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Indentation Depth-Dependent Hardness of Metal-Organic
Framework Crystals: The Effect of Local Amorphization

Induced by Indentation

+ [a

Ximing Chen”,

The hardness of metal-organic frameworks (MOFs) is an
important mechanical property metric measuring their resist-
ance to the permanent plastic deformation. The hardness of
most MOFs measured from nanoindentation experiments
usually exhibits the similar unique indentation depth depend-
ence feature, the mechanism of which still remains unclear. In
order to explain the effect of the indentation depth on the
hardness of MOFs, we conducted nanoindentation simulations
on HKUST-1 by using reactive molecular dynamics simulations.
Our simulations reveal that the HKUST-1 material near the
indenter can transform from the parent crystalline phase to a
new amorphous phase due to the high pressure generated,

Introduction

Metal-organic frameworks (MOFs) are a fascinating class of
nanoporous materials, which are composed of metal clusters
and organic linkers. The unique hybrid network topology of
MOFs makes the infinite extension of their structures in the
three-dimensional space become possible."™ Thus, under the
design concept of net chemistry,” MOFs can be synthesized by
assembling different metal nodes and organic chain ligands
together in the similar form of “Lego building”, indicating the
massive MOF structures for design. In addition, the unique
framework structures of MOFs also make their porosity and
specific surface area much larger than those of traditional
porous materials. For instance, MOF-210 exhibits an extremely
large surface area up to 6240 m?*/g, while MOF-200 possesses
the highest porosity (up to 90%) ever recorded for crystalline
materials.”) Owing to their superior structural designability and
porosity characteristics, MOFs have shown broad application
prospects in many fields.®

Most of currently synthesized MOFs are small-sized partic-
ulate polycrystals, which are thus needed to be further
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while its counterpart far from the indenter remains in the
crystalline phase. By considering the crystalline-amorphous
interface in the energy analysis of MOFs, we derived an
analytical expression of the hardness at different indentation
depths. It is found that the interface effect can greatly increase
the hardness of MOFs, as observed in nanoindentation simu-
lations. Moreover, the proposed analytical expression can well
explain the indentation depth-dependent hardness of many
MOF crystals measured in nanoindentation experiments. Over-
all, this work can provide a better understanding of the
indentation depth dependence of the hardness of MOFs.

densified by powder engineering to obtain a large-sized solid
MOF structure. During the densification process of open frame-
work materials (OFMs) including MOFs and their organic
analogues, covalent organic frameworks (COFs), for industrial
applications, they are usually subjected pressures with several
hundred megapascals. Such large pressure may cause large
deformations and eventually the mechanical instability of
OFMs.'"® Thus, understanding the mechanical behaviours and
properties of MOFs is essential for their technical applications.
Among various mechanical property metrics, the hardness of
MOFs is an important parameter measuring their resistance to
the permanent plastic deformation. The nanoindentation test
either based on the instrumented nanoindenter or atomic force
microscopy is the most widely used technique to experimen-
tally measure the hardness of MOFs.'®'? To date, the nano-
indentation has been employed to extract the hardness of
many representative MOF materials, such as HKUST-1, ZIF-8 and
MOF-5."72Y It is shown that ZIF-8 and HKUST-1 possess the
comparable hardness, which is much larger than that of MOF-5.
Nevertheless, the hardness of all MOFs is found to be generally
lower than that of their pure inorganic counterparts, which
indicates that additional caution is required in the postprocess-
ing fabrication of MOFs."? In addition, a unique depth depend-
ency of hardness is similarly observed in almost all nano-
indentation tests of MOFs, in which the hardness of almost all
tested MOFs decreases as the indentation depth grows and,
ultimately, tends to a convergence after a certain indentation
depth."”?" To date, the mechanism of the depth-dependent
hardness observed in MOFs is still unclear, which thus deserves
a comprehensive study.

