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Mercury porosimetry and in situ high pressure single crystal X-ray diffraction revealed the wine-rack CUK-1
MOF as a unique crystalline material capable of a fully reversible mechanical pressure-triggered structural

contraction. The near-absence of hysteresis upon cycling exhibited by this robust MOF, akin to an ideal
Received 12th January 2021 0 l . . iated with tant K ¢ ity of 40 J g-1 Mol l
Accepted 11th March 2021 molecular spring, is associated with a constant work energy storage capacity o g . Molecular
simulations were further deployed to uncover the free-energy landscape behind this unprecedented

DOI: 10.1039/d1sc00205h pressure-responsive phenomenon in the area of compliant hybrid porous materials. This discovery is of
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Reducing the world's fossil fuel dependence is the focus of
many global initiatives," aiming to mitigate the effects of
climate change through tapping into sustainable energy
resources such as solar and wind power. However, increasing
reliance on these renewable energy sources has introduced
difficulties due to the offset between power availability and
demand peaks. Complementary technologies are necessary to
alleviate intermittent supply, such as peaking power plants,
demand-side energy management, or large scale energy
storage.> The latter is particularly desirable as it can decouple
electricity production and consumption, however the lack of
a “one size fits all” approach has led the scientific community to
envisage unconventional energy storage strategies.

One such avenue emerging in recent years is the storage of
mechanical energy via the compression of a suitable stimuli-
responsive system, either through the intrusion of a non-
wetting fluid into hydrophobic porous frameworks,® or by
means of application of an external pressure on flexible
materials.*

The former approach, first pioneered using water intrusion
in zeolites and silicas," has recently been extended to small
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utmost importance from the perspective of instant energy storage and delivery.

pore zeolitic imidazolate frameworks.'” Unfortunately, besides
requiring highly hydrophobic systems, water intrusion achieves
a relatively low stored energy density,’ of around 3-25J g~ . The
second strategy takes advantage of the compliant nature of bulk
materials. Energy is stored through structural deformations,
manifesting as continuous or sudden volume changes under
external pressure. The energy stored in flexible materials over
a compression/decompression cycle can be an order of magni-
tude higher compared to the values achieved using fluid
intrusion in rigid porous systems.™ In theory, three types of
pressure-induced structural behaviour can be envisioned for
such a responsive system. If the structure contraction is non-
reversible, all energy is dissipated and the system is catego-
rized as a nano-shock absorber (Fig. 1b). For structural changes
that are reversible upon decompression two families of system
can be distinguished, i.e. a nano-damper (Fig. 1c) or an ideal
nano-spring (Fig. 1d) when the p-V curves show hysteresis or
fully overlap, respectively.™

Metal-organic frameworks (MOFs), a class of porous, crys-
talline materials comprised of metal vertices interconnected by
organic linkers, are known to exhibit responsiveness to a variety
of stimuli,"*® including external pressure.” Recently, several
frameworks of this family of hybrid materials have been shown
to act as energy storing nano-dampers or energy dissipative
nano-shock absorbers, as is the case for the highly flexible MIL-
53(M)>*** and MIL-47(V)® series and more recently ZIF-4(Zn)’
(see Fig. 1b and c for their related structural behaviours). In
such flexible crystalline materials compression is associated
with a displacive phase transition between distinct structures of
differing unit cell volumes, denoted as open (op) and contracted
(cp) forms*>*® and illustrated in Fig. 1a, occurring reversibly or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schema of mechanical energy storage in compliant crys-

talline materials, implying a unit cell volume change between open
(op) and contracted (cp) structures, and prototypical pressure-volume
curves of stimuli-responsive materials under mechanical pressure for
(B) nano-shock absorbers, exemplified by MIL-53(Al),> MIL-53(Ga)-FA®
and ZIF-4(Zn),” (C) nano-dampers e.g. MIL-53(Cr),2 MIL-47(V)° and
MIL-53(Al)-FA* and (D) nano-springs, insofar exhibited exclusively by
CUK-1 presented herein.

