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Investigating the mechanical stability of flexible
metal-organic frameworks

Florencia A. Son® !, Kira M. Fahy1'3, Madeleine A. Gaidimas® '3, Courtney S. Smoljan2'3,
Megan C. Wasson> & Omar K. Farha'2™

As we continue to develop metal-organic frameworks (MOFs) for potential industrial
applications, it becomes increasingly imperative to understand their mechanical stability.
Notably, amongst flexible MOFs, structure-property relationships regarding their compres-
sibility under pressure remain unclear. In this work, we conducted in situ variable pressure
powder X-ray diffraction (PXRD) measurements up to moderate pressures (<1GPa) using a
synchrotron source on two families of flexible MOFs: (i) NU-1400 and NU-1401, and (ii) MIL-
88B, MIL-88B-(CHs),, and MIL-88B-(CHs)4. In this project scope, we found a positive cor-
relation between bulk moduli and degree of flexibility, where increased rigidity (e.g., smaller
swelling or breathing amplitude) arising from steric hindrance was deleterious, and observed
reversibility in the unit cell compression of these MOFs. This study serves as a primer for the
community to begin to untangle the factors that engender flexible frameworks with
mechanical resilience.
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etal-organic frameworks (MOFs)—porous, crystalline
M materials composed of inorganic nodes and organic

linkers! —can be engineered to access a vast library of
architectures with potential applications ranging from gas/vapor
storage~4, gas/vapor separation®7, and catalysis®°. Regardless of
the targeted industrial process for a MOF, some form of post-
synthetic processing is required to transform the crystalline
powders that are typically synthesized into more viable forms.
Shape engineering methods such as pelletization, extrusion, and
granulation that facilitate the integration of powders into indus-
trial systems generally require the application of pressure on the
MOF crystallites!9-12. Therefore, it is critical to understand the
response of these porous materials to mechanical stress to suc-
cessfully implement them in the aforementioned applications.

Flexible MOFs, a subdivision of MOFs that reversibly change
their form upon exposure to external stimuli (e.g., guest mole-
cules or temperature), have garnered attention over the past
decade owing to their responsive structures!3. While these
reversible structural transformations (e.g., breathing, swelling,
linker rotation, subnetwork displacement) are desirable for gas
sorption applications!4-17, pressure on the frameworks can also
serve as a stimulus that impacts the MOFs’ textural properties,
and as such, their efficacy in separations. Moreover, as these
pliable materials possess higher degrees of freedom in their
movement, further studies must be performed to derive structure-
property relationships and understand what factors impact their
mechanical stability.

Generally, experiments concerned with elucidating the
mechanical stability of materials are conducted with advanced
techniques such as synchrotron radiation and a diamond anvil
cell (DAC) (Fig. 1). Initial work demonstrated how the selection
of a pressure transmitting medium (PTM), which converts the
uniaxial pressure applied by the DAC into uniform hydrostatic
pressure on the sample, influenced the mechanical response of the
material. Using fluids that penetrated the pores of the MOF, such
as ethanol and/or methanol, decreased compressibility (i.e.,
increased the bulk moduli) compared to when using non-
penetrating PTM, such as Fluorinert™ or mineral oil!8-20,
Therefore, using non-penetrating media provides us with clearer
insights into the intrinsic high-pressure response of MOFs.

Preliminary studies probing the mechanical properties of
MOFs have mainly focused on more “rigid” scaffolds. Within the
Farha group, we have previously performed a systematic study on
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Fig. 1 Diagram of a DAC setup, including the sample (MOF), an internal
standard, and a non-penetrating pressure transmitting fluid. Gasket cut-
out included for viewing purposes only.

two topological families of fcu and scu, and found that the bulk
modulus (K), a measure of a material’s resistance to hydrostatic
compression, of a MOF increases with decreasing void space and
linker distortion?!. Work exploring the node and linker bond for
UiO-66(M) (M=Zr, Hf, Ce) indicated that coordination strength
plays a role in compressibility, with the softer Ce-carboxylate
coordination leading to more facile compression and shearing
deformation?2. Additional studies found strategies to enhance the
mechanical stability of a material such as framework catenation??
and increasing node connectivity via the incorporation of struc-
tural linkers?®2>. When looking at the role of defects in UiO-
66(Zr), the bulk modulus of the MOF generally decreased with
increasing defects, until the most defective MOF was tested
(28.3%) which did not follow trends in defect concentration2®.
Shifting gears to flexible MOFs, researchers found that flexible
frameworks can exhibit negative linear compressibility in both
experimental?”-28 and computational efforts2” as well as negative
area compressibility3?. Further insights can be found summarized
in review articles>! -3, Despite the research that has been con-
ducted thus far, there still remains a paucity of information
regarding trends in the mechanical stability of flexible MOFs.

