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ABSTRACT: The defects can naturally exist or be artificially
designed in metal—organic frameworks (MOFs), which could
significantly affect their mechanical properties. In this paper, the
elastic properties of HKUST-1 with randomly distributed missing
linker defects are investigated by reactive molecular dynamics
simulations together with the strain-fluctuation method. Although
all elastic constants of HKUST-1 are found to reduce due to the
linker missing, the cubic symmetry is retained in the defective
HKUST-1, indicating that the simplified Born stability criterion is
still applicable in determining its mechanical stability. On the basis
of the simplified Born stability criterion together with direct
compression simulations, the critical pressure of instability of
HKUST-1 with randomly distributed defects is found to almost
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linearly decrease as the defect concentration grows. The mechanical instability is similarly attributed to the compression mode in
both pristine and defective HKUST-1. Moreover, the direct compression simulations indicate an obvious intermediate transition
process existing during the structural collapse of the defective HKUST-1, which is absent in its pristine counterpart. Overall, this
work is expected to provide a more precise understanding of the mechanical properties of realistic MOFs.

Bl INTRODUCTION

Metal—organic frameworks (MOFs) belong to a new class of
hybrid organic—inorganic materials with highly symmetrical
and repetitive structures composed of metals and organic
ligands." The MOFs possess a good chemical and structural
control as well as a superior synthetic tunability due to the
modularity of their design.” In addition, MOF crystals usually
show extremely high specific surface area,” high porosity,™”
and structural tunability.® Specifically, the high porosity
property of most MOFs can be retained even during the
adsorption and elimination of guest solvents, which makes
MOFs have the potential to be used in various engineering
applications such as the gas adsorption and separation,
catalysis, sensing, optics, sequestration of pollutions, drug
delivery, and conductive supercapacitors.”

It is known that defects are usually inevitable in MOFs even
when the latest synthesis methods are employed.® In other
words, most MOFs fabricated in reality contain various defects,
the existence of which can greatly affect their chemical and
physical properties as revealed in many existing studies.*” "
For instance, by introducing a high density of defects in MOF-
801 and adjusting the configuration of defects, the hydrophilic
adsorptive behaviors of MOF can be improved.'' Due to the
combination of tricarboxylate and dicarboxylate ligands in
MOEF-808, MOF-808-IP and MOF-808-Pydc have less
crowded Zr*" sites, which results in an improved performance
of the catalytic activity of MOF-808."” The number of
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structural defects such as missing cluster defects and missing
linker defects in modulated UiO-66 can be controlled precisely
by selecting different synthesis and processing conditions,
which can effectively increase the number of effective open
metal sites and thus improve the catalytic performance of UiO-
66."> Compared to the pristine MOF-808, its defective
zirconium counterpart, i.e., d-MOF-808, can better resist the
effects of strong acidic media in the postsynthesis modification
process, which makes it have a higher efficiency in the
application of charge transfer.'*

As mentioned above, the defects in MOFs, on the one hand,
can improve the adsorption, catalytic, and conductivity
performance of MOFs. On the other hand, the defects will
weaken the mechanical performance of MOFs. Very recently,
through the near-field infrared nanospectroscopy experiments
and density functional theory calculations, the generation
mechanism of defects during the crystal growth process of
MOFs (ZIF-8) and their effects on the mechanical properties
of ZIF-8 were investigated.'> It was found that the lack of
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Figure 1. (a) Front view of the pristine HKUST-1 framework containing 3 X 3 X 3 supercell. (b) Structures of H;BTC organic linkers before and
after linker removal. Here, three hydrogens are added to terminate each missing part. (c, d) Perspective views of 3 X 3 X 3 defective HKUST-1
supercells with defect concentrations of 10% and 50%. Here, missing linkers are illustrated in green. All structures are visualized by the software

OVITO.®

coordination bonds during the growth process is the major
factor responsible for the generation of defects, which results in
a lot of metal point vacancies in the synthesized ZIF-8. These
metal point vacancies were found to significantly decrease the
Young’s modulus of defective ZIF-8. By introducing
mesoporosity with different sizes in HKUST-1, the effect of
mesoscopic defects on the mechanical stability of MOFs was
investigated by a multiscale simulation method.'® It was
observed that in MOFs with a certain size the defects will cause
a reduction in their bulk moduli. Moreover, as for MOFs
possessing the same amount of defect degree or the same
mesoporous void volume, MOFs with a larger cavity have a
higher mechanical stability. When different types of defects
exist in UiO-66 to -68 materials, a recent molecular dynamics
(MD) simulation study revealed a reduction in the mechanical
stability of these MOF materials, which can be affected by the
distribution of defects in them.'” A recent high-pressure
powder X-ray diffraction experiment revealed the critical
pressure of the onset of mechanical instability of defective
UiO-66 under hydrostatic pressure.'® A decreased bulk
modulus was observed in the defective UiO-66 when
compared to its pristine counterpart. However, no correlation
was observed between the reduced bulk modulus and the
defect concentration of UiO-66, which, to some extent,
indicates the complexity of spatial integration of defects into
MOFs. Overall, the above studies indicate that the presence of
defects in MOFs can significantly affect their mechanical
performance. Nevertheless, the correlation between the
mechanical behaviors of MOFs and their defect characteristics
such as the defect concentration is still not clear, which,
however, is importance because the number of defects in
MOFs could be variable at different growth and working
environments."”

