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The usage of flexible ligands in constructing MOF materials (FL-MOFs) has been widely studied due to
its numerous advantages, including the structural diversity, polynuclear MOFs, transmitting magnetic ex-
changes, enantioselective separation, asymmetric catalysis, etc. However, the field still faces challenges in
deeply understanding the effect of ligand configuration on the properties of these materials. Here, we
employ a flexible aggregation-induced emission ligand (4,4’-((1E,1’E)-anthracene-9,10-diylbis(ethene-2,1-
diyl))dibenzoic acid) with great mechanical stability to construct FL-MOFs to lock the ligand configuration
to explore the pressure-induced evolution of the ligand with coordination restriction, involving changes in
fluorescence and intermolecular interaction. In-situ high-pressure fluorescence, Raman, and FT-IR exper-
iments have revealed that the intermolecular interaction of AIE-Mn-MOF with configuration restriction
increased more rapidly than that of free AIE-L. This discovery offers valuable insights for synthesizing
MOF materials with exceptional mechanical stability and significantly advances our understanding of the

impact of coordination restriction in FL-MOFs on their response to external stimuli.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic framework (MOF) materials are a new type of
crystalline “soft” materials formed through the self-assembly of
inorganic metal ions or metal clusters and organic ligands. The
metal-ligand (M-L) coordinate bonds connecting metal and organic
ligands grant MOF materials unique frame flexibility, resulting in
high specific surface area, designable structure and function, and
adjustable pore size, etc. [1-3], which present huge application
prospects in the fields of gas adsorption and separation, catalysis,
chemical sensing, proton conduction, and biomedicine [4-7]. The
MOFs constructed based on flexible ligands (FL-MOFs) can accom-
modate the coordination preference of metal centers due to the
ligands’ flexibility, endowing FL-MOFs with dynamic properties in
response to external stimuli [8-10]. However, the impact of the
configuration of flexible ligands in FL-MOFs on the properties is
not yet clear due to the configuration diversity of flexible ligands,
which make it challenging to carry out a reasonable design.

9,10-Distyrylanthracene (DSA) and its derivatives are typical
aggregation-induced emission (AIE) molecules with remarkable
molecular flexibility, demonstrating advantages of high quantum
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efficiency of aggregated fluorescence, easily regulated molecular
structure and excellent optical characteristics [11-14]. Furthermore,
Tian and his collaborators systematically studied the luminescence
characteristics of DSA derivatives under high-pressure through in-
situ observation, revealed the mechanism of the evolution of aggre-
gation structure and luminescence properties under pressure stim-
ulation at the molecular level, which is the enhanced 7 -7 interac-
tion between adjacent anthracene rings leads to an increase in ex-
citon coupling and orbital overlap between neighboring molecules,
and also indicated that DSA derivatives exhibit outstanding stabil-
ity under hydrostatic pressure [15-18]. These findings encourage
the use of flexible DSA derivative molecules in constructing FL-
MOFs to obtain MOF materials with superior mechanical stability
and facilitate further studies on the effect of coordination restric-
tion on ligand properties.

Here, we selected AIE material (4,4’-((1E,1’E)-anthracene-
9,10-diylbis(ethene-2,1-diyl))dibenzoic acid) with signifi-
cant framework flexibility under pressure as organic lig-
and to design and synthesize a new 2D AIE-Mn-MOF
[(Mn302)L3(H20)4(DMF)2‘(MD302)L3(H20)6]. Under hydrostatic
pressure generated by the diamond anvil cell (DAC), the fluores-
cence of AIE-Mn-MOF with coordination restriction effect showed
red-shift and the weakened intensity. Meanwhile, AIE-Mn-MOF
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Fig. 1. (a) AIE ligand. (b) Crystal structure of AIE-L. (c, e) The asymmetric unit in AIE-Mn-MOF. (d, f) 2D layer based on Mn30,(H,0)s and Mn30,(DMF),(H,0), cluster,

respectively.

exhibited a blue-shift with almost constant intensity under shear
force generated by grinding. For comparison, AIE ligand crystal
represented red-shift under the action of two different forces.
In-situ high-pressure fluorescence displayed that uncoordinated
AIE ligand with higher flexibility possessed more mild response
to pressure than AIE-Mn-MOF with coordination restriction effect.
Furthermore, the fluorescence evolution mechanism was revealed
by in-situ high-pressure Raman, FT-IR and PXRD experiments that
pressure made the intermolecular -7 interaction of coordination
locking increased rapidly. This work has not only clearly indicated
the effect of coordination restriction on ligand properties, but also
provided new insights for the synthesis of MOF materials with
great mechanical stability.

