
Selected Negative Linear Compressibilities in the Metal−Organic
Framework of [Cu(4,4′-bpy)2(H2O)2]·SiF6
Zhongwei Chen,‡ Bin Xu,‡ Qian Li,* Yue Meng, Zewei Quan, and Bo Zou

Cite This: https://dx.doi.org/10.1021/acs.inorgchem.9b02884 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Negative linear compressibility (NLC) is a rare high-
pressure observation that lattice contraction is accompanied by the
structural expansion along a specific direction. Generally, this
counterintuitive phenomenon only derives from the intrinsic
structural characteristics of materials and cannot be tuned by
external perturbations. Searching for an effective method to control
NLC effect is still a challenge in both chemical and material science.
Here, we successfully discover and select the NLC behaviors in the
metal−organic framework (MOF) of [Cu(4,4′-bpy)2(H2O)2]·SiF6
(Cu(bpy)·SiF) through controlling the pressure conditions therein.
The NLC effect of Cu(bpy)·SiF originates from the wine-rack
mechanism that quasi-square grids transfer to rhombic ones with the structural expansion along the diagonal direction at high
pressure. Meanwhile, both of the pressure range and magnitude of the NLC responses are enlarged with optimized pressure
conditions. This study not only presents the intriguing selected NLC behaviors of a MOF but also proves the effects of pressure
conditions on NLC, which offers promising strategies for further design and applications of NLC materials.

■ INTRODUCTION

In the common sense of thermodynamic dictates, material
structures are inevitably contracted in all directions upon
increasing pressure. Whereas, a handful of exceptional
materials exhibit counterintuitive structural responses at high
pressure that volume reduction is accompanied by the
structural expansion along a specific direction.1 This rare
phenomenon is termed as negative linear compressibility
(NLC), which has attracted increasing attention in recent
years.2,3 The intense interest of NLC not only arises from its
unique structural mechanisms for fundamental explorations
but also from the promising exploitations of NLC materials in
devices. Materials with proper NLC properties are coveted for
developing high-sensitivity pressure detectors, pressure-driven
actuators, artificial muscles, optical telecommunication cables,
etc.4−7 However, the currently observed NLC behaviors are all
dependent on the intrinsic structural features of materials and
cannot be tuned by external perturbations. To date, the
tunable NLC effect has only been realized by varying the
inorganic component of the MFM-133(M) (M = Zr, Hf)
without changing the framework topology.8 It is still a big
challenge to modulate the intrinsic NLC responses of one
targeted material through controlling the pressurization
process. Searching for an effective method to affect the NLC
behaviors of materials without component modifications and
getting a deeper insight into the structure−property relation-
ships therein have become the urgently solved problems in
further NLC explorations.

Early reported NLC phenomena mainly focus on simple
inorganic and organic systems, which are induced by the phase
transition, framework tilting, and helices expansion of the
structures (Table S1−S3).9−14 Recently, NLC studies have
been extended to organic−inorganic hybrid systems (Table
S4),15−18 and a novel family of metal−organic frameworks
(MOFs) is emerging as a rising star in this new category of
NLC materials. In the aesthetic architectures of MOFs, the
rigid linker of organic ligands is flexibly coordinated to the
metal hinges, which are greatly conducive to the NLC effects
with framework hinging mechanism (Table S5).19 The
framework hinging mechanism involves the densification of
one crystal direction and structural expansion in its vertical
directions with increasing pressure.20 It is essentially related to
the specific framework topologies of materials, such as wine-
rack,21−24 scissor-like,16,19 butterfly wing,25 honeycomb,2,9,11,12

and β-quartz.26 In high-pressure MOFs, this mechanism has
induced various unique NLC responses, including the
considerably high degree of NLC effect with a compressibility
of −28 TPa−1 below 3 GPa.21

