theory (DFT) calculations revealed that pressure-induced
torsion of the phenyl and pyridyl rings expanded the m-
conjugated system of TPPE. This work uniquely captured a high-
pressure phase of the D-MOF at ambient conditions through
ligand-conformation locking, clearly elucidating the relationship
between pressure, structure, and fluorescence properties, and
offering novel insights for rationally tuning the photophysical
behaviors of functional materials.

Results and discussion

The AlEgen-based optically pure D-MOF single crystal was
successfully synthesized via a solvothermal method following
the previously reported procedure 3!(detailed procedures are
provided in the Supporting Information). The experimental
powder X-ray diffraction pattern agrees well with the simulated
pattern generated from the single-crystal structure (Fig. S1).
The D-MOF crystallizes in the chiral hexagonal system with the
P6,22 space group, consistent with that of natural B-quartz.
Each Cd?* ion is six-coordinated, coordinating with two TPPE
molecules and two D-H,Cam molecules. The carboxyl groups of
D-H,Cam chelate in a bidentate fashion, whereas the pyridyl
nitrogens of TPPE coordinate monodentately.3! The D-Cam
molecules impart their chirality to the achiral TPPE molecules
mediated by Cd?* ions via the through-space chirality transfer
(TSCT). Consequently, the three building blocks-Cd?** ion

2| J. Name., 2012, 00, 1-3

polyhedra, D-Cam, and TPPE-collectively adopt a right:handed
three-dimensional packing arrangement (Fig: 1a)039/D55C09651K

Under ambient conditions, D-MOF emits an intense cyan-
blue fluorescence upon excitation at 365 nm, with an emission
maximum at 452 nm.3! The emission mechanism is attributed
to framework enabled emission (FEE), where the vibrations and
partial rotations of TPPE molecules are restricted by
coordination, despite their spatially discrete distribution in the
D-MOF crystal.3® The fluorescence behavior of TPE
luminophores is intrinsically governed by intramolecular motion
and intermolecular stacking states. Rotations of phenyl rings
and variations in dihedral angles allow them to respond to
external stimuli, ultimately manifesting as alterations in
photophysical properties.3? Meanwhile, D-H,Cam, as a flexible
alkane molecule, can be compressed upon external force, which
modulates molecular packing and thereby affects the overall
macroscopic behavior.3® Therefore, integrating TPPE and D-
H,Cam within a single framework imparts D-MOF with
exceptional structural flexibility and outstanding optical
responsiveness toward mechanical stimuli such as grinding and
ultrasonication.3!

In light of these findings, we further investigated the
luminescent behavior of D-MOF under high pressure. To this
end, a diamond anvil cell (DAC) capable of generating precisely
controlled hydrostatic pressure was employed for a series of in-
situ high-pressure experiments. Fig. 1b and S2 presents the in-
situ PL spectra of D-MOF under compression. The fluorescence
intensity gradually declined as the pressure increased to 10.1
GPa, and by further compressing to higher pressures, the
emission signal became nearly quenched. It is noticeable that
the emission wavelength underwent a redshift of
approximately 140 nm, from 452 nm to 592 nm, with the
observed color changes from cyan-blue to blue-green, green,
and vyellow-green (Fig. 1c and d). Of particular interest,
throughout the compression process, both the fluorescence
intensity and peak position initially varied rapidly at lower
pressures and then evolved more slowly under further
compression (Fig. 1e). During gradual pressure release, the
fluorescence emission reemerged with progressively increasing
intensity (Fig. 1c, S3 and S4). Remarkably, at full decompression,
the emission peak shifted back to 515 nm (cyan-green),
substantially redshifted relative to the original 452 nm, with a
broadened peak profile, indicating that D-MOF experienced
partially irreversible structural changes (Fig. 1f and S5).
Additionally, fluorescence spectra were collected during three
consecutive compression-decompression cycles (Fig. S6 and
S7). Notably, the emission was eventually quenched around 600
nm, although higher pressures were required in subsequent
cycles. After complete pressure release, the emission
wavelengths gradually converged. This implies that pressure
treatment probably drives D-MOF into a lower-energy
equilibrium state, stably maintained after decompression,
thereby giving rise to a luminescence “memory effect”.
Temperature-dependent PL spectra were also recorded (Fig.
S8). The emission intensity gradually decreases and the
emission peak broadens with increasing temperature. Upon
cooling, the emission peak position nearly returns to its initial
state, indicating that the luminescence response of D-MOF is
specific to pressure stimulation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) Schematic illustration of the chiral reticular self-assembly strategy of D-MOF. (b) In-situ high-pressure PL spectra of D-MOF during compression. (c) PL
micrographs of D-MOF during the compression and decompression. (d) CIE chromaticity diagram of D-MOF during compression. (e) Pressure-dependent evolution of
PL intensity and emission wavelength of D-MOF up to 10.1 GPa. (f) Comparison of the PL spectra of D-MOF at 0.1 GPa and after complete pressure release from 10.1

GPa.

