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Pressure-Induced Amorphization of MOF-5: A First

Principles Study
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Amorphous metal-organic frameworks (MOFs) and the amorph-
ization of crystalline MOFs under mechanical stimuli are
attracting considerable interest in last few years. However, we
still have limited knowledge on their atomic arrangement and
the physical origin of crystalline-to-amorphous phase transi-
tions under mechanical stimuli. In this study, ab initio
simulations within a generalized gradient approximation are
carried out to investigate the high-pressure behavior of MOF-5.
Similar to the previous experimental findings, a pressure-

Introduction

Crystalline metal-organic frameworks (MOFs) are built by the
organic linkers and inorganic metal/metal clusters nodes via
coordination bonds. The formed 2D or 3D network solids
have large pores without curtain-like walls® that are very useful
for gas storage,” gas separation,” catalyst,” electrochemical,”
and biomedical applications.”” Within the next few years, MOFs
are likely to become one of important engineering materials in
mentioned areas. However, a few publications that discuss the
behaviors of MOFs under mechanical stimuli are available in
the literatures.

Defining structural transitions between crystalline and
amorphous phases is one of the most fundamental problems in
Materials Science. Many crystalline porous materials, for
instance zeolites, can be amorphized under relatively low
pressures, a phenomenon so- called pressure-induced amorph-
ization (PIA).®! When impulses or external pressures are applied
to the porous materials, they can lead to several mechanical
processes, such as compaction or compression of the materials.
As a result of these mechanical processes, the pores inside the
MOFs can collapse and the crystal framework may effortlessly
transform into an amorphous structure.”

Amorphous MOFs (a-MOFs), considered as a revolutionary
idea, are formed by the linkage of metal nodes with organic
ligands as in the case of their crystal counterparts, but they do
not have a long-range order!” To date, pressure,™ ball
milling,"? heating," electrical-discharge” have been used to
produce a-MOFs from crystalline frameworks. Various applica-
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induced amorphization is observed at 2 GPa through the
simulations. The phase transformation is an irreversible first
order transition and accompanied by around 68% volume
collapse. Remarkably, the transition arises from local distortions
and, contrary to previous suggestions, does not involve any
bond breaking and formation. Additionally, a drastic band gap
closure is perceived for the amorphous state. This study has
gone some way towards enhancing our understanding of
pressure-induced amorphization in MOFs.

tions - such as drug delivery,"” storage of nuclear waste®'® -

which are based on collapsing of porous host MOF structures
around guest species have been proposed for a-MOFs. Addi-
tionally, the pressure-induced bond breakage can offer a
promising application of MOFs as a mechanical energy
absorber for shock compressions."” However, there has been
little discussion on the atomic-scale mechanism of amorphiza-
tion in MOFs to date.

Amongst numerous MOFs, MOF-5, first synthesized by
Yaghi and co-workers,"® is one of the most well-known
materials. It has Zn,O clusters coordinated by benzene-1,4,-
dicarboxylic acid (BDC) linkers to form a cubic 3D framework "
Up to now, considerable efforts have been devoted to
investigate its gas storage properties both experimentally and
theoretically due to its high specific surface area, 4700 m? /g.?”
In recent years there have been growing theoretical interests to
probe its electronic,?" optical,’*® mechanical® and spectrosco-
pic®2d properties. Furthermore, there have been few new
studies that discuss the potential usage of MOF-5 as quantum
dots,*” photocatalyts,”” semiconductor materials,”® supercapa-
citor components,”” and fuel cell electrodes.”® To the best of
our knowledge, there are two reports, showing the mechanical
amorphization of MOF-5, in the literature. In the first study, Hu
et al. experimentally revealed a pressure-induced amorphiza-
tion in a polycrystalline MOF-5 sample at room temperature
and 3.5 MPa. They pointed out that the destruction of
carboxylate groups could be a main reason behind the
amorphization."? In the second one, Moggach et al.*” showed
the complete amorphization of a single crystal MOF-5 sample
above 3.2 GPa in a diamond anvil cell (DAC) experiment using
diethyl formamide (DEF) as a pressure transmitting medium.
The authors underlined that the amorphization of framework
might be related to Zn—O bonds.*?

In this report, inspired by both previous works, we
investigated the PIA in MOF-5 by using a constant pressure ab
initio technique to have an atomistic level description of this
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phase transition. During the simulations, the crystalline MOF-5
phase was subjected to a gradually increased hydrostatic
pressure, and the collapsing of the pores was observed at
2 GPa, which resulted in an irreversible first-order phase
transition in the framework. Further, we performed the Bader
charge analysis to explore the charge transfers among atoms
during this transition and investigated the electronic structure
of both crystalline and amorphous states. Our calculations
show that amorphization is due to the local structural
distortions without any breaking bonds in the framework, and
a charge transfer occurs between Zr—O and C—H. We believe
that this study has gone some way towards enhancing our
understanding of crystalline-to-amorphous phase transitions in
MOFs.

