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Self-healing ferroelastic metal—organic framework
sensing guests, pressure and chemical
environmenty

Aleksandra Poétrolniczak 2 and Andrzej Katrusiak @2 *

Strong strain shuttering ferroelastic crystals that self-heal after releasing the strain have been revealed
for a new metal-organic framework [Cd(BDC)(AZPY)], (BDC = terephthalic acid; AZPY = 4,4'-
azobispyridine), with the Cd(i) cation hepta-coordinated. It has been obtained in the form of single
crystals without and with guests, acetonitrile or DMF (dimethylformamide). This pleochroic porous
complex, hereafter referred to as AMUS3, is built of two interwoven frameworks with the planar AZPY
linkers (Cy, symmetric) orientationally disordered on the D,y sites. The disorder of AZPY linkers persists
down to 100 K at least, but it is eliminated by high pressure. The onset of AZPY ordering in the 0.2—-0.9 GPa
range depends both on the guest and on the hydrostatic fluid. The mechanism of AMU3 ferroelasticity
involves the AZPY disordering in prototypic orthorhombic phase o of space-group Cmce. The AZPY
ordering reduces the symmetry of phase p to monoclinic subgroup P2;/n. The shear strain in the bulk of
ferroelastic orientational-state domains is accommodated by the tilts and conformational changes of the
ordered AZPY linkers, while along the boundaries between domains the Cd—N bonds break. On releasing
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Introduction

Rational design and synthesis of functional metal-organic
frameworks (MOFs) requires a palette of accessories in the
form of chemical components of predictable features and
transitions in various thermodynamic conditions. The key
factors are the topological architectures of MOFs and a selection
of appropriate building blocks." Usually, frameworks of desired
topologies can be obtained by selecting the size and valence of
cations, as well as geometrically defined building blocks of
organic linkers." Such materials are often thermally and
mechanically stable even after removing the guest
molecules.”® These features are found in ligands commonly
used as organic building blocks, for example rigid benzene di-,
tri-, and tetra-carboxylates, and azolate-based ligands, as well as
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the pressure the Cd—N bonds are restored and the signs of the cracks disappear.

their derivatives. Also flexible molecules, such as 4,4'-
azo(bis)pyridine (AZPY, Fig. 1), are known for effective bridging
coordination capabilities."®"* The AZPY linkers often exhibit
disorder, most often in two positions due to the strong conjunction
of the alternative n-electron bonds across the molecule and the
flat pyridyl moieties."®'* In azopyridine there are two types of
coordination sites involving the nitrogen atoms: those in
pyridyl moieties and those in the azo bridge. The pyridyl ring
has been employed in a variety of coordination geometries.
Depending on the metal center, it is possible to construct a
wide range of compounds, such as multinuclear complexes
(in the forms of dimers, squares, and rectangles), molecular
frameworks (for instance brick-wall, herringbone, or wave-like
motifs), and coordination polymers. The coordination mode
involving the azo bridge is less common. A variety of MOFs
containing AZPY have been prepared and characterized.'”™®
In such sorbent materials, the primary sites of gas adsorption
in the pores are very important. As a result of free basic centers
(‘azo’ nitrogens) in the AZPY molecule, these nitrogen atoms
can serve as the primary adsorbers. Moreover, the AZPY linkers
can undergo conformational changes, activated by light."*
Owing to their internal structure, MOFs are highly elastic
and pressure-sensitive.”*° These features can be further
increased by flexible linkers and large voids. Pressure is a
thermodynamic variable that affects the volume of crystals
more efficiently than it is done by temperature.***> Under
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Fig. 1 The double Cd(i) centre coordinated by AZPY and BDC linkers in AMU3
under normal conditions, including both sites of disordered AZPY linkers. In the
first inset, several single-crystal AMU3 samples are aligned parallel and
perpendicular to the polarized light, then rotated by 90° for the second inset.

