Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Exceeding flexpectations: a combined
experimental and computational investigation of
structural flexibility in 3-dimensional linker-based
metal—organic frameworks

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 4831

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Courtney S. Smoljan, © 2 Filip Formalik, ©2° Michael L. Barsoum, & ¢
Kira M. Fahy,@id Madeleine A. Gaidimas,@id Florencia A. Son,@j:d
Haomiao Xie, © 9 Karam B. Idrees, @< Omar K. Farha ® **¥ and Randall Q. Snurr @ *2

Designing sorbents for the separation of molecules with sub-angstrom differences in size requires precise
control over pore size and environment, which can be challenging to establish in the presence of structural
flexibility. However, metal-organic frameworks (MOFs) that incorporate 3-dimensional (3D) linkers—ditopic
ligands with 3-dimensional, sterically bulky cores—are well-suited to address this challenge, as 3D linkers
enable sub-angstrom level control over pore size by mitigating the effects of structural flexibility. In this
study, we used a combined computational and experimental approach to quantify flexibility in two
systems of MOFs with increasing linker bulkiness, leveraging these systems to distinguish between two
classes of flexibility: global and local. Specifically, we used density functional theory (DFT) calculations to
understand the electronic energy landscapes of MIL-53(Al), MIL-47(V) and their corresponding 3D linker

analogues of increasing bulkiness. We further characterized the mechanical properties of these materials
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Accepted 31st January 2025 with DFT calculations of elastic tensors and in practical compression conditions using in situ variable

pressure X-ray diffraction experiments. Finally, we illustrated the importance of establishing sub-
DOI: 10.1035/d4sc06360k angstrom level pore control by demonstrating the effects of each type of flexibility on the adsorption

rsc.li/chemical-science properties of MOFs using grand canonical Monte Carlo simulations.
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Introduction

Metal-organic frameworks (MOFs) are crystalline, nanoporous
materials that have been investigated for a wide variety of
applications including heterogeneous catalysis, gas storage,
and chemical separations.”™ Their construction via the coordi-
nation of metal ions or clusters and organic linkers generates
a seemingly infinite library of structures that can be tuned
toward a desired application.> Within this diverse class of
structures, many MOFs exhibit flexible behavior, such as linker
rotation, breathing, swelling, or sub-net sliding, which can
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introduce interesting properties and potential applications for
these materials.® However, when designing MOFs for the sepa-
ration of molecules with sub-angstrom differences in size,
including hexane or xylene isomers and olefin/paraffin
mixtures, it is critical to establish precise control over
a MOF's pore size and environment,”® which can be challenging
when these types of flexibility are in play.’

To establish this precise control, our groups and others
previously demonstrated that increasing linker dimensionality
in MOFs is an effective strategy.'**® In most cases, MOFs are
built from 2-dimensional (2D) linkers, i.e., ditopic ligands that
are distinguished by their planar and aromatic cores."”
However, the inherent planarity of these linkers leaves many of
the resulting MOF structures subject to structural flexibility. In
the case of linker orientation, the rotation of 2D linkers in the
pore structure of a MOF can result in important changes in pore
size, even though the other atoms in the structure remain
relatively fixed.'*® These changes can significantly affect the
adsorptive properties of MOFs.> In contrast, installing 3-
dimensional (3D) linkers, i.e. ditopic ligands with bulky cores
that exhibit 3-fold symmetry or higher, minimizes the impact of
linker rotation on the pore environment. While 3D linkers are
still subject to rotation in the structure,” these linkers mitigate
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variations in pore size because their bulky cores evenly protrude
into the pore, independent of their orientation.'”** Further,
many 2D linker-based MOFs exhibit phase transitions that can
greatly affect the MOF's pore structure. These phase transitions
are characterized by switching between two or more metastable
states, which is typically instigated by an external stimulus, like
temperature, pressure, or guest adsorption.*** Because 2D
linkers lack steric bulk, phase transitions can be common in
these materials, often resulting in switching between “closed
pore” and “open pore” phases; however, 3D linkers provide
steric hindrance that can stabilize open pores when these
transitions occur® or prevent phase transitions altogether.****
Through these mechanisms, incorporating 3D linkers in MOFs
reduces structural flexibility, stabilizing pore environments for
effective molecular sieving of molecules with similar sizes.'”*

