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We evaluate experimentally the force exerted by flexible metal—
organic frameworks through expansion for a representative model
system, namely MIL-53(Al). The results obtained are compared with
data collected from intrusion experiments while molecular simula-
tions are performed to shed light on the re-opening of the guest-
loaded structure. The critical impact of the transition stimulating
medium on the magnitude of the expansion force is demonstrated.

Metal-organic frameworks (MOFs) have been the focus of
scientific research for many years due to their diverse proper-
ties in the field of surface chemistry and porous materials.'™
The development of ever new MOFs with different topologies
and chemical features has produced materials promising for a
variety of potential applications such as catalysis, gas storage/
separation, sensor technology or drug delivery.*”” More recently,
MOFs have been envisaged for mechanical energy storage® and
actuators.’ Switchable coordination polymers, which belong to
the third generation of flexible MOFs,'® undergo stimuli-induced
structural transitions. Some of these flexible MOFs exhibit struc-
tural transitions at high mechanical pressures and huge changes
in their unit cell volumes resulting in remarkable energy storage
capacity during 1 cycle of compression/decompression.’* A pro-
totypical flexible MOF with good chemical stability is MIL-53(M)
(MIL = Materials of institute Lavoisier; M = Fe**, AI’*, Ga®*, In** or
Sc**), which is formed by corner sharing metal octahedra and
terephthalate linkers that create a wine-rack like structure with
one dimensional pores.' After synthesis and subsequent activation
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in absence of guest molecules, this materials in its Cr and Al forms
are initially present in a large pore or open pore (Ip or op) form.
Exposure to various fluids or mechanical pressure then leads to a
structural transformation to the narrow pore or contracted pore (np
or cp) phase, correspondingly, which results in a change of the unit
cell volume of about 40% (Fig. S1, ESIt).”**® The phase transitions
stimulated by mechanical pressure have already been studied for
Cr and Al versions of MIL-53 showing promising properties: MIL-
53(Cr) as nano-damper"® and MIL-53(Al) as shock absorber.'® These
investigations were carried out computationally by forcefield/
quantum-based molecular simulations'*'® or thermodynamic
models’*® and experimentally by combining X-ray diffraction
and intrusion of either mercury or oil."*'®"® Although these
hydrostatic compression/decompression experiments revealed
MIL-53 materials as potential energy storage media, they neglected
the influence of packing effects, which are expected to play a major
role in real applications.">>* Moreover, for MIL-53(Al) only the
mechanically induced op to cp transformation could be studied,
since this structural transition was found to be irreversible and the
material remains in its cp form upon decompression.'®

For the use of MOFs as actuators it is necessary to estimate
the force exerted by the MOF upon uptake of guest species.
Hence, in the following we present a new strategy for the
experimental determination of the expansion force (np to op
transition) of compacted powders of switchable MOFs upon
adsorption of solvents. It requires no preparation-intensive
setups and only short measuring times. The measurements
themselves were carried out on a customized measuring system
(Fig. 1), which is easy to build.?® It consists of a standard force
measuring bench with a stamp for force transmission, a height
measuring device and a cylinder as sample vessel. For the
measurement, a defined quantity of MOF powder has to be
transferred into the cylinder and compressed to the packing
density of interest. The stamp is connected to a motor as well
as a force gauge and can move to a specified position with an
accuracy of 0.01 mm while simultaneously measuring the
pressure applied to the powder to compact it. After compres-
sion to a defined packing density, the stamp is moved 0.1 mm
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Fig. 1 Schematic illustration of the developed setup; MOF crystals are
simplified as springs and change their volume upon adsorption of solvent
causing the specific expansion force to be measured.

above the powder and is fixed at this position, whereby the
measured pressure drops to 0.

The adsorptive (solvent or gas) can pass the stamp edge to
wet the powder causing the crystals expansion after adsorption
in a constant volume. While they push against the stamp, the
measured force corresponds to the expansion force exerted by
the crystals. The measured expansion forces of the flexible MOF
can be plotted against its relative packing densities for a given
solvent where each point of the curve corresponds to one
measurement of the expansion force of the compressed pow-
der. The packing density of the MOF in the cylinder can be
calculated using known parameters such as mass and volume
of the compressed powder and the density of the material
obtained from the crystal structure. Using the described instru-
mentation, MIL-53(Al) was studied as model flexible MOF
system upon adsorption of liquids such as methanol, ethanol
and water. This method allows the comparison of expansion
forces for various solvents.

