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Abstract

While amorphous metal–organic frameworks (a-MOFs) form an emerging class of

materials of growing interest, their structural characterization remains experimentally

and computationally challenging. Out of the many molecular simulation methods that

exist to model these disordered materials, one strategy consists in simulating the phase

transition from a crystalline MOF to the amorphous state using molecular dynamics.

ReaxFF reactive force fields have been proposed for this purpose in several studies to

generate models of zeolitic imidazolate frameworks (ZIFs) glasses by melt-quenching.

In this work, we investigate in detail the accuracy and reliability of this approach by

reproducing the published procedures and comparing the structure of the resulting

glasses to other data, including ab initio modeling. We find that the in silico melt-

quench procedure is extremely sensitive to the choice of methodology and parameters,

and suggest adaptations to improve the scheme. We also show that the glass models

generated with ReaxFF are markedly different from their ab initio counterparts, as

well as known experimental characteristics, and feature an unphysical description of

the local coordination environment, which in term affects the medium-range and bulk

properties.

Introduction

Metal–organic frameworks (MOFs) are hybrid materials composed of inorganic nodes (clus-

ters or metal ions) bridged by organic linkers to form three-dimensional architectures, often

porous. They have been the subject of an intensive research effort for over 20 years and, tak-

ing advantage of their porosity and structural and chemical tunability, have been proposed

for applications in various industrial-scale processes, such as gas storage and separation or
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catalysis.1 The majority of studies in the literature are focused on perfectly ordered, crys-

talline MOFs. However, inherent defects, structural disorder and large-scale flexibility are

commonly found throughout this family of materials and constitute active research areas.2

In particular, a growing number of non-crystalline MOFs have been reported, ranging from

MOF liquids to MOF gels and including a large variety of glassy states and amorphous solids

produced by different physical or chemical routes.3 While retaining intrinsic advantages of

crystals and powders, these states possess distinct physical and chemical properties (isotropy,

high transparency, mechanical robustness, etc.) and allow for a greater ease of processing,

making them suitable for various industrial applications, ranging from gas separation to

water treatment and including reversible long-term harmful substance storage.4,5

However, the determination of the framework structure of these amorphous MOFs at

the microscopic scale is experimentally difficult, with diffraction experiments only provid-

ing indirect structural information. In order to work around or alleviate this challenge, an

array of computational methods coexist to model these disordered materials, with different

scopes, scales and computational costs.6 One possible strategy consists in simulating the

phase transition from a crystalline MOF to the amorphous state using molecular dynamics

(MD) to mimick in silico the experimental formation routes. In prior work in our group, ab

initio molecular dynamics have successfully been used to model the melting of crystalline

MOFs into liquids,7–9 and generate configurations of melt-quenched glasses.10 However, this

approach has a very significant computational cost which limits its use to small systems

and short time scales. Classical MD simulations, routinely used for crystalline MOFs, do

not readily provide a computationally efficient alternative as they are unable to simulate

bond breaking or reformation, two processes inherent to the formation of most amorphous

MOFs.11

Reactive force fields have been proposed as a trade-off between chemical accuracy and

computation cost. These empirical force fields possess connection-dependent terms that en-

able the simulation of bond breaking and reformation.12 Starting with the work of Yang et
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al.,13 several studies relied on reactive force fields to generate models of zeolitic imidazolate

frameworks (ZIFs) glasses by melt-quenching, and computed various mechanical14,15 and

thermal16 properties, accessible with the larger spatial and time scales this approach can

reach. However, we note that in the existing literature, the generated models have not been

subjected to direct and in-depth comparison with those obtained by alternative approaches.6

In this work, we probe the accuracy and reliability of modeling the formation and struc-

ture of amorphous ZIFs using the ReaxFF reactive force field. We first reproduce the melt-

quenching procedure used in prior works,13 highlighting several difficulties and suggesting

adaptations to the scheme. We then detail the structure of the resulting glasses, and compare

it to ab initio data,10 contrasting their properties and commenting on some peculiarities of

the glasses obtained with reactive force fields. Our system throughout this study will be

ZIF-4, which is built up from Zn2+ metal nodes and imidazolate (Im) organic linkers. As

illustrated on Figure 1, its building units are organized in the crystalline state as Zn(Im)4

tetrahedra linked by Zn–N coordinative bonds. The first discovered amorphous MOF,17 it has

since been the subject of numerous studies, both experimental and numerical, thus providing

a prototypical amorphous ZIF system.

