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ABSTRACT: Porous materials, including metal-organic frameworks (MOFs), are known to undergo structural changes
when subjected to applied hydrostatic pressures that are both fundamentally interesting and practically relevant. With the
rich structural diversity of MOFs, the development of design rules to better understand and enhance the mechanical sta-
bility of MOFs is of paramount importance. In this work, the compressibilities of seven MOFs belonging to two topological
families (representing the most comprehensive study of this type to date) were evaluated using in situ synchrotron X-ray
powder diffraction of samples within a diamond anvil cell. Judicious selection of these materials, representing widely-stud-
ied classes of MOFs, provides broadly applicable insight into the rigidity and compression of hybrid materials. Analysis of
these data reveals that the bulk modulus depends on several structural parameters (e.g. void fraction and linker length).
Furthermore, we find that lattice distortions play a major role in the compression of MOFs. This study is an important step

toward developing a predictive model of the structural variables that dictate the compressibility of porous materials.

INTRODUCTION

Over the past two decades, advances in the design and
synthesis of metal-organic frameworks (MOFs) have ena-
bled diverse applications, including, but not limited to, gas
adsorption, chemical separations, and heterogeneous ca-
talysis.> Their open structures are formed by inorganic
nodes connected by multitopic organic linkers to form di-
verse two- and three-dimensional frameworks.® The guest-
accessible voids defined by the MOF lattice can impart
counterintuitive structural phenomena, such as framework
flexibility under mild stimuli,”® guest-dependent compres-
sion behavior,® and unit cell expansion upon application of
external pressure.® While pressure-induced structural
changes are fascinating, systematic studies to identify de-
sign rules for such phenomena are complicated by the rich
structural diversity of MOFs and the multitude of variables
that dictate their chemical and physical properties (e.g. to-
pology, connectivity, ligand length, void fraction, disorder,
defect density, etc.). Due to the interdependence of these
structural parameters, it is challenging to define a well-
controlled series of MOFs in which a single variable is
modified while all others are held constant, yet this type of
rigorous experimental design is essential to draw conclu-
sions that can be extended to predict the properties of
other materials. Despite these challenges, understanding
the compression of MOFs is fundamentally important and
crucial for the development of design rules to enhance

their mechanical stability for practical applications requir-
ing high pressures, such as the formation of pellets or ex-
trudates.

The intimate relationship between structure and func-
tion in porous materials—such as zeolites, zeolitic imid-
azolate frameworks (ZIFs), and MOFs—has motivated
much research into the behavior of these materials under
pressure. The earliest high-pressure studies of zeolites re-
vealed that molecules from the hydrostatic fluid that acts
as the pressure transmitting medium can infiltrate the pore
network to moderate the observed compression of porous
systems." Additional studies indicate that increased poros-
ity does not directly correlate to an increase in the com-
pressibility of the material, and that some microporous ze-
olites have higher bulk moduli than non-porous, rock-
forming minerals.> Despite many similarities, the in-
sights into zeolite behaviors under pressure may not be
straightforwardly extended to MOFs owing to the distinct
chemical nature of the two classes of materials. Early stud-
ies of compression in ZIFs reveal rapid amorphization and
modified porosity upon pressure treatment.'* Nanoinden-
tation studies of ZIFs reveal that the elastic modulus is re-
lated to the density of the framework.’s Further, it has been
shown computationally*® and experimentally”” that higher
density ZIFs are more thermodynamically stable. Recently,
the pressure response of several MOFs has been investi-
gated with primarily computational approaches, support-
ing general trends found in ZIFs and zeolites,® though
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Figure 1. MOF structures and linkers of the isoreticular UiO and NU-qoo series used in this study.

this diverse class of materials offers many underexplored
structure-property relationships. While existing reports on
the pressure-dependent behavior of MOFs have mainly fo-
cused on extensively investigating individual examples,
more broad studies of different MOF families are notably
lacking. The similarities and differences among zeolites,
ZIFs, and MOFs demonstrate the importance of such stud-
ies for understanding the compression of all classes of po-
rous materials.

In this work, we investigate the impact of modest pres-
sures (<0.5 GPa, which can be encountered routinely in
practical applications) on the structure of seven Zr-based
MOFs in two topological families (Figure 1): the UiO series
(Ui0-66, DUT-52, UiO-67, PCN-57 [a structural analogue
of Ui0-68]) and the NU-goo series (NU-go1, NU-g02, and
NU-903). These carefully selected materials allow us to
probe the effects of modulating the organic linker within
the fcu and scu topologies, while simultaneously compar-
ing how different topologies influence the pressure re-
sponse of these MOFs. To our knowledge, this is the most
extensive experimental study of compression in MOFs to
date (seven examples across two families), and it is the first
work to investigate the high-pressure behavior of scu-to-
pology MOFs, as well as DUT-52 and PCN-57. Our results
reveal that some trends, such as the nearly-quantitative re-
lationship between void fraction and compressibility, are
conserved across both families, while other variables (such

as linker length) exhibit qualitatively different impacts on
the two topologies. Additionally, we discuss the behavior
of two examples in the UiO family which help to identify
secondary structural characteristics that influence com-
pressibility. In total, these observations provide guiding
principles to predict the pressure response of MOFs and
other porous materials, while gaining valuable insight into
the compression mechanism of these materials.