MIL-53(Al) was synthesized and activated as described else-
where (for details see ESIt). For the measurement, MIL-53 has to
be transformed into the np form which can be easily achieved by
handling it in air atmosphere, as it was confirmed by X-ray
diffraction analysis (Fig. S2, ESIt). Therefore, no pressure or other
applied energy is needed for the pre-conditioning of the sample.
Upon adsorption of methanol or ethanol, the np to op transition
takes place. The crystal structure of MeOH@MIL-53(Al) was
refined and it could be shown, that the methanol treatment leads
to the expansion of the structure, at which the unit cell volume
increases up to ca. 55% (Fig. S3 and Table S1, ESIY).

The pre-conditioned MIL-53(Al) samples (np) were transferred
into the force-measuring setup (Fig. 1), compacted to defined
density and exposed to methanol. The diagram in Fig. 2 shows the
results obtained. The measured expansion force profile can be
clearly divided into 3 domains: (I) at low packing density, the
powder is still very loose, resulting in many larger voids between
the crystals. As the crystals expand, they can easily move into these
voids, causing only a small force exerted. (II) When the packing
density increases, free voids between the crystals are reduced.
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Fig. 2 Expansion force measurements of a compressed powder of MIL-

53 (Al) and methanol as solvent with inserted trend line and calculated
maximum force for a relative packing density of 1.

Hence the crystals cannot expand into voids further and press
stronger on the stamp. In this area, a linear correlation between
the packing density and measured expansion force can be
observed. (III) At high relative densities, where the empty space
fraction approaches the volume expansion upon structural trans-
formation, it ends in a plateau. In this region, the powder cannot
be compressed any further to the higher packing densities, with-
out resulting in a certain backpressure to the stamp, even after
lifting it for 0.1 mm. The powder shows a spring-like behaviour,
resulting in detectable pressures even before the solvent is added.

In order to be able to make a prediction of the theoretical
maximum expansion force of a single crystal, the linear range
of the measurement can be extrapolated via a linear regression
to calculate the expansion force for relative packing densities
up to 100%. The pressure obtained from such extrapolation for
MIL-53(Al) is 62 MPa in the case of methanol, corresponding to
the force of 1.2 kN. This value clearly exceeds the pressures
measured by intrusion of mercury and oil to induce the op-cp
phase transition (13-18 MPa and 33 MPa, respectively).'®>*
From mechanical equations of state published previously for
MIL-53(Al)"? it is also evident, that the external pressure needed
to contract the framework is much smaller than the “negative
pressure” required for the framework opening.

Flexible force field molecular dynamics (MD) simulations
were further performed to unravel the microscopic mechanism
at the origin of the re-opening of the structure. Besides the
accuracy of the intermolecular force field parameters required
to describe the host/guest interactions, these calculations
strongly rely on intra-molecular force field parameters to cor-
rectly capture the structural behavior of the highly flexible
MOFs which is by far more challenging.®*">>® Therefore,
these calculations were achieved on the MIL-53(Cr) framework
since our previously-derived flexible force field including intra-
and inter-molecular terms for the MIL-53 framework was
trained and validated for this Cr-version (corresponding equa-
tions and parameters reminded in Table S2, ESIt)."* The
robustness of this flexible force field was recently confirmed
by an excellent agreement between the predicted structural
behavior of MIL-53(Cr) under the simultaneous application of
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Fig.3 MD simulations on methanol loaded MIL-53(Cr). (a) Radial distribution functions calculated for the O(methanol)-H(methanol) (red),
H(methanol)-O(u-OH) (black) and H(methanol)—O(carboxylate) (blue) pairs in the np form, (b) illustration of the methanol arrangement in the np form
with a view along the channel and (c) (C-O---O-C) dihedral angle formed between adjacent methanol molecules in the np and op forms.

mechanical pressure and guest adsorption and that of its MIL-
53(Al) analogue evidenced experimentally.>®