Results and Discussion

The porous framework structure of MOF-5 formed by linking
Zn,0 nodes with BDC ligands has a cubic Fm3 m symmetry (no.
225) with the lattice parameter of a,=25.866 A. Prior to the
application of pressure, experimentally obtained X-ray diffrac-
tion structure™ was optimized via a CG method with 0.01 eV/A
force tolerance at zero pressure. The equilibrium lattice
parameter and structural data obtained are in good agreement
with the experimentally elucidated structure of MOF-5 as seen
from Table 1. Yet, a small difference between the experimental

Table 1. Optimized structural parameters for MOF-5

Property PBE-GGA Exp." PBE-GGA®?" LDA®d
Crystal System  Cubic Cubic Cubic Cubic
Space Group Fm3m Fm3m Fm3m Fm3m
ag (A) 26.236 25.885 26.044 25.888
Vo (As) 18060 17344 17665 17350
p (g/cm?) 0.57 0.59 - 0.589
Atom Type Atomic Positions (x,y,z) Atomic Positions (x,y,z)"
Zn, (32f) (0.2937, 0.2937, 0.2937) (0.2935, 0.2935, 0.2935)
0, (8¢ (0.2500, 0.2500, 0.2500) (0.2500, 0.2500, 0.2500)
0, (96 k) (0.2187,0.7810, 0.3668) (0.2194, 0.7806, 0.3661)
C, (489) (0.2500, 0.8853, 0.2500) (0.2500, 0.8885, 0.2500)
C, (489) (0.2500, 0.9467, 0.2500) (0.2500, 0.9461, 0.2500)
C; (96 k) (0.7170, 0.2826, 0.4734) (0.7175, 0.2825, 0.4734)
H; (96 k) (0.6916, 0.3085, 0.4528) (0.6956, 0.3044, 0.4552)

and calculated lattice parameter originates from the fact that
the GGA-PBE approach generally overestimates the lattice
parameters.>”

After the relaxation process, the gradually increased hydro-
static pressure was applied to the equilibrated structure and
the change in the volume and structure was monitored. The
Figure 1 presents the pressure dependence of conventional cell
volume and the evolution of a subunit consisting of BDC and
Zn linkage nodes. A sharp decrease in the volume (68%)
indicates a first-order phase transition at 2 GPa. Beyond this
pressure, there is an insignificant change in the volume. Upon
decompression from 4 GPa, the structure only recovers a small
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Figure 1. Pressure dependence of conventional cell volume.

percentage (~6%) of its original volume, indicating the
irreversible nature of this transition.

In order to identify the structure at this pressure and
compare it with the MOF-5 crystal at ambient pressure, we first
probe their total and partial pair distribution functions (PDFs),
which can provide detailed information on their short-range
order (SRO). Total and partial PDFs for both structures are given
Figure 2. The results disclose quite different PDFs for them as
expected, specifically beyond 4 A. The PDFs of MOF-5 show
long-range correlations (have a pattern with discontinuous and
sharp peaks along the given range) though PDFs of the
structure at 2 GPa contain relatively less intense peaks up to
4A and 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 observation suggests the occur-
rence of a pressure-induced amorphization at this pressure in
the simulation.

Our coordination number analysis using the first minimum
of the PDFs suggests that the coordination number of each
species does not change during the phase transformation. This
finding does not corroborate the experimental findings and
suggestions. Obviously, the local structural distortions, espe-
cially in the vicinity of Zn,0 nodes, diminish the long-range
order, namely its crystallinity (Figure 3).2>'% Qur structural
analysis shows that a new reconstruction mechanism without
any bond breaking in the framework is possible due to the free
rotation ability of the C—C single bonds on the both sides of
the ligands.

The determined bond lengths from the chosen subunit
depicted in Figure 4 for MOF-5 and amorphous MOF-5 along
with the experimental values are listed in Table 2. According to
the results obtained, the bond lengths slightly change during
the phase transition. For example, for the crystalline MOF-5 at
zero pressure, the C;-0,, 0,-Zn, O,-Zn bond lengths are 1.284,
1.988, and 1.988 A, respectively. For the amorphous form at
2 GPa, the C;-0,;, O;-Zn, O,-Zn bond lengths alter to 1.279,
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Figure 2. (a) Total and (b) partial pair-distribution functions (PDFs) for the crystalline MOF-5 phase and its amorphized form at 2 GPa.