In this article, by taking HKUST-1 with BTC linker defects
as a typical example,”® we investigate the effect of the absence
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of linker on the elastic properties of MOFs through reactive
MD simulations and the strain-fluctuation method. In addition,
the mechanical stability of defective HKUST-1 is compre-
hensively studied through direct compression simulations and
the Born stability criterion. A significant effect of the missing
linker defects on elastic properties and mechanical stability of
HKUST-1 is found in this study. Specifically, the dependence
of elastic constants and critical pressure of instability on the
defect concentration of HKUST-1 is comprehensively
discussed.

B METHODOLOGY

Simulation Models. In this study, we considered the
HKUST-1 having the composition the same as that first
reported in experiments,”’ which is composed of Cu?* as its
metal center and can be noted as [Cus(btc),]. Specifically, as
shown in Figure 1a, the considered HKUST-1 contains metal
centers of Cu atoms and organic linkers of C, H, and O atoms.
A 3 X 3 X 3 supercell with periodic boundaries in three
mutually perpendicular directions was considered in the
present calculations. Thus, as shown in Figure la, the pristine
(defect-free) HKUST-1 material has a square box config-
uration with 7.9 nm on each side, which totally contains 16848
atoms and 864 organic linkers (H;BTC). To generate the
HKUST-1 materials with defects in organic linkers, we
followed the methods introduced in ref 20. In other words,
we removed linkers randomly from the pristine HKUST-1
structure and, afterward, added three hydrogens to terminate
bonds with formate as illustrated in Figure 1b.

To investigate the effect of defect concentration on the
mechanical properties of HKUST-1, we considered here
HKUST-1 materials having a defect concentration ranging
from 0% (pristine material) to S0%. The representative
structures of the generated defective HKUST-1 materials
with different defect concentrations (10% and 50%) are shown
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in Figure 1c,d. The green parts in the figure are the bonds that
have the missing linkers. It is noted that in order to obtain
more reliable mechanical properties of defective HKUST-1, we
considered three randomly generated defective HKUST-1
structures for the same defect concentration, which can be
realized in the defective model generation process by
employing different random coefficients for the defect
distribution. In this paper, these three independent defective
HKUST-1 structures are named structure-1, -2, and -3. The
perspectives of these three structures with different defect
concentrations (10%, 25%, and 50%) are shown in Figure S1
(see the Supporting Information). Moreover, the connectivity
of all defective structures was verified even for the structures
with the defect concentration of 50%. The distribution of the
missing linker in HKUST-1 can be quantitatively measured by
a short-range order (SRO).** If the missing and pristine linkers
as shown in Figure 1b of BTC are respectively defined as
linker-A and -B, the SRO parameter a; can be written as

pA®)

=1~ !
Xy (1)

where p]‘,‘(B) denotes the conditional probability of finding
linker-B at the jth neighbor site given a linker-A and xy is the
missing-linker ratio. Here, j = 1 was selected to identify the
nearest neighbors for a given linker-A as the linkers bond to
the shared Cu centers. The minimum, medium, and maximum
values of SRO are —1, 0, and 1, which respectively represent
the uniformly ordered, completely random, and clustered
distribution of defects.”” The SRO parameters of structure-1,
-2, and -3 with defect concentrations ranging from 0 to 50% all
are found to be close to 0, which denotes that the missing
linker defects in three structures possess the similar completely
random distribution.