Figure 1: Representation of the assembly of ZIF-4 as a three-dimensional network of Zn(Im)4
tetrahedra. Reprinted with permission from Ref. 6. Copyright 2022 American Chemical
Society.
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Computational methods

Reactive force field and molecular dynamics parametrization

We employed the reactive force field for ZIF materials introduced by Yang et al.13 Consisting

in a parametrization of ReaxFF,12 a flavor of reactive force fields, it has since then been

used in several computational studies of ZIF glasses. Initially developed for the study of

Zn–imidazolate complexes in aqueous solution at room temperature, and validated with ab

initio data for these systems,18 this reactive force field was then transferred and used to

generate amorphous ZIFs.

All simulations were performed using LAMMPS.19,20 A timestep of 0.25 fs was used in the

MD runs and, the temperature (and pressure when applicable) were controlled using a Nosé–

Hoover thermostat (and barostat). Unless otherwise specified, temperature and pressure

damping parameters are fixed at 100 fs and 1000 fs respectively. At every stage, several values

were tested to check the relevance of this range. By default, constant-pressure (N,P, T )

simulations are performed using an isotropic cell, using the LAMMPS keyword iso. To

reduce finite size effects, a (2×2×2) supercell of ZIF-4 with 2176 atoms was simulated, with

periodic boundary conditions as in Yang et al.13 We checked that it does not significantly

affect the properties of the generated glasses (see Figure S1).

Representative input files for the MD simulations are available online in our data repos-

itory at https://github.com/fxcoudert/citable-data

Trajectory analysis

Unless explicitly stated in the legend, properties were averaged over an (N, V, T ) trajectory

of 1 ns for ReaxFF systems and 60 ps for ab initio. For ReaxFF simulations, frames are

taken every 125 fs for the radial distribution function (RDF), bond angle distribution and

coordination number, every 250 fs for the mean square displacement (MSD), every 10 ps for

ring statistics and every 25 ps for pore statistics. For ab initio, those intervals are respectively
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of 0.5 fs, 5 fs, 0.5 ps and 0.5 ps.

Potential of mean force

The potential of mean force (PMF)21 is computed from partial radial distribution functions

g(r) through the relation F (r) = −kBT (ln g(r)− ln gmax), where gmax is the maximum of

g(r) over r which is used to arbitrary enforce F (r) = 0 for the lowest free-energy minimum.7

The angular PMF is computed from the angle distribution P (θ) through the analog relation

Fang(θ) = −kBT (lnP (θ)− lnPmax).
22 The PMF curves can highlight areas of the coordinate

space where the RDF and bond angle distributions have very small, but nonzero, values.

Coordination number and angle distribution

Zn–N coordination numbers and N–Zn–N angle distributions are computed by taking a cut-

off radius of 2.5 Å, a value determined based on the Zn–N potential of mean force, and

validated in previous ab initio studies.7,8,10 We checked that the outcome of the calculations

for ReaxFF systems is not strongly dependent on the exact value chosen, in the 2.5−2.7 Å

range.

Lindemann ratio

The Lindemann ratio ∆ is computed from partial radial distribution functions g(r), following

the same procedure as previous ab initio studies:7,8,10

∆ =
FWHM

d0

where FWHM is the full-width at half-maximum of the first peak in g(r) (estimated by a

Gaussian fit) and d0 corresponds to the mean interatomic distance (calculated as the distance

r corresponding to the maximum of the first peak of g(r)).
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Pore statistics

The total pore volume was computed on individual frames using Zeo++,23–25 as the sum of

accessible and non-accessible volumes. We used a helium probe of radius 1.2 Å and the high

accuracy (-ha) option.

Identification of building units

The identification of building units – metal nodes (Zn) and organic ligands (imidazolate,

denoted Im) – in a glass is more challenging than for crystals, especially at high temperature,

due to larger fluctuations in the bond angles and lengths, as well as the presence of defects

in the coordination. We developed aMOF, a Python library, to reduce the atomic structure

into a structure made of Zn and Im. It is detailed in the Supporting Information and the

code is available online on https://github.com/coudertlab/amof, where the version used

for this work corresponds to the tag jphyschem.