high pressure all (one-phase) materials contract in volume.**>*
This compression can be isotropic or anisotropic. The compression
of most materials is positive in all directions; however occasionally
the negative linear compression®*° and negative area**™*?
compression are observed. Anomalous compression can be
caused by an uptake of guest>****® or its release,**>*
as solid-state phase transitions and chemical reactions.
The most typical pressure-induced changes affect the voids,
which are most relevant to sorption and elastic properties of
MOFs. Many crystals undergoing phase transitions induced by
hydrostatic pressure, or when subjected to none uniform stress,
fracture and even break into pieces, which disqualifies their
application or significantly limits the scope and time of their
performance. There are also materials capable of self-healing
their fractures,>®® which is particularly needed in the active
sensor parts.®*

Here we report a new MOF, Cd(BDC)(AZPY), abbreviated as
AMU3, synthesized of 4,4’-azopyridine and terephthalic acid
(1,4-benzenedicarboxylic acid = BDC) with Cd(NOj3),-4H,0, and
solvent guest molecules. We have performed the pore activation
process of AMU3-DMF (DMF = dimethylformamide) leading to
guest-free AMU3 that when soaked with acetonitrile (MeCN)
yielded AMU3-MeCN. We found that all these compounds are
ferroelastic, and that their critical pressure and orientation-
states strongly depend on the exchangeable guests. The
exchange of guests provides a convenient method for
tuning the ferroelastic properties, required for the materials
used in chemo-mechanic transducers and various sensor
applications. Under pressure the AMU3 crystals become
fractured, but they exhibit a self-healing property in the
prototypic phase.

as well

52,53 54-61
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Experimental

We have synthesized single-crystals of AMU3 by a slow-
diffusion technique. In this method the substrates are
dissolved in low- and high-density solvents and then placed
one above another in a test tube. The speed of diffusion can be
controlled by introducing an intermediate layer, usually of a
mixture of pure solvents (1:1 vol.). Then the test tube is tightly
closed. In this way, within 8 days orange elongated block AMU3
crystals are formed. After removing from the solvent, they are
stable in air. Detailed information about the synthesis is
presented in the ESL¥

Pore activation

The applications for gas storage or gas-phase catalysis are
scalable with large internal surface areas. In some MOFs the
pores are blocked by molecules of solvents or other substances
used for synthesis. Some of the frameworks collapse during the
pore activation process, i.e. the removal of guest molecules.
The most effective and general strategies for removing guest
molecules are (i) conventional heating and exposure to vacuum;
(ii) solvent exchange; (iii) supercritical CO, (scCO,) processing;
(iv) freeze-drying; and (v) chemical treatment.®’”

For activating the pores in AMU3 we chose the methods of (ii)
solvent exchange and (iv) scCO, processing. The Cd(BDC)(AZPY)-
DMF crystals have been immersed in chloroform and left for
3 days. The subsequent single-crystal diffraction measurements
detected no guest molecules in the pores. During the pore
activation, the quality of single-crystals decreased, which was
manifested by a lower resolution of the diffraction data and
broader reflections. After immersing the activated crystals in
acetonitrile, its molecules penetrated into the pores and
the quality of single-crystals improved. In the case of scCO,
processing, we have also obtained the guest-free structure, but
mainly in the form of fine powder, naturally appearing green in
the scattered light, which is the complement of deep orange
colour of the light transmitted through the crystals. A similar
change between the complementing deep-orange and green
shades occurs between high-quality single crystals and the
damaged samples (Fig. 2).

Non-ambient X-ray diffraction

We performed three series of high-pressure studies, each for the
AMU3 crystal with different guest molecules in the pores and for
different pressure-transmitting media (PTM). AMU3-DMF was
compressed in a 16:3:1 (vol.) mixture of methanol : ethanol : water
(MEW) and in glycerin, assuring the hydrostatic conditions up to
10.5 GPa and ~3.5 GPa, respectively.®® We observed a monotonic
compression of AMU3-DMF up to 0.4 GPa, when a phase transition
changed the crystal symmetry from orthorhombic space group
Cmce to monoclinic space group P2,/n.