With increasing pressure, framework hinging NLC in MOFs
is realized through the framework distortion and channels/
pores modulation within the structures, which greatly depend
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on the force balance in three dimensions. Thus, the framework
hinging distortion in MOFs is more likely influenced by the
external perturbations of the force state modulation.27 It is
expected that the unique structural nature of MOFs may offer
some new possibilities for the controlled NLC effects through
tuning the pressurization methods on the materials, making
them promising candidates for the next-generation NLC
materials. In high-pressure experiments, the stress state of
the sample is easily affected by tuning the pressure transmitting
media (PTM) around the sample. With proper PTM, the
samples can be compressed under hydrostatic and quasi-
hydrostatic pressure conditions. Experimental results under
hydrostatic compression mainly exhibit the intrinsic material
properties, avoiding the influences of inhomogeneous
compression, differential (mostly uniaxial) and shear
stresses.28,29 Meanwhile, without PTM, the samples are
compressed in nonhydrostatic pressure conditions. The
nonhydrostatic compression not only includes the contribu-
tions from the hydrostatic pressure component but also
contains the effects of deviatoric stress component. The poorer
pressure conditions may induce some anomalistic structural
behaviors and mechanical properties, which depart from the
hydrostatic compression results.30 Therefore, there is the
question of whether the deviatoric stress on the MOFs can
affect the NLC behaviors of the systems? Meanwhile, is it
possible to select the NLC responses of MOFs through the
modulation of pressure conditions?
To realize the selected NLC behaviors at high pressure, in

this work, we combine high-pressure Raman, angle dispersive
X-ray diffraction (ADXRD) techniques and first-principle
calculations together, discovering a new NLC material of
MOF, [Cu(4,4′-bpy)2(H2O)2]·SiF6 (Cu(bpy)·SiF). Note that
both the magnitude and pressure range of NLC behaviors in

Cu(bpy)·SiF are successfully modulated by changing the
pressure conditions around the sample. With hydrostatic
pressure conditions, the NLC behaviors of Cu(bpy)·SiF are
observed in a pressure range as broad as ∼10 GPa. This is the
first observation of selected NLC effects at high pressure with
such a broad pressure range. It is expected that this study can
not only provide an in-depth understanding of NLC properties
but also offer promising strategies for the further design and
applications of NLC materials.

■ EXPERIMENTAL DETAILS
Syntheses of [Cu(4,4′-bpy)2(H2O)2]·SiF6 (Cu(bpy)·SiF). The

Cu(bpy)·SiF sample was prepared according to the procedures
reported previously.31 Cu(BF4)2·xH2O (1.0 mmol) and (NH4)2SiF6
(1.0 mmol) were dissolved into the host aqueous solution (10 mL),
and then the solution was added into another host aqueous solution
(10 mL) of 4,4′-bpy (2.0 mmol). During stirring, the obtained purple
suspension gradually transferred to sky-blue. After filtering the
suspension, we got the sky-blue powder and washed it with acetone
for several times. Then, the sample was dried in air, forming the
microcrystals. Sample purity was confirmed by the X-ray diffraction
pattern.

High-Pressure Sample Loading. The symmetric diamond anvil
cell (DAC), equipped with 0.4 mm diamond culets, was applied for
high-pressure generation. The powdered sample was loaded into the
sample compartment, a 150 μm-diameter aperture at the center of a
preindented rhenium gasket, with ruby balls for the pressure
calibration.32 High-pressure experiments were performed without
pressure transmitting media (PTM) and with neon (Ne) and 16:3:1
methanol−ethanol−water (MEW) as PTM, so as to guarantee the
different pressure conditions according to the Pascal principle. All of
the experiments were performed at room temperature.

High-Pressure Experiments. High-pressure angle dispersive X-
ray diffraction (ADXRD) measurements were performed at Sector 16-
IDB of High Pressure Collaborative Access Team (HPCAT),

Figure 1. Crystal structure of Cu(bpy)·SiF at ambient conditions. The hydrogen atoms are omitted for clarity. (a) One unit cell of Cu(bpy)·SiF.
(b) The 2D metal−organic networks of Cu(4,4′-bpy)2(H2O)2 with quasi-square grids. (c) Topology of interpenetrated frameworks, in which the
balls and sticks represent the coordinated Cu centers and 4,4′-bpy ligands, respectively. Different colors represent different sets of 2D networks in
(b). (d) Structural view of the whole framework along c axis.
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Advanced Photon Source (APS). The monochromatic wavelength
was 0.4066 Å and beamsize was ∼4 × 5 μm2. Before each experiment,
CeO2 was used for the calibration of geometric parameters. The two-
dimensional (2D) Bragg diffraction rings were recorded with a Pilatus
detector and converted into one-dimensional (1D) patterns using
Fit2D software.33 Further analysis of ADXRD data, which provided
high-pressure structural information, was performed using the
commercial program of Materials Studio 5.5. The linear compressi-
bilities of the NLC axis were obtained by error-weighted fitting of the
lattice parameters with the PASCal software from http://pascal.chem.
ox.ac.uk/, using the empirical form l = l0 + λ(p − pc)