Rings statistics

Ring statistics were computed using the R.I.N.G.S. code26 on the Zn–Im periodic graph

obtained after identification of the building units. The vertices of this graph are the Zn

atoms and imidazolate (Im) linkers, and its edges the Zn–Im bonds.

The definition of rings used in this work corresponds to the definition of “primitive

rings”, first introduced by Marians27 and used in the R.I.N.G.S. code.26 Several names

referring to the same mathematical object can be found in the literature, and this definition

is equivalent to that of “shortest path ring” by Franzblau,28 of “minimal ring” by Guttman,29

of “irreducible ring” by Wooten30 and of “rings” by Goetzke and Klein.31

A path between vertices y and z of length k is a chain of k edges joining y to z, in which

at most two edges share any vertex. A cycle is a closed path, i.e. which returns to its starting

point. A ring is a cycle of a graph which contains a shortest path for each pair of vertices.

A detailed outline of this terminology can be found in Franzblau28 or in any of the other
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references above.

We used a maximum search depth of 32, safely above the largest rings of the ZIF-4 crystal

(16), and we checked that for the studied ZIF-4 glasses the choice of the maximum search

depth did not significantly affect the analysis and conclusions drawn.

Results & Discussion

Producing glass models with in silico melt-quenching

In order to generate atomistic models of ZIF glasses, we have decided to follow the melt-

quenching route, reproducing with molecular dynamics simulations the increase in temper-

ature to produce a liquid ZIF,7 followed by a quench back to room temperature to produce

a glass. This general procedure, mimicking the experimental reality (albeit at length and

time scales that are much shorter), has long been used to model the structure of multiple

glass-forming materials such as chalcogenide compounds or silicates.32–34 It has previously

been used in simulations of ZIFs, both with a reactive force field13 and with ab initio MD.10

In this work, we followed the same general melt-quenching procedure with small adapta-

tions. Using the ReaxFF force field, an initial crystalline structure was prepared and heated

up to 300K, allowing us to measure the properties of the ZIF in its crystalline phase. Then,

the system was melted by heating it up to a maximal temperature (well above the melting

point). The produced liquid was then quenched to room temperature, transitioning into the

glass state. Finally, the system was equilibrated, and its structural and dynamic proper-

ties were calculated. Both the melt-quenching and the equilibration were performed in the

constant-pressure (N,P, T ) ensemble to be able to capture changes in density during the

formation. The four steps of this procedure are represented on Figure 2.
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Figure 2: Temperature as a function of time during the glass formation procedure with
ReaxFF, consisting of preparation (orange), melting (red), quenching (green) and equilibra-
tion (blue). Plateaux are present to collect statistics during melt-quenching. For clarity, only
the start of the equilibration is shown, and a moving average over 250 fs is used. An enlarged
plot of the preparation is presented on Figure S2.

Preparation of the crystal

While it may seem trivial to equilibrate the crystal structure at room temperature, we want

to detail this here because we have found that it is a crucial step. This is true in particular

when we want to simulate with ReaxFF structures that originate from different levels of

theory or come from experiments, therefore with different structural characteristics — for

which features of the original model should be retained. We do this by imposing constraints

on the energy, temperature and volume of the system, and successively releasing them.

After an initial energy minimization, the system is relaxed at a very low temperature,

using a constant–volume (N, V, T ) ensemble at 20K for 5 ps with a temperature damping

parameter of 10 fs (necessary to avoid having too large forces and a high temperature in the

initial dynamics, as can be seen otherwise by checking the thermodynamic properties of this

initial low-temperature relaxation).

The system then needs to be brought to 300K, staying in the (N, V, T ) ensemble to de-

couple temperature and pressure equilibration. We tried various heating rates from 2.5K/ps

to 116K/ps, the value chosen in Yang et al.13 We found that rates above 10K/ps lead to
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the breaking of Zn–N bonds, with a coordination number dropping from the expected value

of 4. This undesirable and unphysical decoordination has consequences on the final struc-

tural properties of the obtained crystals, illustrated with the potentials of mean force (PMF)

shown in Figure S3. Due to the reactive nature of this force field, it is advised to carefully

check that no bond breaking happens in the crystalline state.7 We therefore chose a safe

value of 5K/ps for the heating rate of the preparation.