EXPERIMENTAL SECTION

The seven MOFs discussed herein are comprised of di-
or tetracarboxylate ligands and identical Zrs nodes, result-
ing in a collection of materials that differ only in topology
and linker geometry. Isolating the role of the organic linker
in this way ensures that observed structure-property rela-
tionships are generalizable to a variety of other MOFs. The
well-studied UiO MOFs are comprised of 12-connected
ZrsOs clusters joined by linear ditopic organic ligands of
various lengths to form a framework of tetrahedral and oc-
tahedral cages in the fcu topology. The NU-goo series is
constructed from 8-connected Zr¢Os nodes with planar
tetratopic linkers with differing sizes and aspect ratios ar-
ranged in the scu topology, giving rise to diamond shaped
channels connected by small windows. Each series of
MOFs was synthesized and activated according to modi-
fied literature procedures (see SI for details).?>* Because
defect density in porous materials has been shown to im-
pact their physical properties (such as thermal stability in



Table 1: Summary of bulk moduli and key structural parameters for the studied MOFs.

Bulk Modulus

Nearest Node

Ambient Pressure Node-

MOF (GPa) Void fraction® Distance (A) Linker Length (A)* Node Contraction (A)¢
Ui0O-66 37.9(6) 0.53 14.83 6.02 0.001
DUT-52 17(2) 0.57 16.91 7.99 0.05
UiO-67 21.1(6) 0.64 19.16 10.09 0.006
PCN-57 4.6(1) 0.73 23.57 14.35 0.09
NU-9o1 7.2(3) 0.70 16.05 17.08 --
NU-902 6.8(1) 0.73 17.12 18.56 --
NU-903 12.2(4) 0.66 11.19 14.34 --

2Void fraction values estimated in PLATON. ®Linker lengths are measured as the C-C distance for carboxylates located farthest
apart on a single linker in reported crystal structures. See SI for details regarding determination of node-node contraction.

zeolites?® and compression of MOFs??), particular efforts
were taken to minimize defects in these samples. The ma-
terials were characterized via powder X-ray diffraction and
nitrogen isotherm experiments to verify their crystallinity,
porosity, and low defect density in line with previously
published reports?2 25 28:3° (See SI, Figures S1-Ss).

The compression behavior of each MOF was probed us-
ing synchrotron-based powder X-ray diffraction in a dia-
mond anvil cell sample environment. In situ X-ray diffrac-
tion data (A = 0.45240 A) were collected at the 17-BM beam-
line of the Advanced Photon Source, Argonne National La-
boratory. Le Bail analysis was performed to determine the
unit cell parameters of the sample at each pressure. Study-
ing high-pressure behavior in porous materials requires
special considerations when selecting a suitable pressure
transmitting medium. Typical mixtures of small-molecule
fluids, like methanol/ethanol/water, can complicate inter-
pretation of the observed behavior with pressure-induced
adsorption, causing the framework to initially swell (or re-
sist compression) and exhibit significantly different pres-
sure response than samples in which a non-penetrating
fluid is used.33? For this reason, we select Fluorinert™ FC-
70 as an appropriate large-molecule, non-penetrating pres-
sure transmitting fluid for all experiments (see SI for ex-
perimental details).

RESULTS

While Zr-based MOFs are well known for their robust
thermal and chemical stability,? their structural rigidity
under pressure varies significantly. Though pressure-in-
duced peak broadening precludes the application of
Rietveld refinements, Le Bail refinement of powder diffrac-
tion data collected at various pressures (0-0.5 GPa) reveals
the drastically different compressibilities (spanning nearly
an order of magnitude) of UiO-66, DUT-52, UiO-67, and
PCN-57. The observed decrease in the lattice volume can
be modeled using a second-order Birch-Murnaghan equa-
tion of state (Figure 2a) to estimate the bulk modulus of
each material, which is inversely proportional to the mate-
rial’s compressibility. The same analysis was applied to the
NU-goo family (Figure 2b), allowing for comparison
within and between the two series. The range of usable
data is limited due to the low pressure-range over which
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Figure 2. Relative lattice compression of (a) the UiO series
and (b) the NU-goo series. Lines represent the second-order
Birch-Murnaghan equation-of-state fits to the data.

the pressure-transmitting medium remains hydrostatic
(i.e. completely fluid) and the amorphization of the MOFs
under the additional deviatoric strain beyond the hydro-
static limit of the fluid medium. Notably, the lattice vol-
umes of DUT-52 do not fit well to this model beyond o.15
GPa. This deviation may indicate a structural transition
that follows a different equation of state, inviting further
study; however, for the scope of this investigation, we focus
on the initial behaviors of the MOFs.



