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In this work, we computationally investigate the impact of the distribution of linker vacancies on the relative
stability of defected UiO-66 structures. Analysis of a significant number of defected structures reveals that higher
defect numbers correlate with lower stability, but variations in missing linker distribution and orientation
contribute to widely differing amorphization pressures. Our results suggest that structures with more evenly
distributed vacancies exhibit a positive linear relationship between amorphization pressure and bulk modulus.
Furthermore, we found structures with a disproportionate number of missing linkers with the same orientation

and structures where a large volume of the framework remains pristine, display outlier behavior in this respect.
Evaluation of anisotropic elastic moduli uncovers directional instability in structures with a high number of
vacancies with the same orientation. These findings have important implications for designing and optimizing
UiO-66-based materials, aiding in defect configuration selection for specific applications.

1. Introduction

Metal-organic frameworks (MOFs) have continued to receive atten-
tion from the scientific community at large ever since the first ones were
synthetized more than twenty years ago [1-3]. These materials consist
of metal clusters coordinated with organic ligands forming ordered
crystal lattices [4-6]. Their porous structure and possibility of ligand
functionalization make them an appealing alternative in applications
such as catalysis [7-10], drug delivery [11] and gas storage and sepa-
ration [12-15].

In the last decade the archetypal MOF, UiO-66 [16], has received
considerable attention within the field due to its high hydrothermal
[17-19] and mechanical stability [18,20], even under high-pressure
conditions. The structure of UiO-66 is characterized by
zirconium-based Zrg O4 (OH)4 clusters bridged to one another via 1,
4-benzenedicarboxylic acid (BDC) ligands. In the pristine (defect-free)
material each inorganic cluster is 12-fold coordinated, that is, each
cluster is connected to the others by 12 BDC linkers. The high structural
stability of UiO-66 and its extended sibling materials (UiO-67 and

UiO-68) has been attributed to the high coordination number of its
inorganic clusters (12) compared other prototypical MOFs such as ZIF-8
(4) and MOF-5 (6) [21].

The vast majority of synthesis procedures for UiO-66 result in a
defected structure with missing linkers [7,22,23]. Thermogravimetric
analysis (TGA) measurements suggest that for the less defected UiO-66
samples the coordination number of each zirconium cluster is 11, indi-
cating one missing linker on average [17,24]. This observation has been
further verified via NMR7, X-ray and neutron diffraction [25,26] and
IR/Raman spectroscopy experiments [24]. The presence of linker de-
fects increases the porosity and available surface area of the material,
which modifies the adsorption behavior [26-29], catalytic properties [7,
30], proton conductivity [31,32] and thermal stability [33] of it. The
tradeoff between enhancement in adsorption and the effect on stability
when defects are introduced is an ongoing research topic, which often
requires the use of computational techniques in order to analyze the
relationships between specific properties and the structure of the ma-
terial, on a molecular scale.

In the past decade, computational simulations have been used to
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study the adsorption properties of both pristine and defected UiO-66,
often with the focus on water and CO2 adsorption [27,29,34-38].
These have provided substantial insight for industrial applications such
as water harvesting and gas separation. The simulations involved in
most of these works often model UiO-66 as a rigid structure, where the
framework only interacts with the guest molecules via non-bonded
potentials.

The computational study of structural and mechanical properties of
UiO-66, specially at high pressures, requires for the framework to be
modelled as flexible. Several classical force fields (FFs) have been pro-
posed in order to gain atomistic understanding of the underlying
mechanisms that control the flexible behavior of the system. In an early
work, Boyd et al. [39] modelled pristine UiO-66 using both the Universal
Force Field (UFF) [40] and its extension for MOFs, UFF4MOF [41],
without taking into account electrostatic contributions from point
charges to the potential energy. They found that they could reproduce
the structural properties of the defect-free structure at ambient condi-
tions and provide a reasonable approximation of its bulk modulus under
the same conditions. Upon testing the system using three different sets of
point charges (CBAC, REPEAT, Qeq), they noted that it results in un-
predictable behavior with respect to the bulk modulus. In 2014, Bristow
et al. [42] proposed an ab-initio derived force field for a slew of proto-
typical MOFs, including UiO-66, which proved capable of accurately
estimating the structural parameters and the volumetric heat capacity of
the material, however, it severely underestimates the bulk modulus.
Said FF has seldom been used in computational studies since it was
proposed, and hence validation and comparison with experimental
measurements is lacking.