Therefore, herein we report a study on two families of flexible
MOFs: (i) NU-1400 and NU-1401, and (ii) MIL-88B, MIL-88B-
(CH3;),, and MIL-88B-(CH3), (Fig. 2). For this work, we consider
more flexible MOFs to be those with greater swelling and/or
breathing amplitudes upon the inclusion of guest molecules (i.e.,
larger percentage differences in the unit cell volumes of the open and
closed forms of the frameworks). As such, we define more “rigid”
MOFs as those that have smaller amplitudes of guest-dependent
reversible structural transformations. Through in situ variable
powder X-ray diffraction (PXRD) pressure measurements con-
ducted using a synchrotron source at the Advanced Photon Source
at Argonne National Laboratory, we investigated structural changes
up to moderate pressures (<1 GPa) that are used in post-synthetic
processing techniques3’~41. Interestingly, we found in both systems
that increasing rigidity of these MOFs resulted in decreased bulk
moduli. Despite having low node connectivity (4-c), NU-1400 and
NU-1401 were found to have bulk moduli of 28.1 GPa and 20.0 GPa,
respectively. Upon return to ambient conditions after a pressuriza-
tion campaign, all MOFs reverted back to their initial structures to
some degree, indicating reversibility of the structural deformation.
While these results provide preliminary insights into the pressure
response of flexible materials, we hope that they will encourage
others in the community to continue to delineate the variables that
affect the mechanical stability of flexible MOFs.

Results and discussion

To explore the compressibility and mechanical stability of flexible
frameworks, we chose two series of MOFs to study. First, we
selected NU-1400 and NU-1401 (Fig. 2), which are MOFs with
4-connected Zrs nodes, Ivt topology, and guest-dependent struc-
tural flexibility*243, NU-1400, which is in the Imma space group,
contracts up to 48% in unit cell volume, depending on the guest
molecule present within its pores with expansion along its b-axis
and contraction along its c-axis, as shown through single crystal
X-ray diffraction (SCXRD) measurements*?. Its interpenetrated
analog, NU-1401 in the Ibam space group, contracts up to 16%,
with an increase along its c-axis and a decrease in the a-axis, also
observed through SCXRD studies. Owing to its interpenetrated
structure, NU-1401 is less flexible, or has a smaller breathing
amplitude, compared to NU-1400. The next set of MOFs examined
were a series of MIL-88B44> analogs that vary in swelling
amplitudes—136% for MIL-88B, 96% for MIL-88B-(CHj;),, and
25% for MIL-88B-(CH;), when determined through PXRD
experiments—due to the addition of functional groups on the
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Fig. 2 Flexible MOFs in this study with their corresponding nodes, linkers, and structures. Structures are portrayed along the a-axis for all MOFs, except
for NU-1401 which is depicted along the b-axis. Black = carbon; red = oxygen; blue = nitrogen; green = zirconium; orange = iron.

linker*®. These trivalent iron-based MOFs with trimeric secondary
units are in the P-62¢ space group and decrease in flexibility with an
increasing number of methyl groups on the linker (Fig. 2). Prior to
the synchrotron experiments, we confirmed the crystallinity of the
samples by collecting PXRD patterns under ambient conditions
(Supplementary Fig. 1), which agree with the simulated structures
of the narrow/closed pore forms of the flexible MOFs. Deviations in
peak positions (i.e., larger unit cell parameters than the fully closed
forms) are attributed to residual solvent (e.g., higher boiling point
solvents such as N,N-dimethylformamide) or physisorbed water in
the pores of the MOFs. The PXRD pattern of MIL-88B-(CHj3),
resembles a combination of its narrow and large pore phases?®.
Moreover, we confirmed particle morphologies using scanning
electron microscopy (Supplementary Figs. 2-6), which provides
further corroboration of the MOFs’ identities. By collecting TGA
curves of our samples in the air (Supplementary Fig. 7), we
quantified the defects present (Supplementary Table 1) and con-
firmed the presence of water and residual solvent in the pores. NU-
1400, NU-1401, and MIL-88B all possessed missing linker defects.
In contrast, MIL-88B-(CH3), and MIL-88B-(CH;), had higher
linker/node ratios than their respective ideal values. As the MOFs
did not possess a broad peak at low 28 in their PXRD patterns,
which is typically indicative of missing cluster defects, we attribute
the greater ratio to be a result of the residual linker that is trapped
inside the pores. Further details regarding the characterization of
materials can be found in the Supplementary Methods.

We assessed the pressure responses of these selected MOFs
using in situ variable pressure PXRD measurements conducted
under isothermal conditions at room temperature with a syn-
chrotron source at the 17-BM-B beamline at the Advanced
Photon Source, Argonne National Laboratory (Figs. 3 and 4;
Supplementary Figs. 13 and 16). Briefly, we packed MOF powders
mixed with CaF,, used as an internal standard to determine the
pressure inside the cell, into indented and drilled stainless-steel
gaskets placed inside a membrane-driven diamond anvil cell with
300 um diameter culet anvils. Then, we added Fluorinert™ FC-
70 as the non-penetrating pressure-transmitting fluid. As we had
previously shown that FC-70 does not penetrate the channels of
NU-1200 (22 A)23, we selected this PTM to analyze the intrinsic
pressure response of these microporous MOFs. Pressure

campaigns were conducted from 0 to approximately 1GPa,
during which in situ variable pressure PXRD data was collected
using monochromatic X-rays (A =0.45191 A for NU-1400 and
NU-1401; A =0.45194 A for MIL-88B, MIL-88B-(CH,),, and
MIL-88B-(CHs)4). We processed the raw images using GSAS-I147
with calibration data obtained using a LaBs standard and
extracted pressure-dependent lattice parameters using Le Bail fits
of reported structural models to the diffraction data (Supple-
mentary Figs. 8-12, 14, 15, 17, 18). To obtain the bulk moduli of
the samples, isothermal equations of state were fitted to the P
versus Vo/V data with a 2nd-order Birch-Murnaghan equation of
state using EOS-FIT7c and EOS-FIT7-GUI*84%. Further details
can be found in the methods section.