As mentioned above, the hardness of MOFs is usually
measured through nanoindentation tests. In this work, by

© 2023 Wiley-VCH GmbH
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taking HKUST-1 as a typical example, indentation responses of
MOFs are studied by reactive molecular dynamics (MD)
simulations. The atomic displacement of HKUST-1 materials
under indentation is examined. A crystalline-to-amorphous
phase transition is found to occur in the HKUST-1 material near
the indenter, which is also confirmed by the simulations under
hydrostatic pressure. Inspired by observations of MD simula-
tions, an analytical expression describing the hardness at
different indentation depths is derived, which can well explain
the indentation depth dependence of hardness of many MOF
crystals measured in nanoindentation experiments.

Methods

Nanoindentation simulations. The HKUST-1 material considered here
contains metal centres of Cu atoms and organic linkers of C, H and

(@)
ocC

O atoms. As a representative example, the [100]-oriented HKUST-1
crystal was constructed for nanoindentation simulations, which was
considered in the previous experiments.?” The HKUST-1 sample
considered here has the size of 158 Ax158 Ax158 A. As shown in
Figure 1a, to conduct the nanoindentation simulations, the
HKUST-1 models were divided into three regions that are the
Newtonian, thermostat, and frozen regions. Specifically, atoms in
the Newtonian region following the Newtonian dynamics were
used to simulate the nanoindentation. The thermostat region with
a thickness of 10 A was used to simulate the heat dissipation
process and stabilize the temperature of models. Atoms in the
frozen region with a thickness of 5 A were fixed to support the
whole HKUST-1 models. The thermostat and frozen regions with
the similar thicknesses were widely employed in the previous
nanoindentation simulations.?>* The ReaxFF potential with poten-
tial parameters taken from Ref. [24] was employed to describe the
interactions between atoms in HKUST-1, since it has the capacity to
accurately simulate the mechanical responses of HKUST-1.2%¢ A
virtual spherical indenter having a radius of 30 A was used here,
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Figure 1. (a) Schematic of the nanoindentation simulations of [100]-oriented HKUST-1 crystals. (b) Indentation force-depth curve of the HKUST-1 material
extracted from MD simulations. (c) Evolution of the hardness with growing indentation depth.
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which can generate a repulsive force on each atom in the indented
HKUST-1 given as F(r)=K(r—R)>, where K=10eV/A® is the force
constant, r is the distance from the atom to the indenter centre,
and R is the radius of the indenter. As shown in Figure S1, the
radius of 30 A selected here has the capacity to obtain a stable
hardness. Non-zero values of the repulsive force can be extracted
only when r<R. Before each nanoindentation simulation, the
conjugate gradient algorithm was performed to relax the HKUST-1
model to a minimum energy state, which was followed by an NVT
simulation with 4 ps to minimize the internal energy and make the
model reach an equilibrium state. During the nanoindentation
process, the indenter initially 4 A above the HKUST-1 surface was
gradually pushed into the sample and then pulled out from it with
the same velocity of 3 A/ps, since no significant change was
observed in the force-depth results if keeping decreasing the
indentation velocity (see Figure S2 in the Supporting Information).
In the simulations, the NVE ensemble was applied to the Newtonian
region, while the NVT ensemble with Langevin thermostat was
used for the thermostat region. All simulations performed at room
temperature (300 K) were implemented by using open-source code
LAMMPS.?" Periodic boundary conditions applied in the transverse
directions, while the top free [100] surface was assumed to be
terminated by acetate groups (see Figure S3 in the Supporting
Information).®

Simulations under hydrostatic pressure. A 3x3x3 HKUST-1 supercell
with the [100] orientation was considered in simulations. Periodic
boundaries were applied in all directions. Here, the HKUST-1
materials were similarly described by the ReaxFF potential. Before
the simulations under hydrostatic pressure were conducted, the
structural relaxations similarly as described above were conducted
to achieve the equilibrium structures of HKUST-1 models. During
the compression process, the pressure was increased from 0 to
500 MPa within 500 ps, which was completely unloaded to 0 MPa
with the same rate. Here, the NsT ensemble was employed to
realize the simulations under hydrostatic pressure, while the Nosé-
Hoover thermostat was used to control the pressure and constrain
the system temperature at the room temperature. Input files of MD
simulations conducted in the present study are available in the
data repository through https://github.com/bing93wang/MOF-
hardness.