irreversibly for a nano-damper or nano-shock absorber,
respectively. The considerable stored energy associated with
this transition, in the range of 30-200 J g~ * (up to 4 k] g~ for
shock absorbers'®) is highly attractive from the perspective of
mechanical energy storage. However, the hysteretic
compression/decompression curve characterising known nano-
damper MOFs leads to a partial loss of work energy, lowering
the potential storage efficiency, as well as creating issues
through heat dissipation. Insofar, the search for a ideal spring-
like crystalline material, capable of reversible pressure-induced
structural switching without any hysteresis (Fig. 1d) has been
fruitless, precluding their applicability for efficient, high
density energy storage applications. Herein, a subtle combina-
tion of Hg-porosimetry, high-pressure single crystal X-ray
diffraction (SC-XRD) and molecular simulations reveals the
1D-channel CUK-1 (M, M = Co, Mg)" MOF as the first
compliant hybrid porous material with a spring-back mechan-
ical breathing behaviour.

Such unique mechanically-triggered structural response
implies a continuous pore contraction/expansion between op
and cp forms in a narrow pressure range of 280-290 MPa,
accompanied by a unit cell volume change of 20.9%. This
optimal scenario paves the way towards fast energy storage/
delivery system of about 40 J g '. The channel-like CUK-1(M)
composed of chains of p;-OH/O edge and vertex sharing metal
octahedra (M = Co," Mg*) coordinated by bidentate 2,4-pyr-
idinedicarboxylic ligands, recently emerged as an attractive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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porous material owing to its promising sorption performance
combined with environmentally-friendly  hydrothermal
synthesis and high thermal and chemical stability.**"** Its wine-
rack topology and its relatively rigid behaviour upon guest
adsorption are reminiscent to that of MIL-47(V) a MOF which
interestingly underwent a hysteretic, reversible structural
contraction upon exerting an external pressure of 125 MPa,’
associated with a stored/delivered energy of 33 J g~ . Inspired by
our previous findings on MIL-47(V), we deliberately explored the
pressure-induced structural behaviour of CUK-1 in its iso-
structural Co and Mg forms. MOF synthesis was performed
according to the protocol detailed in ESL{ Phase purity was
confirmed by powder XRD (Fig. S3, S4 and Table S11) while their
textural features, including BET area and pore volume, were
found to match previously reported data.***

Mercury intrusion curves were recorded on the powder
samples up to a maximum of 413 MPa as shown for CUK-1(Co)
in Fig. 2, its Mg variant being reported in Fig. S6, ESI,T together
with full experimental details. A substantial amount of Hg
intrudes at low pressure (<10 MPa), due to compaction of the
crystals and filling of inter-particle porosity. This is followed by
a sudden volume change at 281 MPa where a sharp step is
observed (see inset of Fig. 2). By analogy with the conclusions
previously drawn for the series of MIL-53(M)/MIL-47(V) frame-
works,>*° this intruded Hg volume increase is associated with
a structural contraction of CUK-1(Co), as its channel size
(approx. 6.6 A) is an order of magnitude below the pore
dimension where non-wetting mercury can intrude in this
pressure range (at 52 A). The extrusion curve shows a near-
perfect overlap, indicating that the framework behaves as an
ideal spring, with no hysteresis between the intrusion/extrusion
branches.