AIE-L crystalized in the triclinic P-1 space group, where the
oxygen atom of the aldehyde group of the solvent molecule DMF
formed a hydrogen bond with the hydroxyl part of the carboxyl
group of ligand and existed in the structure (Figs. 1a and b). In the
packing mode of the crystal, there was an absence w -7 interaction
between adjacent ligands, which effectively avoided non-radiative
transitions. This is consistent with the strongest fluorescence of the
AIE materials in the aggregate state.

The yellow crystal of AIE-Mn-MOF exhibited a typical 2D net-
work consisting of two different 2D layers and crystallized in the
triclinic P-1 space group (Figs. 1c-f). In the 2D layer structure,
the (Mn30,)(H,0)4(DMEF), cluster was connected with two ligands,
where the carboxyl group on one side of the ligand adopted the
syn-syn coordination mode, while the other side was monodentate,
forming a 1D chain. Compared to free AIE-L, the coordination lock-
ing led to a w-m weak interaction between the anthracene rings
from adjacent ligands in the 1D chain, with a center distance of
3.685A. The 1D chain could further connect to the cluster to form
a 2D layer through a ligand whose carboxyl groups at both ends
were in a monodentate coordination mode. The other 2D layer was
similar to the one above, except that the capping reagent DMF of
the (Mn30,)(H;0)4(DMF), cluster was changed to H,0, and there
was no interaction between the two layers. Moreover, the remark-
able differences in intramolecular conformations between free lig-
ands and coordination-locked ligands were summarized in Table
S3 (Supporting information), including the angle between the vinyl
and anthracene ring, the angle between the vinyl and benzene
ring, and the dihedral angle between the anthracene ring and ben-
zene ring, which were compared in detail. It can be observed that
the angle between vinyl and anthracene ring in AIE-Mn-MOF was
greater than AIE-L, and the dihedral angle between the anthracene

ring and benzene ring was smaller than AIE-L, indicating the co-
ordination related distortion of the flexible ligand configuration. In
addition, the twist degree of the ligand in the 2D layer where the
capping reagent is water was greater than that of DMF.

AIE-L powder exhibited a strong absorption band at 300-
500 nm and emitted intense yellow fluorescence at Amax =575 nm
(Fig. S2 in Supporting information). In contrast, its solution in
THF showed weak and wide orange-red emission at Apax =622 nm,
which was due to conformational relaxation in the solution. Addi-
tionally, AIE-L aggregation in a THF/water (v/v=1/9) solution ex-
hibited aggregation-induced luminescence at Amax =557 nm with a
blue shift and a 2.2-fold increase in intensity compared with the
THF solution (Figs. S3 and S4 in Supporting information). Under
grinding treatment, the AIE-L crystal exhibited a mechanical re-
sponse where the fluorescence gradually red-shifted from 580 nm
to 592nm with a decrease in intensity (Fig. 2a). The PXRD of
AIE-L after grinding was measured and compared with the initial
PXRD to explain the mechanism of piezochromism, which revealed
that the shear force made AIE-L crystal amorphous (Fig. S5a in
Supporting information). Therefore, the reduced distance between
molecules enhanced previously non-existent ;-7 interaction and
non-radiative effects, causing the fluorescence to red-shift and the
intensity to weaken [19,20].

Phase purity of AIE-Mn-MOF based on ligand with aggregation-
induced emission was confirmed by PXRD, where the diffraction
patterns of the synthesized complex were in agreement with the
simulated counterparts (Fig. S5b in Supporting information). Even
the diffraction pattern at 26 of 6° comparing to the simulated one
was missing, the high purity of AIE-Mn-MOF was no doubt, which
may be resulted from the distinct test conditions and the sam-
ple preparation, such as the scanning speed, X-ray wavelength, and
sample packing. Under visible light excitation at 480 nm, AIE-Mn-
MOF emitted a strong yellow fluorescence similar to the AIE-L fluo-
rescence pattern, indicated that the fluorescence mainly came from
the ligand-to-ligand charge transfer (LLCT), and the weak blue shift
might be attributed to the influence of the metal center (Fig. S6
in Supporting information) [21-23]. However, the fluorescence in-
tensity of AIE-Mn-MOF was significantly lower than that of AIE-
L, which is contrary to previous reports that the structure of the
AIE fluorescent linkers are constrained in MOFs to effectively con-
trol their conformation, resulting in the adjust of the fluorescence
energy and the improvement of the quantum yield [24-28]. For
example, the PL quantum yield of PCN-94 (76.2%, air, r.t.) was far
greater than its AIE ligand H4ETTC (30.0%, air, r.t.) [24]. The flu-
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Fig. 2. (a, b) PL spectra of the initial, ground for AIE-L and AIE-Mn-MOF. (c, d) In-
situ PL spectra upon the compression for AIE-L and AIE-Mn-MOF. (e, f) CIE coordi-
nates upon the compression for AIE-L and AIE-Mn-MOF.