Our groups successfully applied this strategy of increasing
linker dimensionality in the MIL-53 system."™* MIL-53 is
a MOF that has been studied extensively due to its breathing
behavior, which results in a large volume change of approxi-
mately 40% between its narrow pore (np) and large pore (Ip)
phases.**?* MIL-53 comprises 1-dimensional channels, formed
by the coordination of metal-hydroxo chains with 2D 1,4-ben-
zenedicarboxylate (BDC) linkers. These channels crystallize in
the sra topology, forming a “wine-rack” type structure. This
structure can be synthesized from a variety of metal cations
including aluminum, chromium, and scandium, among others.
MIL-47 is an analogous structure containing vanadium cations
that are thought to be bridged by -oxo groups, rather than
-hydroxo groups as in MIL-53.*” In our previous work, we
installed 3D linkers of increasing bulkiness (bicyclo[1.1.1]
pentane-1,3-dicarboxylate (BPDCA),"* bicyclo[2.2.2]octane-1,4-
dicarboxylate (BODCA)" and p-carborane-1,12-dicarboxylate
(pC)*) in MIL-53(Al) and MIL-47(V) to evaluate their effects on
minimizing structural breathing and separating mixtures of
hexane or xylene isomers.

In this work, we use density functional theory (DFT) and
compression experiments to describe the mechanical proper-
ties of in these two systems of MOFs, exhibiting increasing
linker bulkiness. Understanding the mechanical stability of
these frameworks is important for assessing their suitability for
industrial separations. However, directly comparing the
stability of 2D linker-based MOFs with 3D linker-based MOFs is
not necessarily straightforward, due to phase transitions that
more commonly occur in 2D linker systems. Because of this,
there is a need to distinguish between types of flexibility in
these materials in order to appropriately compare values of
mechanical stability. To address this, we classify structural
flexibility into two categories: local flexibility and global flexi-
bility. These terms differentiate between the types of energetics
that drive flexibility in MOFs and other porous materials. We
illustrate this concept in the context of energy-volume rela-
tionships in the aforementioned families of MOFs.

Specifically, we describe local flexibility as distortions at
a local energy minimum. These distortions can result from
small shifts in volume, such as in normal and negative thermal
expansion or in elastic compression (Fig. 1a). Global flexibility
describes phase transitions that significantly affect the size or
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Fig. 1 Schematic representation of flexibility types in MOFs. (a) Local
flexibility describes distortions near a local minimum on the energy/
volume landscape. These distortions can manifest in small shifts in
volume (such as in normal and negative thermal expansion or in elastic
compression) or in changes in the orientations of local features like
linkers or capping groups on a MOF node. The colored points repre-
sent different positions in the energy well that can be accessed
through changes in temperature and pressure. (b) Global flexibility
describes switching between multiple possible states (energy minima
on an energy/volume landscape) driven by external stimuli like
temperature, pressure, or guest adsorption.

shape of the entire unit cell, rather than only one component in
the unit cell (ex. linker orientation). These phase transitions
result from switching between two or more energy minima on
an energy landscape (Fig. 1b).?> In our systems, we characterized
global and local flexibility through the lens of energy-volume

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diagrams and elastic tensors, respectively, and used these
results to calculate each MOF's mechanical properties (Young's
moduli and bulk moduli). Because these mechanical properties
are derived from each material's local behavior, we propose
using these metrics as quantitative indicators of local flexibility.
To understand the behavior of 3D linker-based MOFs in prac-
tical conditions, we performed compression experiments in
combination with X-ray diffraction. Finally, we demonstrated
the impact that each type of flexibility can have on adsorption
processes through simulated argon adsorption using grand
canonical Monte Carlo (GCMC).

Our combined computational and experimental approach
provides a framework to fully characterize the origin (local or
global) and extent of flexibility in each MOF structure, demon-
strating the necessity of these classifications of flexibility.
Additionally, our findings further emphasize the importance of
increasing linker dimensionality on sub-angstrom level control
of a MOF's pore. We hope that this analysis of structural flexi-
bility and mechanical properties will prompt the community to
consider the driving force of flexibility in other porous systems
from the perspective of energetics and leverage these defini-
tions when comparing the flexibility and mechanical stability in
porous materials.