Using our Le Bail refinements of the NU-1400 and NU-1401
fitted diffraction data (Supplementary Tables 2, 3, 7, and 8), we
determined the unit cell parameters of the thermally activated
MOFs under ambient conditions, prior to pressurization. Based
on these results, NU-1400 had a total unit cell volume of 6806 A3
(a=2519A, b=2996A, ¢=9.02A) and NU-1401 had a
volume of 15067 A3 (a=1625A, b=25154, c=36.864).
These values more closely resemble the narrow/closed pore
structures, with a thermally activated NU-1400 possessing a
volume of 6852 A3%2 and a supercritically activated NU-1401
having a volume of 15192 A343 By extending our analysis to the
powder patterns obtained during pressurization, we were able to
observe the relationship between unit cell volume and pressure,
which could be fit to determine the bulk modulus (K= -V dP/
dV) of each MOF (Fig. 3, Supplementary Fig. 13). Surprisingly,
NU-1400 had a higher bulk modulus (K =28.1 +0.3 GPa) than
its interpenetrated counterpart NU-1401 (K =20.0 +0.3 GPa).
These results are a sharp contrast to our prior findings from
studying the more rigid NU-1200 (K=5.7 GPa) and STA-26
(K=21.1 GPa)?3, leading us to believe that the design rules for
mechanical stability that have been introduced for more “rigid”
frameworks are not fully transferable to flexible ones. Moreover,
despite having low node connectivities (4-c), we found that both
MOFs are moderately resilient to compression, with NU-1400
approaching the bulk modulus of graphite (K= 33.8 GPa)*° and
UiO-66 (K =37.9 GPa)2!. Further investigation is required to
better understand the mechanical resilience of these MOFs. When
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Fig. 3 Analysis of NU-1400 and NU-1401. PXRD patterns from O to ~1 GPa for A NU-1400 (purple) and B NU-1401 (blue). C P versus V/Vj fit with a 2nd-
order Birch-Murnaghan equation of state. D Change in lattice parameters with respect to ambient condition measurements, where triangles represent the
a-axis, squares correspond to the b-axis, and circles depict the c-axis. Error bars represent estimated standard deviations of fittings.
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Fig. 4 Analysis of MIL-88B, MIL-88B-(CH3),, and MIL-88B-(CH3)4. PXRD patterns from O to ~1GPa for A MIL-88B (pink), B MIL-88B-(CHs), (green),
and € MIL-88B-(CHs)4 (orange). D P versus V/V fit with a 2nd-order Birch-Murnaghan equation of state. E Change in lattice parameters with respect to
ambient condition measurements, where squares represent changes in the c-axis and triangles represent changes in the a-axis. Error bars represent

estimated standard deviations of fittings.

looking at the unit cell lattice parameters, there was negligible
change in the c-axis of NU-1400 and the g-axis of NU-1401, while
the remaining two parameters for both MOFs decreased with
increasing pressure (Fig. 3). The structural transformations upon
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due to our measurements on MOFs that are in their narrow pore
phases.

Parallel analyses on MIL-88B, MIL-88B-(CH3),, and MIL-88B-
(CHs,), revealed ambient condition unit cell volumes of 1833 A3
for MIL-88B (a=10.47 A, c=19.30 A), 1986 A3 for MIL-88B-
(CH;), (a=10.95A4, c=19.14 A), and 3290 A3 for MIL-88B-
(CH;); (a=15.13A, ¢=16.60A). MIL-88B and MIL-88B-
(CH;), more closely resembled their narrow pore volumes of
1485 A3 and 1790 A3, respectively, whereas MIL-88B-(CH3)4
resembled the open pore volume of ~3500 A3 more than its
narrow pore volume of 2810 A340, By fitting the pressure versus
unit cell volume data (Supplementary Tables 4, 5, 6, 9, and 10)
using a 2nd-order Birch-Murnaghan equation of state (Fig. 4,
Supplementary Fig. 16), we found the bulk moduli of the series to
be 7.7 £ 0.2 GPa for MIL-88B, 6.1 + 0.1 GPa for MIL-88B-(CHs),,
and 5.3 + 0.1 GPa for MIL-88B-(CH3),4. All three MOFs expanded
along the c-axis and contracted along the g-axis, with MIL-88B-
(CH;)4 exhibiting the most significant shifts (Fig. 4D), which
mirrors the swelling behavior of these MOFs*0.