orescence intensity of AIE-Mn-MOF was lower than that of AIE-
L, which was not only attributed to the non-radiative transition
of the m-m interaction between flexible ligand and neighboring
molecules in the AIE-Mn-MOF, but also due to the influence from
Mn(Il) ion centers [29-31]. Comparing with the ligand AIE-L, AIE-
Mn-MOF had a blue shift after grinding, and maintained intensity
(Fig. 2b). Moreover, PXRD of the grinded AIE-Mn-MOF was close to
that of the as-prepared MOF, suggesting that the layered structures
were perfectly preserved (Fig. S5b). Therefore, grinding triggered
the local dynamics of the AlEgen rotors (local order disturbed)
with slight rigidity after coordination to realize nondestructive me-
chanical stimulation response [32].

To further understand the piezochromic effect and the
structure-property relationship, we investigated the pressure ef-
fects by diamond anvil cell (DAC), the DAC can provide a quantifi-
able hydrostatic pressure that has the distinct nature to the un-
controllable shear force generated by grinding, on the lumines-
cence of AIE-L and AIE-Mn-MOF [33,34]. As the hydrostatic pres-
sure increased from 1atm to 5.1GPa, the fluorescence emission
of the AIE-L crystal gradually red shifted from 564 nm (yellow) to
668 nm (red) and the intensity dramatically decreased, showing a
more pronounced effect than grinding (Figs. 2c and e). Meanwhile,
the crystal emission color under 360 nm light varied from yellow
to red with slightly faded in brightness, when above 5.1 GPa the
emission signal was almost quenched (Fig. S7 in Supporting infor-
mation). Correspondingly, the fluorescent spectra of AIE-L during
decompression were recorded that the fluorescence of AIE-L al-
most returned to the initial state, and CIE coordinates, adsorption
spectrum and crystal color also proceeded back to the initial state
which signified that AIE-L had a reversible fluorescence response
to pressure within 5.1 GPa (Fig. 2e, Figs. S7a and S11a in Supporting
information). Additionally, to further verify its reversibility, we in-
vestigated the fluorescence spectra of three cycles of compression
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and decompression which illustrated that the fluorescence of AIE-L
could be consistent with the initial state after each cycle (Fig. S8 in
Supporting information). All the above results indicated that AIE-L
crystal has great frame flexibility and can undergo reversible struc-
tural evolutions under pressure. However, under hydrostatic pres-
sure the phenomenon of AIE-Mn-MOF was completely opposite to
the shear force, that is, the fluorescence peak gradually red shifted
from 590 nm to 618 nm as the hydrostatic pressure increased, and
accompanied the intensity decreases (Figs. 2d and f). Comparing
with free AIE-L, AIE-Mn-MOF with configuration locking exhibited
the similar frame flexibility and the reversible fluorescence re-
sponse to pressure (Figs. S9 and S10 in Supporting information),
however, fluorescence intensity decreased faster and the redshift
was less. The changes of fluorescence intensity and wavelength un-
der compression, would be not only attributed to the strengthen-
ing of intermolecular interaction with coordination restriction, but
also resulted from the decreased the distance between molecules
and the enhanced non-existent w-7 interaction and non-radiative
effects [35-38].

To further explore the mechanism of pressure-induced elec-
tronic structural change and the effect of coordination on piezoflu-
orochromism, the in-situ high-pressure FT-IR, Raman and UV-vis
absorption spectra of AIE-L and AIE-Mn-MOF single crystal were
investigated in DAC. Figs. 4a and b show the IR spectra of the AIE-
L and AIE-Mn-MOF single crystal in the 650-1800cm~! range un-
der different pressure, which mainly used to demonstrate molecu-
lar rotation [39,40]. By elevating the pressure, most of the IR peaks
were blue-shifted indicating that the interatomic distances were
decreased. However, the IR peak shape of AIE-Mn-MOF changed
observably, suggesting that the strength of AIE-Mn-MOF inter-
molecular interaction with increased pressure was greater than
that with AIE-L [40]. After the release of pressure, the IR peaks of
the sample were similar to those initial patterns, suggesting that
the pressure-enhanced intermolecular interactions were reversible
[40].