Results and discussion

Distinguishing types of flexibility using energy-volume
diagrams

To understand if breathing or other phase changes are possible
in 3D linker-based MOFs, we generated energy-volume
diagrams from fixed volume geometry optimizations using
density functional theory (DFT). See ESI Section 2.1 for details.}
We validated the accuracy of our methodology by comparing
our results to the energy-volume diagram for MIL-53(Al) re-
ported by Hoffman et al., as they used a similar setup in their
calculations (Fig. 2¢).>® For the 2D linker-based structures, MIL-
53(Al) and MIL-47(V), the energy-volume diagrams show two
minima, corresponding with their well-studied narrow pore and
large pore phases (Fig. 2). These minima correspond to volumes
of 842 and 1435 A® for MIL-53(Al) and 899 and 1552 A® for MIL-
47(V). In contrast, the energy-volume diagrams of the structures
that incorporate the BODCA linkers (NU-2000 and NU-2001) and
the pC linkers (NU-2004 and NU-2005) show a single minimum,
supporting our previous observations from variable tempera-
ture powder X-ray diffraction (VI-PXRD) experiments, which
demonstrated no phase changes upon heating.”> These minima
occur at 1358, 1560, 1568, and 1632 A* for NU-2000, NU-2001,
NU-2004, and NU-2005, respectively. It should also be noted
that NU-2001 retains linkers in half of its unit cells after
washing and activation (Fig. S2at),"* which further stabilize the
open pore structure and result in a narrow energy minimum, as
distorting the volume is more energetically disfavored due to
the presence of these additional linkers. Although the experi-
mental crystal structures show this linker in the pore, we also
generated a hypothetical structure of NU-2001 that contains no
guest molecules in the channels, referred to as NU-2001 (no
guest) throughout the remainder of this manuscript (Fig. S2b¥).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We generated its energy volume diagram for completeness
(Fig. 2d and e). As we expected, when we manually remove the
linker from the pore of NU-2001, the minimum shifts to
a slightly smaller volume of 1432 A* and broadens.

In the cases of the structures that incorporate the BPDCA
linker (NU-2002 and NU-2003), we observe global minima
around 1125 and 1222 A®, respectively, corresponding well with
the experimental unit cell volumes determined from single
crystal X-ray diffraction experiments (1083 and 1154 A®
respectively).”* However, we also observe local minima at
smaller volumes (835 and 870 A®, respectively), indicating the
potential existence of closed pore phases in these structures.
These closed pore phases are analogous to the closed pore
phase of MIL-53(Sc), as they distort into a high-energy,
condensed form (Fig. S91).*® While the energy-volume
diagrams generated by DFT show that these closed pore phases
may exist in NU-2002 and NU-2003, we do not observe them in
experimental conditions, as the energy barriers required to
access these phases are too high.*

These results demonstrate that by installing 3-dimensional
linkers in the sra topology, global flexibility, characterized by
multiple possible phases that are accessible using external
stimuli, like temperature, pressure, or guest adsorption, is
mitigated or even eliminated. Next, we explore the impact of
increasing linker bulkiness on local flexibility (small shifts
around an energy minimum) using elastic tensors.

Exploring mechanical properties as a metric of local flexibility

Conventional metrics of mechanical stability, such as a mate-
rial's bulk modulus or Young's modulus, describe the stiffness
of a material in the elastic regime, i.e. the regime in which
a material's energy-strain relationship is quadratic and, there-
fore, its resulting stress-strain relationship is linear. The stiff-
ness of the material within this regime refers to the material's
resistance to distortion from its energy minimum upon
compression (Fig. 1a). These distortions do not switch the
system from one minimum to another (breathing) as shown in
Fig. 1b, but rather shift the minimum toward lower volumes
(Fig. 1a). As such, values of Young's modulus or bulk modulus
do not account for global flexibility (phase transitions), making
their meaning convoluted for complex, dynamic systems, like
many flexible MOFs. In traditional materials, high moduli
values signify high mechanical stability; however, to under-
stand the complete picture of mechanical stability in MOFs,
researchers should account for other factors, like phase tran-
sitions, crystallinity, etc. In this section, we calculate the
Young's moduli of our systems with increasing linker dimen-
sionality. Because Young's moduli are good descriptors of
elastic behavior, we use them to quantify local flexibility in 3D
linker-based structures in comparison to the analogous 2D
linker-based structures. Specifically, Young's modulus is
a measure of a material's stiffness when subjected to unidirec-
tional stress (Fig. S3t). We calculated the spatial dependence of
Young's modulus from the elastic tensor, obtained from inde-
pendent normal and shear strains, following a procedure
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Fig. 2

