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GENERAL INTRODUCTION

Metal-organic frameworks (MOFs) are hybrid materials composed of inorganic nodes (clusters 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, taking 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 catalysis. Among these numerous applications, MOFs
are widely investigated as next-generation materials for CO; separation in carbon capture, utilization
and storage (CCUS) technologies. This suite of technologies are present in multiple pathways to achieve
our collective climate goals, notably as negative emissions technologies and solutions to decarbonize
hard-to-abate emissions from heavy industries. Significant research effort goes into reducing their costs,
by looking for new materials such as MOFs, which could be used in less energy-intensive processes
than current industrial standards.

Of the rapidly increasing number of studies of MOFs in the research literature, most are focused on per-
fectly ordered, crystalline structures, because of ease of experimental identification and characterization
with common laboratory equipment. However, the dynamic nature of MOFs is a key characteristic of
these relatively weakly bonded frameworks — compared to more traditional porous solids like zeolites -
and accounts in a large part for their appeal, and some of their extraordinary chemical and physical
properties. Additionally, the definition of MOF does not restrict this term to crystalline phases, and
recently the number of amorphous MOF (aMOF) states reported has seen a rapid expansion. These in-
clude the recently discovered MOF liquids, MOF gels, and a large variety of glassy states and amorphous
solids, which can be produced by pressure-induced amorphization, temperature-induced amorphization,
melt-quenching, ball milling, irradiation, etc. These non-crystalline states possess useful physical and
chemical properties distinct from those achievable in the crystalline phases, such as isotropy, the absence
of grain boundaries, high transparency, and mechanical robustness, while retaining most of the intrinsic
advantages of crystals and powders. They also allow for a greater ease of processing when used in
industrial applications.

However, in balance with their promising properties, amorphous states are particularly challenging to
characterize and their framework structures at the microscopic scale are hard to determine. Indirect
structural information can be available from diffraction experiments, but unlike for crystals, it cannot be
solved into a nice periodic atomic structure as a matter of routine analysis. Moreover, the computational
description of disordered materials is also more complex than that of crystals: computational methods
to model these disordered materials are complex, and relatively few atomistic models of amorphous
MOFs are present in the literature. Efforts towards a better numerical description of aMOFs are crucial
as a complement to experimental works and to provide tools to predict novel architectures, yielding the
potential to significantly accelerate the rational development of materials.

During my PhD, I explored one possible strategy which 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. I used a large number of simulation methods with different scopes,
time and length scales and computational costs — ab initio molecular dynamics, classical and reactive
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force fields, and machine-learned potentials — to generate atomistic models of aMOFs and study their
properties. I studied zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs closely related to
zeolites and home to a number of prototypical aMOF structures. I reviewed and compared the existing
methodologies available for the determination of microscopic models of amorphous MOFs, as well as the
structure they generated, assessing their strengths and weaknesses. I also proposed a new methodology,
with the development of machine-learned potentials which led to an excellent reproduction of the
structural properties of a number of different systems. As a demonstration of the interest of performing
such molecular simulations, I have focused on the characterization of finite temperature mechanical
properties, which are essential for MOFs to fully achieve their potential in industrial-scale processes,
but difficult to determine experimentally.

—_— e ee———————

This thesis is composed of five chapters. I start by presenting the broader context of CCUS and climate
change mitigation, to put into context the research on next-generation materials for CO3 separation. I
then introduce MOFs, both crystalline and amorphous, before reviewing the different atomistic models
of aMOFs published to this date in the literature. In a second chapter, I present the different methods
of molecular simulations employed during my PhD, first introducing molecular dynamics in general
and then four of its flavors: ab initio, with classical and reactive force fields, and with machine learned
potentials. The third chapter probes the accuracy and reliability of modeling the formation and structure
of amorphous ZIFs using reactive force fields, which have been proposed as a tractable alternative to the
successful but computationally expensive ab initio simulations. The significant challenges evidenced
called for the development of new interatomic potentials, and led to the work presented in chapter
4, where I propose the first machine-learned potentials to generate aMOF models and evaluate their
applicability. The last chapter describes the computation of finite temperature mechanical properties
of both crystal and glass models by critically assessing multiple computational methodologies and
molecular dynamics schemes.
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AMORPHOUS METAL-ORGANIC FRAMEWORKS FOR CO2 SEPARATION

1.1 CO2 SEPARATION AND CLIMATE CHANGE MITIGATION

1.1.1 Climate targets and negative emissions

THE NEED FOR NEGATIVE EMISSIONS TO STAY BELOW 2°C

The 2015 Paris Agreement aims to strengthen the global response to the threat of climate change by
“holding the increase in the global average temperature to well below 2°C above pre-industrial levels
and pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels, recognizing
that this would significantly reduce the risks and impacts of climate change”. !

As the rise in temperature is primarily caused by the increase in the concentration of greenhouse gases
(GHG) in the atmosphere [1], limiting this rise implies at least stabilizing this concentration. To the first
order, this means that the flow of anthropogenic GHGs into the atmosphere must be canceled out (or
even become negative), which is often referred to as zero (or negative) net emissions or carbon neutrality

[2].

If we assume that there will always be residual positive emissions caused by various human activities
(e.g. long-distance transport, agriculture, etc.), then a certain amount of GHGs will have to be removed
from the atmosphere to compensate. Figure 1.1 exemplifies, with different illustrative pathways from
the latest assessment report by the Intergovernmental Panel on Climate Change (IPCC), the need for
significant negative emissions in the medium term along with very ambitious reduction in absolute
emissions [3].
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Figure 1.1: Negative emissions (LUC, DACCS, BECCS) and residual emissions for each of the seven
illustrative pathways (IPs). CurPol and ModAct are illustrative of higher emissions, while five are
illustrative mitigation pathways (IMP) exploring various mitigation strategies. Reproduced from Ref. [3].

CO2 CAPTURE AS A MAJOR SOURCE OF NEGATIVE EMISSIONS

Several categories of negative emissions exist with highly heterogeneous levels of maturity and potential,
most of them focusing on carbon dioxide (CO2), which represents 75% of anthropogenic GHG emissions
in tons of CO3 equivalent (tCOzeq) [4] and whose atmospheric concentration is the highest among
GHGs (excluding water vapor).

!Paris Agreement to the United Nations Framework Convention on Climate Change, Dec. 12, 2015.
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These sources of negative emissions, illustrated on figure 1.2, range from the increase of the natural sink
linked to land-use change (LUC), to carbon capture and storage (CCS) [5]. In the latter option, the CO,
can be directly captured from the atmosphere (direct air capture or DACCS), or from the combustion of
biomass (bioenergy with CCS - BECCS) [6]. The five illustrative mitigation pathways of the IPCC report
shown on figure 1.1 are based on various combinations on three of these sources: LUC, BECCS and
DACCS. It is worth noting that while technologies for capturing the two other major GHGs, methane
(CHy) [7] and nitrous oxide (N20) [8], have been proposed in the academic literature, they are far from

industrialization.
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Figure 1.2: An overview of negative emissions technologies. Reproduced from Ref. [5].