To further probe the PL decay kinetics of D-MOF, in-situ high-
pressure time-resolved PL (TRPL) spectra were recorded (Fig. S9
and S10). The decay curves were fitted using a double
exponential function34, yielding the variation of the average PL
lifetime as a function of pressure (Table S1 and Fig. 2a). Upon
compression, the average lifetime decreased continuously from
1.78 ns at ambient conditions to 0.67 ns at 9.2 GPa, consistent
with the observed decline in PL intensity. The continuous
reduction in the PL lifetime of D-MOF was primarily attributed
to pressure-induced framework contraction, which enhanced
intermolecular interactions and thus introduced additional non-
radiative decay channels.3?2 After decompression, the average
fluorescence lifetime increased, reaching 2.96 ns at ambient
conditions, prominently longer than the initial value of 1.78 ns
(Fig. 2b and c). Because the decay kinetics of solid-state
luminophores are largely determined by molecular dynamics
(vibrations and rotations), the elongated lifetime implies that
the conformational motions in D-MOF are more effectively
restricted.3®

This journal is © The Royal Society of Chemistry 20xx

To elucidate the fluorescence evolution mechanism at the
molecular level, in-situ high-pressure UV-Vis absorption, IR and
Raman spectroscopies were conducted. As shown in Fig. 2d, D-
MOF displays a pronounced absorption peak at 380 nm,
attributed to the m-m* local electron transition of TPPE
molecules.3® With increasing pressure up to 10.5 GPa, the
absorption peak underwent a continuous redshift,
accompanied by peak broadening and enhanced intensity. The
pressure-dependent band gap of D-MOF was determined using
the direct band gap Tauc plots3’, where (ahv)? is plotted against
hv (Fig. 2e). Upon compression from 0.2 to 10.5 GPa, the band
gap progressively decreased from 2.93 eV to 2.35 eV. These
results suggest that pressure strengthens intermolecular
interactions and induces conformational changes in TPPE which
enhance molecular conjugation. Therefore, the energy gap of
the r-rt* transition decreases, resulting in redshifted absorption
and a progressive reduction in the band gap.3® After
decompression, the UV-Vis absorption spectrum did not
thoroughly revert to its original peak positions, and the band

J. Name., 2013, 00, 1-3 | 3
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gap remained 0.06 eV lower than the initial value (Fig. 2f, S11
and S12). This incomplete recovery indicates that D-MOF did
not fully restore its original electronic structure, accounting for
the redshift in fluorescence emission.

The in-situ high-pressure Raman spectra of D-MOF are shown
in Fig. 2g. The Raman peak at 1036 cm™ corresponds to the in-
plane bending vibration of the pyridine ring3°, the peak at 1135
cm ™ arises from the stretching vibration of the C-C single bond
formed between the ethylene core and the adjacent benzene
ring in TPPE, and the peak at 1607 cm™ is attributed to the C=C
stretching vibration of the benzene ring®°. With increasing
pressure, all Raman peaks exhibit a distinct blueshift, peak
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Journal Name

broadening, and reduced intensities, collectively iﬂg,iv%?tﬂ!g%ﬁ%
escalated intermolecular interactions. WponodesomiseEssion;
most Raman peaks almost recover to their initial positions (Fig.
S13 and S14). Notably, the Raman peak at 1607 cm? displays a
pressure-dependent shift with two distinct regimes. In the low-
pressure region (<1.1 GPa), this peak shows a relatively rapid
blueshift. As the pressure further increases, the shift rate
becomes noticeably slower, which may be associated with the
conformational planarization of the TPPE ligand.3* Throughout
the entire compression- decompression cycle, no new Raman
peaks emerged nor did any vanish. Combined with the in-situ PL
and UV-Vis results, these observations manifest that D-MOF
undergoes an isostructural phase transition.
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Fig. 2 (a) Pressure-dependent variation of the average PL lifetime of D-MOF. Normalized time-resolved PL decay curves of D-MOF (b) before compression and (c)
released. (d) In-situ high-pressure UV-Vis absorption spectra of D-MOF during compression. (e) Evolution of the optical band gap of D-MOF as a function of pressure,
with the inset showing the Tauc plot at 0.2 GPa. (f) Comparison of UV-Vis absorption spectra at 0.2 GPa and after pressure treatment, with the inset illustrating the
corresponding band gap change. In-situ high-pressure (g) Raman spectra and (h) IR spectra of D-MOF upon compression.
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The in-situ high-pressure IR spectra showed trends consistent
with the Raman results (Fig. 2h). The IR bands in the range of
700-900 cm? are attributed to the C—H deformation vibrations
(6(C—H)).*! The peak located at 1293 cm™ is assigned to the C—
N stretching vibration (v(C—N)).*? In addition, the band at 1535
cmis attributed to the C=C stretching vibration (v(C=C)) of the
benzene ring skeleton.*® The broad absorption band centered
at 2950 cm™ can be assigned to the C—H stretching vibration
(v(C—H))**. As increasing pressure, all IR peaks shifted toward
higher wavenumbers, implying the compressed framework,
shortened bond lengths, and consequently enhanced