In both series of MOFs that we surveyed, the bulk modulus
decreases with increasing rigidity (Table 1). Since these materials
were assessed in their narrow pore phases, they did not display
rapid compression upon pressurization. We postulate that NU-
1401 has a lower bulk modulus than NU-1400 due to the steric
hindrance imparted by the presence of the interpenetrated net-
work. Both MOFs are flexible owing to a hinge-like motion of the
joints between the node and linkers*2. In NU-1401, however,
there is the additional movement of two entangled nets in a
scissoring fashion#3, so we hypothesize that the intertwined fra-
meworks result in decreased mechanical stability due to increased
stress on the MOF upon distortion. In the case of the MIL-88B
series, we also note a decrease in bulk modulus upon the incor-
poration of more steric hindrance. Literature examples can be
found where steric bulk can diminish the bulk modulus of a
material, such as with MIL-53(Cr) (K = 4.59 GPa) and MIL-53-
CH;(Cr) (K=3.7GPa)>! as well as Cu,-(bdc),dabco (K= 14.0
GPa) and Cu,-(DB-bdc),dabco (K= 13.5GPa)*2. In “rigid”
MOFs, we observed a trend of decreasing bulk moduli with
decreasing coordination strength when comparing UiO-66(Zr)
and UiO-66(Hf) to UiO-66(Ce)?2. This phenomenon has also
been observed in flexible frameworks, where altering the Lewis
acidity of the metal can affect coordination strength, as described
by Pearson’s hard/soft acid/base theory, and the degree of
flexibility!”. In a study of MIL-53 with differing metals, bulk
moduli were measured to be 4.28 GPa for MIL-53(Cr), 10.1 GPa
for MIL-53(Fe), and 10.7 GPa for MIL-53(Al)°!, which correlate
with increasing coordination strength. However, the same trend
does not hold true for MIL-53-NH,(In) with a bulk modulus of
10.9 GPa®? compared to MIL-53-NH,(Al) with K= 7.4 GPa%’,
which highlights the necessity of deeper investigations into flex-
ible MOFs. In comparison to the literature, we posit that rigidity
in a framework arising from node-linker coordination strength

Table 1 Summary of the degree of flexibility (swelling
amplitude) and bulk modulus of materials.

MOF Swelling amplitude Bulk modulus (GPa)
NU-1400 92%*42 281+0.3
NU-1401 19%43 20.0+03
MIL-88B 136%46 7.7+£0.
MIL-88B-(CHj3), 96%46 6.120.1
MIL-88B-(CHs), 25%46 5301

Uncertainties correspond to estimated standard deviation. Swelling amplitudes defined as
(Vopen = Vary)/ Vary Were obtained from the literature.

can be beneficial for enhancing the mechanical stability of MOFs.
However, when rigidity arises due to steric effects such as from
substituent groups on the linker or interpenetration, MOFs are
less capable of withstanding strain from pressure and may face
bond cleavage and amorphization. Despite having residual linker
trapped in their pores, MIL-88B-(CHj3), and MIL-88B-(CHj3),
still had lower bulk moduli, which further alludes to the detri-
mental effects steric hindrance may have on the mechanical
properties of flexible MOFs.

Finally, we probed the reversibility of the structural deforma-
tions for both series of MOFs by collecting powder patterns under
ambient conditions after the completion of a pressure campaign.
We observed that all MOFs reverted back to their initial struc-
tures once the pressure of the cell was released (Supplementary
Figs. 19 and 20). However, there were variations in the degree of
crystallinity that were maintained after exposure to pressure.
Qualitatively, NU-1400, and NU-1401 did not experience a loss in
crystallinity after pressurization, whereas in the MIL-88B series,
increasing the rigidity of the MOFs resulted in more amorphi-
zation and loss in long-range order. We hypothesize that the
stronger coordination strength of the Zr-based MOFs may have
facilitated the resistance to amorphization. Additionally, for the
MIL-88B series, the increased rigidity arising from the more steric
hindrance of the functionalized linkers may have been detri-
mental owing to the increased strain on the bonds upon pres-
surization. In ZIF-8, a sodalite zeolite-type structure, reversible
phase transitions were possible when using methanol/ethanol as
the PTM!3, but irreversible amorphization occurred upon using
non-penetrating PTM!?. For other flexible coordination poly-
mers, pressure-induced structural rearrangements were found to
be reversible’*=>7, indicating that although reversibility may not
be ubiquitous in flexible frameworks, it is feasible. These quali-
tative insights could serve as an interesting basis for follow-up
studies to explore multiple pressure cycles on flexible MOFs.

Conclusion

In summary, we conducted in situ variable pressure PXRD
measurements on NU-1400, NU-1401, MIL-88B, MIL-88B-
(CH3),, and MIL-88B-(CHj3), to begin to understand how flex-
ibility impacts the mechanical stability of flexible frameworks. We
found that as rigidity was increased through increased steric
hindrance, the bulk moduli of the MOFs decreased. Additionally,
increasing flexibility resulted in higher resilience to pressure-
induced amorphization, alluding to flexible MOFs’ ability to
withstand more strain on the framework compared to their
“rigid” counterparts. These results enable us to address the
research gaps in the mechanical stability of flexible MOFs by
setting preliminary structure-property relationships. As the scope
of our study was two series of MOFs, we encourage others in the
field to continue exploring the mechanical properties of flexible
frameworks concomitantly with complementary techniques such
as Raman spectroscopy and/or computational simulations.

Methods

MOF syntheses. NU-1400%2, NU-140143, MIL-88B, MIL-88B-
(CH3),, and MIL-88B-(CH;), were synthesized according to
reported procedures*0, with a few minor modifications
denoted below.