TARGETS IN FRANCE AND THE EUROPEAN UNION

While the priority is a drastic reduction in GHG emissions, a simultaneous effort towards increasing
negative emissions, in particular relying on CCS, are present in multiple national long-term transition
strategies, including that of France and the European Union. It should be emphasized that negative
emissions and CCUS are not a substitute for reducing emissions through more sustainable practices,
improved energy efficiency, or conventional decarbonization.

In the latest revision exercise of the national low-carbon strategy (SNBC - Stratégie Nationale Bas-
Carbone), France aims to reach carbon neutrality in 2050 [9], a target which has been enshrined into
law in 2019. 2 In the scenario underlying it (AMS - Avec Mesures Supplémentaires) 20% of the GHG sink
in 2050 is made by CCS technologies.

Similar ambitions are shared at the European level, with the European Commission’s strategic long-term
vision depending in part on CO3 removal techniques based on CCS [10]. In this strategy, CCS represents
between 10 and 45% of the negative emissions, corresponding to various scenarios. The European
Climate Law passed in 2021 enshrined the 2050 climate-neutrality target into law. >

1.1.2 Carbon capture, utilization and storage

Carbon capture, utilization and storage (CCUS) refers to a suite of technologies that involves the capture
of CO; from a variety of sources, and its subsequent transport, utilization or storage. The CCUS value
chain is represented on figure 1.3.

2Loi n° 2019-1147 du 8 novembre 2019 relative a I’énergie et au climat, JORF n°0261 du 9 novembre 2019, texte n° 1
3Regulation (EU) 2021/1119 of the European Parliament and of the Council of 30 June 2021 establishing the framework for
achieving climate neutrality and amending Regulations (EC) No 401/2009 and (EU) 2018/1999 (‘European Climate Law’)
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Figure 1.3: Schematic of carbon capture utilization and storage (CCUS). Reproduced from Ref. [11].

CO2 CAPTURE

CO3 can be captured from large point sources such as power generation or industrial facilities that use
either fossil fuels or biomass for fuel, or directly from the air. The goal of CO2 capture is thus to separate
the COz from the other gases (e.g. N2, H20), by providing the thermodynamic minimum work required
for separation [12].

Due to the low density of CO3 in air (around 400 ppm), it is technologically easier, energetically more
efficient, and economically more profitable to capture CO; in gases where it is present in high density,
than directly from the atmosphere (with DACCS) [12, 13]. As a consequence, national and international
prospective strategies often consider its deployment when less expensive alternatives (e.g. BECCS) are
no longer possible, notably when the world energy system is already close to net zero [4, 11]. Although
still in its infancy, DACCS is nonetheless the subject of active research efforts and significant technical
developments, and its place in the energy system and climate change mitigation efforts still remains to
be clearly defined [14, 15].

Among the technologies that could be applied to large point sources, they are three configurations
of capture processes, illustrated on figure 1.4, differing by the moment at which the CO3 is captured:
pre-combustion (before combustion), post-combustion (after combustion with air) and oxy-combustion
(after combustion with pure oxygen). The major advantage of post-combustion, which explains why it
is the most widely deployed technology today, is its ability to retrofit an existing installation by adding
a unit that treats its flue gases [17].

The product of all capture processes is high-purity CO2 gas, which can then be compressed and
transported by technically mature technologies similar to those developed for natural gas (pipelines,
ships after liquefaction, etc.) [11].

INDUSTRIAL SECTORS AND POTENTIALS

A first use of CCUS consists in capturing CO; from fuel-powered power plants, which has been proposed
as a solution for decarbonizing the electricity sector in countries with recent assets which considerable
investment costs are not amortized yet [11]. In bioenergy with CCS (BECSS), i.e. when biomass is
the source of energy, it allows achieving negative emissions by sequestering the CO3 captured by the
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Figure 1.4: Carbon capture configurations. Adapted from Ref. [16].

biomass during its growth. Estimates of the potential for BECCS at the world scale vary between 3 and
20 gigatonnes of CO; (GtCO3) per year [18], which are significant with respect to the 35 GtCO2 emitted
worldwide in 2021 [19]. In the underlying scenario of the SNBC, it is assumed that about 10 MtCO yr™!
would be captured with BECCS in France in 2050, compared to total territorial emissions of 80 MtCOzeq
the same year [9].

Heavy industry is another major field of application where CCUS represents part of the solution to
decarbonize hard-to-abate emissions. CO2 can be captured either from process emissions — inherent
to the chemical reactions involved in producing certain bulk materials (e.g. cement kiln) or chemicals
[20] - or from the flue gases following fuel combustion for industrial heat production. Direct emissions
from the industrial sector (excluding emissions related to energy production) represent a quarter of
global emissions (8 GtCOzeq yr™!), including 2.2 GtCOzeq yr~! for cement production, 2.1 GtCOzeq yr ™!
for iron and steel production and 1.1 GtCOseqyr~! from the chemical industry. The potential for
decarbonization though CCUS is significant, as exemplified by the “Clean Technology Scenario” proposed
by the International Energy Agency (IEA) in which a quarter of the industry’s emission reductions
come from CCUS (the remainder being obtained from technical progress, efficiency gains and energy
decarbonization) [21]. This industrial capture potential for the French industry in the SNBC is of
5MtCO, yr~! avoided in 2050 [9], a volume that can be compared to an estimated maximal threshold of
24 MtCOzeq yr~! based on the current state of the industry [22].

Finally, CCUS can play a role in facilitating the production of low-carbon hydrogen for use across the
energy system and the industry. Although present in many decarbonization pathways, the demand
for hydrogen is still today met almost entirely by unabated fossil fuels with only 0.7% produced from
low-emission routes in 2021 [23]. CCUS could contribute to reducing emissions from existing hydrogen
plants and provide a least-cost pathway to scale up new hydrogen production in a number of regions
(compared to renewable energy for water electrolysis) [11].

Overall, as a result of both negative emissions and emission reductions, the contribution of CCUS
technologies to the reduction of global emissions could be significant. It is illustrated by the different
decarbonization scenarios of the IEA in which CCUS represents between 10 and 20% of the total
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decarbonization effort [11]. Figure 1.5 shows the relative impact of CCUS (in orange) compared to other
decarbonization options that need to be deployed simultaneously. It should be emphasized at this stage
that CCUS is not a silver bullet that would allow to offset on its own the GHG emissions of a business as
usual scenario.
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Figure 1.5: Global energy sector CO; emissions reductions by measure in the IEA “Sustainable Devel-
opment Scenario” relative to the “Stated Policies Scenario”. Reproduced from Ref. [11].