υ.34 High-
pressure unpolarized Raman experiments were also conducted using
the laser with wavelength of 532 nm at HPCAT.
High-Pressure Calculation. Ab initio calculations were carried

out based on the ambient structural model reported before.31 The
water molecules were omitted during the calculation for the
simplification. Pseudopotential plane-wave method based on the
density functional theory was adopted by applying the CASTEP code
combined in the Materials Studio program. Local density approx-
imation exchange−correlation functional and BFGS algorithm were
applied for structural optimization. The plane-wave cutoff energy and
Monkhorst−Pack grid for the electronic Brillouin zone integration
were 330 eV and 2 × 2 × 1, respectively. The self-consistent field
(SCF) tolerance was set as 1.0 × 10−6 eV/atom, and the calculation
was ended when the stress components and forces on the atoms were
<0.05 GPa and 0.03 eV/Å, respectively.

■ RESULTS AND DISCUSSION

At ambient conditions, Cu(bpy)·SiF exhibits a typical MOF
structure with three-dimensional (3D) interpenetrated net-
works, which belongs to tetragonal space group of P4/ncc
symmetry with unit cell parameters of a = b = 11.08(0) Å, c =
16.02(4) Å.31 As shown in Figure 1a, the four nitrogen atoms
of 4,4′-bipyridine (4,4′-bpy) ligands and two oxygen atoms of
H2O molecules are coordinated to one Cu atom, leading to the
elongated octahedral coordination environment of Cu centers,
and the coordinated Cu ions are bridged by the 4,4′-bpy
ligands, forming the 2D metal−organic networks with quasi-
square grids (Figure 1b). The 3D structure of Cu(bpy)·SiF is
just constructed by the perpendicular interpenetration of such
2D networks with the microporous channels along c axis
(Figure 1c). Besides, free SiF6

2− dianions are located in the
channels (Figure 1d), interacting with the coordinated H2O
molecules through hydrogen bonds. The Cu(bpy)·SiF exhibits
a typical wine-rack motif, which confirms the topological
demands for wine-rack NLC mechanism. The flexible
coordination hinges of Cu are also a benefit for the framework
distortion at high pressure. Furthermore, the interpenetrated
frameworks, as well as the SiF6

2− guest anions within the
channels, could together contribute to the mechanical stability,
allowing structural research in a relatively broad pressure
range.35

Figure 2. High-pressure evolution of (a) unit cell volume, (b) a and b axes, and (c) c axis below ∼10 GPa. The fitting curves are only used to clarify
the evolution trends of lattice parameters. (d) High-pressure diffraction patterns of (002) and (110) with Ne as PTM. The inset shows the Millar
planes of (002).
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High-pressure ADXRD experiments offer straightforward
information on structural evolution. The ambient diffraction
signal of Cu(bpy)·SiF and identification of its diffraction peaks
are shown in Figure S1. The Rietveld refinements of ambient
ADXRD patterns are shown in Figure S2. The ADXRD
experiments of Cu(bpy)·SiF are first conducted without any
PTM, showing structural responses under nonhydrostatic
conditions. During compression, all diffraction peaks shift to
higher angles, except the lower-angle shifts of (002) peak
below ∼3.5 GPa (Figure S3). It reflects that with the
constriction of the whole Cu(bpy)·SiF architecture, the space
between (002) Millar planes is abnormally expanded in this
pressure range.36 Pressure dependence of lattice parameters
also shows that a and b axes and cell volume are all contracted
with increasing pressure (Figure 2a,b), but the c axis displays
obvious expansion up to ∼3.5 GPa (Figure 2c), demonstrating
the NLC effect along the c-axis direction. With further
compression up to ∼10 GPa, there is no obvious change in
the length of c axis, implying the quasi-equilibrium state
between the expansion and contraction of the condensed
structures along c axis. This phenomenon is not commonly
seen in high-pressure materials.16 Furthermore, after releasing
pressure, the ADXRD pattern of Cu(bpy)·SiF returns to its
original state, suggesting the reversibility of this NLC effect
(Figure S4).
In another two runs of ADXRD experiments, neon (Ne) and