The only reported classical flexible approach that is able to provide
interaction parameters for defected UiO-66 structures and has been
extensively validated is the one proposed by Rogge et al., in 2016 [43],
which consists of constructing ab-initio derived force fields for each
particular structure via the QuickFF procedure [44]. They found that for
the pristine structure, applying external pressure to the system induces
short range disorder and loss of crystallinity at a pressure of 1.83 GPa.
Analysis of the elastic constants at high pressure shows a breakage of the
second Born stability criterium, indicating that high-pressure amorph-
ization in the framework is caused by compression.

In their work, they constructed 8 different force fields for 8 distinct
defected structures with one or two defects per UiO-66 unit cell. They
estimated the pressure-versus-volume equations of state for each struc-
ture, and determined that defects have a minor effect on the equilibrium
volume but introduce a substantial and gradual decrease in the
amorphization pressure and the bulk modulus. They found that the most
profound effect on the stability of the defected system is obtained when
the linker vacancies share the same orientation but lie in neighboring
lattice planes.

To better understand the full impact of defects on the stability of UiO-
66, it is essential to mechanically characterize a large number of
defected structures. Mainly, the necessity of compensating the charge of
the missing linkers in order to maintain a system with zero net charge
effectively means that for every structure with a different number and
distribution of defects, a distinct set of charges and thus a distinct force
field, must be used. This represents a limiting factor for the computa-
tional screening of large number of defected structures.

In this work we model all defected UiO-66 structures using the same
force field (UFF) without taking into account electrostatic interactions,
to zero-in on the effect that the number, distribution and orientation of
missing linkers has on the mechanical properties of the system. In order
to validate our proposed methodology, we reproduced the defected
structures studied by Rogge et al. [43], estimated both the amorphiza-
tion pressure and bulk modulus of each one and compared them with
their results. We found that although the quantitative values for them
differ considerably (by a factor of ~2.7 for the pristine material), the
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trends followed by the two sets of estimations are highly correlated,
indicating that although our methodology is not able to provide realistic
estimations of the mechanical and structural properties, it is helpful for
analyzing the stability of different defected structures relative to each
other.

During the course of this project we generated over 100 UiO-66
structures ranging from 1% defected to 18% defected, with varied
missing linker spatial concentration, orientation and order. The
amorphization pressure and elastic stress tensor for all structures were
computed using molecular dynamics (MD) simulations and subse-
quently processed, analyzed and contrasted with each other. Our results
are able to provide greater insight on how linker distribution is related to
the mechanical stability of material.

2. Methodology

In this study, we aim to investigate the stability of defected UiO-66.
To this end, we examined two broad categories of defective structures
(see Fig. 1). The first type involved structures with a regular arrange-
ment of linker vacancies, which were generated by replicating a defec-
ted conventional unit cell to create a 2 x 2 x 2 supercell. The second
type consisted of structures with irregular linker vacancies created
directly at the supercell level. To introduce these disordered vacancies,
we employed various methods, such as random removal or quasi-
random removal of linkers in the pristine structure. The latter
approach involved selectively removing linkers in accordance with
specific criteria, such as removal from specific sub-volumes of the
supercell or based on particular linker orientations.

To identify factors that might contribute to structural stability, we
characterized each defected structure according to five metrics: (1) the
mean distance between linker vacancies, where the position of each
missing linker was taken to be the geometric center of the benzene ring,
(2) the mean distance from the linker vacancies to the geometric center
of the 2 x 2 x 2 supercell, (3) the radial distribution of linker vacancies
with respect to the center of the supercell, (4) the amounts of missing
linkers with a particular orientation, and (5) the amount of inorganic
clusters with a particular coordination contained in the structure. Most
of the metrics are included in the supporting information file, only the
most useful at distinguishing mechanical behavior between structures
with the same number of linker vacancies are included and referred to in
the main text.