Synthesis of NU-1400. In a 100mL bottle, ZrOCl,«8H,0
(256.8 mg, 0.797 mmol) was dissolved in N,N-diethylformamide
(24 mL), and formic acid (15 mL) via sonication, then placed in
an 80°C oven for l1h. After cooling to room temperature,
[1,1":4',1"]terphenyl-3,3",5,5"-tetracarboxylic ~ acid  (81.6 mg,
0.201 mmol) and deionized water (1.2mL) were added and
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sonicated for 20 min. The product was isolated via centrifugation,
washed with DMF three times, and acetone three times, soaking
for 1 h between each wash. After soaking the MOF overnight in
acetone, the product was collected via centrifugation and placed
in an 80 °C vacuum oven overnight.

Synthesis of NU-1401. N,N’-bis(5-isophthalic acid)naphthalene-
diimide (BINDI) was synthesized according to reported proce-
dures, with a few modifications. Briefly, in a 50 mL round-
bottomed flask, 1,4,5,8-naphthalenetetracarboxylic dianhydride
(0.810 g, 3 mmol) and aminoisophthalic acid (1.096 g, 6 mmol)
were mixed in propionic acid (25 mL). The mixture was placed in
an aluminum heating block, fitted with a condenser, and refluxed
at 165°C for 48 h while stirring. After cooling down to room
temperature, water was added to precipitate the product, which
was then isolated by vacuum filtration. The filtrate was washed
with water (500 mL), followed by ethanol (100 mL). The product
was purified via recrystallization by placing it in DMF (150 mL)
in a 120 °C oven for 30 min and then sonicating until dissolved.
After cooling overnight, the product was collected by filtration
and then washed with ethanol (750 mL). The formation and
purity of the linker were confirmed using !H NMR spectroscopy
(Supplementary Fig. 21).

To synthesize the MOF, ZrOCl,+8H,0 (85.6 mg, 0.266 mmol)
and BINDI (40mg, 0.0668 mmol) were mixed with DMF
(4.5mL) and formic acid (2 mL) in a 4-dram vial and sonicated
until dissolved. The solution was placed in a 130 °C oven for 48 h.
After cooling, the product was collected by centrifugation, washed
with DMF three times, and ethanol three times, soaking for 1h
between each wash. The product was soaked overnight in ethanol,
collected by centrifugation, and dried overnight in an 80 °C oven.

Synthesis of MIL-88B. FeCl;,6H,O (270 mg, 1 mmol) and 1,4-
benzenedicarboxylic acid (116 mg, 1 mmol) was combined with
DMF (5mL) and NaOH (2 M, 0.4 mL) and sonicated until fully
dissolved. The mixture was transferred to a Teflon-lined Parr
Vessel and placed in a 100°C oven for 12h. The MOF was
recovered via centrifugation and washed with DMF three times
and ethanol 3 times, soaking for 1h in between each wash. MIL-
88B was soaked overnight in ethanol, collected via centrifugation,
and then dried overnight in an 80 °C vacuum oven.

Synthesis of MIL-88B-(CH3),. FeCl;.6H,0 (270 mg, 1 mmol) and
2,5-dimethyl-1,4-benzenedicarboxylic acid (194mg, 1 mmol)
were combined with methanol (5mL) and sonicated for 5 min.
The mixture was transferred to a Teflon-lined Parr Vessel and
placed in a 100 °C oven for 3 days. The MOF was recovered via
centrifugation and washed with DMF three times and ethanol 3
times, soaking for 1h in between each wash. MIL-88B-(CHj;),
was soaked overnight in ethanol, collected via centrifugation, and
then dried overnight in an 80 °C vacuum oven.

Synthesis of MIL-88B-(CH3),. FeCl;.6H,0 (270 mg, 1 mmol) and
2,3,5,6-tetramethyl-1,4-benzenedicarboxylic =~ acid (222 mg,
1 mmol) was combined with DMF (5mL) and sonicated until
fully dissolved. The mixture was transferred to a Teflon-lined
Parr Vessel and placed in a 100 °C oven for 3 days. The MOF was
recovered via centrifugation and washed with DMF three times
and ethanol 3 times, soaking for 1h in between each wash. MIL-
88B-(CHj3), was soaked overnight in ethanol, collected via cen-
trifugation, and then dried overnight in an 80 °C vacuum oven.

In situ variable pressure powder X-ray diffraction measurements
Gasket preparation. In all, 250 pm thick stainless-steel gaskets
were indented to 100 um thickness using a membrane-driven

diamond anvil cell with 300 um diameter culet anvils. After, a
250 um hole was drilled into the center of the indented gasket
using a laser micro-machining system®8. Drilled and indented
gaskets were cleaned by sonicating in ethanol.