16:3:1 MEW mixtures are applied as PTM, respectively
(Figures S5 and S6). The corresponding Rietveld refinements
of ADXRD patterns and detailed lattice parameters at high
pressure are shown in Figures S7−S9 and Tables S6−S8. At
300 K, MEW exhibits a glass transition at 14.4 GPa and Ne
crystallizes at only 4.8 GPa. The high-pressure experiments
with MEW as PTM adopt the better pressure conditions than
that with Ne.28 In these two sets of experiments, a and b axes
as well as lattice volume of Cu(bpy)·SiF still keep continuous
decreasing upon compression, but become more obviously
compressed than that without PTM (Figure 2a,b). Impor-
tantly, the NLC region with PTM is significantly enlarged. The
continuous expansion of the c axis lasts to ∼10 GPa, which is
6.5 GPa higher than the critical pressure without PTM (Figure
2c,d). Among these three conditions (without PTM, with Ne,

and with MEW), the elongation of c axis with MEW is the
largest one corresponding to the best pressure conditions.
Meanwhile, it also demonstrates the promotion effect of
hydrostatic pressure on the NLC effect in Cu(bpy)·SiF. In
addition, when the highest pressure is increased to ∼20 GPa,
diffraction peaks of Cu(bpy)·SiF still keep continuous shifts,
showing the highly stable structural nature.36 The c axis with
Ne as PTM also exhibits very little contraction (nearly
unchanged) above ∼10 GPa, similar to the Cu(bpy)·SiF
structural behaviors without PTM between ∼3.5 and 10 GPa
(Figures S10 and S11). It should be noted that the pore-
occupying species may influence the structural responses of
MOFs. In Cu(bpy)·SiF, the channels are blocked by the SiF6

2−

dianions that the PTM molecules cannot insert into the
framework during compression. Meanwhile, at high pressure,
the SiF6

2− dianions exhibit little distortion under compression.
The Si−F bonds (Si−F1 and Si−F3) are elongated along the c
axis, which is the direction of NLC behavior (Figure S12 and
Tables S9−S11). The distortion of SiF6

2− dianions may also
contribute to the NLC effects of the whole structure.
Furthermore, with different pressure conditions, the structural
distortions of SiF6

2− dianions are also varied, which is
coincident with the selected NLC behaviors.
In order to get more detailed structural information with

different pressure conditions, the high-pressure interatomic
distances of two adjacent Cu l(Cu−Cu) and bond angles
β(N−Cu−N) are measured. The high-pressure evolution of
l(Cu−Cu) and β(N−Cu−N) values present the structure
contraction and distortion degree of the quasi-square grids,
respectively. As illustrated in Figure 3a, with increasing
pressure up to ∼10 GPa, the two adjacent Cu atoms gradually
approach with similar rate in different pressure conditions. The
distance between the two N atoms in one bipyridine molecule
also exhibits similar contraction behaviors under high pressure
(Figure S13). It indicates that pressure conditions have few
effects on the linear bond contraction of the Cu(bpy)·SiF
quasi-square grids. Meanwhile, along with the decrease of bond
length, the bond angle of β(N−Cu−N) is abnormally enlarged
as the pressure increasing up to ∼10 GPa (Figure 3b).
Meanwhile, the better pressure conditions promote the
expansion of β(N−Cu−N) during compression, which is

Figure 3. High-pressure evolution of interatomic distance l(Cu−Cu) and bond angle β(N−Cu−N) below ∼10 GPa. The fitting curves are only
used to clarify the evolution trends of structure parameters.
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coincident with the most obviuos NLC with MEW. Such a
phenomenon confirms that the wine-rack mechanism is the
main factor for the NLC of Cu(bpy)·SiF. Different pressure
conditions induce a varied force balance of the structures,
leading to the distorted Cu(bpy)·SiF quasi-square grids with
different degrees.
The NLC coefficient, median compressibility of the

structures in NLC direction, is widely used to evaluate the
NLC value of materials.20−26,37 Without PTM, the NLC
coefficient of c axis below ∼3.5 GPa is Kc = −1.08(9) TPa−1