Finally, once 300K is reached, we switched to the constant-pressure (N,P, T ) ensemble

at P = 0Pa, with a pressure damping parameter of 1000 fs and using an isotropic cell. After

a short equilibration period of 30 ps, we found that this constant-pressure simulation led to

an increase in density from 1.21 to 1.3. We checked that using a longer equilibration period

of 500 ps does not change the properties of the resulting glass. We tried using a flexible cell

(LAMMPS keyword tri) and found that it led to a dramatic increase in density (up to 1.6),

shown in Figure S4. The goal being the system stabilization, it led us to keep the isotropic

constraint on the cell shape. This tendency to densify will be discussed in the final section .

Several pressure damping parameters in the range of 250 to 4000 fs were tested, leading to

no significant change in the final density.

Melt-quenching

The equilibrated ZIF-4 crystal is then heated up above its melting temperature before being

cooled down, with constant heating and cooling rates. While these rates are necessarily

several orders of magnitude higher than in any achievable experiment, due to the small time

scales tractable by MD simulations,34 they should be low enough to simulate a quasistatic

process. Yang et al. opted for 96K/ps13 and the subsequent ReaxFF works used the lower

value of 24K/ps.14–16 A cooling rate of 50K/ps was chosen for the ab initio work to ensure

the tractability of the simulation but was then seen as a limitation of the work.10 Using the

computational effectiveness of reactive force fields, we opted here for heating and cooling

rates of 2.5K/ps.
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To monitor structural properties as a function of temperature during melt-quenching,

such as the radial distribution function (RDF) plotted on Figure S5, we opted for subsequent

steps of temperature ramp up of 100K at 5K/ps and plateaux of 20 ps. Shown on Figure 2,

this succession of steps is equivalent to effective heating and cooling rates of 2.5K/ps. We

checked that the presence or absence of plateaux (with the same effective rate) has no

influence on the final glasses properties, as expected for a quasistatic simulation. We also

checked, and demonstrate on Figure S6, that in the 1.25− 5K/ps range, the precise value

does not significantly change the outcome of the simulation. We note here again that melt-

quenching simulations were performed in the (N,P, T ) ensemble with an isotropic cell, as the

use of a flexible cell led to an undesirable fast density increase in the first tens of picoseconds,

which affects the final properties of the melt-quenched glass.

Choice of the melting temperature

The choice of the maximal temperature, necessarily above the melting temperature, is a

trade-off between the need to gather statistics on relatively rare events during the relatively

short times explored in MD,7 and the necessity to preserve the physical consistency of the

model. A value of 1500K was chosen for both the previous ab initio 10 and ReaxFF13–16

works. While ab initio MD simulations of the liquid ZIF have been performed up to 2000K

while preserving the integrity of the imidazolate linkers,7 no published work investigated the

temperature stability of ReaxFF simulations of the ZIF liquid.

During melting with a 2.5K/ps heating rate, we report that when the maximal temper-

ature exceeds 1300K for more than a few tens of ps, the system vaporizes (as shown on Fig-

ure S7). This effect is kinetically hidden when using the faster heating rates of 24 − 96K/ps

that do not provide sufficient time for the system to equilibrate, explaining why it was not

observed in the previous ReaxFF works.13–16 It suggests a tendency of this reactive force

field to be overly favorable to zinc–imidazolate bond breaking events, which is exacerbated

at such high temperatures.
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Table 1: Coordination numbers for nitrogen atoms around the zinc cation of ZIF-
4 glasses for different maximal temperatures, compared to previous ReaxFF13

and ab initio 10 works.

This work Yang et al.13 ab initio 10

Maximal temperature 1100K 1300K 1500K 1500K

Zn–N average coordination 3.85 3.59 3.56 3.93

Additionally, we observe that when the system temperature is above 1100K for a suf-

ficiently long time, a number of imidazolates are no longer properly treated, for example

with an opening of the imidazolate ring as reported on Figure S8. This unphysical treatment

of the organic linkers, which should be stable at the melting temperature,7 is more visible

for lower heating/cooling rates as they lengthen the time spent at high temperatures and

increase the proportion of open rings. It could nonetheless be observed when we reproduced

the high melting rate of 96K/ps and maximal temperature of 1500K of Yang et al.13

Changing the maximal temperature to 1100K to avoid these undesired effects has signif-

icant implications for the computed structural properties. As shown on Table 1, the decoor-

dination of the Zn atoms compared to the crystal is now in better agreement with ab initio

data10 than in previous ReaxFF works. Similarly, the Zn–N potential of mean force (PMF)

shown on Figure 3, indicates a higher free-energy barrier to bond breaking, closer to the ab

initio structure (see next section ). This suggests that these imidazolate breaking events are

frequent enough to statistically change the structural properties, and thus we recommend

verifying that they do not appear during melt-quenching.