High-pressure experiments on AMU3 were performed in a
Merrill-Bassett diamond anvil cell (DAC),* modified by mounting
the diamond anvils directly onto the steel supports with
conical windows. The pressure in the DAC was calibrated by the
ruby-fluorescence method with a photon control spectrometer,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AMU3.DMF crystal compressed and decompressed in methanol:
ethanol: water mixture used as the hydrostatic medium. The green shade of
the sample in phase B is the light scattered on microfractures. The crystal axes
in phase o are [z] along the viewing direction; [y] horizontal and [x] vertical.

affording the accuracy of 0.03 GPa.”®”* The gaskets were made of a
0.3 mm thick tungsten foil with spark-eroded holes of 0.5 mm in
diameter. The X-ray diffraction data were measured on an Xcalibur
EOS-CCD diffractometer with Mo Ko radiation (4 = 0.71073 A). The
DAC was centered by the gasket-shadow method.”” The collected
data were preliminarily reduced with the CrysAlisPro suite, version
171.38.46.”° OLEX2 was used.”* The structure was solved by direct
methods with SHELXS and least-squares refined with SHELXL.”"®

The ambient-pressure structure was the starting model for
the refinements of low-temperature and high-pressure struc-
tures. In high-pressure experiments the DAC absorption correc-
tions and gasket shadowing were calculated by the program
REDSHABS.”””® The low-temperature data were measured for
the single-crystal mounted on a microloop on an Xcalibur EOS-
CCD diffractometer equipped with a gas-flow Oxford Cryo-
stream attachment between 100 and 297 K in 40 K steps. All
non-H atoms were refined with anisotropic thermal para-
meters. H atoms were located in the difference Fourier map
and from the molecular geometry. The final crystal data are
summarized in Table 1 (¢f. Tables S7-S10, ESIt).

Results and discussion

The AMU3 crystal is built of two interwoven frameworks
Cd(BDC)(AZPY), as illustrated in Fig. 3. In phase o the CdBDC
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Fig. 3 (a) One CdBDC sheet, with added N-atoms of AZPY linkers, extending
along crystal plane (100); and (b) autostereogram of two interwoven frame-
works, one coloured green, with AZPY linkers penetrating through the holes of
two CdBDC sheets of another framework shown in yellow (Cd), grey (C), red
(O) and blue (N). The DMF molecules and H atoms are skipped for clarity.

sheets are perfectly planar, as they are located on mirror planes
perpendicular to the crystal [100] direction. In these sheets
there are large holes inside the rings of four BDC anions
coordinating Cd cations. The Cd cations are present in
double-core tandem arrangement coordinated by four BDC
anions, all within the planar sheet. On both sides of the CdABDC
sheets, each Cd cation forms two other coordination bonds to
AZPY molecules aligned parallel to direction [100]. Each CdBDC
sheet is connected with next CdBDC sheets by the AZPY linkers,
which on both sides penetrate through the rings of the closest
CdBDC sheets belonging to the other framework.

Lattice strain

At ambient pressure the lattice of interwoven Cd(BDC)(AZPY)
frameworks is orthorhombic, because the disordered AZPY
molecules in the planar conformation are perpendicular to
the CdBDC sheets (Fig. 3 and Fig. S5, ESIT). The disordered
AZPY molecules acquire the average D,;, symmetry, which is
higher compared to the C,;, symmetry of the ordered molecule

Table1 Selected crystallographic data of AMU3 phases o and  compressed in methanol : ethanol : water (MEW, 16 : 3: 1 vol.) mixture and glycerin (Gly)

Phase o o o B B B o B o B
PTM: None None MEW MEW MEW MEW Gly Gly MEW MEW
Guest: DMF MeCN DMF DMF DMF DMF DMF DMF MeCN MeCN
Pressure (GPa) 0.0001 0.0001 0.3 0.8 1.27 3.66 0.4 1.12 0.6 0.8
Space group Cmce Cmce Cmce P2y/n P2y/n P2y/n Cmce P24/n Cmce P24/n
Unit-cell: a(A) 13.7238(4) 13.6976(4) 13.643(3) 12.162(3) 11.996(4) 11.362(6) 13.729(2) 12.241(12) 13.6195(11) 12.372(3)
b (A) 20.7039(6) 20.7250(7) 20.739(3) 13.928(18) 13.77(3) 13.31(3) 20.856(4) 13.970(11) 20.7923(17) 14.15(3)
c(A) 14.7091(4) 14.6495(5) 14.20(2) 12.574(3) 12.629(4) 13.269(8) 14.403(2) 12.627(11) 14.241(15) 12.433(4)
B(°) 90 90 90 113.67(3) 113.84(4) 115.07(7) 90 113.67(9) 90 113.58(3)
v (&%) 4179.4(2)  4158.7(2) 4019(6)  1951(3) 1908(5)  1818(5)  4124.0(12) 1978(3) 4033(4) 1995(4)
zZ|Z' 8/0.5 8/0.5 8/0.5 4/1 41 4/1 8/0.5 4/1 8/0.5 41