Computational Methods. The mechanical behaviors of
pristine and defective HKUST-1 materials considered here
were investigated by MD simulations using the open-source
code LAMMPS.** The bond breaking and creation might take
place during the deformation of MOFs, which are out of the
reach of classical force fields. Under this circumstance, the
interactions between atoms in HKUST-1 were described by
the reactive force field (ReaxFF potential) with specific
parameters taken from ref 25 because the ReaxFF potential
allows bond breaking and creation. The previous study has
demonstrated that the ReaxFF potential can accurately
describe the shearing and compressive deformation of pristine
HKUST-1.*° In addition, the ReaxFF potential also can
describe the lattice structures of defective HKUST-1 because,
as shown in Figure S2, the radial distribution functions and
angle distribution functions of defective HKUST-1 predicted
from the ReaxFF potential agree well with the results obtained
from density functional theory (DFT) calculations with the
Perdew—Burke—Ernzerhof (PBE) functional. Moreover, the
relative energy changes of a HKUST-1 unit cell due to the
absence of single missing linker obtained from ReaxFF and
DEFT calculations are 5.5% and 7.2%, respectively, also close to
each other. Besides, a good correlation is observed between the
energy changes of HKUST-1 under a finite strain perturbation
obtained from ReaxFF simulations and DFT calculations (see
Figure S3). This result, to some extent, indicates the reliability
of the ReaxFF potential in qualitatively describing the
mechanical response of HKUST-1 under loading.
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In the present MD simulations, the boundary conditions of
the supercell were set to be periodic, while the velocity-Verlet
algorithm with a time step of 0.25 fs was used to integrate the
standard Newton equations of motion. Before conducting the
simulations of mechanical behaviors, a sufficient relaxation was
performed to all HKUST-1 structures. To implement this
structural relaxation, the energy minimization was first
performed to the original HKUST-1 structures using the
conjugate gradient method. Afterward, HKUST-1 structures
were further relaxed at 300 K and 0 GPa in the NPT ensemble
(constant number of particles, pressure, and temperature) for
S0 ps and, subsequently, at 300 K in the NVT ensemble
(constant number of particles, volume, and temperature) for
another 50 ps. Here, the Nosé—Hoover thermostat and
barostat were used to control the temperature and pressure,
respectively. In addition, we chose 1000 times of time step to
control the pressure and 100 times of time step to control the
temperature in simulations because these parameters show the
reliability in predicting the corresponding results as shown in
Figure S4. It is noted that the removal of organic linkers will
not cause the structural collapse of HKUST-1 after the
structural relaxation, indicating the reliability of defective
HKUST-1 structures constructed here. The obtained equili-
brated structures were employed to calculate the elastic
constants and investigate the mechanical stability of
HKUST-1 at the room temperature of 300 K. Representative
input files of MD simulations are available in the data
repository through https://github.com/bing93wang/HKUST-
1-defects.

The elastic constants of HKUST-1 were calculated by using
the strain-fluctuation method in the NsT ensemble (constant
numbers of particles, stress, and temperature), in which the
fourth-order elastic stiffness tensor Cjy; was obtained by
analyzing the fluctuation of unit cell vectors:*”**

KT
(%)Cijkl '= <£ij€kl> - <€ij><€kl> )
where Kj is Boltzmann’s constant, T is the temperature, € (or
€y) is the strain calculated through the method introduced in
refs 27 and 28 (see details in the Supporting Information), V is
the volume of the simulation cell, and C,-jkl_l denotes the
compliance tensor that is the inverse of the stiffness tensor.
It is noted that because the pristine HKUST-1 with no
defects has a cubic symmetry,” there are only three
independent elastic constants Cj1q;, Cjipy, and Cyzpy (or Cyy,
Ciy and Cy, in a Voigt notation) needed to be considered now,
which are actually the moduli for the axial compression,
dilation on compression, and shearing. As for the defective
HKUST-1, we calculated all components of the elastic stiffness
tensor to check its symmetry. Here, a structural relaxation
simulation with 100 ps was first performed to make the
structures reach their equilibrium. After that, another
simulation with 500 ps was conducted to calculate the elastic
constants. The unit cell vector was output every 10 fs. The
result in Figure S4 shows the evolution of the elastic stiffness
tensors with respect to simulation time, which indicates the
convergency of elastic stiffness tensors after 100 ps. Therefore,
in the following calculations, the data from 100 to S00 ps were
selected, which was further divided into five groups. The
average of compliance tensors of these five groups was treated
as the final result of elastic stiffness tensors, while the standard

https://doi.org/10.1021/acs.jpcc.2c06954
J. Phys. Chem. C 2023, 127, 2533-2543


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
https://github.com/bing93wang/HKUST-1-defects
https://github.com/bing93wang/HKUST-1-defects
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06954/suppl_file/jp2c06954_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c06954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

0%
1" 22 33 12 23 13
1 -.. -0.00 0.07 -0.04
22 ... 0.00 EE
33 ... -0.19 -0.08 -0.01

12 -0.00 0.00 -0.19‘ -0.12 0.03

23 0.07 -0.10 -0.08 -0.12 -0.09

13 -0.04 -0.04 -0.01‘ 0.03 -0.09 E

30%
1" 22 33 12 23 13
1 ..- 0.02 0.17 -0.08
33 ... -0.03 0.09 -0.05
12 0.02 0.01 -0.03 -0.04 -0.01

23 017 0.14 0.09 -0.04. 0.07
13 -0.08 -0.04 -0.05 -0.01 0.07 .