COg2 UTILIZATION: MARKETS AND POTENTIAL

Today, 230 MtCOg are used each year, mainly for the manufacture of urea as a source of fertilizer
(130 MtCO3) and as a solvent for enhanced oil recovery (EOR - 80 MtCO3) [24]. As illustrated in
figure 1.6, a number of COz-derived products and services can be envisaged, which could represent a
significant part of the potentially captured CO;, volumes.
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Figure 1.6: Theoretical potential and climate benefits of CO2-derived products and services. Reproduced
from Ref. [24].

However CO; utilization cannot cover all global emissions, and the climate benefits differ greatly
between different products (e.g. synthetic fuels in turn emit GHGs during their use). In addition,
the costs are generally higher than current production methods, making the deployment of all these
products uncertain [24]. It is particularly the case, when the final product requires at least the amount of
energy released by burning a fuel (e.g. synthetic fuels) [17]. Thus, despite its significant potential, CO;
utilization can only represent a fraction of the contribution of CCUS technologies to the decarbonization
of the world economy.
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PERMANENT STORAGE

The objective of storage is to permanently immobilize the captured CO; in order to avoid its return
to the atmosphere. Numerous methods have been considered (ocean storage, mineral carbonation),
but as of today only geological sequestration has reached a sufficient level of maturity [6]. It consists
in the injection of CO3 into a deep underground geological reservoir of porous rock overlaid by an
impermeable layer. The gaseous CO3 is usually compressed before injection to transition to its superfluid
phase with an increased density, which is retained if the reservoir depth is greater than 800 meters [17].
The main geological sites considered for CO3 storage are deep saline aquifers and depleted oil and gas
reservoirs [11].

The storage potential is still not fully known, but is estimated to be at least 2000 GtCO in the world [25]
and 1 GtCOs3 in France [26], which would be sufficient in view of the volumes that could be captured by
2100 in most decarbonization scenarios [25].

CURRENT STATE OF CCUS
Today, there are 30 operational CCUS facilities around the world with a combined capacity to capture
up to 42.5 MtCO3 each year [27], and with the first industrial facilities having been operated since the
1980s. Early CCUS projects focused on industrial applications where CO2 could be captured at relatively
low additional cost, and virtually all the CO3 captured came from gas processing plants until the 2000s
as shown on figure 1.7. The captured CO3 was at first exclusively used for enhanced oil recovery (EOR),
and is still today mainly dedicated to this use with only one quarter stored in depleted reservoirs or deep
saline formations. While EOR has the potential to deliver some climate benefits on its own [6, 11], it is
not one of the key applications of CCUS to get towards a net zero economy that were listed above.
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Figure 1.7: (above) Global CO; capture capacity by source and (below) world map of CCUS facilities at
various stage of development. Reproduced from Ref. [11, 27].

As shown on figure 1.7, the deployment of carbon capture has been concentrated in the United States,
with almost half of all operating facilities, due in large part to the availability of a CO; pipeline network
(combined length of more than 8000 km), demand for COy for EOR, and public funding programs
[11]. The first European facility was commissioned in 1996, and the last decade saw CCUS facilities
commissioned in other regions (e.g. China, Australia, and the Middle East).

11
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CCUS has been the subject of renewed global interest and attention in recent years, with 10 MtCO3 of
facilities in construction and 100 MtCO; in advanced development [27]. Although the current CCUS
capacity shows that a number of its technologies are mature and have already been deployed at an
industrial scale, there is a gap between how many CCUS facilities are operating or planned, and what
is needed in transition scenarios to provide a significant contribution to meet the Paris temperature
goal [28]. In France, while a large number of laboratories and companies have been working on all
aspects of the CCUS value chain - at the laboratory scale, in pilot projects and in demonstrators [29] -
reaching the SNBC targets would require the development of concrete CCUS projects at the industrial
scale.

CoOSTS AND BARRIERS TO THE DEVELOPMENT OF CCUS

The cost of capturing and storing one ton of CO; varies greatly depending on the capture technology,
source quality, mobilized transportation infrastructure, storage infrastructure and scale of the project.
According to a review on the state of the art of current installations [13], the cost of capture is typically
comprised between 20 and 110 $/tCO for large point sources, with considerable variation depending
on the CO2 source as indicated on figure 1.8. Costs of the remainder of the CCS value chain also vary
significantly, comprised between 1 and 15 $/tCO; for transport and 1 and 30 $/tCO;, for storage.

Because of these significant costs, CCUS may simply not make any commercial sense in the absence of
incentives or emissions penalties, especially when the CO3 has no significant value as an industrial input
[11]. Still, multiple sources are already economically viable in some regions, with respect to current
trading schemes prices and existing or planned carbon taxes [30].
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Figure 1.8: Levelized cost of CO; capture by sector and initial CO2 concentration in 2019. Reproduced
from Ref. [11].

The challenges to CCUS development are, however, not only technical and economic, with a number of
other barriers to be overcome. We can cite the difficulty in securing investments, the lack of supportive
policies offering long-term visibility, a legal and normative framework still under construction [6], and
limited stakeholder engagement [31]. For governments which include CCUS in their decarbonization
strategies, accelerating deployment requires a massive increase in government support, with a range of
policy instruments being available [11].

1.1.3 Porous materials for CO2 separation

Among the numerous challenges that would need to be overcome to scale up the development of CCUS,
academic research in material science is mostly relevant for its contribution to cost reduction efforts.
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Focusing on CO3 capture, the most expensive part of the CCS value chain, I will now compare different
technologies and introduce porous materials, encompassing the materials studied in this work.

ABSORPTION PROCESSES, MATURE YET COSTLY

Patented in 1930, the amine scrubbing process which is based on absorption is still today the most
common CO3 capture process. It relies on using a solvent with a high affinity for CO,. Schematically,
the capture is done in two steps shown on figure 1.9: the flue gas is first brought into contact with
the solvent, which absorbs the CO3, and then the solvent is regenerated in another compartment (the
stripper) by raising its temperature to release the absorbed CO;y [17]. Aqueous amine solvents (e.g.
monoethanolamine or MEA) are the most widely used and deployed at an industrial scale on multiple
large-scale facilities [6].
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Figure 1.9: Schematic of a simple absorption process. Reproduced from Ref. [17].

Several limitations point to the need for better processes: the solvents are relatively unstable at high
temperatures which restricts the quality of regeneration, their lifetime is limited by the amine decompo-
sition and, most importantly, the large heat capacity of these solvents (related to that of water) is the
primary cause of the energy penalty paid during regeneration [32].

This significant energy penalty is the main factor impacting the financial cost of capturing a ton of COa.
It varies greatly depending on the nature of the flue gas to be treated and the specific installation, and is
typically comprised between 200 and 400 kWh per tCO; captured. It corresponds to having to dedicate
about 10-25% of the energy that a gas power plant produces to capture its own emissions [33].