The bulk modulus and several pertinent structural prop-
erties of each MOF under ambient conditions are listed in
Table 1. The bulk moduli of the MOFs studied cover a large
range (from 4.6 - 37.9 GPa), comparable to that of sodium
metal (6.2 GPa)34 and quartz (38 GPa),* exemplifying the
significance of minor structural changes on the pressure
response of each material.

DISCUSSION

Initial comparison of the bulk moduli reveals that as the
void fraction increases, the bulk modulus decreases (Fig-
ure 3a). The consistency of this void fraction dependence
in both series indicates that porosity plays an important
role in compression of MOFs regardless of topology. This
observation supports a model of compression in which the
steric repulsion of the framework components is a primary
source of lattice rigidity, as increased void space can ac-
commodate greater distortions without causing collisions
between linkers or nodes. While void fraction is a good
predictor for the bulk moduli of six of the materials stud-
ied, DUT-52 exhibits a notably lower bulk modulus than
expected based on the void fraction of the other MOFs.

As with void fraction, the bulk modulus generally de-
creases as nearest node distance and linker length increase;
however, the dependence upon these variables is different
in each topology (Figures 3b and 3¢). This difference likely
stems from the different dimensionality of the ligand in
each family (linear ditopic vs. planar tetratopic), as the
nearest nodes are not directly opposed on the linker. Inter-
estingly, while the linker for NU-9o3 and PCN-57 have
nearly identical lengths, the bulk modulus of NU-9o03 is 7.6
GPa greater. This observation can be rationalized by con-
sidering the support of the additional carboxylate groups
present in the NU-go3 linker. Based on these results, we
anticipate that the rigidity of MOFs with large linkers will
be enhanced by additional node-binding groups, while de-
creasing the nearest node distance enhances rigidity for
structures with shorter, linear linkers.

Based solely on the compressibility and linker length of
the other members of the UiO family, DUT-52 is expected
to have a bulk modulus of approximately 30 GPa, but it was
experimentally determined to be 17(2) GPa—a value lower
than that of UiO-67, despite having a shorter linker length
and lower void fraction. This exceptionally low value is
likely due an offset in the orientation of the carboxylate
groups in the organic ligand causing the linker to be ro-
tated slightly to maintain proper orientation of the inor-
ganic nodes within the MOF—that is, the ligand is not cen-
tered on a straight line between nodes. Inspection of the
atomic structure model of DUT-52 reveals disorder of the
linker between two possible orientations,* each rotated ap-
proximately 10° from the linear path between the Zr nodes
(see SI, Figure Sg). Unlike UiO-66 and UiO-67, whose
linkers maintain linear connectivity despite twisting of the
phenyl groups, the deviation from linearity in DUT-52 pro-
vides a preferential pathway for compression of the frame-
work, significantly impacting the bulk modulus.
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Figure 3. Relationship between the bulk modulus and (a)
void fraction, (b) nearest node distance, and (c) linker
length of the UiO (black) and NU-goo (red) families.

PCN-57 exhibits the lowest bulk modulus of the materi-
als examined in this study (4.6(1) GPa). While we hypoth-
esized that PCN-57 would be more readily compressed
than the other members of the UiO family, the observed
bulk modulus is significantly lower than that which has
been previously estimated from computational simula-
tions of a structurally analogous MOF, UiO-68 (14.4 GPa).3°
Contrarily, experimental values for the bulk modulus of
UiO-66 and UiO-67 are in good agreement with computa-
tional values from the same study. (38 vs. 41 GPa for UiO-
66, and 21 vs. 25 GPa for UiO-67). The discrepancy between
PCN-57 and UiO-68 bulk moduli can again be rationalized
by considering the reported atomic structure models of
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Figure 4. (a) MOFs with undistorted structures are more resistant to compression than (b) those with “pre-distorted” structures.

each material. A computational model of UiO-68 has a lat-
tice parameter of 33.3310 A, and with identical linker
length and node size, PCN-57 should have a nearly identi-
cal unit cell; however, at ambient pressure, the lattice pa-
rameter of PCN-57 was found to be 32.872(3) A. The short-
ening of the lattice parameter by 0.438 A is due to the di-
topic linker bending out of plane (see SI, Figure S10), as is
evidenced by the increasingly large atomic displacement
parameters for carbons toward the center of the linker in
the crystal structure of PCN-57 (See SI, Table $8).>> This
flexing of the ligand at ambient pressure provides a pre-
ferred pathway for compression, leading to a lower bulk
modulus than is predicted for the more linear UiO-68
model system.