Results and Discussion

When a [100]-oriented HKUST-1 model was indented with a
maximum indentation depth of 25 A as shown in Figure 1a, the
corresponding force-depth curve during the whole nanoinden-
tation process is shown in Figure 1b. Here, the force acting on
the indenter equals to the sum of resultant forces of
surrounding atoms on the z-direction. In general, the force
continuously increases as the indentation depth continues to
increase until it reaches a maximum depth. After reaching the
maximum depth, although the indenter returns to its original
position to completely release the force, a large irrecoverable
deformation with a magnitude of 15 A is still retained in HKUST-
1, indicating the significant plasticity of HKUST-1. To better
illustrate the plastic deformation generated by nanoindenta-
tions, in Figure 2a we show typical snapshots of atomic
displacement of HKUST-1 materials during the loading process.
As expected, the atomic displacement of the indentation area
becomes larger as the indentation depth increases. Moreover,
the deformation of HKUST-1 under indentation is also found to
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be majorly induced by the densification of materials near the
indenter. In Figure 2b, we show the evolution of the percentage
of Cu—O coordination numbers (discrete values of 2, 3, and 4) of
the region near the indenter during whole indentation process.
It is found that the 4-fold coordination decreases from 1 to 0.7
as the indentation depth grows from 0 A to 25 A in the loading
process. In the same loading process, the 3-fold coordination
correspondingly increases from 0 to 0.30. The change in the
percentage of Cu—O coordination numbers during the loading
process indicates that the densification of HKUST-1 material
near the indenter is accompanied with the destruction of some
Cu—O coordination bonds. Moreover, the destruction of Cu—O
coordination is irrecoverable, since 3- and 4-fold coordination
numbers keep almost unchanged at 0.19 and 0.79, respectively,
during the unloading process, which, to some extent, indicates
the thermodynamical stability of the deformed structure of
HKUST-1 under indentation. Moreover, the above findings also
illustrate that the significant plasticity of HKUST-1 under
indentation is ascribed to the destruction of the Cu—-O
coordination bonds in the densification process of HKUST-1
near the indenter.

To quantitatively measure the capability of the HKUST-1
models considered in the present nanoindentation simulations
to resist the permanent plastic deformation, we calculated their
hardness H by dividing the indentation force F by the surface
contact area A, i.e.,

F

C

Here, the «contact area was approximated as
A.=7mh(2R—h),?*?* where h is the indentation depth.

According to Equation 1, the hardness of HKUST-1 predicted
from the present simulations depends on the indentation
depth, as shown in Figure 2c. Specifically, when the indentation
depth is smaller than ~4 A, the hardness significantly decreases
as the indentation depth grows. The significant decrease of the
hardness of HKUST-1 with growing indentation depth was also
observed in recent indentation experiments,">*" the explana-
tion of which will be discussed latter. When the indentation
depth becomes than ~4 A, the hardness tends to be stable and
converges to a value of ~384 MPa, which is close to the
converged hardness values of 410 MPa and 460+30 MPa
measured from two recent nanoindentation experiments."*?"

It is known that the during the indentation process, a high
pressure will be generated near the indenter. To mimic the
mechanical responses of the highly-pressured HKUST-1 near the
indenter, we conducted the simulations for HKUST-1 under
hydrostatic pressure. In Figure 3a, we show the volume strain of
HKUST-1 in response to different hydrostatic pressures. Here,
the volume strain was defined as €= (V—V,)/V, with V and V,,
respectively, being the volume of the compressed HKUST-1 and
the initial volume of HKUST-1 without compression. Initially, the
volume strain linearly grows as the pressure grows, indicating
the elastic deformation of HKUST-1 in this process. However,
when the pressure reaches around 321 MPa, the volume strain
dramatically increases from 0.05 to 0.45, which indicates the