POROUS MATERIALS

As only incremental improvements in overall process efficiency are anticipated for solvent-based
processes [16], several capture technologies have been proposed to overcome these limitations. A
number of promising approaches rely on porous materials, presenting within their structure voids or
cavities called pores. A key property of these materials is their large specific surface area (i.e. the total
surface area of a material per unit of mass) which is exploited in a number of important industrial
applications such as gas adsorption or catalysis [34].

The pores can be of various shapes, sizes and constitute different networks. As it affects their properties,
the porous materials are categorized based on their pore size in three groups by the International
Union for Pure and Applied Chemistry (IUPAC) [35]. There are microporous solids with pores smaller
than 2 nm in diameter, mesoporous solids with pore diameter between 2 and 50 nm, and macroporous
solids with pores larger than 50 nm. Microporous and mesoporous solids are often grouped together as
nanoporous solids. Some examples highlighting the diversity of this family of materials are shown on
figure 1.10.

The majority of porous materials produced on a large scale today are based on purely inorganic or
purely organic architectures. Some inorganic materials, such as zeolites, are particularly adapted to
post-combustion, while some organic materials, activated carbons in particular, ideally operate in pre-
combustion [36]. However, the characteristics sought are numerous in terms of performance, stability
or operability in an industrial process, and no material is perfect in every respect [32].
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Zeolites
Zeolite 13X

Amine-functionalized silicas Porous organic networks Metal—organic frameworks
PEI-MCM-41 PAF-1 MIL-101(Cr)

Figure 1.10: llustrative examples of porous materials relevant for CO2 adsorption. Reproduced from
Ref. [16].

ADSORPTION

Adsorption processes relying on porous materials have received a growing attention for CCUS due to
their potential to reduce the energy penalty of the capture process, in particular thanks to the lower
calorific capacity of porous materials compared to aqueous solvents [16, 32]. A solvent-free process also
enables a reduction in water consumption and may limit the environmental risks posed by the toxic
compounds contained in most commercial solvents [17].

Different industrial processes exist, but schematically the gas to be treated passes through a column in
which there is a “bed” (i.e. a coating of the walls) made of porous adsorbent. The bed can be fixed, as
in figure 1.11, in which case the loading of the adsorbent and regeneration phases must be alternated
cyclically, or mobile to allow for a continuous process [37]. Regeneration can typically be induced by
heating the adsorbent to its optimum desorption (i.e. opposite of adsorption) temperature (Temperature
Swing Adsorption - TSA) or by decreasing the pressure until the captured gas desorbs (Pressure Swing
Adsorption - PSA) [32]. At the end of the cycle, the purified CO3 is recovered while the porous materials,
still attached to the walls of the adsorption column, remains in place.

Adsorption technologies have now successfully passed the scale of the demonstrator for large point
sources [38]. Additionally, they are considered as a particularly promising option for DACCS, both
technically and economically [39].
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Figure 1.11: Schematic of a simple adsorption process with a fixed bed for CO; removal from flue gas.
Reproduced from Ref. [40].

MEMBRANES

Other promising technologies for COy capture in which porous materials are particularly relevant are
based on membrane gas separation. Schematically this approach consists in separating different gases
based on their difference in permeability in a membrane, as illustrated on figure 1.12 [17]. Compared
to sorption processes, membrane-based separations represent an attractive option for energy-efficient
operations as they do not require thermally driven regeneration of the liquid or solid sorbent [41].
The membrane can be made of porous materials similar to those used for adsorption processes, with
inorganic membranes and mixed matrix membranes having received a lot of attention [42].

These technologies have initially been developed for natural gas processing and CO2/CHy4 separation,
and is deployed today in a number of operating industrial-scale gas separation membrane plants [43].
They are, however, not yet available commercially for CO2 removal from flue gas, for which they are
still at the research and development stage [6].
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Figure 1.12: Schematic of membrane gas separation. Adapted from Ref. [43].
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1.2 METAL-ORGANIC FRAMEWORKS

Now that we have seen how porous materials can be applied to CO; separation, I will introduce in this
section the materials studied in this work, namely amorphous metal-organic frameworks. I will start
with presenting metal-organic frameworks in general and their promises for CCUS, before introducing
the specific materials studied (zeolitic imidazolate frameworks) and their phases of interest for this work
(amorphous).

1.2.1 A versatile class of porous materials

Metal-organic frameworks (MOFs) are hybrid materials composed of inorganic nodes (clusters or metal
ions) bridged by organic linkers to form three-dimensional architectures, often porous. First studied in
1989 by Richard Robson and coauthors [44], the term MOF was coined ten years later by Omar Yaghi’s
team to name these materials, along with the synthesis of a new framework called MOF-5 [45]. With
its large permanent porosity and chemical tunability, the discovery of MOF-5 sparked interest in the
community and led MOFs to be the subject of an intensive research effort for over 20 years. Figure 1.13
shows both the stellar increase in reported MOF structures and the extremely large specific surface area
accessible through these materials, compared to alternative porous materials.
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Figure 1.13: (a) Exponential growth in the number of structures reported in the Cambridge Structural
Database (CSD) [46] and (b) progress in the synthesis of ultrahigh-porosity MOFs. Reproduced from
Ref. [41, 47].

DIVERSITY AND TUNABILITY

The success of MOFs is largely due to the remarkable diversity of structures that can be built from
the combination of numerous inorganic clusters and organic linkers, grouped together under the term
secondary building units, and of which a small subset is shown in figure 1.14.

With the versatility provided by the coordination and organic chemistry, the number of potential
structure is only limited by the thermodynamic and chemical stability of each combination, and also by
the existence of a synthetic route to generate the porous phase of interest [48]. Figure 1.15 shows a few
of the thousands of synthesized MOFs structures reported to date in the literature.

A MULTIPLICITY OF APPLICATIONS

This diversity of structures makes it a priori possible to synthesize “tailor-made” materials, aiming
for sets of characteristics that traditional nanoporous materials (purely inorganic or organic) cannot
achieve. In this “design to applications” approach, one aims at producing the best structure for a given
functionality, which can be the optimization of a single metric (e.g. highest uptake of a specific gas [49])
or a combination of metrics [50].
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Figure 1.14: Examples of (a) inorganic clusters and (b) organic linkers. Adapted from Ref. [41].

MOFs have thus been proposed for applications in various industrial-scale processes [47] such as gas
separation [51, 52] or catalysis [53]. Among these multiple applications, a number could contribute
to the climate targets mentioned in section 1.1.1 outside of the CCUS realm. They have notably been
proposed for gas storage of hydrogen and methane as an alternative to compression or liquefaction [54].
There has also been an increased interest in the use of MOFs in other energy-related applications, such
as fuel cells, batteries, and supercapacitors [55]. They have also been proposed for other environmental
applications, demonstrating potential toward their utility in air-pollution control [56], remediation of
water pollution [57] and treatment of nuclear waste [58].