Having opted for a lower maximal temperature of 1100K, it is crucial to check that this

value is still high enough for the crystal to melt. This is first evidenced by computing the

mean square displacement (MSD) over time, shown in Figure 4a for Zn. At temperatures

above 1000K, we identify a diffusive behavior for the system, as expected for a liquid. In

addition, similarly to previous ab initio works,7,8 we computed the generalized Lindemann

ratio35 from the width of the first peak in the Zn–N partial RDF. A solid is usually considered
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Figure 3: Potential of Mean Force (PMF) for Zn–N of melt-quenched ReaxFF glass produced
with two different maximal temperatures.

to be melting when the value of this ratio, which quantifies the liquid nature of the system, is

between 10 and 15%. Although less precise than the MSD, this estimate, shown on Figure 4b,

provides further evidence that the system is in a liquid state at 1100K.

Equilibration

Finally, after the melt-quenching procedure, the glass model obtained was then equilibrated

for 20 ps in the same (N,P, T ) ensemble as during melt-quenching, the duration of one

constant temperature plateau. The simulation was then further run for production during

1 ns in the (N, V, T ) ensemble to gather statistics of structural and dynamical properties of

the glass. We checked that up to 10 ns of further equilibration in the (N,P, T ) ensemble,

even with a flexible cell, does not perceptibly change the measured properties of the glass.

Properties of the glass models

In order to quantitatively evaluate the validity of the ReaxFF melt-quenched glass model, we

have compared its structural characteristics with that of glass models generated at a higher

level of theory, namely the ab initio models of the work by Gaillac et al.,10 obtained with

density functional theory (DFT)-based molecular dynamics. Such ab initio simulations allow
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for a full description of the electronic state of the system at the quantum chemical level, and

still represent the most reliable atomistic description of ZIF-4 glasses published to date in

the literature.6

Due to the significant computational cost of ab initio MD, a faster melt-quenching proce-

dure was used: only the quenching from a 1500K liquid was simulated, with a faster cooling

rate (50K/ps), on a smaller system (unit cell) and with a shorter equilibration (∼ 100 ps). To

limit the impact of finite size effects, 10 quenched glasses were generated and their properties

averaged. Due to the difficulty of performing (N,P, T ) ab initio simulations of such flexible

frameworks,36 all ab initio simulations were performed in the (N, V, T ) ensemble. Although
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the influence of the density on the crystal and liquid properties was evaluated in a previous

work,7 the inability to capture changes in density remains an important limitation of this

ab initio methodology.6 The ab initio simulation of a crystal at 300K reported here comes

from the same work.7,10

Local order: interatomic distances and bond angles

We first investigated the difference in local order between ReaxFF and ab initio glasses by

examining the metal–ligand bonds (Zn–N), central to the Zn(Im)4 tetrahedral structure rep-

resented on Figure 1. For the two models, we plot and compare the partial radial distribution

functions (RDF) g(r) for the Zn–N atom pairs on Figure 5 and for Zn–Zn pairs on Figure S9.

As outlined in Table 2, we find a shift in Zn–N atomic distances of 0.2 Å between ReaxFF

and both the ab initio and experimental values. To contrast the differences of the partial

RDF in the region between the first two peaks, we also present it in the form of a potential

of mean force (PMF). From the resultant free energy profiles, we observe similar values for

the free energy barriers (≃ 23 kJ/mol), although with different shapes. The wider well and

narrower barrier for the ReaxFF glass suggest a tendency of ReaxFF to allow Zn–N bonds

to break more easily.