50%
1" 22 33 12 23 13
1 ..- -0.03 -0.05 0.03
22 ... -0.06 0.02 G
33 --. -0.03 -0.02 -0.07
12 -0.03 -0.06 -0.03 0.02 0.04

23 -0.05 0.02 -0.02 0.02. 0.06
13 ‘0.03 0.01 -0.07 0.04 0.06.

Figure 2. Elastic stiffness tensors of pristine HKUST-1 and its defective counterpart (structure-1) with the defect concentrations of 30% and 50%.

The indexes “ij” and “ij” (i, j = 1, 2, and 3) of the row and column of the matrix represent the component C;

i of the stiffness tensor.

(@) (b) s

12 ° Ci| Cul Cu —O—structure-1

& structure-1| @ | O | © —o-structure-2
5 ~O-structure-3

o structure-2| ¢ | & | & 9

= ]

€ 8 structure-3| i i Res 2

S > _
Q

2 § | =% @I =

Q =

o S ]

(9] 2

7’ g

© <

L

0 10 20 30 40 50
Defect concentration (%)

0
0 10 20 30 40 50
Defect concentration (%)

Figure 3. (a) Elastic constants C,;, Cy,, and C,4 and (b) anisotropy factor of defective HKUST-1 (structure-1, -2, and -3) with different defect
concentrations. Here, lines in (a) are results of the second-order polynomial fitting of simulation results plotted to guide the eye.

deviation of the five groups of data was regarded as the
calculation error.

In this paper, two computational methods including direct
compression simulations and Born stability criteria®®™*” were
utilized to present a comprehensive study of the mechanical
instability of HKUST-1 under hydrostatic pressure. In what
follows, a brief description of computation details of these
methods is presented. For more details about these methods,
we refer the readers to some previous papers.””**

In direct compression simulations, the instability or phase
transition of a system is simulated by applying the pressure on
the system with a fixed loading rate, which is accompanied by
changes in the volume and internal energy. In this paper, the
NsT ensemble was adopted to realize the direct compression
simulations at room temperature, in which the Nosé—Hoover
thermostat was employed to control the pressure and
temperature. Specifically, the pressure was initially fixed at 0
MPa for 250 ps to obtain the equilibrium structure. Then, the
pressure increased from 0 to 500 MPa within 500 ps,
corresponding to a rate of 1000 Pa/fs. This loading rate can
be used to simulate the quasi-static compression of HKUST-1
because no significant difference is observed in the mechanical
responses if we keep decreasing the loading rate (see Figure
S6). Finally, the system was unloaded from 500 to 0 MPa at
the same rate.

As for the HKUST-1 with the cubic symmetry, its
mechanical stability under the hydrostatic pressure P also
can be determined by the following simplified Born stability
criterion®* together with the elastic coefficients C;;, C;,, and
Cyyt
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C,+2C,+P>0
C,—C,—2P>0

Cy—P20 (3)
When one of the three criteria in eq 3 is smaller than zero,
HKUST-1 with the symmetry can be identified to be
instability. Here, elastic coefficients C;;, C,,, and C,, under
different hydrostatic pressures were calculated based on the
method introduced above until the instability of compressed
HKUST-1 occurs.

B RESULTS AND DISCUSSION

Elastic Properties of Defective HKUST-1. To investigate
the effect of missing linker defects on the elastic properties of
HKUST-1, we calculated all components of the elastic stiffness
tensor of the defective HKUST-1 with a defect concentration
ranging from 5% to 50% under 0 MPa in Figure SS5. In general,
no significant differences are observed in all three defective
HKUST-1 structures considered here (structure-1, -2, and -3),
which, to some extent, indicate the reliability of the present
modeling and calculation methods. Thus, results of structure-1
with defect concentrations of 30% and 50% are shown as two
representative examples in Figure 2, in which the result of
pristine HKUST-1 is also shown here for the sake of
comparison. As expected, due to its cubic symmetry, only
three groups of nonzero components are found in the stiffness
matrix of pristine HKUST-1, ie.,, (Cy111, Crzaa Ciza3)s (Ciina
Ci133 Cas3)y and (Crapp Caspsy Cisps) because the components
in each group are extremely close to each other. In other
words, the elastic properties of pristine HKUST-1 indeed can
be described by only three independent elastic constants of
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Figure 4. (a) Averaged bulk modulus K, Young’s modulus E, shear modulus G, and Poisson’s ratio v of defective HKUST-1 with different defect
concentrations extracted from the strain-fluctuation method. (b, c) Young’s modulus of pristine HKUST-1 and its defective counterpart with defect
concentrations of 30% and 50% represented in 3D spherical and 2D plane coordinates. (d, e) Shear modulus of the corresponding pristine and
defective HKUST'-1 represented in 3D spherical and 2D plane coordinates. The maximum and minimum values are respectively represented as blue

and red surfaces in (d) and dashed and solid lines in (e).