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in the planar conformation. The ordered AZPY molecules in
their energetically optimized conformation are skew, as the
diazo-bridge shifts the axes of the pyridyls aside by 2.8 A, which
would induce a shear displacement of the sheets along the
crystal axis y, (index ‘o’ indicates the orthorhombic phase ).
No such ferroelastic strain and no ordering of the AZPY linkers
was observed on cooling the crystals down to 100 K. At such low
temperatures the dynamic disorder of either the diazo-bridge or
all of the AZPY molecule is highly unlikely. The dynamic
disorder of the azo-bridge would imply either quick rotations
of all AZPY molecules (their conformation fixed planar) along
their longest axis or a pedal-like movement of the pyridyls,
which would require overcoming the potential-energy barrier
between favoured planar conformations. Thus it is plausible
that in the AMU3 phase o the static disorder of the AZPY linkers
is present not only at low temperatures but also above room
temperature. Therefore we have studied the AMU3 crystals
under high hydrostatic pressure, which eliminates the disorder
primarily through the volume reduction, and not through the
temperature-controlled energy of vibrations. Indeed, at high
pressure an onset of ordering of AZPY molecules induces the
phase transition to monoclinic phase B. The phase transition
occurs at the critical pressure (p.), which depends on the guest
molecules and hydrostatic medium (Fig. 4).

Our X-ray diffraction structural determinations show that at
P the AZPY linkers become ordered and their conformation
changes from planar to twisted - the inclination of the pyridine
rings increases with pressure: at 1 GPa they are inclined by
2.02° (between the average planes of pyridine rings C2’ C3' C4’
C5’ C6’ N1’ N2/ and C2" C3” C4" C5” C6" N1” N2”, as indicated
in Fig. 5) and at 3.66 GPa this inclination increases to 30.76°
(Fig. 5). Thus the flexibility of the AZPY linkers is connected
with the ferroelastic properties of the AMU3 crystal. Its proto-
typic phase o is associated with the AZPY linkers disordered,
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Fig. 4 Monoclinic strain in AMU3-DMF and AMU3-MeCN as a function of
pressure. The inset extends the pressure range for AMU3-DMF compressed
in methanol : ethanol: water (MEW, 16:3:1 vol.) mixture.
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Fig. 5 The AZPY linker in Cd(BDC)(AZPY): (a) disordered in phase o; (b)
ordered and somewhat distorted from coplanarity in phase B (viewed
perpendicular and parallel to the pyridyl rings); and (c) ordered-twisted at
3.66 GPa.

while the shear strain of orientational states in phase f is
regulated by the tilts of ordered AZPY linkers and their
conformation.

The transition between phases o and B can be described by
the order parameter # connected with the ordering of the AZPY
molecules:

1 = |SOF(N;) — SOF(N3)|,

where N, denotes azo group N2’ = N2, and N, is N2” = N2,
(subscript ‘A’ indicates the symmetry operation through the
mirror plane perpendicular to crystal direction [100]), SOF(N,)
and SOF(N;) are the site occupation factors of the disordered
azo groups (¢f Fig. 5 for atomic labels N2/, N2” and their
disordered sites). In phase o the SOF values are equal to 0.5,
so the order parameter # = 0, and for phase 3 the ordered azo
groups give 1 = 1.

