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ABSTRACT: We provide the first molecular dynamics study of the mechanical instability that is the
cause of pressure-induced amorphization of zeolitic imidazolate framework ZIF-8. By measuring the
elastic constants of ZIF-8 up to the amorphization pressure, we show that the crystal-to-amorphous tran-
sition is triggered by the mechanical instability of ZIF-8 under compression, due to shear mode soften-
ing of the material. No similar softening was observed under temperature increase, explaining the ab-
sence of temperature-induced amorphization in ZIF-8. We also demonstrate the large impact of the pres-
ence of adsorbate in the pores on the mechanical stability and compressibility of the framework, increas-
ing its shear stability. This first molecular dynamics study of ZIF mechanical properties under variations
of pressure, temperature and pore filling opens the way to a more comprehensive understanding of their

mechanical stability, structural transitions and amorphization.
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Zeolitic imidazolate frameworks (ZIF) are a subclass of metal-organic frameworks (MOF)!-23# that
feature imidazolate linkers bridging metal centers to form three-dimensional porous crystalline solids
isomorphous to zeolitic frameworks.>%7# ZIFs have recently gained considerable attention for their po-
tential applications because they inherit desirable qualities from both worlds: the tunable porosity, struc-
tural flexibility and the functionalization of the internal surface of the MOFs, as well as the thermal,
mechanical and chemical stability of the zeolites. Moreover, the similarities between the metal—-
imidazolate four-fold coordination chemistry and the corner-sharing SiO4 tetrahedra from which zeolites
are built mean that many ZIF topologies can potentially be synthesized. Indeed, over 100 different ZIF

119 as well as experimental'! investigations of the rela-

structures have been reported so far. Theoretica
tive stabilities of these structures indicate that they have a relatively low enthalpy of formation, and that
many more polymorphs should be accessible under mild synthesis conditions. The ZIF structures re-
ported in the literature so far demonstrate large gamut of attractive structural and physicochemical prop-

erties, with great potential for applications in fluid separation,!?!3!415 CO, capture,!'® sensing,!” encap-

sulation and controlled delivery.'®

Given their larger number of potential applications, issues of thermal and mechanical stability of flex-
ible MOFs in general,!®-2%-2! and ZIFs in particular,?? are of high importance. A number of recent studies
have addressed the question of ZIF stability at high temperature, showing temperature-induced amor-
phization of some ZIFs (ZIF-1, ZIF-3, ZIF-4),2® while others do not amorphize at high temperature (in-
cluding the prototypical ZIF-8).2* On the other hand, all ZIF frameworks studied so far have shown
pressure-induced amorphization at modest, industrially accessible pressure. ZIF-8° (Fig. 1) undergoes
irreversible amorphization under nonhydrostatic mechanical compression as low as 0.3 GPa,?® as well as
under ball-milling.?® The pressure-induced amorphization of ZIF-4° (Fig. 1) was also studied: Bennett et
al.?” showed that amorphization occurs at various values of hydrostatic pressure depending on the pres-

ence or absence of solvent molecules in the pores of the material, as well as the nature of the hydrostatic



medium. The evacuated ZIF-4 demonstrated amorphization at very low pressure (0.35 GPa), while the
presence of DMF molecules in its pores could shift amorphization to higher pressure and lead to the

existence of an intermediate monoclinic crystalline phase (ZIF-4-1).

Figure 1. Imidazolate linker, structure and topology of ZIF-4 and ZIF-8. Yellow spheres represent the

free volume within the frameworks.

While all the experimental studies of pressure-induced amorphization cited above have taken great
care in identifying the structure of the various amorphous ZIF phases, there is a lack of experimental
information on the nature of the crystal-to-amorphous transition, the reasons behind its occurrence and
its apparent universality under mechanical pressure. This is in good part because the amorphization
happens at such low pressure that little data is available on the stressed ZIFs. Furthermore, a recent
study by Tan et al.?> measured the shear modulus of ZIF-8, which they find to be quite low, at around
1 GPa. Tan et al. also suggested that the pressure-induced amorphization of ZIF-8 may be linked to this
low shear modulus. However, the pressure-induced amorphization is observed at pressure lower than
1 GPa, and in addition a direct link between these two properties has yet to be demonstrated. In this
work, we report the evolution of the mechanical properties of ZIF-8, as a function of both external stress
and adsorbate loading, in order to elucidate the nature of the pressure-induced crystal-to-amorphous

transition.