(Table S12), which is comparable with the NLC coefficient of
MOF [NH4][Zn(HCOO)3] and inorganic element Se.24,38 In
better pressure conditions, the largest NLC coefficients
obtained below ∼5 GPa are Kc = −2.83(3) TPa−1 (with Ne)
and Kc = −3.56(9) TPa−1 (with MEW), respectively (Tables
S13 and S14). These parameters are two and three times larger
than that without PTM, showing the considerable NLC tuning
effects of pressure conditions. In the whole NLC range up to
∼10 GPa with PTM, the NLC coefficients Kc become smaller

(−1.48(3) TPa−1 with Ne and −2.08(1) TPa−1 with MEW,
Tables S15 and S16) than that up to ∼5 GPa, as a result of the
more compact structure in higher pressure range.37 Further-
more, P−V data evolution is a powerful clue to explore the
high-pressure mechanical properties of Cu(bpy)·SiF structure.
Bulk modulus B0 and its first-order derivative B′ are obtained
by the third-order Birch−Murnaghan equation of state (EOS)
fitting of P−V data (Figure S14). The relatively larger B′ (≫4)
represents the rapid stiffening process of the Cu(bpy)·SiF
framework and its significant pressure sensitivity during
compression.39 Meanwhile, for comparison, when B′ is fixed
at 4, B0 gradually decreases from 40.90(4) to 33.45(6) along
with the improvement in pressure conditions, which is
coincident with the more easily compressed structural property
in better pressure conditions. Compared with other MOFs, the
relatively low B0 reflects the high compressibility of Cu(bpy)·
SiF.22−24 Therefore, it is inferred that the considerable pressure
compressibility and sensitivity, as well as the outstanding

Figure 4. Comparison between 2D networks in the (a) ambient and (b) calculated Cu(bpy)·SiF structure at 11 GPa. (c) Compression mechanism
of the framework under pressure. The light-colored molecule indicates the ambient structure, and the dark-colored molecule indicates the
calculated structure at 11 GPa. Calculated high-pressure evolution of (d) lattice parameters and (e) Cu−Cu/Cu-N distances and N−Cu−N angles.
The lattice axes are fitted by the empirical form l = l0+ λ(p − pc)

υ.
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stability of the structure, together contribute to the large
pressure range of NLC effect in Cu(bpy)·SiF.
In order to obtain the more detailed local structural

information, high-pressure Raman experiments with different
pressure conditions are conducted on Cu(bpy)·SiF. As seen in
Figures S15−S17, with increasing pressure, one ring breathing
mode is intensified and exhibits unique redshifts up to ∼10
GPa, suggesting the gradual distortion of the molecular rings of
4,4′-bipyridine.36,37 Meanwhile, the four υ(O−H) modes keep
blueshifts with their initial relative intensities and shapes
during compression, reflecting the high-pressure enhancement
and stabilization of hydrogen bonding networks.10 Note that
the Si−F bonds along the c axis are not involved in the
hydrogen bondings in Cu(bpy)·SiF. Hence, the continuously
enhanced hydrogen bonds could contribute to the elongated
SiF6

2− dianions along the c axis, which is coincident with the
results of ADXRD experiments. In addition, the enhanced
hydrogen bonds may also contribute to the considerable
structural stability of Cu(bpy)·SiF.36

Based on the ADXRD and Raman experiments, first-
principle calculations are performed to characterize the
structural variations of Cu(bpy)·SiF. At high pressure, there
is no obvious conformation change in the guest SiF6

2−

dianions, which is in accordance with the continuous evolution
of υ(O−H) Raman modes. Meanwhile, just as the observed
NLC phenomena in ADXRD experiments, the 2D quasi-square
grids (corner angles of ∼91° and ∼89°) evolve into rhombus-
like ones (corner angles of ∼103° and ∼77°) (Figure 4a−c),
accompanied by the expansion of the diagonals along c axis
(Figure 4d) and the gradually enlarged β angles of N−Cu−N
(Figure 4e). Meanwhile, with increasing pressure, the 4,4′-bpy
ligands are distorted slightly, leading to the little puckered
molecular configuration (Figure 4a,b). This is coincident with
the results deduced from the Raman experiments. Further-
more, the decreased distance between adjacent Cu ions, l(Cu−
Cu), represents the linear shrinkage of 4,4′-bpy ligands. At
high pressure, although the two pyridine rings are distorted
and rotated about the central C−C bond by external force, the
4,4′-bpy ligands still keep the original orientation with linear
contraction, exhibiting the rigid contraction nature. For the
inorganic hinges, the equatorial planes of the coordinated four
nitrogen atoms to Cu ions are distorted slightly, and four Cu−
N bond lengths, d(Cu−N), keep continuous shortening all the
way up to 11 GPa.
High-pressure structural variations of Cu(bpy)·SiF are