The Bravais lattice C of phase o is orthorhombic, but in
phase B it becomes monoclinic P, as illustrated in Fig. 6. For
describing the shear strain of the lattice we have chosen the 7y,
angle of the unit cell in phase o (subscript ‘o’ refers to
orthorhombic phase o, ‘m’ to monoclinic phase B). The unit-
cell vectors between phases o (@, bo, ¢o) and B (@m, bm, ¢m) are
transformed through matrices:

am 05 —-05 0 a,
bn | =10 0 -1 bo
Cm 0.5 05 0 Co
and
o 1 0 1 am
b | =I-1 0 1 bm
Co 0 -1 0 Cm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Lattice relations between the prototypic orthorhombic phase
(green) and monoclinic orientational state (red) in ferroelastic crystal
AMU3. (b) Orthorhombic (yellow) and monoclinic (purple) AMU3 structures
(measured at 0.1 MPa and 1.27 GPa, respectively), compared by overlaying
their ball-and-stick drawings. Indexes ‘0" and ‘m'’ refer to phases o and B,
respectively. (c) Photographs of a sample crystal with defects appearing in
the compressed B phase along planes (100), and (010),, and the cleavage
of the crystal along (010),, (cf. Movie S1, ESI¥).

Thus the monoclinic strain 7’ of phase B can be measured as
the distortion of angle y,, from 90°

n' =0 — 90°),
where signs plus and minus correspond to two possible ferroe-
lastic orientational states, 7, = cos™'{(am’ — cm®)/(do - bo)},
1/2
do = (am® + ¢ + 2amCm €OS Py, / bo = (am® + cm’—
2am cm COS ﬁm)l/z. It is also possible to choose the order
parameter 5" of this ferroelastic as a difference between the

primitive cell parameters: " = (@, — ¢m), or the relevant
diagonals of the C-lattice cell.

and

Crystal damage and self-healing

The lattice strain described above results in the cleavage of the
crystal samples. The cleavage occurs at about 3 GPa, i.e. well
above the phase transition when the shear strain 5’ increases to
about 5° (the inset in Fig. 4), and so the angle between
the cleaved planes becomes circa 10° (Fig. 2). It appears
that between 0.4 and 2.0 GPa (for the AMU3-DMF sample
compressed in methanol:ethanol:water) the shear strain is
partly accommodated by the elasticity of the crystal, and also
by micro fractures, which produces a greenish tint of the
scattered light (Fig. 2), or as plane defects clearly visible as
thin lines in Movie S1 (see the ESIT). It is apparent from the
pleochroic colours that the domain walls are formed along
crystal planes (010), and/or (100),. The directions of defects can
be easily identified according to the pleochroic colours
(¢f Movie S1, ESIf). These domain walls along (010), and
(100), are present in the sample shown in Fig. 6¢c. The orientation
of the domain walls illustrate the monoclinic strain building up in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the sample crystal and that it breaks just along one of the planes,
which is sufficient for releasing the strain. Movie S1 (ESIt) shows
that the large fractures formed above 3.0 GPa almost completely
disappear for reiterated cycles of increased and decreased pres-
sure. Such a self-healing property is sought for its practical
applications.®*”*®" The structural mechanism revealed for the
AMUS3 crystals, and in particular the rotations and tilts of the
linkers as well as their conformational distortions, can be used for
designing new self-healing materials.

Strain-structure coupling

As described above, the 5’ strain originates from the AZPY
linkers and their N-Cd coordination bonds. The tilts of the
AZPY molecules are consistent in shifting the CdBDC sheets
along axis b,. The order and disorder of the AZPY linkers in
phases o and § have some effects on their sorption properties.
The shear strain folds the framework and in this way the voids
are reduced in volume (Fig. 7). The disordered AZPY linkers
occupy more space, so the disorder elimination in phase P
increases the space available for guests, but at still higher
pressure the shear strain is to some extent limited by the
framework stiffness. After the disorder elimination a further
volume reduction of the voids is achieved through the con-
formational twisting of the AZPY molecules. We have found
that these transformations depend on the guest and are
sensitive to the crystal environment. The guests clearly affect
the unit-cell dimensions and their compression, as shown in
Fig. S3 in the ESL{ The disorder persists even at the liquid-
nitrogen temperature, whereas it is efficiently eliminated at a
fraction of one GPa. Thus the AZPY linkers can be used for
designing the elastic properties of MOF crystals, and making
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Fig. 7 Formula-unit volume for AMU3-DMF compressed in methanol:
ethanol : water 16 : 3: 1 mixture (MEW, red circles), AMU3-MeCN (acetoni-
trile) in MEW (blue triangles), and with DMF as a guest molecule com-
pressed in glycerin (green squares). The ESDs are smaller than the plotted
symbols.
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them sensitive to chemical and mechanical stimuli, which can
change their sorption and breathing properties. Fig. S6 (ESIt)
shows that a considerable number of crystals containing AZPY
molecules is disordered. It indicates that the pressure-induced
transformations analogous to those in AMU3 may concern also
other compounds.