2.008 and 1.967 A, correspondingly. Furthermore, in order to
investigate the structural deformation in details, we plot the
bond angle distribution functions of both structures. From the
histograms as shown in Figure 5, we can see that the pressure
causes significant alterations on the bond angles. For instance,
the O—Zn-O angles are at 106° and 110° for MOF-5 and range
from 89° to 140° for the amorphous state. Similarly, while Zn-
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O—Zn angle is located at 131° for the crystalline structure, it
ranges from 85° to 130° in the amorphous form.

The calculated total electronic density of states (TDOS) and
partial density of states (PDOS) at different pressures are shown
in Figure 6. The estimated GGA band gap value for MOF-5 is
2.5 eV, indicating that this structure has a semiconducting
property. As might have been expected, this value is much
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Figure 4. Extracted subunit from the conventional cell of MOF-5. Zinc,
oxygen, carbon, and hydrogen are presented in grey, red, brown and white,
respectively.

Table 2. Calculated bond lengths for optimized structure and a-MOF-5

Bond MOF-5 (GGA-PBE) (A) «-MOF-5 (2 GPa) (A) Exp. MOF-5 (A)"”!
C-C, 1412 1.407 1.383

C,C; 1498 1.486 1.500

C;-0, 1.284 1.279 1.262

0,-Zn 1.988 2.008 1.940

0,Zn 1988 1.967 1.938

CH 110 1.10 0.97

lower than experimentally obtained band gap energy of 3.4-
4.0 eV for MOF-5%" since DFT-GGA methods generally yield a
lower band gap due to the ground-state formalism of DFT.®?
The overall electronic properties of MOF-5 are governed by
both inorganic Zn,0 nodes and organic BDC linker. In this
context, the metallic Zn,0 nodes give the structure a wide
band gap property.?™ The delocalized electrons in the BDC
may seem to improve the conductivity of the structure because
the conduction is interrupted at insulating Zn,0 nodes.”
PDOSs provide further perspective how both components
contribute the formation of valance and conduction bands. It is
apparent from Figure 6 that the bottom of the conduction
band is determined by the unoccupied s and p states of the
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C,0O and Zn atoms, while the top of the valance band is
predominantly formed by the hybridization of the 2p-states of
C and O with Zn-3d states.

Also as can be clearly seen from the graph, for the structure
at 1 GPa, no significant difference was found in the electronic
structures. This might be predictable because there is no
notable structural change in the framework at this pressure
and its crystallinity is preserved. On the other hand, accom-
panied by the phase transformation, interesting and remark-
able changes are observed in the electronic structure. The band
gap drops to 1.5 eV at 2 GPa.

The Bader charge analysis is an unbiased method to
determine changes in atomic charges and volumes. In this
technique, a complex chemical system -such as a molecule-
can be partitioned into single atomic (Bader) volumes. Each
Bader volume has a single charge density maximum. Also,
these volumes are separated from each other by surfaces
where the charge density is a minimum normal to the surface.
Thus, there is only one Bader volume for each atom and one
charge density maximum at each atomic center. So, the Bader
charge analysis is a well-defined, precise and useful method,
and also more robust than wavefunction-based population
analysis (for example, Mulliken population analysis).®® Further-
more, the Bader charge analysis can be used for the
investigation of phase-transitions.*” Here, the Bader charge
analysis was employed in order to explore roles of atomic
charges and volumes in the crystalline-to-amorphous phase
transition in MOF-5. The results are summarized in Figure 7a -
7b. Both the Bader charge and volume plots are parallel to the
pressure-volume curve of MOF-5. At ambient pressure, due to
large electronegativity difference between Zn (y=1.65) - O
(x=3.44) and C (y=2.55) - O (x=3.44) atom pairs, each O, and
O, atoms gain ~1.08 and ~1.25e from each C; and Zn atoms,
respectively. The calculated the Bader volume for O, atom
(113 A% and 0, atom (102 A% are about much higher than C,
atom (42 A% and Zn atom (81 A%, and this also confirms the
charge transfers between referred atoms. During the phase
transition at 1-2 GPa, a significant charge transfer was observed
between Zn-0,, O0,-C; and terminal H atoms. At this pressure
range, the Bader charge results show that about 0.13e moved
from Zn and O, atoms to C; and H* atoms. Beyond the phase
transition range, at 2-4 GPa, there is no significant charge
transfer between the constituents’ atoms. Moreover, the Bader
analysis of individual atoms in the simulated cell shows that in
the crystalline phase the Bader charges and volumes differ-
ences for the same atoms are very small, while in the
amorphous phase there are significant fluctuations in charges
and volumes. (Figure S1-S14) This is probably due the lack of a
long-range order but almost the same short-range order
around the same kind atoms.