(a) Representative crystal structures of MIL-53/47(np), MIL-53/47(lp), NU-2002/3, NU-2000/1, and NU-2004/5 and (b) their corre-

sponding linker components of increasing bulkiness: 1,4-benzenedicarboxylic acid (BDC), bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (BPDCA),
bicyclo[2.2.2]octane-1,4-dicarboxylic acid (BODCA), and p-carborane-1,12-dicarboxylic acid (pC). Electronic energy—volume diagrams for (c)
MIL-53(Al) and (d and e) MIL-47(V) and their corresponding 3D linker-based structural analogues generated from density functional theory
geometry optimizations. Energies are reported in kJ mol™, where a mole refers to a single unit cell.

proposed by Gaillac et al.*® For a detailed description of these
calculations, see ESI Section 2.2.}

As shown in Fig. 3, in their open pore forms, MIL-53(Al) and
MIL-47(V) exhibit highly anisotropic elastic behavior, with
relatively high values of Young's moduli in the direction of the
linkers and the inorganic chains and low values in the y- and z-
directions. These relatively low values indicate that they are
highly compressible in these directions. This behavior is well-
known for materials comprising the compliant wine-rack
motif, .e. MOFs built from ditopic rigid linkers and con-
nected by rigid pillars (nodes) to form topologies with 1-
dimensional diamond shaped channels.*** In contrast, the
spatial dependence of Young's moduli in the narrow pore
structure of MIL-53(Al) significantly deviates from that of the
open pore structure as shown in Fig. 3b. MIL-53(np) is much
more difficult to compress in the z-direction since it is already in
a highly contracted form and exhibits a Young's modulus of
75.1 GPa (Table 1). Further compression in the y-direction is
energetically disfavored because the atoms from adjacent linker
components begin to repel each other. The Young's modulus in

4834 | Chem. Sci., 2025, 16, 4831-4841

the z-direction is 5.8 GPa, which is similar to that of the large
pore structure. Both the narrow pore phase and the large pore
phase of MIL-53(Al) can exist at ambient conditions,* while
pressure is required to access the narrow pore phase of MIL-
47(V).»®

The structures built from 3D linkers demonstrate Young's
moduli profiles with similar features to the open pore structures
of MIL-47(V) and MIL-53(Al) (i.e., high Young's modulus in the
direction of the linker and low Young's modulus in the y- and z-
directions) as shown in Fig. 3b and c. Due to these similarities
(as well as the large volumes), we conclude that our 3DL-based
structures are akin to the “open pore” structures of MIL-53 and
MIL-47 structures and we focus the majority of our comparative
analysis accordingly. Each of the 3D linker-based structures
demonstrates higher values of Young's moduli in the most
relevant directions of the compliant wine-rack motif (y and z)
when compared to the 2D linker analogues, which is consistent
with our hypothesis that installing 3D linkers can rigidify flex-
ible frameworks (Table 1). Specifically, large pore MIL-53(Al) has
a Young's modulus of 1.2 GPa in the z-direction, while NU-2002,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Projections of the xy-, yz-, and xz-planes in MIL-53 and the corresponding Young's modulus profiles for the (b) aluminum and (c)
vanadium analogues.