Although some MOFs have been produced at the ton scale by industrial companies, it is still a challenge
to transition from laboratory preparation to industrial production and their development for practical
applications is still ongoing [59].
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Figure 1.15: Examples of MOF structures scaled to accurately show relative size. Adapted from Ref. [41].
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1.2.2 Novel materials for CO3 separation

CO2 ADSORPTION

Among their many applications, MOFs received a lot of attention for their application in CCUS. Their
performances can be directly compared to other porous materials, as illustrated on figure 1.16. MOFs are
particularly promising for CO2 capture by adsorption due to their large surface area per unit volume,
and their highly customizable pore sizes and chemical affinities [32]. This allows a level of control
in a manner that is unfeasible for other classes of adsorbents, offering the ability to fine-tune the
thermodynamics and kinetics of the CO adsorption/desorption processes [60, 61].
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Figure 1.16: Radar charts for key sorbent selection criteria showing a qualitative assessment of key
metrics for material selection in carbon capture applications. Bold lines indicate average, with error
bars indicating typical variability. Reproduced from Ref. [16].

Additionally, the large choice of possible compositions makes it possible to customize MOFs depending
on their use case, such as post-combustion or pre-combustion processes. It is also possible to optimize
them for direct air capture, an application neither zeolites nor activated carbons can achieve effectively
[36]. As it is highly unlikely that there will be a “one size fits all” adsorbent that could work in every
application and process condition (pressure, temperature, gas mixture composition, CO3 levels, etc.),
the customizability of the MOF family makes them promising candidates [61].

DESIRED PROPERTIES FOR CO2 ADSORPTION

A first research and development challenge is to keep searching for more efficient materials designed
for specific uses, in particular through a better understanding of structure-property relationships. It will
also be necessary to better take into account the operating constraints of capture processes [62]. The
work performed during this PhD contributes to this research effort to discover and characterize new
materials.

The quantities to be evaluated and improved for this are multiple. First, the working capacity, CO»
selectivity and strength of the adsorbate—adsorbent interaction (i.e. heat of adsorption) greatly determine
the performance of an adsorbent with respect to CO; capture, the amount of material needed and the
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energy penalty [32]. Additionally, mechanical, thermal and chemical stability (especially resistance to
hydrolysis) are crucial for extending the life of the material, especially because of the harsh conditions
during regeneration. The study of mechanical properties constitutes an essential part of this thesis (see
chapter 5).

In order to reach industrial scale, a number of challenges still need to be overcome in the optimization of
the regeneration, recycling, and production processes (synthesis strategy, costs, availability of resources,
feasibility of scale-up, etc.) [36]. Regarding the latter, an inspiring work has been conducted on a
zinc-based framework (CALF-20) [63] which was used on a pilot plant simulating cement flue gases (1
ton of COz captured per day) [64]. It required the production of one tonne of CALF-20, a large value
compared to typical laboratory quantities, but still short of the what would be required for a typical
cement flue gas capture plant (~ 200 tons).

MEMBRANES

Apart from adsorption processes, MOFs also have a role to play as new materials for membrane
technologies with their well-defined pore sizes [62], either as pure MOF films or as fillers in a polymer
matrix to create mixed-matrix membranes [41].

The use of MOFs to form membranes is particularly interesting for industrial processes carried out at
high pressure (typically 20-30 bar) [36]. Exceptional gas separation performances were achieved for
certain gas mixtures [41]. However, membrane technologies relying on MOFs require a similar, yet
even larger, research effort before industrialization than adsorption technologies. To be applied at an
industrial level, a membrane must, among other things, be mechanically robust and stable at operating
conditions.

1.2.3 Zeolitic imidazolate frameworks

A suBcLaAss oF MOFs

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs and were first synthesized in 2006 [65].
ZIFs are built around tetrahedral single transition metal nodes such as Fe, Co, Zn, Cd or Cu, linked
together by imidazolate (denoted Im) or functionalized imidazolate linkers, favoring the formation
of tetrahedral topologies [66]. As the name suggests, the structures of ZIFs are closely related to
those of zeolites, a class of porous crystalline aluminosilicates, with a structure built around a regular
arrangement of SiO4 or AlO4 tetrahedra. In ZIFs, the angle M-Im—M between two metal centers (M)
bridged by an imidazolate is typically 145°, a value similar to that found for the Si-O-Si angle in zeolites
as illustrated on figure 1.17.
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Figure 1.17: Illustration of the analogy between ZIFs and zeolite coordination. Reproduced from
Ref. [67].

Out of the theoretically infinite number of topologies, ZIFs with more than 100 different topologies have
been synthesized and structurally characterized, with some illustrated on figure 1.18. The topologies
can be the analogous to those found in the zeolite chemistry (which counts several hundred), but
are not limited to them [66]. They are often denoted by a lower case three-letter code following the
recommendations of the Reticular Chemistry Structure Resource (RCSR) Database [68] (e.g. rho) or
with the uppercase three-letter code of the International Zeolite Association (IZA) [69] if applicable
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(e.g. RHO). Like zeolites, the ZIF family displays rich polymorphism, i.e. different topologies for the

same chemical composition, with more than 18 polymorphs reported for the Zn(Im)4 composition alone
[70].

Figure 1.18: Examples of ZIF structures possessing different topologies and linkers. From left to right
are represented the topologies and the crystal structures (space in the cage indicated by a yellow ball).
Adapted from Ref. [71].

The strong interaction between the charged imidazolate linkers and the metal ions, along with the
hydrophobic nature of the aromatic linkers, give rise to high chemical and thermal stability. Additionally,
their tetrahedral structures lead to high mechanical and architectural stabilities [65].

The high robustness of these porous materials, in combination with the chemical tunability inherent
to MOFs, make them particularly interesting industrial candidates in the context of gas adsorption or
gas separation. In particular, they have been largely studied for CO; adsorption with some choices
of functionalized linkers and pore shapes demonstrating good performances [32, 71]. They were also
investigated in mixed matrix membranes for CO2 separation, owing to their adjustable pore channels,
unsaturated sites, and facile functionalization [42, 72].

SYSTEMS STUDIED IN THIS WORK

One of the key systems throughout most of this PhD will be ZIF-4, which is built up from Zn?* metal
nodes and imidazolate (Im) organic linkers and has a cag topology. As illustrated on figure 1.19, its
building units are organized as Zn(Im)4 tetrahedra linked by Zn-N coordinative bonds.

I also studied other ZIF systems with different ligands and topologies, but always with Zn?* metal nodes.
Whenever it is the case, such as in chapter 4, I further describe the structures before commenting the
results.
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Figure 1.19: Representation of the assembly of ZIF-4 as a three-dimensional network of Zn(Im)4
tetrahedra.