In this study we decided to model the defected UiO-66 structures
using the Universal Force Field [40]. For this, we chose to exclude
electrostatic contributions from the potential energy. It eliminates the
need to compensate for the charge of removed organic linkers with
approaches such as the redistribution of charges in the remaining
structure [38] or the inclusion of ions to cap defected cluster sites [28],
both of which would significantly restrict the number of defected
structures that could potentially be considered in this study. Impor-
tantly, in our experience, the inclusion of ions in the pore volume re-
duces the space available for the framework to ‘collapse into’. It affects
the volume change of the system during the simulations, inhibiting the
methodology used in this study to determine if a collapse occurred.
Additionally, although the computational cost of including short-range
electrostatics would be relatively low in a per-simulation basis, the
sum total for all runs using our methodology would be significant. The
UFF energy equation is defined as:

U = Uponded + Unon—bonded (@)
where

Ubonded = Ubonds + Uangles + U;m les + Udihedrals + Uimpropers
2
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Fig. 1. Pictorial representation of 3 different defected UiO-66 structures with an average cluster coordination of 11 at the supercell level. The linker vacancies are
represented by dashed blue lines, the red end points represent the missing connection with inorganic clusters and the grey volume represents the non-defected part of
the framework. Transparency of the red and blue colors is used to aid depth perception, fuller colors mean that the vacancy is located closer to the point of view of the
observer, more transparent colors mean that the vacancy is located further away. The first image pictures the framework containing 16 vacancies with a regular
arrangement while the second and third images are examples of structures with an irregular arrangement of vacancies, where the 16 organic linkers were removed

randomly and quasi-randomly, respectively.
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In the bonded term, r is the bond distance while 6. ¢, and ¢ are the
bend, dihedral and improper dihedral angles, respectively. The non-
bonded part consists of the van der Waals interaction between a pair
of atoms i and j separated by a distance r; where o;; and ¢; refer to the
equilibrium distance and well depth of the potential, respectively. The
first angle term in the bonded potential applies to atoms in linear,
trigonal-planar, square-planar, or octahedral arrangement and the sec-
ond angle term can be used for the general non-linear case. In the spe-
cific case of Ui0-66, the second term is used to model the angle bending
interactions inside the inorganic cluster of the types O — Zr— O,H— O —
Zr and Zr— O — Zr. The specific force field parameter values, their
associated atom types and the definition of the angle bending and
improper torsion coefficients, as used in this work, are described in the
Supporting Information file.

In this study, we employ two complementary approaches to evaluate
the stability of defective structures. The first approach, proposed by the
Coudert group [45], involves assessing the anisotropy of the mechanical
moduli of the structure. The uniaxial stiffness of the material in a given
direction u is determined by Young’s modulus E(u), while the direc-
tional deformation caused by isostatic compression is measured by the
linear compressibility modulus #(«). The directional dependence of the
moduli can be obtained from the inverse of the fourth-order elastic
stiffness tensor C (also called the compliance tensor), by applying to it a
rotation mapping the x axis onto the direction of the unit vector u, and
are calculated (Einstein’s notation used) as [45,46]:

1
Eu)=—oo
(w) UpUgUyU [C’I}Mn

Hlu) = wyuq [Cil}[)qrr “

Where the u, terms are the components of the rotation matrix. The
anisotropy of each property is determined by calculating the ratio be-
tween its maximum and minimum values, which can range from 1 to
infinity. This property reflects the flexibility of the material, where
softer crystals exhibit large anisotropy factors, rigid MOFs are charac-
terized by considerably lower values, close to unity [47].

The elastic stiffness tensor C at a particular temperature can be
estimated via molecular dynamics simulations via the stress-fluctuation
method. In the canonical ensemble, the equations for the stress tensor ¢

and for the elastic stiffness tensor reduce to Refs. [48,49]:

Oap = <6§/1> — PkpT b ®)
. v
%aﬂw = éfﬂub) - kB_T <63,;0,’fy> - <0'gﬂafy>] + PkRT(‘S«u‘S/ﬂ + 5av6/ﬂ) (6)

Where o5, and ¢®,, are the Born stress tensor and the Born matrix,

- ya/ipb
respectively. They are the first and second derivatives of the potential

energy U with respect to strain, given by

1, 1 U
PV Oty P TV Oap0ey,

)

In this work, we computed the anisotropic elastic constants tensor of
all defected structures both at OK and at finite temperatures, in order to
quantify their mechanical stability at a given temperature and pressure.
Calculations at finite temperatures were carried out by following the
stress-fluctuation technique using the born/matrix compute [50]
recently implemented in the LAMMPS [51] molecular simulation
package, which allows for the computation of elastic constants for
arbitrary complex potential interactions. The O K elastic constants were
calculated using the cell deformation technique using the same simu-
lation package.