ARTICLE

vibrational frequencies. Moreover, distinct vibrational medes
exhibited different pressure responses.*®Below 3PP GEPAICEHRE
response was governed by framework contraction, producing in
a profound blueshift of the IR peaks above 1500 cm-. At higher
pressures, conformational rearrangements became
predominant, leading to more noticeable blueshifts in the low-
wavenumber region. Meanwhile, changes in the profiles of
most IR peaks revealed stronger intermolecular interaction
under compression.** These spectral features reasonably
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Fig. 3 (a) Conformational changes of the TPPE ligand in D-MOF before and after compression (Plane P1 is defined by the two C atoms forming the central C=C double
bond and four C atoms surround them. The phenyl rings and pyridine ring define the P2 and P3 plane crossing them, respectively.). (b) (c) Comparison of the layered

characteristics in the D-MOF single-crystal (b) original (c) released states.
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accounted for the rapid variations in the PL emission peak
position and intensity at low pressure, as well as the more
gradual evolutions observed under higher pressure. Upon
pressure release, most IR peaks returned near their original
positions (Fig. S15 and S16).

The in-situ high-pressure PL measurements revealed that
upon full decompression, D-MOF retained a fluorescence peak
at 515 nm, redshifted by 63 nm compared to its initial emission.
This clearly evidences that the high-pressure phase was
successfully preserved under ambient conditions. Single-crystal
X-ray diffraction (SCXRD) was carried out on the complete
decompressed sample and further confirmed that the crystal
structure was successfully resolved, capturing the metastable
phase retained after the high-pressure-induced conformational
transition. The crystallographic parameters of D-MOF before
and after compression are summarized in Table S2, and the
selected bond lengths and bond angles of the released D-MOF
are listed in Table S3. Upon complete decompression, the a-axis
and b-axis slightly elongated by ~0.1 A, while the c-axis
decreased from 47.860 A to 47.635 A, ultimately resulting in an
enlarged unit cell volume. And the space group changed from
P6,22 to P3;21, revealing a conformation-driven phase
transition induced by pressure. To further elucidate the origin

Journal Name

of the reduced symmetry, the conformational evolution of the
flexible TPPE ligand within the D-M@F: 1frarpenasioossas
comparatively analyzed. Relative to the conformation at
ambient conditions, TPPE ligands exhibited substantial
conformational changes after pressure treatment (Fig. 3a and
Table S4). Specifically, the average dihedral angle P1-P2
decreased from 56.16° to 55.99°, while the average dihedral
angle P2-P3 decreased from 27.64° to 26.06°. The four
symmetrically distributed pyridyl-phenyl units transformed into
a pairwise symmetrical arrangement. This conformational
evolution expanded the m-conjugation of TPPE and enhanced
electron delocalization, thereby modulating the energy level
structure of the emission and ultimately resulting in a marked
redshift of fluorescence. Further comparison of the layered
structures of D-MOF before and after compression (Fig. 3b and
c) showed reductions in TPPE interlayer spacing and D-H,Cam
interlayer spacing by 7 pm and 4 pm, respectively. This
demonstrated that the overall layered feature of the framework
nearly recovered to its initial state upon full pressure release,
confirming that the PL redshift primarily originated from the
conformational rearrangement of TPPE molecules. For
comparison, previous studies on AlE-based MOFs generally
reported reversible luminescence responses under pressure.

(@) Original

EHOMO = -2.3343 eV
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-60 kcal/mol
[
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|

Fig. 4 (a) Contour plots of the HOMO, LUMO, and HOMO-LUMO energy gap of the TPPE ligand in D-MOF before and after compression. (b) Molecular electrostatic

potential of the TPPE ligand in D-MOF before and after compression.
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Table 1. Parameters of Hole and Electron Distributions of the TPPE in D-MOF under the
Excited State of So—S,2

Original Released
D (A) 14.365 9.233
Sr 0.54268 0.24722
H(A) 8.479 5.447
t(A) 8.982 6.898
HDI 421 6.26
EDI 4.46 6.65

2D is the delocalization index, Sr is the integral of geometric mean function of holes and
electrons, H is the overall average distribution breadth of electrons and holes, t is the
degree of separation between holes and electrons, HDI is the hole delocalization index,
and EDI is the electron delocalization index.