1.2.4 Amorphous metal-organic frameworks

BEYOND CRYSTALLINITY

Of the rapidly increasing number of studies of MOFs in the research literature, most are focused on per-
fectly ordered, crystalline structures, because of ease of experimental identification and characterization
with common laboratory equipment. However, the dynamic nature of MOFs is a key characteristic of
these relatively weakly bonded frameworks, compared to more traditional porous solids like zeolites —
and accounts in a large part for their appeal, and some of their extraordinary chemical and physical
properties. Throughout this family of materials, many authors have noted the common occurrence of
large-scale flexibility under stimulation, the presence of crystallographic defects, and the possibility of
correlated disorder [73].
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Figure 1.20: (a—d) Structures of periodic and aperiodic crystallography along with (e-h) their simulated
diffraction patterns. Adapted from Ref. [74].

While the definition of MOFs does not restrict this term to crystalline phases [75], the reliance on
crystalline databases in counting the “number of known MOF materials” offers a clear example of bias
towards crystals [76]. Even among crystals, defined by the International Union of Crystallography
(IUC) as “any solid having an essentially discrete diffraction diagram” [77], most reported structures
are perfectly ordered systems with translational periodicity and which can be described by a unit
cell. Aperiodic structures, i.e. lacking translational periodicity in at least one of the three Cartesian
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dimensions, are only in the single digits in the Cambridge Structural Database (CSD) [46] among over
90 000 published MOF structures [74]. Figure 1.20 illustrates these different structures along with
representative diffraction diagrams.

Although aperiodicity in MOFs is still a nascent field, in part because of the time-consuming structural
characterization required and general lack of awareness of aperiodic structures in the community, it
is an active and promising one. An illustration of this interest is the recent synthesis of TRUMOF-1,
a topologically aperiodic MOF which consists of a periodically arranged assembly of identical metal
clusters, connected uniformly in a well-defined but disordered fashion [78].

EMERGENCE OF AMORPHOUS MOFs

Recently, the number of non-crystalline MOF states (and porous coordination polymers) reported have
seen a rapid expansion [79] as illustrated on figure 1.21. These include the recently discovered MOF
liquids, MOF gels, and a large variety of glassy states and amorphous solids, defined as possessing no
long-range order [80] and which therefore lack any translational symmetry.
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Figure 1.21: Reports in the field of non-crystalline MOFs. Reproduced from Ref. [81].

These amorphous MOFs (aMOFs) can be produced by a variety of physical or chemical routes [79].
The majority of studies were focused on the ZIF family (introduced in section 1.2.3) owing to their
remarkable thermal stability [82], with a first work in 2009 on the amorphization of ZIF-8 under the
application of pressure [83]. It was followed in 2010 by a work by Bennett et al. which lead to the first
“well characterized” structure of an amorphous MOF, obtained from the amorphization of ZIF-4 upon
heating [84]. Amorphous ZIF-4 then became the prototypical example, later obtained by alternative
formation routes [85-87], and is the only MOF-based entry included in a recently curated database of
porous rigid amorphous materials out of 205 models of carbons, polymers, kerogens, and other material
classes [76].

Even if only a few MOFs have been observed to be able to melt upon elevation of temperature without
oxidizing or decomposing, there are multiple reported aMOF structures outside of the ZIF family such
as Ui0-66 [88, 89] or Fe-BTC [82].

AMORPHIZATION STRATEGIES

They are several ways to amorphize a MOF structure, as illustrated on figure 1.22. A number of routes are
physical, with a first option consisting in submitting a MOF crystal to pressures in the MPa to GPa range
with a diamond anvil cell (pressure-induced amorphization - PIA) [83, 85]. Another mechanical option
is ball-milling, which is the process of milling a material inside a shaker mill with steel balls to create
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amorphous structures from crystalline systems [87, 90]. Thermal-induced amorphization (TTA), is another
option in which amorphization is caused by heating a MOF crystal in a furnace to temperatures between
300 and 700 °C [84, 91]. If heated further, some systems can undergo a phase transition to a liquid
state [92] which can then be quenched to form a glass [86] by a procedure called melt-quenching. For
some frameworks the phase transitions were found to happen at lower temperatures under a combined
application of temperature and pressure, whether under static stress [93] or using in situ mechanical
vibrations [94].
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Figure 1.22: Different routes to the fabrication of MOF glasses. Reproduced from Ref. [79].

In addition to these physical routes, it is also possible to obtain aMOFs by chemical treatment-induced
amorphization, via removing coordinated solvent, atmospheric water-induced amorphization, amor-
phization by ligand competition, and loading induced amorphization [81]. Direct synthesis of an aMOF
has also been reported for certain frameworks [95]. It is also worth mentioning that MOFs can undergo
irradiation-induced amorphization, e.g. under a scanning electron beam [96], even if this approach
rather aims at proving the applicability of some MOFs in radiation environments (e.g. nuclear plants or
aerospace) than at producing them [97].

Polyamorphism is frequently observed, as different productions routes may lead to distinct amorphous
phases, identical in composition but with different physical properties (e.g. density or entropy) [98]. It
is analogous to the polymorphism of crystalline materials discussed in section 1.2.3.

In addition, variation or alternative methodologies to melt-quenching can achieve different glassy
states, such as MOF blends which are created by melting and quenching a mixture of two glass-forming
MOFs [99]. It is also possible to combine crystalline and amorphous states, starting with flux melted
MOFs which are glasses made from a glass-forming MOF and a non-glass forming MOF [100]. MOF
crystal-glass composites (MOF-CGCs) constitute another possible structure in which a crystalline MOF
is embedded within a glass MOF matrix [101]. It is also possible to combine MOF glasses with inorganic
glasses to produce composite materials [102], such as MOF glass membranes [103]. Finally, the MOF
gel state is another non-crystalline state of particular interest as it as the precursor to sol-gel MOF
monoliths [104].
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PROPERTIES AND APPLICATIONS

Non-crystalline states of MOFs possess useful physical and chemical properties distinct from those
achievable in the crystalline phases, such as isotropy, the absence of grain boundaries, high transparency,
and mechanical robustness. They can do so while retaining intrinsic advantages of crystalline MOFs
mentioned in section 1.2.1 including high surface areas, tunable pore sizes, shapes and chemical functions
[81].

These amorphous states could allow for greater ease of processing, notably by circumventing the
performance drop due to the necessary densification of the MOF powders [105, 106]. By exploring novel
material space, these disordered phases may provide new opportunities to attain chemical and physical
properties that simply cannot be reached with porous crystalline frameworks [73]. In the domain
of gas separation, an ordered crystalline state is not a requirement for gas uptake [107], and aMOFs
provide opportunities for more robust materials that could operate under realistic process conditions,
in particular for COy separation [16, 108]. It is therefore possible to fabricate grain-boundary-free
membranes from MOF glasses [109, 110], such as a mixed matrix membrane obtained by amorphization
of ZIF-8 for CO2/CHy4 separation [111], or a polycrystalline ZIF-62 membrane on a porous ceramic
alumina support that underwent a melt-quenching treatment and which was evaluated for CO2/CHy
and CO2/N3 separation [103].