coincident with the wine-rack mechanism of NLC effect. In
ambient Cu(bpy)·SiF, the squareness deviation of the 2D
interpenetrated grids increases the degree of freedom, corre-
spondingly.40 Below the critical pressure, with positive
compression of the whole structure, the adjustments of N−
Cu−N angles in organic hinges induce the distortion of 2D
Cu(4,4′-bpy)2(H2O)2 networks from quasi-square to rhombus
grids, which is responsible for the NLC effect of c axis. With
further compression, the β angles of N−Cu−N are too small
that the c axis cannot be expanded anymore. The positive and
negative contraction of the c-axis structure competes against
each other, leading to the nearly unchanged (little decrease) c
axis above the NLC critical pressure. In this pressure range
(below ∼20 GPa), the contraction and distortion of ligands
play leading roles in the shrinkage of lattice axes and cell
volume. Meanwhile, framework distortion in Cu(bpy)·SiF
depends on the 3D force balance within the structure. In better
pressure conditions, the isotropous compression shows the

intrinsic NLC properties of Cu(bpy)·SiF. With PTM, the ∼10
GPa pressure range of NLC behavior is rarely seen in NLC
materials. Meanwhile, without PTM, the additional deviatoric
stress component significantly restrains the structural adjusting
process that both the NLC value and range are significantly
decreased at high pressure. That is, poorer pressure conditions
are able to restrain the NLC process of Cu(bpy)·SiF, just
like the inhibiting effects of the phase transitions in some
systems.41,42 Furthermore, the Cu(bpy)·SiF structure is not a
simple wine-rack framework that both of the two perpendic-
ularly interpenetrated 2D network sets exhibit the same
responses to high pressure, together contributing to the whole
structural stability. The NLC of Cu(bpy)·SiF in such a large
pressure range may just result from the flexible, but robust
nature of the whole framework.

■ CONCLUSION
To sum up, we successfully, for the first time, realize the
selected NLC effect in the MOF material of Cu(bpy)·SiF at
high pressure. The NLC phenomenon in Cu(bpy)·SiF is
ascribed to the wine-rack mechanism that the quasi-square
grids of the 2D networks are distorted by external force, with
the expansion of the diagonals along c axis. Note that both the
NLC value and range are significantly increased by optimizing
the pressure conditions with different PTM. This study not
only offers a promising NLC material of Cu(bpy)·SiF, which
exhibits an abnormally large NLC pressure range (∼10 GPa)
at high pressure, but also proves the great influence of pressure
conditions on NLC phenomenon. It indicates that the
influences of deviatoric stress have to be taken into
consideration for the further design, synthesis, and applications
of NLC materials. Furthermore, we infer that the unique
flexible and rigid nature of the MOF structure may offer some
more abnormal compression behaviors in the following
explorations.
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Molnaŕ, G.; Let́ard, J.-F.; Bousseksou, A. Antagonism between
extreme negative linear compression and spin crossover in [Fe-
(dpp)2(NCS)2]·py. Angew. Chem., Int. Ed. 2012, 51, 3910−3914.
(17) Colmenero, F.; Cobos, J.; Timo ́n, V. Negative linear
compressibility in uranyl squarate monohydrate. J. Phys.: Condens.
Matter 2019, 31 (17), 175701.
(18) Yeung, H. H.; Kilmurray, R.; Hobday, C. L.; McKellar, S. C.;
Cheetham, A. K.; Allan, D. R.; Moggach, S. A. Hidden negative linear
compressibility in lithium l-tartrate. Phys. Chem. Chem. Phys. 2017, 19
(5), 3544−3549.
(19) James, S. L. Metal-organic frameworks. Chem. Soc. Rev. 2003,
32, 276−288.
(20) Ogborn, J. M.; Collings, I. E.; Moggach, S. A.; Thompson, A.
L.; Goodwin, A. L. Supramolecular mechanics in a metal-organic
framework. Chem. Sci. 2012, 3, 3011−3017.
(21) Serra-Crespo, P.; Dikhtiarenko, A.; Stavitski, E.; Juan-Alcañiz,
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