NU-2000, and NU-2004 demonstrate higher values of 3.9, 9.8, analogues of increasing bulkiness exhibit values of 23.3, 42.6,
and 9.6 GPa, respectively. Similarly, the Young's modulus of and 19.4 GPa (Fig. 3b and Table 1). We observed similar trends
MIL-53(Al) in the y-direction is 5.3, while the 3D linker in the vanadium structures (Fig. 3c and Table 1). In all open

Table 1 Young's moduli values calculated from elastic tensors

MOF Maximum (GPa) y-direction (GPa) z-direction (GPa)

Al nodes MIL-53 (np) 75.1 5.8 75.1
MIL-53 (Ip) 78.0 5.3 1.2
NU-2002 85.1 23.3 3.9
NU-2000 81.2 42.6 9.8
NU-2004 85.0 19.4 9.6

V nodes MIL-47(V) 90.8 2.1 0.9
NU-2003 95.0 28.6 3.5
NU-2001 (no guest) 90.1 13.7 5.5
NU-2001 (guest) 85.5 13.0 14.8
NU-2005 89.9 19.2 10.7

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 4831-4841 | 4835
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pore cases, the maximum values of Young's moduli are in the
direction of the linkers and lie between 75 and 95 GPa. Inter-
estingly, despite the aliphatic nature of the BPDCA and BODCA
linkers, there is no significant decrease in compressibility in the
direction of the linker components.

Overall, we ascribe the elastic behavior of our 3DL-based
structures to the wine-rack motif and their “open” pores. Our
calculations show that increasing linker dimensionality from
2D to 3D does rigidify MOFs in the sra topology, both globally
(as depicted in the energy-volume diagrams in Fig. 2c and d)
and locally. Next, we conducted compressibility experiments on
selected 3D linker-based MOFs to understand their behavior in
practical conditions and compare our computational results
with our experimental observations.
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Role of structural flexibility in compressibility experiments

To probe the experimental performance of 3D linker-based MOFs
under pressure, we conducted in situ variable pressure X-ray
diffraction on four representative 3D linker-based structures—
NU-2000 ([Al[OH)BODCA]), NU-2002 ([Al(OH)BPDCA]), NU-2003
([v(0)BPDCA]), and NU-2005 ([V(O)pC]). Note that we are report-
ing the structure of NU-2003 for the first time here, and its
synthesis procedure and crystallographic information are detailed
in the ESI (Section 1.1.1, Table S2, and Fig. S81). These experi-
ments were performed at the 17-BM-B beamline at the Advanced
Photon Source at Argonne National Laboratory using a membrane-
driven diamond anvil cell (DAC). The DAC was packed with
a mixture of MOF, CaF, (internal pressure standard), and
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Fig. 4 Ambient (room temperature and 0 GPa) powder X-ray diffraction (PXRD) patterns collected prior to compression experiments (bottom),
PXRD patterns collected during compression experiments up to about 1 GPa (middle), and PXRD patterns collected after decompression of the
diamond anvil cell (top) for (a) NU-2002, (b) NU-2000, (c) NU-2003, and (d) NU-2005.
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Fluorinert FC-70 (non-penetrating pressure transmitting medium),
as detailed in our previously published procedures.>*® During the
experiments, each material was gradually compressed from 0 to
1 GPa, while collecting diffraction data from monochromatic X-
rays (A = 0.452 A). This setup allows us to probe the material's
behavior under mechanical pressure that is uniform in all direc-
tions, rather than uniaxially as described in the previous section.

Previously, Yot et al. performed similar experiments using
MIL-47(V), showing that the 2D linker-based structure contracts
from its large pore phase to its closed pore phase at a pressure
of 0.34 GPa.* This phase change was evidenced by a sudden
change in the diffraction pattern. However, when compressing
the 3D linker-based structures, we did not observe obvious
phase changes in the X-ray diffraction patterns (Fig. 4), further
supporting that installing 3D linkers prevents global phase
transitions to closed pore phases, as we predicted from their
energy-volume diagrams (Fig. 2c and d). Instead, Fig. 4 shows
continuous shifts of the peaks to higher angles, signaling
uniform contraction of their unit cells upon pressurization,
consistent with elastic (reversible) compression.