It should be noted that the AMU3 crystals strongly change
their volume under pressure and that this effect depends both
on the guest molecules and on the PTM (Fig. 7 and Tables S1-
S6, ESIT). The compression of phase a-AMU3-DMF compressed
in MEW is over three times stronger compared to that of
a-AMU3-DMF compressed in glycerin. Surprisingly, the largest
volume change is observed for AMU3-DMF compressed in
MEW, which in principle should allow the water and methanol
molecules to penetrate easily into the pores, while the compression
of AMU3-DMF in glycerin is least responsive to pressure. We have
connected the observed compressibility differences with large voids
in the AMU3 structure, and with the ability of the crystals to extrude
the DMF molecules. This extrusion requires the presence of the
MEW mixture, possibly because of the substitution of the DMF
guests with much smaller water and methanol molecules from the
crystal environment. Such an exchange is not possible for signifi-
cantly more viscous glycerin liquid and with molecules much larger
than the MEW components. The strong compression of o-AMU3-
DMF is most likely caused by the altered contents of the voids. This
reasoning is consistent with the transition pressure of o-AMU3-
DMF compressed in MEW being lower than that of «-AMU3-DMF
compressed in glycerin. The crystal with smaller guests or with
partly filled voids can be expected to transform to the (3 phase at a
lower pressure than that with the filled voids, and hence are better
supported from inside and less prone to collapse.*> The volume
reduction of «-AMU3-MeCN compressed in MEW is intermediate
between those of a-AMU3-DMF compressed in glycerin and in
MEW, which strongly suggests that the contents of voids in
a-AMU3-DMF compressed in MEW is reduced. All these observa-
tions indicate that the large volume reduction of a-AMU3-DMF
compressed in MEW cannot be regarded as compressibility in the
physical sense, but that it is connected to the reduced composition
of the crystal.

Pleochroism of AMU3

Phase a-AMU3 has the structural property that all AZPY linkers
are aligned parallel in the crystal structure, and all BDC linkers
are perpendicular to this direction. Consequently, the optical
properties of AMU3 crystals are strongly anisotropic, which
leads to their strong pleochroism. The crystals are either
transparent or red, as shown in Fig. 1 and Fig. S8 (ESIY).
In phase P their perpendicular positions are off-set by a few
degrees only, and the strong pleochroism remains.

Conclusions

Pleochroic crystals of AMU3 display several features attractive
for sensor applications, as they are prone to the guest exchange,
but are hardly affected by temperature and only the pressure
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leads to the ferroelastic strain. The crystals exhibit self-healing
properties, which repair the damage induced by the phase
transition to the ferroelastic orientational states. This type of
damage disqualifies many ferroelastic materials from practical
applications. We have shown that the interplay of the frame-
work topology with the flexibility of linkers can lead to specific
types of structural transformations of MOFs. In AMU3 the rigid
sheets of Cd(u)-BDC contrast with the AZPY linkers disordered
in two orientations. The disorder is coupled to the lattice strain
and is sensitive to the guest types and to the crystal environ-
ment, which can be applied in chemo-mechanical transducers
in sensors. The survey of MOFs involving AZPY linkers reveals a
considerable number of similarly disordered structures (76 out
of 173), which can display analogous properties. Furthermore,
the number of disordered azopyridine linkers in any kind of
compound is similarly high: there are 466 structures with the
‘disorder’ descriptor in the CCDC version 2020.0, and some
properties of AMU3 can be applicable to those structures, too. These
numbers show that the possible disorder and conformational
properties of AZPY molecules can be considered when designing
the structures of MOFs aimed at specific properties and applications.
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