Ciy Cyy and Cyy, which, in this study, equal the average of all
components in each group as shown below:

Cinn + Cogp + Cigzs

G, = 3

C. = Ciiza + Ciizs + Cooss
= 3

c = Cipa + Gz + Ciaps

As shown Figures 2 and S5, the stiffness matrix of all defective
HKUST-1 structures is similar to that of their pristine
counterpart except for a smaller value of the nonzero
components of the stiffness matrix found in defective
HKUST-1. The similar stiffness matrix observed in both
pristine and defective HKUST-1 indicates that the cubic
symmetry is retained in the defective HKUST-1 considered in
this study. Thus, similar to its pristine counterpart, the
elasticity of the defective HKUST-1 considered here can be
well described by only the elastic constants of C,;, C;,, and Cy,.

In order to better illustrate the effects of missing linker
defects on the elastic properties of HKUST-1, in Figure 3a we
graphically show the intrinsic elastic constants (C;;, Cy,, and
C,,) of the defective HKUST-1 (structure-1, -2, and -3) with
different defect concentrations. It is found that all elastic
constants decrease as the defect concentration increases.
Specifically, when the concentration of randomly distributed
defects grows from 0 to 50%, C,;, Cy,, and C,, are found to
reduce by 82%, 90%, and 58%, respectively. In other words,
when compared with Cy, C,;, and C,;, of HKUST-1 are more
sensitive to the amount of missing linker defects, which
indicates that the effect of missing linker defects on the
shrinkage deformation of defective HKUST-1 is larger than
that on its shearing deformation. On the basis of the elastic
constants shown in Figure 3a, we further evaluated the
anisotropy of defective HKUST-1 with different defect
concentrations. Because the cubic symmetry is retained in
the defective HKUST-1, the Zener anisotropy index A = 2C,,/

2537

(Ci1 — Cy,) was employed here to measure the anisotropy.”
As shown in Figure 3b, the Zener anisotropy index keeps
around 1.6 for all defective HKUST-1 materials, which is also
extremely close to the value of the pristine HKUST-1. This
result proves that the pristine and defective HKUST-1
materials hold the similar mechanical anisotropy.

Based on the Voigt—Reuss—Hill model,**~**C,,, Cy,, and
C,4 of HKUST-1 extracted from the strain-fluctuation method
can be adopted to predict the bulk modulus K, shear modulus
G, Young’s modulus E, and Poisson’s ratio v through

K c11+2c12, co 3c44+c”—c12)
3 5
9KG E
E=—"  y=——
3K+ G 2G (%)

We compared the Young’s modulus and bulk modulus of
pristine HKUST-1 obtained from the present ReaxFF MD
simulations to the results reported in previous experiments or
simulations (see Table S1) to verify the accuracy of the present
simulations. In general, the Young’s modulus obtained here
well agrees with the results reported in previous nano-
indentation experiments of {100}-faceted HKUST-1 crystals
at room temperature.”” The values of K and E obtained here
are smaller than the results obtained in the previous density
functional theory calculations at absolute zero."” The larger
temperature employed here accounts for the smaller K and E
obtained in this study due to the thermally induced softening
effect.” In Figure 4a, K, G, E, and v of HKUST-1 possessing
different defect concentrations are further shown, which are
values averaged over different directions. As expected, all
elastic moduli (K, G, and E) are found to decrease as the defect
concentration increases and the reduction of G is smaller than
that of other two elastic moduli (K and E). For example, when
the defect concentration increases from 0 to 50%, K, E, and G
respectively decrease from 9.43 + 0.347, 5.33 + 0.154, and
1.90 + 0.0057 GPa to 1.51 + 0.097, 2.17 + 0.100, and 0.86 +
0.045 GPa. Similar to the elastic moduli, a significant effect of
missing linker defects on the Poisson’s ratio v is also found, as
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Figure S. (a, b) Evolution of normalized volume and internal energy change of pristine and defective HKUST-1 during the loading and unloading
processes in direct compression simulations. Here, the closed circles (@) and open circles (O) represent the results in the loading and unloading
processes, respectively. (c) Representative atomic structures of pristine HKUST-1 during the loading process in direct compression simulations. (d,
e) Side and perspective views of the relative volume change of the local atomic frame constructed by the component Cu atoms in the same pore.