Sample preparation. MOF powders, which were dried overnight
in a vacuum oven at 80 °C, were gently mixed with the internal
standard CaF, (~20% v/v) using a mortar and pestle. The 250 um
thick stainless-steel gaskets that were indented to 100 pm thick-
ness and drilled with a 250 um diameter hole were then placed in
the DAC with 300 um culet anvils. The MOF/CaF, mixture was
packed into the hole of the gasket, ensuring no loose powder
around the culet’s indent, and then the piston of the DAC was
carefully closed back onto the cylinder. After fully closing the cell,
without applying pressure to the gasket, an ambient pressure
PXRD pattern was collected. The cell was then opened, and
Fluorinert™ FC-70 was added to the sample mixture as the non-
penetrating pressure-transmitting fluid. After resealing, a com-
pression membrane that is driven by a methanol syringe pump
system was fitted onto the DAC. In situ variable pressure PXRD
data were collected using monochromatic X-rays at room tem-
perature at the 17-BM-B beamline at the Advanced Photon
Source, Argonne National Laboratory in combination with a
Varex 4343CT area detector. Powder patterns were collected with
6s exposures, totaling 1min per image, as the pressure was
increased from 0 to 1 GPa. After the pressure campaign was
completed, the pressure was released back to ambient conditions,
and a final pattern was measured.

Data processing. Raw images were processed using GSAS-II#7,
with calibration data obtained using a LaBs standard. Using
GSAS-II, pressure-dependent lattice parameters were extracted
using Le Bail fits of reported structural models to the diffraction
data. Isothermal equations of state were fit to the P versus V/V
data with a 2nd order Birch-Murnaghan equation of state using
EOS-FIT7¢ and EOS-FIT7-GUI which use a least-squares mini-
mization method of the differences between the observed and
calculated pressures*8:49,

Data availability

Raw diffraction data analyzed in this study are available from authors upon request.

Received: 31 December 2022; Accepted: 9 August 2023;
Published online: 05 September 2023

References

1. Furukawa, H.,, Cordova, K. E., O’Keeffe, M. & Yaghi, O. M. The chemistry and
applications of metal-organic frameworks. Science 341, 1230444 (2013).

2. Li, H. et al. Recent advances in gas storage and separation using metal-organic
frameworks. Mater. Today 21, 108-121 (2018).

3. Ahmed, A. et al. Exceptional hydrogen storage achieved by screening nearly
half a million metal-organic frameworks. Nat. Commun. 10, 1568 (2019).

4. Hanikel, N,, Prévot, M. S. & Yaghi, O. M. MOF water harvesters. Nat.
Nanotechnol. 15, 348-355 (2020).

5. Qian, Q. et al. MOF-based membranes for gas separations. Chem. Rev. 120,
8161-8266 (2020).

6. Lin, R. B, Xiang, S., Zhou, W. & Chen, B. Microporous metal-organic
framework materials for gas separation. Chem 6, 337-363 (2020).

7. Barnett, B. R, Gonzalez, M. I. & Long, J. R. Recent progress towards light
hydrocarbon separations using metal-organic frameworks. Trends Chem. 1,
159-171 (2019).

8. Yang, D. & Gates, B. C. Catalysis by metal organic frameworks: perspective
and suggestions for future research. ACS Catal. 9, 1779-1798 (2019).

9. Syed, Z. H. et al. Sulfated zirconium metal-organic frameworks as well-defined
supports for enhancing organometallic catalysis. J. Am. Chem. Soc. 144,
16883-16897 (2022).

6 COMMUNICATIONS CHEMISTRY'| (2023)6:185 | https://doi.org/10.1038/s42004-023-00981-8 | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00981-8

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ren, J., Langmi, H. W., North, B. C. & Mathe, M. Review on processing of
metal-organic framework (MOF) materials towards system integration for
hydrogen storage. Int. J. Energy Res. 39, 607-620 (2015).

Valizadeh, B., Nguyen, T. N. & Stylianou, K. C. Shape engineering of
metal-organic frameworks. Polyhedron 145, 1-15 (2018).

Perego, C. & Villa, P. Catalyst preparation methods. Catal. Today 34, 281-305
(1997).

Schneemann, A. et al. Flexible metal-organic frameworks. Chem. Soc. Rev. 43,
6062-6096 (2014).

Hiraide, S. et al. High-throughput gas separation by flexible metal-organic
frameworks with fast gating and thermal management capabilities. Nat.
Commun. 11, 3867 (2020).

Chanut, N. et al. Tailoring the separation properties of flexible metal-organic
frameworks using mechanical pressure. Nat. Commun. 11, 1216 (2020).
Dong, Q. et al. Tuning Gate-opening of a flexible metal-organic framework
for ternary gas sieving separation. Angew. Chem Int. Ed. 59, 22756-22762
(2020).

Chen, Y. et al. Tuning the structural flexibility for multi-responsive gas
sorption in isonicotinate-based metal-organic frameworks. ACS Appl. Mater.
Interfaces 13, 16820-16827 (2021).

Moggach, S. A., Bennett, T. D. & Cheetham, A. K. The effect of pressure on
ZIF-8: increasing pore size with pressure and the formation of a high-pressure
phase at 1.47 GPa. Angew. Chem. Int. Ed. 48, 7087-7089 (2009).

Chapman, K. W., Halder, G. J. & Chupas, P. J. Pressure-induced
amorphization and porosity modification in a metal-organic framework. J.
Am. Chem. Soc. 131, 17546-17547 (2009).