The second approach consists of determining the pressure versus
volume behavior of the structure via molecular dynamics simulations in
the flexible NPT ensemble (N, P, 6, = 0, T), where the number of par-
ticles N is fixed while the internal pressure P;, internal deviatoric stress
0, and the internal temperature T; are controlled. The ensemble allows
for the dynamic change of both the simulation cell volume V and shape
hy and can be systematically used to estimate the pressure at which the
framework amorphization takes place (Pym).

For each defective structure we conducted looped flexible NPT
simulations starting from a sufficiently high pressure. At the start of each
loop, energy minimization of the system is conducted, and the final
volume V, is saved. The instantaneous volume V; was monitored during
the equilibration period of each simulation. Amorphization was deter-
mined to have occurred if at any point during equilibration, the value of
V; became lower than a predefined volume threshold V,, taken to be
proportional to V,. In the scenario where amorphization was determined
to have occurred, the subsequent simulation within the loop would start
with a pressure value that AP lower than the previous one. Conversely, if
it was established that amorphization had not transpired, the pressure
value of the following simulation in the loop would be increased by AP.
The final characteristic P,y value for the particular structure would be
determined to be the final pressure value at which the structure does not
collapse plus AP. This approach has been widely used previously to
study the stability of ZIFs and MOFs, although it has been noted that the
fluctuations in instantaneous pressure inherent in MD simulations may
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induce phase transitions at artificially low pressures [47,52]. In order to
partially mitigate said fluctuations we employed sufficiently large
simulation cells.

2.1. Computational details

The defected structures were generated using an in-house program
which takes the force field parameters and the pristine UiO-66 structure
crystallographic information file as inputs and outputs a LAMMPS to-
pology data file.

All pressure versus volume MD simulations reported in this work
were carried out in the flexible NPT (N, P, 6, = 0, T) ensemble using the
LAMMPS simulation package [51]. The simulation timestep used for the
Verlet integrator was 0.5 fs to ensure energy conservation. During these
simulations the temperature was fixed at 300 K and controlled via a
Nose-Hoover chain thermostat using a relaxation time of 50 fs. The
pressure control was handled by a MTTK barostat with a relaxation time
of 500 fs. The pressure was modified according to the discussed looping
simulations scheme, AP was set at 0.005 GPa and the volume threshold
V., was set at 0.8 times the volume of the structure after energy
relaxation.

For the computation of the elastic stiffness tensor, the cell parameters
and atomic coordinates of each structure were first relaxed and, once a
minimum was reached, the stress tensor and Born matrix were sampled
in 200 ps long NVT simulations in LAMMPS, using the numerical de-
rivative method [50] for the latter. The temperature was fixed at 300 K
and controlled via a Nose-Hoover chain thermostat with a relaxation
time of 100 fs. The running average of the Born matrix was sampled
every timestep using the born/matrix compute [50]. For each structure,
using the ELATE python module [53] with the obtained elastic constants
as input, the minimal/maximal values of linear compressibility f and
Young’s modulus E were estimated, as well as their corresponding
anisotropy values.

All simulations were performed in a supercell of the defected struc-
ture using UFF without electrostatic contributions. Periodic boundary
conditions were applied in all three dimensions. As per UFF indications,
for each framework atom, a “scaled 1-4” policy was taken into account;
that is, non-bonded interactions (VdW) between couples of bonded
atoms (1-2) or between atoms bonded to a common atom (1-3) were
excluded, while the interaction between atoms separated by two others
(1-4) were fully considered.

3. Results and discussion

To determine the viability of our proposed methodology, we con-
structed the 8 defected structures studied by Rogge et al. [43]: one of
them (type0) corresponds to a system with one linker vacancy per unit
cell and the rest (typel-7) to structures in which an different additional
linker defect is introduced to the type0 parent. In order to compare our
methodology with those reported by them we calculated the

Table 1

Comparison of amorphization pressure (P,y,) and Bulk modulus (Ky) predicted
by our methodology and those reported by Rogge et al. [43], respectively.
Simulations conducted at a temperature of 300 K. All values in GPa.