Moreover, this behaviour is highly repeatable, as confirmed
by four consecutive pressure cycles (in Fig. S51). Interestingly,
the same behaviour also holds true for CUK-1(Mg) (Fig. S67),
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Fig. 2 Sequential mercury intrusion—extrusion curves on CUK-1(Co)
powder, in blue line and red, respectively. Line is a guide for eye.
Volume below 1 MPa corresponds to powder compaction and inter-
crystallite void filling. Dotted horizontal lines demarcate contraction
lower and upper bounds. Inset highlights the intrusion step in a linear
scale with the op/cp contraction marked with an arrow.
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with a similar intrusion pressure of 288 MPa. Since the two
metal ions show relatively similar ionic radius (Co*": 1.50(7) A
and Mg>": 1.41(7) A),>* the averaged metal-oxygen distance is
nearly identical in their corresponding coordination: spheres:
(Co-O: 2.107(20) A and Mg-O: 2.073(20) A). Such analogous
metal-linker bond strength is most likely at the origin of the very
similar pressure-induced response of the two materials. The
high transition pressure of CUK-1(Co) underpins the inability of
guest adsorption to induce a breathing effect as observed
previously.”*** Indeed, the adsorption stresses encountered
throughout guest insertion are simply insufficient to overcome
the energetic penalty of transition.**** The 0.143 mL g~ volume
change associated with the observed step in the CUK-1(Co)
intrusion curve corresponds to a 20.9% change in unit cell
volume, lower than in the similar phenyl-based MIL-47(V) of
43%.° However, the stored energy calculated through W = P x
AVis40] g™, 20% larger than the value reported for MIL-47(V)®
of 33 J g '. Here, the higher pressure of CUK-1(Co) switching,
281 MPa vs. 125 MPa for MIL-47(V) balances out the AV term.
Moreover, owing to its relatively dense framework, the volu-
metric energy density of CUK-1(Co) remains attractive when
compared to water intrusion systems (Table S47).

Considering an initial unit cell volume for the CUK-1(Co) op
form of 2467 A® from PXRD (see ESIt), the resulting cp form is
estimated to exhibit a unit cell volume of 1950 A%, based on the
Hg intruded volume increase at 281 MPa. In order to directly
observe the contracted form and identify the mechanism
underpinning these intriguing dynamics, high pressure SC-XRD
experiments were carried out in a membrane diamond anvil cell
(mDAC). Individual CUK-1(Co) crystals were placed in a gasket
between the polished diamonds of the mDAC, and immersed in
a hydrostatic pressure transmitting medium of silicone oil AP-
100, with a gold flake used to monitor inner mDAC pressure
(full single crystal synthesis conditions and SC-XRD method-
ology available in the ESIY).

At ambient pressure, the indexed unit cell volume of the
initial op form of CUK-1(Co) is nearly identical (2492 A%) to that
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Fig. 3 Evolution of the CUK-1(Co) unit cell volume determined
through indexation of Bragg reflections as a function of applied
pressure as recorded in a DAC. Unit cell parameters corresponding to
each pressure point can be found in Table S5, ESI.{
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of the previously reported*® dehydrated monoclinic phase
(2466.72 A%). Upon increasing DAC pressure to around 0.3 GPa,
a volume contraction to the cp phase begins, which is in line
with Hg porosimetry experiments. Reflections obtained from
integrated 2D diffraction images were used to solve the
pressure-induced structure through a dual space recycling
algorithm in an expanded P1 setting, then further refined on F?
using the SHELX suite®® (complete data treatment methodology
available in the ESI}). The structure maintains the same C2/c
space group throughout the transition between the two forms,
and as such the spring-like dynamics of the framework can be
described as a continuous contraction in a narrow pressure
range. Above 0.5 GPa, the cp form is attained, with further
pressure application leading to a linear decrease of its unit cell
volume by 4% up to 1.8 GPa (Fig. 3).