Table 2: Interatomic distances (Zn–N and Zn–Zn) of the ReaxFF ZIF-4 glass
compared to ab initio and experimental values. Experimental data is obtained
from X-ray diffraction (XRD) studies37 and NMR (Nuclear magnetic reso-
nance)38 for the crystal, and from a Reverse Monte Carlo (RMC) refinement
of Neutron and X-ray scattering data of a melt–quenched glass.7

Zn–N (Å) Zn–Zn (Å)
ReaxFF glass 2.21 6.35
AIMD glass 2.00 5.97
AIMD crystal 2.00 5.97

Experimental crystal 1.97 (XRD37), 1.98 (NMR38) 5.87 (XRD37)
Experimental glass 1.99 (RMC7) 5.95 (RMC7)

Yet, the most stringent distinctive feature of the ReaxFF glass compared to its ab initio

counterpart lies in the N–Zn–N bond angle distribution P (θ), shown on Figure 6. From the
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Zn(Im)4 tetrahedral structure, we expect a unimodal distribution around 109◦ for the crystal.

Experimentally measured by NMR,38 this feature is well reproduced for the ab initio crystal.

Due to the undercoordination of a small fraction of the Zn2+ nodes in the glasses, a small

deviation is expected, and observed for the ab initio glass, with a wider distribution and

tail at higher angle values. However, the ReaxFF glass distribution is very different, with a

broad distribution of angles on the 70−170◦ spectrum. This distribution is unphysical, and

does not reproduce the known tetrahedral chemistry of the system, suggesting ill-adjusted

angle constraints in the force field. The angular PMF shown on Figure 6 further evidences

the tendency of this force field to have the ReaxFF glass deform too easily.

Despite the importance of the N–Zn–N angle for the framework properties, key to the
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features of ZIFs, we found that statistical distributions of bond angles have never been

published in the existing literature on ReaxFF simulations of these materials: Yang et al.

showed the results of a single frame13 while a later work by To et al. only looked at the

average bond angle.15 We recommend computing and reporting this distribution, in the

same way as it is routinely done for the development of classical force fields.39
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Bulk properties: density and porosity

By allowing exaggerated deformation of the framework, the underconstrained Zn–imidazolate

interactions described above impacts the bulk properties of the ReaxFF glass. We report

from our simulations a density of 1.68 g cm−3, significantly larger than the crystal density of

1.21 g cm−3. Comparison with the ab initio glass is not possible as they were generated using

a constant-volume (N, V, T ) ensemble, which does not capture changes in density. Direct

experimental comparison of these densities computed from the atomic structure is limited:

they correspond to crystallographic densities, while almost all densities measurements per-

formed for glasses utilized pycnometry40. Nevertheless, pycnometric densities of 1.63 g cm−3

for the glass and 1.50 g cm−3 for the crystal41 indicate that a larger value is expected for

the glass. Although we could expect the difference in crystallographic densities between the

glass and crystal to be much smaller, the complex diffusion behavior of helium into the ZIF-4

pores makes pycnometric densities measurements difficult to interpret. As an alternative to

pycnometry, a recent work determined the crystallographic density for the ZIF-4 glass from

CO2 physisorption studies.40 Estimated to be 1.38 g cm−3, this value hints that ReaxFF

overestimates the glass density.

Additionally, we computed the porosity of the glasses (see Figure S10) and found a total

porous volume of 4.6 cm3 kg−1 for the ReaxFF glass, down from the 54 cm3 kg−1 of the crystal

(computed for ab initio). As the porosity is greatly impacted by the density of a system,

direct comparison to the ab initio glass (68 cm3 kg−1) is limited but does suggest that the

ReaxFF glass porosity is one order of magnitude too low. This all but complete loss of

porosity also contradicts the experimental measurements of the porosity of a ZIF-4 glass

made by positron annihilation lifetime spectroscopy (PALS),42 and further confirms that

the density of the ReaxFF glass is excessively large.
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Topological properties of the coordination network

Finally, we investigated the differences in the medium-range order of the glasses, highlighted

by their contrasting structure factors shown on Figure S11, by examining the coordination

network built from the alternating Zn–Im (imidazolate) units. We first calculated the average

Zn–N coordination numbers and found a lower coordination of 3.85 for the ReaxFF glass

compared to 3.93 for the ab initio glass, confirming the ReaxFF tendency to underconstrain

Zn–N bonds.

In order to characterize the topology at larger scale, known to be key to the properties

of these framework materials,43 we computed Zn–Im ring statistics. This analysis, routinely

used to characterize amorphous systems such as SiO2
26 and first applied to amorphous MOFs

for the ab initio glasses,10 determines the number and size of rings present in the ZIF network.