Figure 2 presents the evolution of the unit cell parameter and elastic constants of ZIF-8 as a function
of mechanical pressure, at 300 K, for an isotropic compression corresponding to hydrostatic experi-
mental conditions with a non-penetrating hydrostatic fluid. Both the average lattice parameters and the
elastic constants were obtained from constant-stress (V, o, T) molecular dynamics (MD) simulations by
analysis of the fluctuations of unit cell vectors?®? (the so-called strain-fluctuation method), where the

elastic stiffness tensor Cjx is obtained by:

(kB_T) Cinr = (€ij€a) — (€ M€rr) 0

v
with ¢ the unit cell strain and ¥ the unit cell volume . We described the fully flexibly ZIF-8 framework
using the force field of Zhang et al, which was calibrated to reproduce the ZIF-8 structure, bulk modulus

and sorption-induced structural transformation®® (see Supporting Information for simulation details).

Elastic constants (GPa)

1
0.4 -0.2 0 0.2 0.4
Hydrostatic pressure (GPa)

Figure 2. Unit cell parameter a and elastic constants C11, C12 and Cas of ZIF-8 as a function of hydro-

static pressure at 77 K.

First, direct observation of the MD trajectories shows that the ZIF-8 framework is stable at pressures
lower than 0.4 GPa, but unstable at higher pressure. In the range of pressures from —0.5 GPa to
0.35 GPa (where negative pressures indicate tension and positive pressures indicate compression), ZIF-8
shows linear elasticity with a bulk modulus of £ = 8 GPa, in good agreement with the values determined
experimentally (from Brillouin scattering: 7.7 GPa;**> from pressure-induced lattice variations:

6.5 GPa?). At P > 0.4 GPa, however, we observe a rapid collapse of the framework, demonstrating its



instability under pressure. The value of this critical pressure is, again, in good agreement with the exper-
imental data of Chapman et al. who observed amorphization beyond 0.34 GPa under hydrostatic condi-

tions.?’

To find the fundamental cause of this instability we look at the evolution of the elastic constants of
ZIF-8 as a function of applied pressure (Fig. 2, bottom panel). Because the ZIF-8 framework is cubic, its
mechanical properties are fully described by only 3 elastic constants: Ci1, C12 and Cas, which are respec-
tively the modulus for axial compression, dilation on compression, and shear. First, we see that the val-
ues obtained for the unstressed crystal (P = 0) using this methodology are in good agreement with the
experimental values obtained by Brillouin scattering: the agreement is very good for Ci1 and Ci2 (this
work: 11.3 and 7.6 GPa; ref. 22: 9.5 and 6.9 GPa), and reasonable for Css (2.7 GPa vs. 0.97 GPa) con-
sidering how challenging is the accurate prediction of absolute values of elastic constants. More im-
portant is the pressure-dependence of the elastic constants, where we can see that Cs44 diminishes drasti-
cally under compression of the crystal, a phenomenon known as shear-mode softening. This decrease
leads to elastic instability of the ZIF-8 framework, since the Born stability conditions for a cubic crystal
under hydrostatic pressure P can be written as:3!

Cu+2C2+P>20;Cii—C12=22P;Cua=P ()

At P = 0.4 GPa the third condition, which indicates stability under shear deformation, breaks down
and the ZIF-8 framework becomes mechanical unstable. We thus conclude that the amorphization of
ZIF-8 under pressure is triggered by elastic instability, itself due to a pressure-induced softening of the
(already relatively soft) shear deformation mode of the material. While it is the first time such a mecha-
nism is demonstrated for amorphization of a MOF, it is known to be the underlying cause of pressure-
induced phase transitions in some dense inorganic solids (e.g. the halite-CsCl-type transition of MgO, or
the stishovite-CaCl,-type transition in SiO2*?) as well as the pressure-induced amorphization of

coesite.>?



In their recent study of ZIF-4 amorphization, Bennett et al.?” have demonstrated that both the onset of
amorphization and the bulk modulus of ZIF-4 depend highly on the presence or absence of solvent mol-
ecules in its pores. In particular, they showed that the evacuated framework was much more flexible.
Moreover, it was shown in some soft porous crystals, such as the MIL-53 family, that adsorption-
induced stress can lead to structural transitions of large amplitude.’* These considerations are of critical
importance for practical applications in real conditions. We have thus investigated the elastic constants
and mechanical stability of ZIF-8 with methane adsorbed inside its pores. Methane was chosen as a ge-
neric guest molecule for this study because of its apolar nature and the absence of specific guest-ZIF
interactions, in order to better understand the generic effect of pore volume filling on mechanical prop-
erties. Table I reports the evolution of ZIF-8 elastic constants for CH4 loadings between 0 and 18 mole-
cules per unit cell (which corresponds to methane uptake at 100 bar and 300 K; see isotherm in Fig. S1).
While the effect of pore filling is modest on the Ci11 and Ci; elastic constants, it drastically increases the
shear modulus of ZIF-8, with a variation of C44 from 2.7 GPa in the evacuated material to 4.0 GPa with
18 methane molecules per unit cell. This increased resistance to shear is directly linked to the higher
density of the guest-filled material, for which a shear motion implies a larger number of repulsive

guest—guest and guest—host close contacts.