Chapman, K. W., Halder, G. J. & Chupas, P. J. Guest-dependent high pressure
phenomena in a nanoporous metal-organic framework material. J. Am. Chem.
Soc. 130, 10524-10526 (2008).

Redfern, L. R. et al. Porosity dependence of compression and lattice rigidity in
metal-organic framework series. J. Am. Chem. Soc. 141, 4365-4371 (2019).
Redfern, L. R. et al. Isolating the role of the node-linker bond in the
compression of UiO-66 metal-organic frameworks. Chem. Mater. 32,
5864-5871 (2020).

Robison, L. et al. Transient catenation in a zirconium-based metal-organic
framework and its effect on mechanical stability and sorption properties. J.
Am. Chem. Soc. 143, 1503-1512 (2021).

Robison, L. et al. Designing porous materials to resist compression:
mechanical reinforcement of a Zr-MOF with structural linkers. Chem. Mater.
32, 3545-3552 (2020).

Kapustin, E. A, Lee, S., Alshammari, A. S. & Yaghi, O. M. Molecular
retrofitting adapts a metal-organic framework to extreme pressure. ACS Cent.
Sci. 3, 662-667 (2017).

Dissegna, S. et al. Tuning the mechanical response of metal-organic
frameworks by defect engineering. J. Am. Chem. Soc. 140, 11581-11584
(2018).

Serra-Crespo, P. et al. Experimental evidence of negative linear compressibility
in the MIL-53 metal-organic framework family. CrystEngComm 17, 276-280
(2015).

Cai, W. & Katrusiak, A. Giant negative linear compression positively coupled
to massive thermal expansion in a metal-organic framework. Nat. Commun.
5, 4337 (2014).

Ortiz, A. U,, Boutin, A., Fuchs, A. H. & Coudert, F. X. Anisotropic elastic
properties of flexible metal-organic frameworks: How soft are soft porous
crystals? Phys. Rev. Lett. 109, 195502 (2012).

Cai, W. et al. Giant negative area compressibility tunable in a soft porous
framework material. J. Am. Chem. Soc. 137, 9296-9301 (2015).

Burtch, N. C,, Heinen, J., Bennett, T. D., Dubbeldam, D. & Allendorf, M. D.
Mechanical properties in metal-organic frameworks: emerging opportunities
and challenges for device functionality and technological applications. Adv.
Mater. 30, 1704124 (2018).

Yang, K., Zhou, G. & Xu, Q. The elasticity of MOFs under mechanical
pressure. RSC Adv. 6, 37506-37514 (2016).

Redfern, L. R. & Farha, O. K. Mechanical properties of metal-organic
frameworks. Chem. Sci. 10, 10666-10679 (2019).

Vervoorts, P., Stebani, J., Méndez, A. S. ]. & Kieslich, G. Structural chemistry
of metal-organic frameworks under hydrostatic pressures. ACS Mater. Lett. 3,
1635-1651 (2021).

Tan, J. C. & Cheetham, A. K. Mechanical properties of hybrid
inorganic-organic framework materials: establishing fundamental
structure—property relationships. Chem. Soc. Rev. 40, 1059-1080

(2011).

Li, W., Henke, S. & Cheetham, A. K. Research update: mechanical properties
of metal-organic frameworks—Influence of structure and chemical bonding.
APL Mater. 2, 123902 (2014).

Riva, L. et al. Analysis of optimal temperature, pressure and binder quantity
for the production of biocarbon pellet to be used as a substitute for coke. Appl.
Energy 256, 113933 (2019).

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hu, Q. et al. The densification of bio-char: effect of pyrolysis temperature on
the qualities of pellets. Bioresour. Technol. 200, 521-527 (2016).

Tagliabue, M. et al. Methane storage on CPO-27-Ni pellets. J. Porous Mater.
18, 289-296 (2011).

Peterson, G. W. et al. Effects of pelletization pressure on the physical and
chemical properties of the metal-organic frameworks Cu3(BTC)2 and UiO-
66. Microporous Mesoporous Mater. 179, 48-53 (2013).

Wang, T. C. et al. Surviving under pressure: the role of solvent, crystal size,
and morphology during pelletization of metal-organic frameworks. ACS Appl.
Mater. Interfaces 13, 52106-52112 (2021).

Zhang, Y. et al. A flexible metal-organic framework with 4-connected Zr 6
nodes. J. Am. Chem. Soc. 140, 11179-11183 (2018).

Zhang, Y. et al. A flexible interpenetrated zirconium-based metal-organic
framework with high affinity toward ammonia. ChemSusChem 13, 1710-1714
(2020).

Serre, C., Millange, F., Surblé, S. & Férey, G. A route to the synthesis of
trivalent transition-metal porous carboxylates with trimeric secondary
building units. Angew. Chem. Int. Ed. 43, 6285-6289 (2004).

Surbl¢, S., Serre, C., Mellot-Draznieks, C., Millange, F. & Férey, G. A new
isoreticular class of metal-organic-frameworks with the MIL-88 topology.
Chem. Commun. 284-286 https://doi.org/10.1039/B512169H (2006).
Horcajada, P. et al. How linker’s modification controls swelling properties of
highly flexible iron(III) dicarboxylates MIL-88. J. Am. Chem. Soc. 133,
17839-17847 (2011).