Defect type This work Rogge et al.
Pam KV Pam KV

Pristine 291 59.5 1.83 22.2
typeO 2.53 56.4 1.55 19.9
typel 2.2 50.39 1.29 17.4
type2 2.24 52.22 1.37 18.2
type3 2.41 52.51 1.51 18.7
type4 2.31 51.51 1.39 18.2
type5 2.09 50.65 1.17 15.5
type6 2.44 53.45 1.38 18.9
type7 2.22 48.97 1.35 17.2

Microporous and Mesoporous Materials 366 (2024) 112922

amorphization pressure (P,y) and bulk modulus (Ky) of each; using the
flexible NPT simulation scheme and the stress fluctuation technique in
the NVT ensemble, respectively. The results are provided in Table 1.

The results obtained in this study exhibit significantly greater
quantitative values compared to those reported by them. Nevertheless,
upon closer examination, it becomes apparent that the relative variances
in properties between the two sets of results seem to be comparable. To
delve deeper into this observation, we conducted an analysis of the
relative trends among each set of defective structures. The outcomes of
this analysis can be visualized in Fig. 2.

Fig. 2A and C demonstrate that the available experimental mea-
surements provide strong support for the accurate predictive capabilities
of the Rogge force field. Our results are qualitatively similar but differ
quantitatively. Despite this quantitative discrepancy, the trends
observed between the values in both sets remain relatively consistent. In
terms of qualitative analysis, the computed properties for the various
structures indicate similar conclusions concerning the relative stability
of the reference defected structures. Specifically, the type5 structure,
where the removed linkers have equal orientation on two different
planes, is the least stable; and type3 and type6 structures are the most
stable of the structures with average cluster coordination of 11.

In order to measure the degree of similarity between the relative
values of the properties in both sets, we performed a calculation of the
correlation coefficient. Fig. 2C and D illustrate the obtained results,
revealing correlation coefficient values that are close to unity. This in-
dicates a strong positive correlation between the two sets of amorph-
ization pressure and bulk modulus values.

The preceding findings indicate that while our proposed methodol-
ogy may not possess the quantitative capabilities to rival other existing
schemes in terms of providing realistic values for mechanical properties,
it is nonetheless well-suited for investigating the relative stability among
defected structures.

Based on this conclusion regarding the suitability of our methodol-
ogy for studying relative stability, we proceeded to generate a significant
number of defected structures by varying the number, distribution, and
orientation of linker vacancies. As a basis for future comparison we
created a reference set of 8 structures with increasing number of defects
(ranging from 4 to 32), where linker vacancies were introduced in an
orderly fashion starting from the pristine baseline at the supercell level.
As can be seen in Fig. 3, the pressure at which the structure collapses
decreases when more defects are introduced and the obtained values are
able to accurately predict the amorphization pressure simulated pristine
structure, via linear extrapolation. In order to determine the degree to
which the vacancy introduction process impacts the reference
amorphization values, we generated an alternative reference set in
which the same vacancies are introduced randomly. As can be seen in
figures S1 and S2, the difference for both individual Py, values and trend
is minimal between the sets.

Fig. 4 depicts the amorphization pressure for all the generated
defected structures. Notably, a high amount of variance in P, values is
observed for structures with the same number of defects but different
missing linker distribution and orientation. Comparing the values ob-
tained for N = 8, 16, 24 and 32 linker defects, structures with a regular
arrangement of vacancies tend to present extreme amorphization
values, corresponding to the least and most stable structures in terms of
Pam, Whereas structures with irregular vacancies, where missing linker
positions and orientations were selected either randomly or quasi-
randomly tend to fall in the middle.

Comparison of amorphization pressure values between sets of
structures with different number of vacancies reveals numerous cases in
which structures with a higher number of vacancies are less prone to
collapse at higher pressures than structures with fewer defects. This
suggests that the number of linker vacancies alone does not solely
determine the stability of the structure. Factors such as the selection
method, distribution, and orientation of the defects significantly
contribute to the variance in amorphization pressure, particularly for
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extrapolated value using the reference system data is 2.934 GPa, which is close to the value obtained by simulating the pristine structure (2.908 GPa).

structures with a higher number of defects. As was the case for the
reference system, in general, the amorphization pressure decreases as
the number of defects in the structure increases.

Fig. 5 contrasts the results obtained for the reference system with the
average amorphization pressure of each set of defected structures. Our

results indicate that the amorphization pressure decreases linearly with
increasing number of defects, where the linear trend obtained when
taking into account all amorphization values is almost the same as the
one obtained for the reference set.