In general, the analysis of the coordination number, bond
lengths, and angles expose that the crystalline-to-amorphous
phase transition is a result of local distortions i.e. bond bending
in the framework and does not involve any new bond
formation or breaking. It would appear that the structural
changes mainly act on the Zn,O nodes and coordination sites.
These findings are in contradiction with Hu etal’s report,
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Figure 5. Bond angles distributions for the crystalline MOF-5 and a-MOF-5 phases.
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Figure 6. Calculated total density of states (TDOS) and partial density of states (PDOS) for MOF-5, the structure at 1 GPa and a-MOF-5.

where they claimed that pressure-induced amorphization  than what we found in the simulation (2 GPa). The difference
occurs via the destroying some carboxylate groups. Addition-  between the simulation conditions and experimental condi-
ally, their amorphization pressure (3.5 MPa) is significantly lower  tions is probably responsible for this inconsistency. In our study,
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there are no factors, such as surface effects due to the use of
periodic boundary conditions and structural defects that can
significantly influence phase transitions in the simulated frame-
work. On the other hand, Hu et al" reported the amorphiza-
tion of a polycrystalline pellet MOF-5 sample, including crystal-
crystal interaction, surface and boundary defects, and uniaxial
nature of applied pressure. In a different work, Moggach et al.
testified the complete amorphization of a single crystal MOF-5
sample at 3.2 GPa in a DAC experiment in which the diethyl
formamide (DEF) was used as a pressure-transmitting medium
(PTM). They pointed out that the squeezing of PTM molecules
into pores leads to delaying the onset of amorphization of
framework. This feature could well be responsible for the
difference in amorphization pressures between the simulation
and experiment. Moggach et al.” also highlighted that the
amorphization of MOF-5 was governed by change in Zn—O
bonds. According to our bond length calculations, both Zn—01
bonds (to the carboxyl oxygen atom) and Zn—02 bonds (to the
p-oxygen atom) moderately change during the phase tran-
sition. The Bader charge analysis further shows the charge
transfers between Zn, O and C (to the carboxyl carbon atom)
atoms, and provides insight about the alterations in these
bond lengths through the crystalline-to-amorphous phase
transition. Importantly, the amorphization of framework leads
to a drastic narrowing in band gap energy. Therefore, pressur-
izing or pressure-induced amorphization can be used in band-
gap engineering of MOFs.

In the literature, pressure-induced transitions (PIT) of MOFs
are commonly referred as adsorption-induced transitions (AlPs).
Although AIPs are very useful to describe the transitions in gas
adsorption applications, it is insufficient to directly determine
the mechanical behavior of frameworks. Namely, once the
pores of the MOF are filled with adsorbate molecules, the
framework turns into more resilient structure, which is consid-
erably different than porous structure. Furthermore, the
adsorbent-adsorbate interactions may affect the phase tran-
sition characteristics. Similarly, the DAC experiments in the
existence of the PTM are also inadequate to directly determine
the mechanical properties of MOFs due to the strong frame-
work-PTM interactions. The insitu TEM compression test
proposed by Suslick® seems to be a reliable approach to
determining the mechanical properties and amorphization
pressure of single crystal MOFs. However, due to the require-
ment of equipment infrastructures, it is unlikely that these
experiments are widely available for now. On the other hand,
ab initio simulations allow the modeling of framework under
desired pressure (isotropic, uniaxial, etc) and taking into
account quantum mechanical phenomena (charge transfer,
bonding, etc.), as well as it is easily accessible and provides
reproducible simulations.

Conclusion

In conclusion, this study represents an investigation of
pressure-induced amorphization in MOF-5 by using an ab initio
technique. We have successfully observed an irreversible
crystal-to-amorphous phase transition at 2 GPa and propose
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that the origin of phase transition is due to the local distortions
through the framework, and does not involve any bond
breaking and/or formation. Furthermore, the results show that
the electronic properties of the crystalline MOF-5 phase are
considerably different than the amorphous phase. We believe
that that our results may improve the knowledge about
pressure-induced amorphization in MOFs.

Supporting Information Summary

Supporting information includes the calculation details, the
Bader charges and volumes of individual atoms at all pressures,
Figures S1-S14, and Table S1-S2 and also atomic coordinates for
simulated systems.

The Bader charge analysis in SIESTA code, an artificial core
of 1 electron is initially added for hydrogen. Therefore, at the
end of analysis, we subtracted the added artificial core electron
from calculated the Bader charge of hydrogen atom.

X =Electronegativity
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