It has previously been shown that MOFs are most robust
in their undistorted geometry and that the bending of the
organic linkers away from linear connectivity weakens the
framework, resulting in a negative pressure dependence of
the bulk modulus (K').4 In materials with significant
linker bending or twisting, such as PCN-57 and DUT-52, a
portion of the linkers populate these distortion modes in
the absence of external pressure. This produces a subtle
node-node contraction (Table 1), effectively generating a
“pre-distorted” structure that resembles a compressed lin-
ear framework. This ambient pressure distortion compro-
mises the strength of the framework, resulting in higher
compressibility than would be expected based on other
structural parameters, such as void fraction or linker
length (Figure 4). Based on our analysis of PCN-57 and
DUT-52, it is evident that slight differences in MOF struc-
tures have profound effects on the pressure response of the
material. We hypothesize that the impact of “pre-distor-
tion” of the structure on the bulk modulus can be applied

to other MOFs to provide a useful metric for anticipating
which materials will deviate from more general structural
trends.

The relationships discussed above provide important in-
sight into the mechanism of compression in MOFs. A num-
ber of factors may contribute to the pressure-response, in-
cluding (i) compression of the node, (ii) flexibility of the
node-ligand coordination, (iii) bond length contraction in
the linker, and (iv) flexibility of the linker. Due to the iden-
tical Zrs node present in these materials and the high bulk
modulus of ZrO,, compression of the node is not expected
to contribute significantly to the observed trends in lattice
compression. Likewise, the carboxylate binding groups
shared across each material maintains a consistent flexibil-
ity of node-ligand coordination. Although longer linkers
exhibit slightly greater compression than shorter linkers at
the same node-linker bond angle, this difference is mini-
mal at bond angles expected to be achieved in this study.
Bond length contraction may play a role in compression,
though we do not expect it to be a significant factor be-
cause bond stretching modes are much higher in energy
than bond bending modes. In fact, for C-C bond length
contraction to account for the observed change in lattice
parameter at 0.3 GPa, each bond in PCN-57 would need to
compress more than four times the amount of those in
UiO-66. We therefore propose that compression in these
MOFs occurs primarily through linker distortion and is de-
pendent on the linker flexibility. Compression in this way
requires void space to accommodate linker deformations,
which explains the strong correlation between bulk modu-
lus and void fraction, along with previous findings that
solvated MOFs exhibit drastically higher bulk moduli than



their solvent-free (high void volume) counterparts.® Fur-
thermore, compression via linker distortion provides a ra-
tional explanation for the pressure-response of all seven
examples investigated in this work. This finding that linker
distortion is a major component of compression in MOFs
is crucial to understand and predict the behavior of other
porous materials under pressure.

CONCLUSIONS

This study investigates the structural changes of two se-
ries of isoreticular MOFs in response to moderate pres-
sures (< 0.5 GPa), which are routinely achieved during
post-synthetic processing such as pelletization or extru-
sion of MOF materials.3® Powder X-ray diffraction data
were collected as a function of pressure within a diamond
anvil cell using synchrotron radiation at the Advanced
Photon Source at Argonne National Laboratory. Lattice pa-
rameters were determined via Le Bail analysis, and unit cell
compression was modeled using a second-order Birch-
Murnaghan equation of state to estimate the bulk modulus
of each MOF. The materials studied exhibit a large range
of bulk moduli (4-38 GPa). In both topologies studied, the
bulk modulus decreases as void fraction, nearest node dis-
tance, and linker length increase; however, the depend-
ence of the bulk modulus on nearest node distance and
linker length varies between the two families, likely due to
differences in linker dimensionality and topicity. Interest-
ingly, distortions in the linkers of DUT-52 and PCN-57 at
ambient pressure provide a preferential pathway for com-
pression, significantly decreasing the observed bulk mod-
ulus of these materials. These results indicate that steric
repulsion and linker distortions are major components of
lattice rigidity of MOFs.

The compression of porous materials is a complex phe-
nomenon with many contributing factors. This systematic
study demonstrates that—all other variables held con-
stant—the void fraction and bulk modulus of MOFs are in-
versely related. Owing to rigorous experimental design,
this trend is expected to apply to other examples outside of
those discussed here, including other classes of MOFs and
porous materials. However, this extensive investigation
also reveals that slight structural differences (such as devi-
ation from linear connectivity of the organic linker) greatly
impact the bulk modulus of the material. These results
highlight the need for further well-controlled, thorough
studies into the role of other structural variables in order
to construct a predictive model of pressure-induced struc-
tural changes and rigidity in these materials. This work is
an important step toward developing a more complete,
mechanistic understanding of compression in MOFs and,
more broadly, porous materials.
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