This force field for MIL-53(Cr) was further combined with
the well-trained generic TraPPE-UA>° force field for methanol to
describe the behavior of the methanol-loaded MIL-53(Cr) sys-
tem. Once adsorbed in the np form, methanol molecules
establish hydrogen bonds between themselves with character-
istic O(methanol)-H(methanol) distances of 1.80 A as evi-
denced by the radial distribution functions (RDFs) calculated
for the corresponding atoms pair (Fig. 3a). In addition metha-
nol interacts strongly with the MOF pore wall via its hydrogen
atoms with either the oxygen atoms of the p-OH groups or the
oxygen atoms of the carboxylate groups with characteristic
H(methanol)-O(u-OH) distances of 2.00 A and H(methanol)-
O(carboxylate) distances of 2.03 A (see corresponding RDFs in
Fig. 3a). Such a geometric arrangement of methanol is illu-
strated in Fig. 3b. We further evidenced that the np-op transi-
tion of the framework resulting from the rotation of the phenyl
ring about the O-O axis of the carboxylate is accompanied by a
significant change of the orientation of the methanol molecules
with respect to each other. Indeed Fig. 3c shows that the
molecules initially in the np form mostly coplanar with an
associated preferential (C-O- --O-C) dihedral angle of 180° are
significantly tilted from each other once the structure switches
to the op form, the contributions of the corresponding dihedral
angle being at 90° and 270°. The methanol loaded MIL-53(Cr)
contracts only under high external pressure applied (90 MPa),
this structural switching being reversible upon mechanical
release with a small hysteresis of 5 MPa (Fig. S5, ESIT). Hence,
85 MPa may represent the maximum force/pressure the frame-
work can sustain. For MIL-53(Al) this pressures is expected to
be lower, and in our experimental force measurements, the
fluid pressure is atmospheric. Hence, the force of MOF
obtained in our experiment (65 MPa) is reasonable.

We further experimentally explored the influence of the nature
of the solvent on the magnitude of the expansion force and the
associated pressure. Fig. 4 shows that the use of ethanol leads to a
pressure of 48 MPa (force of 942 N) which is lower than the value
observed for methanol. The adsorption enthalpy measured by
microcalorimetry for ethanol (about —50 k] mol ") in the op

This journal is © The Royal Society of Chemistry 2020

form of MIL-53(Cr) is slightly higher than the value obtained
for methanol (about —45 kJ mol ").*" These experimental
values are well captured by our GCMC simulations data (see
ESIT) which predict an adsorption enthalpy at low coverage of
—50.9 k] mol™* and —46.1 k] mol~! for ethanol and methanol
respectively. However, the amount adsorbed in saturation is
found both experimentally>* and theoretically (ESIf) to be
higher for methanol (12 molecules per u.c. for both experi-
ments and simulations) than that for ethanol (experiment: 8
molecules per u. c. and simulation: 7 molecules per u.c.), hence
the total enthalpy (n-AH,qs) per unit cell is higher for methanol,
than for ethanol, a possible rational explanation for the smaller
force measured for ethanol.

Finally, the use of water as solvent leads, as expected, to no
measurable force from the powder (Fig. S4, ESIt), since the
strong interactions between the water and the p-OH group in
tandem with the highly oriented hydrogen bonded network
formed between the water molecules, previously reported for
the hydrated np form,** prevent the re-opening of the structure.

In summary, a new method for measuring the solvent stimu-
lated expansion force of switchable metal-organic frameworks
was presented using MIL-53(Al) as model system. Expansion
forces can be determined in relatively short measuring times
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Fig. 4 Expansion force measurements of a compressed powder of MIL-53(Al)
and ethanol as solvent with inserted trend line and calculated maximum force
for a relative packing density of 1.
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with little preparative effort. The sample is measured as com-
pressed powder, which means that packing effects are directly
reflected in the data. MIL-53 (Al) shows three areas in the
progression of the pattern which are directly dependent on
the packing density. In the second, linear range of the measure-
ment, the profile of the curve can be extrapolated by means of a
trend line, which allows data to be calculated for the maximum
actuation forces. The pressure gained from the opening step
was found to be higher than that needed to compress the empty
framework and to be specific for the stimulating fluid. All in all,
this newly developed experimental set-up is well suited to
estimate the actuating force of switchable MOFs for a variety
of fluids. The force of MOFs significantly exceeds the (ambient)
pressure of the stimulating fluid rendering switchable MOFs
as promising solids for actuation devices in microfluidics or
macroscopic systems. Enhancing the force of MOFs further
may be achievable through: (i) enhanced fluid-pore wall inter-
actions, (ii) reduced pore size of the op-form (implying reduced
adsorbate compressibility), and (iii) idealized packings through
particle size engineering. Regarding framework architectures a
deeper understanding of mechanoresponse may be achievable
by AFM techniques probing single crystals. The latter might
also give important insights into the anisotropy exerted MOF
forces. Beyond actuation, the new measurement technique
presented here provides quantitative characteristics important
for using switchable MOFs in real world separation applica-
tions in which the adsorbent column is several meters high
implying severe mechanical forces acting on the adsorbent
lower layers critically affecting their responsiveness.
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