Toby, B. H. & Von Dreele, R. B. GSAS-II: the genesis of a modern open-source
all purpose crystallography software package. J. Appl. Crystallogr. 46, 544-549
(2013).

Angel, R. J., Gonzalez-Platas, J. & Alvaro, M. EosFit7c and a Fortran module
(library) for equation of state calculations. Z. fur Krist. 229, 405-419 (2014).
Gonzalez-Platas, J., Alvaro, M., Nestola, F. & Angel, R. EosFit7-GUI: a new
graphical user interface for equation of state calculations, analyses and
teaching. J. Appl. Crystallogr. 49, 1377-1382 (2016).

Hanfland, M., Beister, H. & Syassen, K. Graphite under pressure: equation of
state and first-order Raman modes. Phys. Rev. B 39, 12598 (1989).

Yot, P. G. et al. Impact of the metal centre and functionalization on the
mechanical behaviour of MIL-53 metal-organic frameworks. Eur. J. Inorg.
Chem. 2016, 4424-4429 (2016).

Vervoorts, P. et al. Configurational entropy driven high-pressure behaviour of
a flexible metal-organic framework (MOF). Angew. Chem. Int. Ed. 60,
787-793 (2021).

Serra-Crespo, P., Stavitski, E., Kapteijn, F. & Gascon, J. High compressibility
of a flexible metal-organic framework. RSC Adv. 2, 5051-5053 (2012).
Hunter, L. R, Sellars, J. D. & Probert, M. R. A reversible pressure-induced
bond rearrangement of flexible lanthanide 2,5-bis(allyloxy)terephthalate
coordination polymer networks. CrystEngComm 24, 8208-8212 (2022).

Liu, X. et al. High-pressure reversibility in a plastically flexible coordination
polymer crystal. Nat. Commun. 12, 3871 (2021).

Navarro-Sénchez, J. et al. Peptide metal-organic frameworks under pressure:
flexible linkers for cooperative compression. Dalt. Trans. 47, 1065410659
(2018).

Tacomi, P. et al. Crystals springing into action: metal-organic framework
CUK-1 as a pressure-driven molecular spring. Chem. Sci. 12, 5682-5687
(2021).

Hrubiak, R., Sinogeikin, S., Rod, E. & Shen, G. The laser micro-machining
system for diamond anvil cell experiments and general precision machining
applications at the high pressure collaborative access team. Rev. Sci. Instrum.
86, 072202 (2015).

Acknowledgements

F.A.S. would like to thank Dr. Louis Redfern and Dr. Lee Robison for their mentorship
and support in performing high-pressure powder X-ray diffraction studies. O.K.F.
gratefully acknowledges support from the Defense Threat Reduction Agency (HDTRA1-
19-1-0007). This work made use of the IMSERC X-RAY facility at Northwestern Uni-
versity, which has received support from the Soft and Hybrid Nanotechnology Experi-
mental (SHyNE) Resource (NSF ECCS-2025633), and Northwestern University. This
work also made use of the EPIC facility of Northwestern University’s NU Center, which
has received support from the SHyNE Resource (NSF ECCS-2025633), the IIN, and
Northwestern’s MRSEC program (NSF DMR-1720139). This research used resources of
the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science user
facility operated for the DOE Office of Science by Argonne National Laboratory under
Contract No. DE-AC02-06CH11357. F.A.S. is supported by the Department of Defense
(DoD) through the National Defense Science & Engineering Graduate (NDSEG) Fel-
lowship Program. F.A.S. also gratefully acknowledges support from the Ryan Fellowship
and the International Institute for Nanotechnology at Northwestern University. KM.F. is
supported by the National Science Foundation Graduate Research Fellowship (NSF
GRFP) under Grant No. DGE-1842165.

COMMUNICATIONS CHEMISTRY | (2023)6:185 | https://doi.org/10.1038/s42004-023-00981-8 | www.nature.com/commschem 7


https://doi.org/10.1039/B512169H
www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00981-8

Author contributions

F.A.S. synthesized, characterized, and analyzed all materials in the study and wrote the
manuscript. KM.F,, M.A.G., CS.S., and M.C.W. contributed to the collection of the
diffraction data and editing of the manuscript. O.K.F. aided in project design, data
analysis, and editing of the manuscript.

Competing interests
O.K.F. has a financial interest in NuMat Technologies, a startup company that is seeking
to commercialize MOFs. All other authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-023-00981-8.

Correspondence and requests for materials should be addressed to Omar K. Farha.

Peer review information Communications Chemistry thanks the anonymous reviewers
for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

8 COMMUNICATIONS CHEMISTRY | (2023)6:185 | https://doi.org/10.1038/s42004-023-00981-8 | www.nature.com/commschem


https://doi.org/10.1038/s42004-023-00981-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Investigating the mechanical stability of flexible metal–organic frameworks
	Results and discussion
	Conclusion
	Methods
	MOF syntheses
	Synthesis of NU-1400
	Synthesis of NU-1401
	Synthesis of MIL-88B
	Synthesis of MIL-88B-(CH3)2
	Synthesis of MIL-88B-(CH3)4
	In situ variable pressure powder X-ray diffraction measurements
	Gasket preparation
	Sample preparation
	Data processing

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