In addition to enlarging the material space, studying disorder in MOFs can be useful in better under-
standing the crystalline phases (e.g. the mechanism of crystallization [112]) and in creating alternative
properties in porous materials with multiple studies focusing on “defect engineering” [113, 114] or
“defective by design” strategies [115]. Thus, several aMOFs, including ZIFs [116], have been proposed
as candidates for drug delivery using the amorphization of the framework for the controlled release of
the drug [88]. Exploiting the phase transition between different amorphous and crystalline states has
also been proposed for reversible long-term harmful substance storage [117], thermal energy storage
and conversion [118] or even phase-transition memory units [119] exploiting changes in conductive
properties [120].
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1.3 ATOMISTIC MODELS OF AMORPHOUS MOFs

In balance with their promising properties, amorphous states are particularly challenging to characterize
and their framework structures at the microscopic scale hard to determine. Indirect structural information
can be available from diffraction experiments, but unlike for crystals, it cannot be solved into a nice
periodic atomic structure as a matter of routine analysis. Moreover, the computational description of
disordered materials is also more complex than that of crystals, firstly due to their lack of periodicity
and symmetry [74]. As it is inherently impossible to reduce an amorphous material to a small finite set
of atomic coordinates, each atomic structure should best be seen as representative of a plausible local
configuration [121]. To complicate matters further, the structure and properties of many amorphous
systems — including most glasses — depend on their formation route, calling for specific methodological
developments of plausible numerical analogues to experimental production processes [122]. It is all the
more difficult when the formation of the amorphous phase involves changes in coordination which
severely limits the use of every method relying on a classical description of the interactions [123].

For these reasons, there are only very few atomistic models of amorphous MOFs — mostly glasses -
available in the literature, whether from experimental or computational studies. It is unfortunate as the
possession of atomistic models has the potential to significantly accelerate the rational development of
materials [124], both to complement experimental techniques [125] and to predict novel architectures
[126]. In this section, I review and compare the existing methodologies available for the determination
of microscopic models of amorphous MOFs, as well as the structure they generated, assessing their
strengths and weaknesses. This review has been published in The Journal of Physical Chemistry C (2022)
[127], and is updated in the present section with the works published since.

1.3.1 Reverse Monte Carlo models

The determination of material structures from limited, indirect experimental data, is a classic example
of an inverse problem. Reverse Monte Carlo (RMC) modeling is a general method for the resolution of
such inverse problems, which in condensed matter aims to produce atomistic models based on available
experimental data, in particular from X-ray or neutron-scattering experiments [128]. Starting from an
initial configuration provided by the user, atomic positions are iteratively adjusted using a Monte Carlo
algorithm to minimize the difference between calculated and experimental total structure factors. The
minimization can be performed under a set of constraints (density, coordination, bond lengths or angles,
etc.) which are added to the structure factor difference with customizable weights. No knowledge of
the physics or chemistry of the system is required; for example, no interatomic potential is used in
the conventional sense [129]. This makes RMC modeling applicable to any system, a very appealing
property for new classes of materials [130]. The downside is that the thermodynamical consistence
of the model is not guaranteed, as the optimized configuration could be physically unrealistic. The
problem is also typically underconstrained, as a large number of different configurations could equally
fit the experimental data.

For these reasons, RMC modeling was used to generate the first published model of an amorphous
MOF, an amorphous ZIF-4 (aZIF-4) obtained by temperature-induced amorphization [84, 131] — and
is still, to date, the only technique that has been used to construct an amorphous MOF model from
experimental data. This aZIF-4 model was constructed from neutron and X-ray total scattering data
collected at a synchrotron facility. In addition to this experimental data, it used density, connectivity
and molecular geometry constraints to preserve the network topology of the initial configuration. Three
initial configurations were tested: two crystalline polymorphs (ZIF-4 and ZIF-zni), and a continuous
random network (CRN) model of a-SiO2 adapted by substituting atom groups (see next section and
figure 1.24c for details). As shown on figure 1.23, only the latter configuration allowed RMC refinements
to capture the experimental data and resolve its structure, which was therefore confirmed to be highly
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Figure 1.23: RMC fits (red) to experimental data (black) of the differential pair correlation function
D(r), neutron and X-ray total scattering functions Fy(Q) and Fx(Q). Calculated with three initial
configurations: ZIF-4 (top), ZIF-zni (middle) and an a-SiO2 CRN (bottom). Reproduced from Ref. [84].

disordered and not crystal-like. Additionally, the very process of RMC modeling with different initial
configurations showed that the system undergoes a reconstructive (i.e. involving bond breaking and
forming events) phase transition during amorphization, and hints that the framework topology is
markedly different from the crystal phases.

Later works by Keen and Bennett on different ZIF systems have adopted the same method and improved
it by inputting experimental values of the density, as obtained from pycnometric density measurements.
It was first extended to produce a model of ZIF-8 (featuring 2-methylimidazolate ligands instead of
imidazolate) amorphized by ball milling [132], starting from the same CRN model with a change of
organic ligand. A reconstructive phase transition was also demonstrated. Then it was applied to
amorphous phases of ZIF-4 produced by two other routes, which were modeled and compared to
temperature induced amorphization: melt—-quenching [92] and ball milling [87]. The atomistic models
were found to be near-identical, with indistinguishable short-range order. To have more insight into the
structural changes during the melt-quenching procedure, an intermediate model of the liquid state was
also fitted to X-ray data, although the accuracy of RMC for such complex liquids is not firmly established
and might depend strongly on the constraints used.

1.3.2 Continuous random networks

Even though MOFs are chemically more complex than inorganic phases, the microscopic modeling
of amorphous MOFs can draw inspiration from models of long-studied disordered materials, such
as silica. The structure of amorphous silica has been consensually modeled as a continuous random
network (CRN), and there is a large body of work on this topic [133]. Random networks possess a
significant degree of local order, while allowing sufficient bond distortions to have some freedom in
the medium-range order, and (as desired) exhibit no long-range order [80]. If they have no broken
bonds in reference to their ideal connectivity, they are said to be continuous. CRNs can be generated
with a variety of approaches and possess different structures which can be validated by looking at the
agreement of computed properties with experimental data: the most commonly available data is the
total pair distribution function, or radial distribution functions (RDF). Just like perfect crystals, CRNs
should be considered as idealized, yet particularly insightful, structures of the real-world materials they
represent [134].

The first CRN model of an amorphous MOF was constructed for ZIF-4, on the basis of the structural
similarities between ZIF-4 — Zn(Im)2 — and amorphous silica a-SiO3 [84]. They both share a similar short-
range order with the tetrahedral coordination of the metal ion and a node-ligand—node angle of 145°.
They also display corresponding features in their RDFs, while their numerous crystalline polymorphs
exhibit several shared topologies. Therefore, a CRN model of a-SiO; was adapted by substituting Si and
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O to Zn and Im (Im = imidazolate), respectively, as represented in figure 1.24c. This experimentally
consistent [133] a-SiO2 CRN had been obtained by expanding an a-Si model (adding O atoms between
each Si as illustrated on figure 1.24b), which was itself produced following the Wooten-Winer-Weaire
(WWW) method. This widely used procedure for tetrahedrally bonded single-component networks
starts from a crystal and proceeds to minimize an energy function using a simulated annealing algorithm
that performs successive steps of bond rearrangements shown on figure 1.24a [135, 136].