The unit cell dimensions of the solved cp form at 0.5 GPa are
provided in Table 1, alongside as-indexed pristine op form
parameters with Fig. 4a illustrating the two structures. The
anisotropic transition is similar in nature to that of MIL-53(M)/
MIL-47(V), characterised by a compaction in the b-direction
(from approx. 13 A to 9 A) and an elongation along the a-axis
(from 18 to nearly 20 A). The change in the c-parameter is
minimal, with only a slight increase, as it lies in the plane of the
highly rigid octahedrally coordinated metal chains. A lowering
of the angle (from 103 to 99°) is also observed, as the 1D parallel
pores are straightened via the linker-induced torsion. A table
comparing specific atomic distances, angles and torsions in the
two forms is available in Table S7, ESI.T The unit cell volume of
the identified cp phase at 0.5 GPa of 1972 A® is only slightly
higher than the value estimated from porosimetry measure-
ments (as 1950 A®). We attribute this offset to the different
interactions of the crystal surface with the respective pressure
transmitting medium (mercury vs. silicone oil), as observed
previously.®

A careful inspection of the op/cp structures suggests that the
unique spring-like behaviour of the CUK-1 framework under
pressure can be related to the position and concerted motion of
its linkers upon compaction. The asymmetric linker coordina-
tion of the pyridine nitrogen to the Co-O chains results in
a dual-hinged pivot, while the opposing carboxylic group adopts
a single hinge configuration as in MIL-53 (H' and H in Fig. 4b).

In conjunction with alternating connectivity in both the
b and c-crystallographic axes, as depicted in Fig. 4c, the

Table 1 Crystallographic data of the pristine (op) and high pressure
(cp) phases as determined from the CUK-1(Co) SC-XRD

Form op* cp?

Crystal system Monoclinic Monoclinic
Space group C2/c (no. 15) C2/c (no. 15)
a(A) 18.024(15) 19.6026(9)

b (A) 13.089(3) 9.2017(9)

¢ (A) 10.883(13) 11.0368(3)

8 (%) 103.92(12) 99.434(3)
Unit cell volume (4%) 2492(4) 1963.8(2)

“ As indexed before pressure application. b As solved at 0.5 GPa, Ry, =
3.08, R, = 5.53, WR, = 16.51.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(A) Comparison of the structures of the op and cp forms of CUK-1(Co), corresponding to applied pressure of 0 GPa and 0.5 GPa,

respectively, with corresponding pore limiting diameters. (B) Close-up of two adjacent linkers coordinated to the metal chains, highlighting their
pivoting motion: [H] a carboxylic group hinge, with the O-0 axis acting as a kneecap identical to that of MIL-53(Cr),?* and [H'] a dual carboxylic
group — pyridine nitrogen hinge with the axis of rotation offset through the Co atom. (C) Concerted linker motion displayed alongside the c axis,
highlighting the phenyl-phenyl distances in the two forms. Cobalt atoms/tetrahedra, oxygen, carbon and nitrogen atoms are depicted in orange,
red, light grey and light blue, respectively, with hydrogen atoms omitted for clarity.

corrugated channels maintain a similar separating distance
between adjacent linkers throughout contraction (4.7 A to 4.4
A). The aromatic stacking interactions are therefore much
weaker than those encountered between facing phenyl rings in
the cp forms of MIL-53(M)/MIL-47(V), (separating distances
lower than 4 A) which all show irreversible or hysteretic
behaviours upon pressure release.*'* Such a conformation is
expected to lower the relative stability of the cp form of CUK-1,
rendering possible a complete reversibility of the cp/op
transition.

In order to gain further insight into the mechanical behav-
iour of CUK-1, we computed the internal energy of CUK-1(Mg)
as a function of unit cell volume at 0 K using density func-
tional theory (DFT) calculations. The Mg variant was chosen for
this computational investigation because Co is a transition

100 A
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201

2000 2200 2400 2600

Unit Cell Volume (43)
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Fig.5 Internal energy of the CUK-1(Mg) framework as a function of its
unit cell volume at 0 K computed at the DFT level.

© 2021 The Author(s). Published by the Royal Society of Chemistry

metal with a high spin state in CUK-1 resulting in an electronic
structure that is much more difficult to resolve using standard
DFT. The calculations were performed using the Vienna Ab
initio Simulation Package (VASP)*”” with the PBE-D3(BJ)***°
functional (details in the ESIf) and the results are shown in
Fig. 5.