© 2023 Wiley-VCH GmbH
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Figure 2. (a) Atomic displacements of HKUST-1 at indentation depths of 15 A (left) and 25 A (right). Here, atoms are coloured according to their displacements
in the indentation direction. (b) Evolution of the percentage of Cu—O coordination numbers of HKUST-1 near the indenter as noted by the rectangle in (a)
during the whole indentation process. (c) Schematic depiction of the coexistence of the parent crystalline phase and the transformed amorphous phase in the

HKUST-1 material under indentation.

occurrence of the structural collapse of HKUST-1. Actually, a
similar sudden volume drop was also observed in very recent
in situ compression experiments of HKUST-1 micropillars when
they are under the compressive load around 300 MPa.”**” The
structural collapse results in the transformation of HKUST-1
from the parent crystalline phase to a new amorphous phase as
shown in Figure 3b. The different structure characteristics
between crystalline and amorphous phases also can be verified
by the difference of their radial distribution functions (RDFs) as
shown in Figure 3¢, which are widely used to characterise the
overall molecular structures. To further verify the amorphization
of HKUST-1 predicted from ReaxFF simulations, in Figure S4 we
show RDFs of the compressed HKUST-1 with volume strains of
2% and 43 %, calculated from the structures relaxed by density
functional theory (DFT) calculations. It is found that RDFs of
crystalline HKUST-1 with a small strain of 2% show long-range
correlations exhibiting a pattern with discontinuous and sharp
peaks along the given range. However, RDFs of the structure
with a large strain of 43% contain relatively less intense peaks
up to 3 A, which thus present typical characteristics of an
amorphous state such that it has a well-defined short-range
order and the lack of long-range correlations. This finding can

ChemPhysChem 2023, e202300647 (4 of 8)

serve as a piece of evidence proving the pressure-induced
amorphization of HKUST-1 observed in ReaxFF simulations.
After the completeness of the phase transition of HKUST-1 or
when the volume strain is larger than 0.45, the volume strain is
found to increase linearly with increasing pressure again, which
indicates the elastic deformation of HKUST-1 within the
amorphous phase. Moreover, as shown in Figure 3a, the
amorphous phase of HKUST-1 due to the structural collapse will
not recover to its original crystalline phase even after the
complete release of pressure. Theoretically, an idealized model
shown in the inset of Figure 3a can be used to simply describe
the phase transition of HKUST-1 under compression. The
pressure-induced phase transition of HKUST-1 was observed in
many existing experiments,®'*? though the critical pressure of
phase transition detected in experiments is much higher than
the value obtained here, which is probably ascribed to the
effect of guest adsorption in experiments.®® The similar
crystalline-to-amorphous phase transition induced by compres-
sion was also observed in many other MOF materials such as
ZIF-8,%43% MOF-5,%" and isoreticular DUT materials.**** More-
over, as illustrated in the Supporting Information (Figure S5),
the change in the percentage of Cu—O coordination numbers

© 2023 Wiley-VCH GmbH
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Figure 3. (a) Evolution of the volume strain during the loading and unloading processes of the HKUST-1 crystal under hydrostatic pressure. The inset shows an
idealized model illustrating the crystalline-to-amorphous phase transitions of HKUST-1 under pressure. (b) Atomic structures of the parent crystalline phase
and the transformed amorphous phase of HKUST-1. (c) RDFs g(r) of crystalline and amorphous phases of HKUST-1.

after the phase transition obtained now is qualitatively close to
that of the HKUST-1 material under indentation loading (Fig-
ure 2b), which, to some extent, indicates that the deformed
HKUST-1 under the indenter may exhibit a structure topologi-
cally similar to the amorphous phase induced by pressure. It is
also noted here that the HKUST-1 crystals considered in the
present simulations were assumed to have a perfect structure,
while HKUST-1 crystals synthesised in experiments may natu-
rally possess defects."**" Nevertheless, according to our recent
study,®® the pressure-induced crystalline-to-amorphous phase

ChemPhysChem 2023, e202300647 (5 of 8)

transition may similarly occur in HKUST-1 materials with missing
linker defects in spite of a smaller critical pressure of phase
transition was observed in the defective HKUST-1.