Ring sizes are computed by counting the number of different units (Zn and Im) in each ring;

always even, they are equal to twice the T-based ring sizes usually reported for zeolitic nets.44

These distributions of ring sizes, reported on Figure 7, show that both glasses have topologies

that deviate from the crystal perfectly defined 8, 12 and 16 rings. However, the two glass

models display very different topologies, with the ReaxFF glass having a higher proportion

of larger rings than the ab initio glass. It demonstrates that it is less ordered at medium

range, a result arising from the too weak constraints on the Zn–imidazolate interactions.

Challenges in using ReaxFF

In addition to generating a glass model markedly different from its ab initio counterpart, we

identified several challenges when using the ReaxFF force field for ZIFs. We highlight them

here, as they should be kept in mind and may be applicable to other molecular simulations

of MOF glasses.
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Figure 7: Distributions of size of zinc–imidazolate alternate rings for the ReaxFF glass (blue),
ab initio glass (orange) and ab initio crystal (red).

(N,P, T ) ensemble and densification

Molecular dynamics simulations in the constant-pressure (N,P, T ) ensemble are remarkably

insightful, notably for the study of mechanical and thermal properties.11,45 Yet, previous

work has shown that they are particularly challenging to apply to soft porous materials, due

to the sensitive response of these frameworks to small external stimuli,6 in particular for

ab initio calculations.36 While every published work on ZIFs with ReaxFF used (N,P, T )

ensembles, no systematic validation has been published to this day.

In order to evaluate the robustness of such constant-pressure simulations, we equilibrated

at T = 300 K and P = 0 Pa several ZIF-4 systems: the crystal, three ab initio glasses models

from Ref. 10 and a glass obtained by Reverse Monte Carlo (RMC) modeling.7,46 These

systems, thoroughly presented in the supporting information, went through the preparation

process detailed in the first section . They were then equilibrated between 5 ns and 20 ns

in the (N,P, T ) ensemble with a flexible cell. More general than an isotropic cell, a flexible

cell enables the computation of multiple mechanical properties using the strain–fluctuation

method,47 already applied to ZIFs using classical force fields.11 As reported on Table 3, we

see that the density of every equilibrated system is in the range of 1.5 to 1.7 g cm−3, regardless
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of their initial density. We conclude that the large density observed for the ReaxFF glass

may not be due to its specific structure, but is rather a symptom of ReaxFF tendency to

densify systems.

Table 3: Densities after preparation and equilibration in ReaxFF for the ZIF-4
crystal and three ZIF-4 glasses, compared to their initial densities.

Initial density
(g cm−3)

Density after
equilibration (g cm−3)

Crystal 1.21 1.61
ReaxFF glass 1.68

RMC glass 1.58 1.56
ab initio glass 1.21 1.57

We have found that using an isotropic cell for the crystal and ab initio glasses reduces the

magnitude of the densification respectively by 0.25 g cm−3 (see Figure S4) and 0.14 g cm−3

(see Figure S12). This difference, which should a priori not be observed for the crystal as

the cell shape is not supposed to vary much, highlights once again that this ReaxFF force

field is very sensitive and does not fare well when we reduce the number of constraints on

the system. Nevertheless, we recommend using an isotropic cell if one has no interest in the

fluctuations of the cell, as it provides a behavior closer to the physical reality.

Another option to avoid this undesired densification may consist in staying in the constant-

volume (N, V, T ) ensemble, similarly to what was done in the ab initio works.7,10 For example,

pressure equilibration can be achieved by successive slow deformation of the cell until zero

pressure is reached. When we performed this procedure in the case of the ZIF-4 crystal, it

leads to a density of 1.26 g cm−3, not far from the experimental crystal density. However,

although this approach could fix the troublesome densification, we end up losing all the

benefits of the (N,P, T ) ensemble that every ReaxFF work published so far was interested

in.
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Description of the crystal

Surprisingly, we found that the ReaxFF parametrization for Zn-based ZIFs have not been

systematically validated on any crystalline structure in the existing literature. Therefore,

we report here the properties of a ZIF-4 crystal prepared as described in the first section .