shown in Figure 4a. We provide specific data in Table S2. For
example, in the similar growth process of defect concentration,
v is found to reduce by 40%. To further reveal the effects of
missing linker defects on the overall elastic properties of
HKUST-1, in Figure 4b—e we show the spatial dependence of
the Young’s modulus and shear modulus of pristine HKUST-1
(with a defect concentration of 0%) and defective HKUST-1
with defect concentrations of 30% and 50% in three-
dimensional (3D) spherical and two-dimensional (2D) plane
coordinates. Specifically, because the shear modulus is a
function of two unit vectors, we show here both its maximal
and minimal values.""** Generally, the Young’s modulus and
shear modulus in all directions are found to synchronously
decrease as the defect concentration increases. In other words,
despite the quantitative difference between them, the elastic
moduli in pristine and defective HKUST-1 almost have the
same distribution, which is ascribed to the same cubic
symmetry existing in both pristine and defective HKUST-1.
Mechanical Instability of Defective HKUST-1. We first
investigate the mechanical responses of pristine and defective
HKUST-1 under compression by using direct compression
simulations. The changes in the normalized volume and
normalized internal energy of pristine and defective HKUST-1
during the loading and unloading processes are shown in
Figures Sa and 5b, respectively. Here, the normalized volume is
defined as the ratio of the volume of compressed HKUST-1 to
its initial volume without compression. As for the pristine
HKUST-1 without defects, its volume is found to monotoni-
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cally decrease with increasing pressure at the initial stage of
loading process, indicating its shrinkage without change in the
crystal structure. When the pressure increases from 321 to 325
MPa, a sudden drop of normalized volume dramatically from
0.95 to 0.59 is observed, which leads to a sharp increase of the
energy change of each atom in the system as shown in Figure
Sb. A similar sudden volume drop was also observed in very
recent in situ compression experiments of HKUST-1 micro-
pillars.”> The abrupt volume and energy changes signify the
onset of the mechanical instability or the global collapse of the
entire HKUST-1 structure. This structural collapse results in
the transformation of HKUST-1 form a porous structure with
the open-pore configuration to a dense structure with the
closed-pore configuration through an intermediate state as
shown in Figure Sc. Specifically, this closed-pore structure after
the structural collapse will not recover to the initial open-pore
structure even after the pressure is completely released. Similar
unrecoverable plastic deformations in compressed HKUST-1
were also observed in the recent experiment.”’

We also calculated the relative volume change of the local
atomic frame constructed by the component Cu atoms in the
same pore of HKUST-1, which is quantitatively represented by
different colors and sizes of circles in Figure Sd,e. This
quantitative representation of volume change of atomic frames
can be utilized to characterize the local structural evolution of
HKUST-1 during direct compression simulations. It is
obviously found that the global collapse of the entire structure
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of pristine HKUST-1 is induced by the dramatic shrinkage of
almost all local pores in HKUST-1.

A similar mechanical instability behavior is observed in the
defective HKUST-1 structures except for a smaller critical
pressure of instability is observed in them. The reduction of
the critical pressure becomes significant as the defect
concentration grows. For example, the critical pressure
decreases from 283 MPa of HKUST-1 with a small defect
concentration of 5% to 76 MPa of its counterpart with a
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relatively large defect concentration of 50%. From Figure 5a we
also see that when the defect concentration is smaller than
20%, there is no obvious intermediate transition process during
the collapse of defective HKUST-1. As shown in Figure 6a,b,
the abrupt drop of the volume in this process is induced by the
dramatic and almost synchronous shrinkage of all pores in
HKUST-1, which is similar to the phenomenon observed in
the pristine HKUST-1. However, when the defect concen-
tration becomes larger than 20%, an intermediate process is
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Figure 8. Cross-sectional view of (a) HKUST-1 with a defect concentration of 10% and (b) the size change of its pores under the pressure of 253

MPa.

apparently observed during the transition from the initial open-
pore configuration to the final closed-pore configuration as
shown in Figure 6¢,d. The apparent intermediate transition
process during the collapse of these HKUST-1 structures is
due to the significantly asynchronous shrinkage of their local
pores. Moreover, the asynchronization of volume change of
these defective HKUST-1 materials becomes more aggressive
as the defect concentration grows, which can result in the
extension of the intermediate transition process. For example,
as shown in Figure 6¢, the transition of the entire HKUST-1
with a defect concentration of 30% from the open-pore
configuration to closed-pore configuration starts at 150 MPa
and finishes at 163 MPa, corresponding to a duration of 13
MPa. As for the defective HKUST-1 with a larger defect
concentration of 50%, the onset and end of the transition
process are found at 68 and 108 MPa, respectively, resulting in
an extension of the duration of this intermediate transition
process to 40 MPa, as shown in Figure 6d. The reliability of
the results about the intermediate state has also been verified
by the method of pressure versus volume equations of state
(P-V EO0S),”® in which the compression simulations were
implemented by gradually decreasing the volume of HKUST-1.
Here, a relaxation simulation with 200 ps was applied to each
step during the volume change. According to the P—V EOS
shown in Figure S7a, an intermediate state indeed exists in the
defective HKUST-1, which, however, is not observed in its
pristine counterpart. Moreover, the potential energy of
HKUST-1 at the intermediate state keeps stable during the
relaxation simulation of each volume change step (see Figure
S7b), which indicates the structural stability of HKUST-1 at
the intermediate state.