The profile reveals a single minimum located at around 2500
A® which can hence be identified as the op form. No local
minimum is present at a lower unit cell volume, which is
consistent with the experimental observation of a pressure-
induced reversible contraction. However, the profile does
exhibit an inflection point in the volume range of 1800-2000 A,
which fits with the dimension of the cp form observed experi-
mentally. As was mentioned before, dispersion interactions
between stacking aromatic linkers has been put forward as the
driving force for structural transitions in MOFs such as MIL-
53(Al). In previous theoretical work® it was concluded that the
contribution of dispersion to the DFT energy difference between
the op and cp states of MIL-53(Al) heavily depends on the
applied level of theory, making it very difficult to make quan-
titative statements about dispersion contribution from DFT
calculations at this point. However, we herein assume we can
still make a qualitative comparison between two different
materials (i.e. MIL-53(Al) and the present CUK-1) using the
same level of theory. In this light, we found from the afore-
mentioned theoretical work that the dispersion contribution for
MIL-53(Al) at the PBE-D3(B]) level of theory amounts to 138 J g~
(145 kJ mol " per unit cell) which is responsible for stabilizing
the cp state ultimately resulting in an irreversible transition. In
the present case of CUK-1, our DFT calculations using the same
functional showed that the contribution of the dispersion to the
energy difference between the op state (chosen at 2500 A%) and
the cp state (chosen at 1900 A%) is only 84 J g~ (110 k] mol * per

Chem. Sci., 2021, 12, 5682-5687 | 5685
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unit cell). As the dispersion contribution for CUK-1 is much
lower than for MIL-53(Al), we can interpret this as a lower
degree of stabilization of the cp form. This, in combination with
the deformation energy required for the linker staggering that
was mentioned before and illustrated in Fig. 4, prevents the
contracted form from being a metastable state and hence
promotes the ideal spring-like behaviour.

As the energy profile exhibits an inflection point at the
contracted pore volume range, a volume versus pressure
response derived from this profile would reveal hysteresis in the
transition pressures, which is not in agreement with the ideal-
spring behaviour observed experimentally. However, the DFT
profile was computed at 0 K, while the experiments were per-
formed at room temperature. Therefore, we derived a force field
for CUK-1(Mg) using QuickFF*' (more details on the force field
derivation can be found in the ESIt) and computed the free
energy at 300 K as a function of unit cell volume from molecular
dynamics simulations using a protocol outlined in earlier
work." The corresponding pressure profile (shown in Fig. S8a of
the ESIt) indicates a reversible transition lacking any hysteresis,
in excellent agreement with the experimentally observed ideal-
spring behaviour for this solid. Finally, upon decomposing
the free energy into internal energy and entropy (see Fig. S8b of
the ESIt), we found that the entropic contributions stabilize the
op phase (or equivalently destabilize the cp phase), which
further enhances the ideal spring-like behaviour.

Conclusions

We have shown that CUK-1 in its Co and Mg forms undergoes
a fully reversible pressure induced contraction, analogous to
a nano-spring, the first known compliant hybrid porous mate-
rial to display this spectacular behaviour. The large system
volume change of 20%, observed in a narrow range of pressure
(280-290 MPa) by Hg hydrostatic compression experiments has
been fully elucidated in situ as a displacive phase trans-
formation to a contracted phase, a transition capable of storing
40 J g of work energy. Our synchronous computational
investigation demonstrates that while dispersion linker stack-
ing interactions still play a role in the system's switchability,
entropic stabilisation and a staggered linker configuration
mediate the free energy landscape to yield a spring-like
response. This discovery opens a new direction in the design
of soft metamaterials, capable of instant energy storage. Further
understanding of the fundamental role of various building
blocks and topologies in the emergence of pressure responsive
nanosprings is expected to allow precise fine-tuning of potential
storage capacity.
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