As evidenced by the analysis of the structures proposed by Rogge
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Fig. 5. Comparison between the reference system (red circles) and the average
amorphization pressure value for each set of defected structures (blue circles).
The line represents the linear extrapolation of the average values. The extrap-
olated Pam estimation for a structure with 0 linker defects is 2.92 GPa which is
close to the amorphization pressure of the pristine structure obtained using MD
(2.908 GPa).

et al. [43] amorphization pressure values do not provide a complete
picture of the stability of the defected frameworks. To address this, we
computed the 0 K elastic stress tensor for all structures and from them
calculated the relevant elastic moduli. Comparison of amorphization
pressure and bulk modulus values reveals that for structures with an
irregular arrangement of defects selected randomly from the whole
framework volume (which are most of the structures studied in this
work) the amorphization pressure is related to the bulk modulus in a
positively linear way. Furthermore, said structures tend to have a ho-
mogeneous distribution of missing linker orientations, meaning that
they don’t usually contain a disproportional number of missing linkers
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of one orientation type. Most of the structures generated quasi-randomly
where defects were created in sub-volumes of the framework exhibit
similar behavior. Fig. 6 shows the relationship between amorphization
pressure and bulk modulus for a representative subset of the structures
containing 20 linker vacancies.

In general, we observe that structures where the vacancies are more
evenly distributed, both spatially and in orientation, follow the linear
trend evidenced by the green data points in the figure. Structures where
most of the missing linkers had the same orientation (blue data point)
and structures with quasi-randomly distributed vacancies that leave a
large part of the volume as pristine (red data point) tend to exhibit
outlier behavior in this respect.

Further examination of the outlier structures reveals that cases in
which the vacancies are distributed in a way that a large volume of the
structure remains pristine (Fig. 7A) exhibit greater stability, evidenced
by a large bulk modulus and amorphization pressure value. Analysis of
elastic moduli anisotropies (Fig. 7B) is required in order to reveal the
directional instability exhibited by structures containing a large number
of vacancies with the same orientation. We find that in these cases, low
amorphization pressure values correspond to high elastic moduli
anisotropies.

4. Conclusions

In this work we aimed to investigate the influence of different dis-
tributions of linker vacancies on the relative stability of defected UiO-66
structures. We employed the same force field (UFF) for modeling all
defected structures without considering electrostatic interactions. While
our approach may not match the quantitative accuracy of other existing
schemes in predicting structural and mechanical properties, it proved
suitable for examining relative stability among defected structures.

Through our investigation, we analyzed a significant number of
defected structures by manipulating the number, distribution, and
orientation of linker vacancies. As expected, our initial analysis revealed
that structures with a higher number of defects exhibit lower stability
compared to those with fewer defects. Interestingly, we observed sig-
nificant variation in amorphization pressure values for structures with
the same number of defects but different missing linker distributions.
This suggests that the stability of a structure is not solely determined by
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Fig. 6. Relationship between amorphization pressure and bulk modulus for a
representative subset of the structures containing 20 linker vacancies. Most of
the studied defected structures follow the trend represented by the green data
points where a positive linear relationship between the amorphization pressure
and bulk modulus is observed. Outlier structures with high bulk modulus and
contrasting Pam represented with red and blue circles.
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using the ELATE python module [53].

the number of linker vacancies, but also influenced by factors such as the
selection method, distribution, and orientation of the defects.

Furthermore, when comparing amorphization pressure and elastic
moduli values, we found that structures with more evenly distributed
vacancies, both spatially and in orientation, exhibited a positive linear
relationship between amorphization pressure and bulk modulus. In
contrast, structures with imbalanced missing linkers of the same orien-
tation or quasi-randomly distributed vacancies where a substantial
portion of the volume remains pristine, exhibited outlier behavior in this
regard.

To gain a comprehensive understanding of the behavior of outlier
defected structures, it is crucial to analyze the anisotropies of elastic
moduli, particularly for structures containing a significant number of
vacancies with the same orientation. Our study revealed that in such
cases, structures with low amorphization pressure values exhibited high
elastic moduli anisotropies, indicating directional instability.

In summary, our findings have significant implications for the design
and optimization of UiO-66-based materials. The proposed methodology
can be employed to predict the stability of defected UiO-66 structures
and guide the selection of optimized defect configurations for specific
applications. Moreover, future studies should consider the impact of
defect distribution and orientation on amorphization pressure and
elastic properties to obtain a more comprehensive understanding of UiO-
66-based materials’ behavior.
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