NU-2002, NU-2000, and NU-2005 all retained crystallinity up
to approximately 1 GPa, while NU-2003 amorphized around
0.5 GPa. After the pressure campaigns were complete, we
decompressed the cell and collected additional PXRD data.
After decompression of the cell, all structures - even NU-2003 -
showed crystallinity and peak positions that corresponded with
their original positions at ambient conditions (Fig. 4), reaf-
firming that the compression process occurred in the elastic
regime. In addition to this qualitative analysis of the PXRD data,
we calculated each material's bulk modulus, i.e. the material's
resistance to volumetric change when it is subjected to uniform
pressure from all directions (Fig. S11). We derived the bulk
moduli by fitting the unit cell volume and pressure data to the
2nd order Birch-Murnaghan equation of state in the initial
linear region (Fig. S157).*”

Similar to our analysis of Young's moduli, which only
describes behavior in the elastic regime, we use the bulk modulus
as a metric of local flexibility (where lower values signify
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increased local flexibility). The unit cell volume and system
pressure were derived by sequentially fitting the MOF peaks and
the CaF, peaks, respectively. We calculated values of 7.0 £ 0.1
and 6.4 £ 0.2 GPa for the aluminum analogues, NU-2002 and NU-
2000, respectively. For the vanadium analogues, we calculated
values of 5.2 + 0.1 GPa and 25.0 £ 0.3 GPa for NU-2003 and NU-
2005, respectively. Notably, the high bulk modulus for NU-2005
highlights the stability imparted by the 3D, aromatic pC ligand,
which also imparts significant thermal stability as described in
our previous work." Although the bulk moduli values of the other
3D linker-based structures are lower in comparison, the ability of
each of these structures to recover their crystallinity and return to
their original lattice parameters upon decompression of the cell
underscores the impact that local flexibility can have on the
mechanical stability of MOFs (Fig. 4), a metric that conventional
values of mechanical stability cannot necessarily quantify, espe-
cially for materials with high anisotropy.

To compare the effects of linker dimensionality (2D vs. 3D) and
linker bulkiness (BDC < BPDCA < BODCA < pC) on the bulk
modulus, we also derived the bulk moduli for all the MOFs studied
in this work by fitting the energy-volume profiles (from Fig. 2)
using the Vinet equation of state (Fig. S11-S147}). Because of the
potential overestimation of dispersion forces by the empirical
dispersion correction and the 0 K approximation in our DFT
calculations,* the computationally derived bulk modulus values
are generally underestimated when compared to the experimen-
tally derived values from room temperature (Table S4t). However,
this analysis still allows us to probe the correlation between linker
bulkiness and bulk modulus on the complete set of analogous
structures by assessing qualitative trends (Fig. 5).

In the aluminum analogues, we see that increasing linker
dimensionality and bulkiness has a positive correlation on the
computationally derived bulk modulus, with increasing values
of 1.3, 1.8, 3.0, and 8.0 GPa for the BDC (large pore), BPDCA,
BODCA, and pC ligand, respectively (Fig. 5a). This trend
demonstrates that increasing linker bulkiness has a positive
correlation with overall rigidity in the elastic regime, improving
its resistance to deformation under elastic compression
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Fig. 5 Bulk modulus values for (a) aluminum structures and (b) vanadium structures derived from fitting DFT energy—volume diagrams with the

Vinet equation of state.
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conditions. Further, our bulk moduli results reinforce our
conclusions from calculating the Young's moduli that
increasing linker dimensionality from 2D to 3D instills local
rigidity. However, because the vanadium system has more
complexities, it does not necessarily follow this trend (Fig. 5b).
Specifically, additional linkers in the pores of NU-2001 (guest)
further stabilize its structure (Fig. S2at), resulting in a high bulk
modulus value of 17.2 GPa. To address this discrepancy, we also
calculated the bulk modulus for the hypothetical structure of
NU-2001 (no guest), as it does not contain additional stabilizing
linker in its pores. When comparing the bulk moduli values
using this structure, we see an increasing trend in bulk modulus
from NU-2003 to NU-2001 (no guest) to NU-2005, which is
consistent with our calculations for the aluminum-based
analogues. Excluding the bulk modulus of NU-2001 (guest),
NU-2005 has the highest bulk modulus value for the vanadium
system due to the incorporation of the pC ligand, which is
consistent with our experimental results.