From the above discussion, we can see that the high
pressure under the indenter can render the HKUST-1 material
nearby transfer from the crystalline phase to the amorphous
phase. In other words, there exist both the amorphous and
crystalline phases in the HKUST-1 under indentation, which,
respectively, locate at the regions near and far from the
indenter. Indeed, as shown in Figure S6, RDFs of the HKUST-1
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material near the indenter exhibit the well-defined short-range
order and the lack of long-range correlations even after
completely unloading, which indicates the irreversible transition
of the crystalline phase to the amorphous phase of HKUST-1
due to indentation. Moreover, RDFs of the HKUST-1 material
near the indenter after unloading are also found to be similar to
those of amorphous HKUST-1 predicted from DFT calculations
(see Figure S7), which further indicates the applicability of the
present ReaxFF potential in simulating the crystalline-to-
amorphous phase transition of HKUST-1 during the indentation
process. It is also noted here that although the present ReaxFF
potential can majorly capture the crystalline-to-amorphous
phase transition of HKUST-1 due to indentation, precisely
identifying the mechanical properties of amorphous HKUST-1
based on the present ReaxFF potential is still a challenge,™?
because it was not specifically parameterized for the amor-
phous HKUST-1.2 Nevertheless, this quantitative discrepancy
trivially affects the present study because the major aim of the
nanoindentation simulations conducted here is to provide
atomistic insights into the deformation mechanism of HKUST-1
under indentation rather than quantitatively measure the
mechanical properties of HKUST-1. Indeed, the parameterization
of force fields specifically for amorphous HKUST-1 deserves a
comprehensive study in the near future. Due to the coexistence
of crystalline and amorphous phases in the HKUST-1 materials,
there should exist an interface between crystalline and
amorphous phases of HKUST-1 as shown in Figure 2c. Therefore,
the variation of the total free energy of the HKUST-1 system
under indentation is comprised of the mechanical energy of
external force U,, the interface energy U, the bulk elastic strain
energy U,, and the bulk chemical free energy U,. In other
words, the total Gibbs free energy G of the HKUST-1 system
under indentation can be expressed as:*

G = Ue + Ui + Ube + ch' (2)

In Equation 2, U,=—Fh, where F is the indentation force.
The similar free energy was also assumed in the previous
theoretical study of nanoindentation of shape memory alloys,"
which similarly exhibit the phase coexistence during the
indentation process. As shown in Figure 2a, the deformation of
the HKUST-1 system under the indenter majorly occurs in its
transformed amorphous zone. Thus, U,, and U, in Equation 2
are determined by the volume V,, of the transformed
amorphous zone, while U; should be determined by the surface
area S,, of the amorphous zone. In other words, U,,, U,. and U,
can be written as follows:

1
Un = [ Elelcy2db, U= [ 2G(T.xy.2)d,
Vaz Ver
| 3
U= E/ KIE, [8(X7y’z)]2ds'
Saz

where E is the Young’s modulus of HKUST-1, ¢ is the strain, AG
is the change in chemical free energy density with T being the
temperature, E; is the equivalent interfacial elastic modulus, k is
a small-scale coefficient and / is the characteristic thickness of

ChemPhysChem 2023, e202300647 (6 of 8)

interface. Because the only length parameter in the present
system is the indentation depth h, the integral of U,, and U, in
Equation 3 thus should be proportional to h°, while the integral
of U, should be proportional to h These relationships also can
be verified by the fact that the number of the atoms in the
amorphous zone is approximately proportional to the cube of
the indentation depth, as shown in Figure S8. After introducing
the non-dimensional shape factors a;, @, and a;, Equation 3 can
be further rewritten as:

Upe = a4 EelR?, Uye = a,AG(T)R?, U, = askiE,e2h?, ()

where ¢, is the characteristic transformation strain as illustrated
in the inset of Figure 3a.