For example, Zhang et al. observed reversible fluorescence
evolution in an AIE-Mn-MOF??, while Guo et al. reported
reversible pressure-responsive luminescence in TPE-based Sr-
ETTB attributed to the intrinsic flexibility of the framework*°. In
contrast, the D-MOF partially retains the high-pressure
luminescent state after decompression, indicating that
pressure-induced conformational changes of the TPPE ligand
can be stabilized by framework confinement, resulting in a
ligand conformational locking effect. To the best of our
knowledge, no prior work has been reported about this
successful retention of a metastable phase induced by pressure-
driven conformational transition in a flexible MOF. This finding
not only clearly provide insight into the intrinsic relationship
between pressure-driven structural transformation and
structure-property modulation, but also validates the feasibility
flexible-ligand conformational-locking strategy for capturing
high-pressure emissive states.*647

To quantitatively clarify how the conformational changes of
the flexible TPPE ligands in D-MOF influence its optical
properties, we calculated the HOMO-LUMO energy gap of TPPE
before and after compression (Fig. 4a). It was revealed that both
HOMO and LUMO levels shifted toward the vacuum level after
compression, indicating enhanced electron delocalization.
Concurrently, the slightly reduced energy gap suggested that
TPPE conformational rearrangement promoted m-electron
delocalization throughout the molecular framework, thereby
expanding the conjugated system and underpinning the PL
redshift of D-MOF after pressure treatment. According to Kasha
” s rule*8, molecular fluorescence typically originates from the
first singlet excited state (Si). Therefore, electron - hole
analysis was performed to elucidate the electronic transition
characteristics associated with the So—S; excitation of the TPPE
ligand in D-MOF. As shown in Fig. S17, under ambient conditions
both electrons and holes are mainly distributed over the m-
conjugated framework of the TPPE. After pressure treatment,
their spatial distributions exhibit an approximately pairwise
symmetric pattern. Table 1 summarizes the electron — hole
distribution parameters of TPPE in the So—S; excited state. The
centroid distance between the mass centers of electrons and
holes (D) decreases from 14.365 A to 9.233 A, while the degree

This journal is © The Royal Society of Chemistry 20xx
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of separation (t) decreases from 8.982 A to 6.898 A, indicating.a
reduced spatial separation of the excited®@4ridfs IR G4 HS
the hole delocalization index (HDI) and electron delocalization
index (EDI) increase by 0.25 and 0.39, respectively, suggesting
enhanced delocalization of both electrons and holes over the mn-
conjugated framework. Furthermore, analysis of the molecular
electrostatic potential (MEP, Fig. 4b) manifested that prior to
compression, high electron-density regions (red region) were
concentrated near the four pyridyl nitrogen atoms, whereas the
ethylene core and phenyl rings primarily exhibited a positive
potential (blue region). After decompression, the electron-rich
regions around nitrogen atoms diminished, while the positive
potential regions expanded, suggesting reduced molecular
polarization and a redistribution of electron density toward a
more uniform delocalization across the m-framework. Such
electron density redistribution was consistent with the
narrowed HOMO-LUMO gap, thereby providing further
evidence from the electronic-structure perspective for the
pressure-modulated optical properties of D-MOF.

Conclusions

In summary, we systematically investigated the fluorescence
response behavior and conformational regulation mechanism
of the TPPE-based chiral luminescent MOF (D-MOF) under high-
pressure conditions. By leveraging the high conformational
sensitivity of flexible organic ligands to pressure, a broad
pressure-induced fluorescence shift from cyan-blue (452 nm) to
yellow-green (592 nm) was realized. Notably, we presented a
previously unexplored approach that the high-pressure phase
of the flexible MOF has been successfully retained under
ambient conditions. By integrating a series of in-situ high-
pressure spectroscopic techniques, we revealed the entire
process of enhanced m-conjugation driven by pressure-induced
conformational rearrangements of the TPPE ligand. SCXRD
analysis further confirmed that changes in the torsional angles
of TPPE phenyl and pyridyl rings reduced molecular symmetry,
which underlied the irreversible PL redshift. Moreover, D-MOF
demonstrated robust structural stability and a PL “memory
effect” during repeated pressure cycles, endowing it with
outstanding tunability in luminescence. Overall, this work
establishes a strategy for capturing high-pressure luminescent
states through conformational locking of flexible AIE ligands,
offering new insights for the design of stimulus-responsive
luminescent materials.
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