Implications of global and local flexibility on adsorption

To demonstrate the implications of each type of flexibility on
gas adsorption in MOFs (and ultimately their effects on prac-
tical separation applications), we simulated argon adsorption at
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87 K using grand canonical Monte Carlo simulations in several
structures derived from our DFT geometry optimizations (see
ESI Section 2.3 for detailst). We performed these simulations
using the gRASPA code, an open source code that uses graphical
processing units for performance-enhanced Monte Carlo
simulations.®® First, we compared argon uptake in the narrow
pore and large pore structures of MIL-53(Al) to highlight the
impact of global flexibility on gas adsorption uptake. In the
narrow pore structure, we observed no uptake of argon as the
pore size is too small for any adsorption. However, the large
pore structure shows significant uptake of 18 mol Ar per kg
(Fig. 6b), highlighting the significant impact that breathing
behavior can have on a material's adsorption properties.

To emulate the effects of local flexibility on adsorption, we
simulated argon adsorption on 3 different fixed-volume optimized
structures of NU-2002, with increasing unit cell volumes (1104,
1126, and 1151 A®). We selected these structures because they sit
near the bottom of the energy well in the energy-volume diagram
for NU-2002 (see Fig. 6a) and could theoretically be accessed via
changes in temperature, pressure, etc. As expected, we see slight
increases in argon adsorption between 1104 and 1151 A® (Fig. 6c)
at saturation and a shift in uptake to higher values in the low-
pressure region, underscoring that local flexibility has implica-
tions on the adsorption properties of MOFs that should be
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(a) Energy—volume diagrams for MIL-53(Al) and NU-2002 with stars emphasizing the selected structures and volumes used in our

adsorption simulations. (b) Argon adsorption in the narrow pore (light pink) and the large pore (dark pink) forms of MIL-53 on log scale to
demonstrate the impact of global flexibility on adsorption. (c) Argon adsorption in structures of NU-2002 with volumes of 1104, 1126, and 1151 A®
to emphasize the impact of local flexibility on adsorption. All adsorption data is from grand canonical Monte Carlo (GCMC) simulations at 87 K.
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considered for separations applications. However, the differences
in adsorption between the structures demonstrating local flexi-
bility are significantly lower than the differences observed with the
MIL-53(Al) structures that demonstrate global flexibility.

Conclusions

Using a combination of computational methods and compress-
ibility experiments, we fully characterized the nature of structural
flexibility (local or global) and its extent in 3D linker-based MOFs.
These findings enabled our understanding of the effects of flexi-
bility on sub-angstrom pore control and mechanical stability in
these systems. From DFT geometry optimizations, we produced
energy-volume diagrams, which showed that increasing linker
dimensionality from 2D to 3D reduces the number of possible
phases from 2 to 1 in these systems, eliminating global flexibility
and associated structural phase transitions as a result. We also
leveraged conventional mechanical properties, which describe
material behavior in the elastic regime, to quantify local flexibility.
Our results show that the 3D linker-based structures mimic the
spatially dependent Young's moduli profiles of the open pore
structures of MIL-53(Al) and MIL-47(V), with higher values of
Young's moduli in the key y- and z-directions in comparison with
the 2D linker analogues. These results indicate that 3D linkers
reduce flexibility in the sra topology both locally and globally. To
understand these findings in practical conditions, we conducted
compressibility experiments using in situ variable pressure powder
X-ray diffraction. These experiments reveal that, upon application
of mechanical pressure, 3D linker-based MOFs show continuous
contraction of their unit cell, rather than a sudden contraction to
a closed pore phase, further highlighting the elimination of global
flexibility. Upon decompression of the cell, the peaks revert to
their original positions, demonstrating mechanical stability
imparted by the local flexibility of these materials. Finally, we used
GCMC simulations of argon adsorption to demonstrate the
implications of flexibility on the adsorption properties of MOFs.
Overall, we show a positive correlation between sub-angstrom pore
control and increased mechanical stability.

Developing a complete understanding of the structural
flexibility in these systems, provides a compelling rationale for
the classification of flexibility into two categories, based on the
energetics driving the structural changes. Appropriately cate-
gorizing and comparing flexibility in porous materials is
important for understanding their mechanical stability and gas
adsorption properties—factors that are crucial for potential
industrialization of these materials. Our work provides
a framework for quantifying each type of flexibility and under-
standing their implications in practical conditions. Our analysis
of local versus global flexibility demonstrates that all MOFs can
display some flexibility, but further analysis is critical to
understand the type and extent.

Data availability

The data supporting this article have been included as part of
the ESI.t Crystallographic data for NU-2003 has been deposited
at the CCDC 2347333.
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