The Raman peak at around 900-1000cm~! and 1550-
1650 cm~! assigned to C-H rocking vibration out of plane and C=C
stretching vibration of vinyl or benzene ring skeleton, respectively
[41,42]. With the elevated pressure, all the Raman peaks exhibited
obvious blue shifts and gradually weaken in peak intensity, which
indicated that the intermolecular interaction reinforced (Figs. 4c
and d) [43,44]. In the approximate pressure range, the blue shift
of represents C=C stretching Raman peaks (including P1, P2 and
P3) in AIE-Mn-MOF was greater than that in AIE-L (Fig. 4e), which
indicated that the pressure caused the original -7 interaction in
AIE-Mn-MOF to enhance rapidly [45-47]. Meantime, no new peaks
appeared during the entire compression process, revealing that no
phase transition occurred [43]. When the pressure returned to at-
mospheric condition, all Raman peaks were restored to the initial
state, demonstrating that the structural compression under pres-
sure are completely reversible (Figs. S13 and S14 in Supporting in-
formation).

Additionally, the high-pressure absorption spectra of the AIE-L
and AIE-Mn-MOF inside DAC were also measured. As shown in
Fig. 3, the absorption spectra of both AIE-L and AIE-Mn-MOF
smoothly broadened towards the redshift direction while the pres-
sure increased, and the crystal also obviously changed from yel-
low to dark-red color under daylight. The calculated band gap for
AIE-L and AIE-Mn-MOF indicated that AIE-Mn-MOF with coordi-
nation configuration locking was more sensitive to pressure than
free AIE-L, where the band gap decreased from the initial 2.26 eV
(0.1GPa) to 1.71eV (5.2GPa) for AIE-Mn-MOF, in comparison to
2.42eV (0GPa) to 1.95eV (6.2 GPa) for free AIE-L (Fig. 3). This ten-
dency might be due to the rapid enhancement of intrinsic inter-
molecular interactions in the AIE-Mn-MOF structure under exter-
nal pressure.
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In order to further verify the structure-property relationship of
AIE-Mn-MOF, we examined in-situ high-pressure XRD experiments
in DAC from 1 atm to 5.6 GPa (Fig. 4f). With an increment in pres-
sure, the mainly diffraction peaks were moved gradually to higher
angles, indicating that AIE-Mn-MOF underwent a smooth compres-
sion, which was consistent with in-situ the spectral experimental
data. The visible change in the peak width and peak shape was
due to the reduction of the crystal grain size after the decompres-
sion [48]. Combined with the in-situ high-pressure FI-IR, Raman,

absorption spectrum, and PXRD experiments, the results provided
evidence that the different behavior of AIE-L and AIE-Mn-MOF un-
der pressure could be attributed to the coordination-induced con-
figuration locking of flexible ligands, which results in the distortion
of the molecular configuration and the widespread intermolecular
interactions within the structure.

In summary, we successfully designed and synthesized a new
FL-MOF (AIE-Mn-MOF) based on flexible AIE ligand to explore
the effect of coordination restriction on performance. In AIE-Mn-
MOF, the ligand had a broad range of m-m interactions in the
structure to satisfy the coordination requirements of the central
metal, resulting in different properties compared to AIE ligands.
Under hydrostatic pressure, free AIE-L demonstrated a greater red-
shift (104nm vs. 28nm) and higher pressure responsive behavior
(5.1 GPa vs. 2.7 GPa) comparing to the coordination restriction AlE-
Mn-MOF. The mechanism underlying the difference in response
to pressure was revealed by in-situ high-pressure Raman, UV-vis
absorption, FT-IR and X-ray diffraction experiments that pressure
made the intermolecular 7-7 interaction of coordination locking
increased speedily. This work clearly demonstrated the impact of
locking the flexible linker on luminescence performance through
a series of in-situ experiments and combining the single crystal
structure. Concurrently, these results confirmed that the transfer
of mechanical property to MOF materials could be accomplished
by the utilization of the mechanical stable linker.
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