In Figure 7 we illustrate the evolution of the percentage of
Cu—O coordination numbers*® (discrete values of 2, 3, and 4)
during the direct compression simulations. As shown in Figure
7a—d, an abrupt drop of the 4-fold coordination is observed at
the critical pressure of instability, resulting in the significant
increase of 2- and/or 3-fold coordination. Such change in the
percentage of the Cu—O coordination numbers indicates the
destruction of some Cu—O coordination bonds during the
structural collapse process. Moreover, almost no significant
changes are observed in the percentage of Cu—O coordination
numbers during the unloading process, which indicates that
almost no new Cu—O coordination bonds are created in this
process. In other words, the HKUST-1 retains the closed-pore
configuration and cannot recover to its original open-pore
configuration even after the compression is completely
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released, which is consistent with the result directly extracted
from direct compression simulations as shown in Figure 6.

It is also observed that the percentage of 4-fold Cu—O
coordination bonds in original HKUST-1 structures without
compression decreases with the increase of defect concen-
tration. Specially, when the defect concentration is up to 50%,
the percentage of 4-fold coordination becomes the smallest.
The lack of Cu—O coordination bonds in defective HKUST-1
will decrease its general structural stiffness, which results in a
smaller elastic modulus in the defective HKUST-1 with a lager
defect concentration as observed above. In the closed-pore
configuration of HKUST-1 after collapse, as shown in Figure
7e, the percentage of Cu—O coordination numbers is almost
independent of the defect concentration, indicating the
independence of the elastic modulus of HKUST-1 after
collapse. We also considered the pristine HKUST-1 inversely
under a tension or a negative pressure after the complete
unloading. In Figure S8a, we show the structure of HKUST-1
with the negative pressure of 340 MPa. Although the volume
of this structure recovers to its initial value, it cannot recover to
its original regular porous structure. As shown in Figure S8b,
there are almost no new Cu—O coordination bonds created in
this tension process, indicating that the destruction of Cu—O
coordination bonds or the plasticity of HKUST-1 after the
structural collapse is irreversible even if a negative pressure is
applied.

If the missing linker defect is equivalently treated as a void,
the stress concentration phenomenon may be induced nearby,
which can promote the destruction of Cu—O coordination
bonds nearby and thus result in a smaller critical pressure of
instability. To prove this deduction, we show in Figure 8 the
cross-sectional view of the size change in pores in the HKUST-
1 with a defect concentration of 10% under the compression
near the critical pressure of instability. As can be seen from the
figure, detective changes are found in the size of the most pores
containing missing linker defects (see pores 1—5). In contrast,
the pores that not involve any missing linker defects, e.g., pores
6 and 7, are found to exhibit no significant changes in their
size. Thus, the gradual accumulation process of destruction of
Cu—O coordination bonds in the defective HKUST-1 with a
large defect concentration fundamentally results in the
apparent intermediate process and the gradual volume change
during the collapse of defective HKUST-1.

Because the so-called structural collapse or the mechanical
instability can topologically change the crystal structure of
HKUST-1, it is thus expected that the missing linker defects
should have different effects on the mechanical properties of
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Figure 9. Born stability criteria of (a) pristine HKUST-1, (b) defective HKUST-1 with a defect concentration of 20%, and (c) defective HKUST-1

with a defect concentration of 40% under different pressures.

HKUST-1 prior to and after collapse. Here, magnitudes of bulk
modulus of HKUST-1 prior to and after collapse were
evaluated from the inverse to the slope of V—P curves
shown in Figure Sa because the bulk modulus K can be related
to the relative change in volume V at different applied
pressures P, i.e., K = —=VOP/0V. Prior to the structural collapse,
a larger slope is observed in V—P curves of the defective
HKUST-1 with a larger defect concentration, which indicates
that the bulk modulus of HKUST-1 with open-pore
conﬁguration reduces as the defect concentration increases.
This finding is consistent with the result directly extracted from
the above strain-fluctuation method (see Figure 4a). However,
after the complete collapse of HKUST-1, V=P curves of
pristine HKUST-1 and defective HKUST-1 with different
defect concentrations are found to almost overlap with each
other, indicating that missing linker defects almost have no
effects on the bulk modulus of HKUST-1 with closed-pore
configuration after collapse. This result can be further proven
by the almost overlapped V—P curves of all defective HKUST-
1 materials during the unloading process, as shown in Figure
Sa. This defect-independent bulk modulus observed here is
consistent with the result deduced above from the Cu—O
coordination numbers.