Using the energy minimization principal, the equilibrium
condition of the HKUST-1 system needs to satisfy the following
equation:

oG
o5 =0 ©)
After substituting Equations 2 and 4 into Equation 5, we
obtain the following expression for the indentation force F:

F = 2a3klE,e2h + 3a,Eelh* + 3a,4Gh?, (6)

Further substituting Equation 6 into Equation 1 and consid-
ering the contact area A.=pBh*> (8 is a non-dimensional
parameter depending on the geometry of the indenter tip), the
hardness H can be expressed as follows:

/
Hen) = Ho 7 (5) o)

where H,, = 3auEef +30,4G ; 34,46 and y = 720132& £ )

The hardness expressed by Equation 7 is found to be
dependent on the indentation depth h. Moreover, the inden-
tation depth dependence of hardness is ascribed to the
interface effect that is measured by the ratio of I/h. Specifically,
when the indentation depth h is comparable to the character-
istic thickness of interface /, the interface effect becomes
significant, resulting in a detectable indentation depth depend-
ence of the indentation hardness. When the indentation depth
is large enough at //h—0, the interface effect becomes
ignorable. Under this circumstance, H converges to H,, which
represents a hardness of MOFs at the infinite depth. Thus,
Equation 7 can be simply adopted to predict the intrinsic
hardness of MOFs absence of the influence of finite indentation
depth.

To further validate the theoretical model (Equation 7)
proposed here, in Figure 4 we show experimentally measured
hardness values of some representative MOFs (HKUST-1, ZIF-8
and MOF-5) at different indentation depths. It is noted that only
the hardness values at depths larger than 100 nm were
considered here, because in nanoindentation tests perturba-
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Figure 4. The size dependence of the hardness of HKUST-1, ZIF-8 and MOF-5 extracted from nanoindentation experiments,”’"'¥ which can be well fitted by

the present theoretical model (Equation 7).

tions due to some extrinsic factors such as surface roughness,
tip radius and thermal drift may become significant when the
indentation depth is relatively small. In general, it is found that
the indentation depth-dependent hardness of HKUST-1, ZIF-8
and MOF-5 observed in nanoindentation experiments can be
well  captured by the present theoretical model
(Equation 7)."77'" Intrinsic hardness values of HKUST-1, ZIF-8
and MOF-5 predicted from Equation 7 are 392 MPa, 461 MPa
and 149 MPa, respectively. Moreover, the indentation depth-
dependent hardness of HKUST-1 obtained from MD-based
nanoindentation simulations can be similarly fitted by the
present model (see Figure 3c). It is worth noting here that all
the calculation and theoretical analyses of hardness were based
on the existing experimental date of the measured load-depth
curves of MOFs. It is thus desirable to make some more
experimental efforts to verify the proposed theoretical model in
the future. In addition, a direct calculation of the characteristic
length scale of interface via the experiments or simulations is
still deserves a comprehensive study.

Conclusions

In summary, the nanoindentations of HKUST-1 were simulated
by ReaxFF MD simulations. Our MD simulations illustrate that
the high pressure under the indenter can trigger the crystalline-
to-amorphous phase transition of HKUST-1 near the indenter,
making it transform from the parent crystalline phase to a new
amorphous phase. As a result, both crystalline and amorphous
phases coexist in the HKUST-1 material under indentation. After
introducing the contribution of the crystalline-amorphous inter-
face in the energy analysis, we derived an analytical expression
of the hardness at different indentation depths, which can well
explain the indentation depth dependence of hardness of many
MOF materials measured in nanoindentation experiments. Our
theoretical model also reveals that the indentation depth
dependence of hardness is ascribed to the competition
between the bulk and interface deformations during the
crystalline-to-amorphous phase transition process. Overall, the
present study not only enhances our understanding of the

ChemPhysChem 2023, e202300647 (7 of 8)

indentation depth dependence of hardness of MOFs, but also
provides a theoretical avenue to extract the intrinsic hardness
of MOFs by excluding the effect of the finite indentation depth.
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Based on reactive molecular
dynamics simulations, a local crystal-
line-to-amorphous phase transition
occurring in HKUST-1 crystals under
indentation is reported. By consider-
ing the effect of two-phase interface,
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