The goal is to differentiate the intrinsic properties of the ReaxFF glass from the numerical

artifacts linked to the use of this force field. Due to the ReaxFF tendency to densify the

crystal, we investigated various equilibration procedures using either (N, V, T ) or (N,P, T )

ensembles, which are detailed in the supporting information.

These various strategies led to ReaxFF crystals of different densities, reported in Table S1,

which ineluctably lead to different porosities (see Figure S13). Under (N, V, T ) simulations,

we systematically found no change in the connectivity (see Table S1) or topology of the

crystal (see Figure S14). However, this does not hold true for the (N,P, T ) schemes for

which we observe a small deviation, evidencing that an (N,P, T ) equilibration at 300K

causes undesired bond breaking, even when enforcing an isotropic cell.

An investigation of the local order with the RDF and PMF (see Figure S15), evidence

a similar shift in interatomic distances compared to ab initio data than what was observed

for the glass. Additionally, we observe a significant lowering of the free energy barrier in

the PMF between the first two minima compared to the ab initio data, even for the crystal

systems that never went through an (N,P, T ) ensemble. This tendency to systematically

underconstrained the Zn–N interaction is further evidenced by the unphysical bond angle

distribution shown on Figure 8. Unphysical angles are also observed on two other ZIF crystals

– ZIF-8 and SALEM-2 – evidencing that this issue is not linked to the choice of ZIF-4 as

a prototypical system (see Figure S16). We conclude that the unphysical description of

the zinc–imidazolate coordination in the ReaxFF force field is also manifest in the detailed

analysis of the structural properties of the crystalline phase, further questioning the validity

of this force field.
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Conclusions and perspectives

In this work, we have extensively studied the use of the ReaxFF reactive force field to gener-

ate atomistic models of ZIF glasses. We have demonstrated that the molecular simulations

performed so far in the literature are extremely sensitive to the choice of simulation method-

ology and parameters: thermodynamic ensemble, damping parameters, heating/cooling rate,

maximal temperature, etc. The physical consistency of the system should always be carefully

checked, for example by drawing inspiration from the procedure presented in this study.

We have also shown that the glass models generated with ReaxFF are markedly differ-

ent from their ab initio counterparts, with extensive differences in both local environment,

medium-range and bulk properties. We find that this is due in large part to an under-

constrained representation of the Zn–N interactions in the ReaxFF model, which do not

faithfully reproduce one of the key characteristics of the chemistry of ZIFs, namely the di-

rectional nature of the Zn–N coordination. This issue in the intermolecular potential, in

turns, significantly impacts the crystal properties obtained through molecular simulations.

Additionally, we have reported and analyzed a tendency of simulations performed in the

constant-pressure (N,P, T ) ensemble to densify the system.

All these observations suggest that structural properties obtained from the use of ReaxFF

force field for ZIFs should be interpreted with caution, and makes a strong case for the use of

alternative methodologies, or the further optimization of the ReaxFF force field. They also

call for further methodological development to assess the possibility to explore mechanical

properties of these soft porous materials with ReaxFF. Moreover, we recommend for future

developments of ZIF reactive force fields, to systematically check their ability to simulate an

(N,P, T ) equilibration of the crystal at ambient conditions. A good example of such practice

is the recent development of a ReaxFF force field for zirconium-based MOFs by the same

group, for which the authors reported the density profile for a 1 ns equilibration.48

Finally, this work exemplifies the need for direct and in-depth comparison of the different

models of ZIF glasses available by systematically contrasting their properties. It shows that,
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apart from expensive ab initio calculations, no molecular dynamics (MD) scheme used to

this date in the literature6 can yield an accurate microscopic representation of the ZIF melt-

quenched glasses, and suggests the development of multi-scale modeling strategies. A possible

strategy could consist in the use of classical force fields, more robust and parametrized for

specific systems,39 to analyze glass models (e.g. compute their mechanical properties) formed

by other methodologies. Another promising strategy, aiming at the actual generation of

MOF glasses using less expensive MD schemes, is the development of machine learnt (ML)

potentials.49,50 Built from ab initio data, they enable bond breaking and reformation by

design and could constitute a new generation of specific and accurate reactive potentials.

Supporting Information Available

System description for the (N,P, T ) runs and ReaxFF crystals, identification of the building

units, radial distribution functions, potentials of mean force, angle distributions, coordination

numbers, densities, porous volumes, ring statistics.
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