In the above discussion, we have proven that HKUST-1 can
retain the cubic symmetry even when it contains the randomly
distributed missing linker defects as considered in this study.
Under this circumstance, the simplified Born stability criterion,
ie, eq 3, is still applicable for defective HKUST-1. Thus, the
critical pressure of instability of both pristine and defective
HKUST-1 materials as well as their instability mode is further
investigated by the Born stability criterion together with the
elastic constants. In doing this, the elastic constants (C,;, Cy,,
and C,) of HKUST-1 under different hydrostatic pressures
were calculated until the structure becomes unstable. In Figure
9, we show the evolution of three Born stability criteria of
pristine and defective HKUST-1 with increasing pressure. As
the representative examples of defective HKUST-1, only
results of defective HKUST-1 materials with defect concen-
trations of 20% and 40% are shown here. The results of some
other defective HKUST-1 materials with structure-1, -2, and -3
are shown in Figures S9 and S10. The critical pressure of
instability corresponds to the smallest extrapolated value
among three independent Born stability criteria shown in
Figure 9, which represent three instability deformation modes.
As shown in Figures 9 and S9, C;; + 2C,, + P is the primary
criterion determining the mechanical instability of pristine
HKUST-1; this result indicates that the mechanical instability
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of both pristine and defective HKUST-1 is induced by the
shrinkage deformation instead of shearing deformation
observed in some other MOFs such as ZIF-8.%%¢

In Figure 10 we show the critical pressure of instability of
HKUST-1 with different defect concentrations obtained from
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Figure 10. Critical pressures of instability of HKUST-1 with different
defect concentrations obtained from direct compression simulations
and the Born stability criterion method.

the above two methods including direct compression
simulations and Born stability criteria. A more detailed
comparison between these two methods can be found in
Table S3. Overall, as shown in Figure 9 and Table S3, results
obtained from two independent methods are consistent with
each other, which not only proves the accuracy of the obtained
critical pressures but also indicates the applicability of
simplified Born stability criteria of eq 3 in determining the
mechanical instability of the defective HKUST-1 considered
here. Moreover, we also find in Figure 10 that the critical
pressure of instability nearly decreases linearly with growing
defect concentration, indicating that the HKUST-1 possessing
more defects exhibits a less mechanical stability. Specifically,
the critical pressure decreases from 316 to 89 MPa when the
defect concentration increases from 0 (pristine HKUST-1) to
50%. After applying the linear curve fitting to the simulation
results shown in Figure 10 we show in this figure a predictive
equation for the critical pressures P, of HKUST-1 with
different defect concentrations §, which can be applied to
predict the critical pressure of HKUST-1 with randomly
distributed missing linker defects.
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B CONCLUSIONS

In this paper, the elastic constants of HKUST-1 containing
randomly distributed missing linker defects are evaluated
through ReaxFF MD simulations together with the strain-
fluctuation method. It is found that all elastic constants of
HKUST-1 (C,;, Cj,, and C,) decrease as the defect
concentration grows assuming the defects to be distributed
randomly, which is especially more evident for C;; and C,,
indicating the more significant influence of missing linker
defects on the shrinkage deformation of HKUST-1 compared
to that on the shearing deformation. Despite the reduction in
elastic constants, the defective HKUST-1 is found to hold the
cubic symmetry, which indicates the applicability of simplified
Born stability criteria in determining its mechanical stability.
Thus, the effect of missing linker defects on the mechanical
instability of defective HKUST-1 is examined through the
simplified Born stability criteria as well as direct compression
simulations. The critical pressure of instability of the present
defective HKUST-1 with randomly distributed missing linker
defects is found to linearly decrease as the defect concentration
grows. Meanwhile, an obvious intermediate transition process
uniquely exists in the structural collapse process of defective
HKUST-1 materials, which is attributed to the asynchronous
shrinkage of their local pores.

This work is expected to not only expand current knowledge
of mechanical properties of defective MOFs but also provide
an important guideline for applications of realistic MOFs. On
the other hand, it is worth pointing out that this study only
considers the defective MOFs with missing linker defects.
Actually, besides missing linker defects, some other defects
such as the missing cluster defects may also exist during the
self-assembly of MOFs.””*” A detailed comparison among
effects of different types of defects on the mechanical
properties of MOFs deserves a comprehensive study in the
future. Besides, although the present ReaxFF potential is
reliable to present a qualitative description of the response of
HKUST-1 under mechanical loading, there exist some
quantitative differences between ReaxFF and DFT results
(see Figure S3). Thus, some force fields with a higher precision
such as the machine learning potential*® is still desirable to be
developed in the near future to give a more quantitatively
precise prediction of the mechanical behaviors of HKUST-1.
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