Table 1. Elastic constants of the ZIF-8 framework at 300 K for various values CH4 loading, at

300 K and 0 GPa.
CH4 / unit Cu Ci2 Cas
cell (GPa) (GPa) (GPa)
0 11.21 7.49 2.75
3 11.26 7.52 2.89
6 11.29 7.55 2.96
11 11.33 7.58 3.18

18 11.38 7.66 4.00
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Figure 3. Evolution of the stability criteria for compression (upper panel, A = C11 — Ci2 — 2P) and shear
(lower panel, 4 = Ca4 — P) of ZIF-8 as a function of hydrostatic pressure. Black: empty ZIF-8 at 77 K;

red: empty ZIF-8 at 300 K; blue: empty ZIF-8 at 500 K; orange: ZIF-8 with 18 CH4 at 300 K.

Moreover, MD simulations of ZIF-8 at this loading and under hydrostatic compression have revealed
its increased mechanical stability compared to the empty ZIF-8: the material is stable under compression
up to 0.65 GPa, while it collapses at higher pressure. The pressure dependence of the elastic constants is
shown in Fig. 3 in the form of the stability criteria for compression (4 = Ci1 — C12 — 2P) and shear (1 =
Cas4 — P), both of which must be positive for the system to be mechanically stable. Fig. 3 demonstrates
that pressure-induced amorphization in methane-loaded ZIF-8 is, like the evacuated material, triggered
by a mechanical instability due to shear softening, but that the onset of amorphization is delayed due to
the larger shear modulus of the unstressed material. We also plot on Fig. 3 the evolution of elastic con-
stants at 77 K and 500 K. No temperature-induced softening is observed: Cas is almost unchanged, while
C11 actually increases. The absence of elastic softening at higher temperature is in good agreement with
the fact that no amorphization of ZIF-8 upon heating has been reported in the literature.

Preliminary results on the elastic constants and mechanical stability of the ZIF-4 framework under hy-

drostatic pressure (Fig. S2) point to the same mechanism for its pressure-induced amorphization. A sof-

tening of the shearing modes (three of them because the ZIF-4 framework is orthorhombic) is also found



to be associated with mechanical instability under compression, though the value of transition pressure
obtained by this study does not fall in line with the experimental results and further work needs to be
done to refine the force field used for the simulation to account for the differences in coordination bonds
and angles between ZIF-8 (for which the force field was optimized) and ZIF-4. Nonetheless, the fact
that the very different ZIF-8 and ZIF-4 frameworks both undergo pressure-induced amorphization due
to shear instability hints that the phenomenon may be generic. We thus conclude that the porous ZIF
phases, though they retain zeolite-like framework topologies, do not possess the mechanical stability of
zeolites because of the weaker Zn—imidazolate coordinative bonds, compared to the strong Si—O bond.
Moreover, their very high porosity gives rise to low resistance to shear and pressure-induced shear sof-

tening, which in turn is the cause for their mechanical instability at low pressure.

Finally it should be noted that, while the molecular dynamics simulations reported in this work are
helpful to understand how the mechanical instability of ZIFs develop depending on thermodynamic
conditions, they unfortunately cannot yield direct information on the nature of the amorphous phase
obtained and do not explain why the amorphous phase is preferred to a hypothetical denser crystalline
phase. All simulations of ZIF-8 at high pressure, in which the framework collapses, lead to the occur-
rence of a denser porous crystalline phase of Zn(mim),, with reduced pore volume compared to ZIF-8.
This can be attributed to the limitations of the force field used: by its bonded nature, it does not allow
reconstructive transitions to take place in the system. DFT-based molecular dynamics simulations would
allow a direct simulation of the amorphization process, but the computational cost of such simulations

on a large-scale supercell of ZIF-8 is not within our reach.

In conclusion, we have determined the mechanism of the pressure-induced amorphization of ZIF-8 as
a pressure-induced mechanical instability due to shear mode softening. The shear modulus (Cas) of the
ZIF-8 cubic framework, which was shown by earlier work to be quite low, actually decreases under
compression of the framework. We find that temperature changes do not induce instability of the

framework, consistently with the absence of temperature-induced amorphization of ZIF-8. We show that



the presence of guest molecules in the highly porous ZIF-8 greatly increases its resistance to shear, re-
quiring a higher pressure to amorphize. In essence, we highlight how constant-stress molecular dynam-
ics can be used to investigate pressure- and temperature-induced amorphization and structural transi-

tions.
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