(b)

Figure 1.24: (a) Creation of an a-Si continuous random network (right) following the WWW procedure,
starting from a crystal (left) and performing successive bond rearrangements (inset) [136]. (b) Expansion
of the a-Si CRN into an a-SiO2 model [137]. (c) Expansion of the a-SiO; model into a model of a-ZIF,
where the Si-O-Si linkage is replaced by Zn-Im-Zn [138]. Adapted from ref. [136-138].

Used as an initial configuration for the RMC refinements mentioned in the previous section [84], this
first CRN paved the way for CRNS to be considered as representative of aZIFs atomic structure. A similar
construction procedure starting from a different a-Si CRN was used for the creation of an aZIF-4 model,
which was studied after a density functional theory (DFT)-based geometry optimization [139]. The a-Si
model was constructed following a method predating WWW that starts from an initial centered cubic
system with quasirandom coordination before also minimizing the energy, albeit with alternative bond
rearrangement and minimization procedures [140]. Although this method was eclipsed by WWW which
was more successful at generating large systems of arbitrary size [135], it has the virtue of generating
fully coordinated CRNs which possess no memory of the initial crystalline phase. The resulting aZIF
model was validated by comparing its RDF with experimental data, and was sufficiently large (918
atoms) to realistically calculate the electronic structure, interatomic bonding and optical properties.
Unlike other amorphous ZIF models, it is fully coordinated by design and is of lower density than
the crystal. This surprisingly low density is caused by the enlargement of the a-Si cell before the
substitution procedure as displayed on figure 1.24c, where an arbitrary — and seemingly excessive —
factor of 2 was applied. The elastic behavior of this model was studied in a later work by successive
steps of isotropic deformation of the cell and geometry optimization. The mechanical properties were
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computed, as well as the evolution of the electronic and optical properties under compression [141].
An insulator-to-metal transition leading to a novel phase is claimed to be observed under extreme
compression, but the apparent breaking down of the organic ligands questions the physical validity of
these simulations.

This aZIF CRN model can easily be expanded to other materials of the ZIF family, by substituting
the organic ligands and metal nodes to investigate their influence on derived physical properties. In
particular the change in electronic and optical properties were studied for ZIF-4 and MAF-7 (featuring
1,2,4-triazole ligands) with alternating Li/B metal nodes [138], ZIF-62 (imidazolate and benzimidazolate
ligands) for various ligand ratios [142], and ZIF-4 with halogenated imidazolates (H atoms substituted
with CI or Br) [143]. When available (i.e. only for one ZIF-62 system with a given ratio), the system was
validated by comparing the RDF with experimental data, but this could not systematically be performed.
The physical realism of the CRN models obtained is therefore not systematically demonstrated.

1.3.3 Relying on crystalline models

Because of the difficulties of directly modeling amorphous phases, some research groups have tried to
address this issue by ad hoc adaptation of modeling strategies designed for crystalline states. One such
example is the creation of disordered models of UiO-66, MIL-140B and MIL-140C, three zirconium-based
MOFs, by incorporating defects into the crystalline model through several possible pathways [89]. Those
pathways, initially devised based on chemical intuition, were selected to display a small enough energy
penalty to be thermodynamically accessible and lead to an experimentally plausible change of lattice
constants. NMR (Nuclear magnetic resonance) chemical shift calculations of the defective structures
derived from each pathway were performed based on DFT, and the NMR spectra were compared to
experimental data. As several pathways led to a better agreement than the perfect crystalline model, it
was inferred that some of these defects are present in the amorphous structure.

Another possible strategy, which aims not only at highlighting the presence of defects but rather at
generating amorphous models, consists in simulating the phase transition from a crystalline MOF using
classical molecular dynamics. Molecular dynamics (MD), further detailed in section 2.1, reproduces the
time evolution of molecules and materials by numerically integrating Newton’s equations of motion,
based on the knowledge of atomic interactions at a given level of theory, and can be performed at
varying conditions of temperature and mechanical constraints. It is therefore a way to mimic in silico the
experimental formation routes, such as melt-quenching, by imposing adequate thermodynamic variables
such as pressure or temperature. Not only does this approach generate amorphous systems, it also
provides detailed knowledge of the underlying microscopic mechanism causing amorphization.

The most commonly used type of MD simulations for crystalline MOF phases is classical MD, where
the interatomic potential is evaluated as an analytical function of the atomic positions, called the force
field. That force field is optimized to reproduce the structure and dynamics of the framework, based on
experimental data or quantum chemistry calculations (more details in section 2.3.2). Although classical
MD simulations are routinely used for crystalline MOFs [144, 145], they cannot describe changes in the
electronic state of the atoms. In particular, they are unable to simulate bond breaking or reformation and
thus cannot simulate reconstructive phase transitions (i.e. crystal-to-crystal or crystal-to-amorphous
processes in which the coordination changes).

However, some authors have attempted to use such classical MD models to study the amorphization of
MOFs. For example, Ortiz et al. showed that while the classical force field could not be relied upon to
describe the nature of the amorphous phase, it could still be useful to study the mechanical stability of
the crystal before amorphization, and determine the onset of the phase transition [146]. Ortiz performed
the first computational study on the pressure-induced amorphization (PIA) of ZIF-8, by simulating
the crystal at various pressures in a constant-stress ensemble (N, o, T), which allowed to estimate
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the amorphization pressure by identifying the point at which the phase transition occurs, illustrated
on figure 1.25. Increasing the pressure above this threshold numerically leads to a new phase, the
physical reality of which is not clear: it can be seen as a hypothetical amorphous ZIF-8 system under
the constraint that no bond breaking takes place during amorphization. The same approach was also
used in two separate studies, in one for illustrative purposes only [98] and in the other as a validation
experiment of a newly developed force field [147]. In the latter, the final amorphous system was validated
by comparing the structure factor to experimental data. However, the underlying assumption of the
non-reconstructive nature of this pressure-induced amorphization has yet to be directly confirmed, e.g.
by in situ measurements. It is in stark contrast with other studies that found ZIF-8 amorphization by
ball milling and melt-quenching to be reconstructive [123, 132].
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Figure 1.25: Evolution of the unit cell edge length and elastic constants of ZIF-8 under hydrostatic
pressure, from classical molecular dynamics simulations, showing the onset of amorphization at P =
0.35 GPa, where the shear modulus Cy44 goes to zero. Adapted from Ref. [146].

Finally, Bhogra et al. developed another approach to gain insight into the amorphization process by
studying the instability of the crystalline phase [148]. They combined geometry optimization calculations
based on DFT and phonon-spectral analysis to investigate the amorphization pathways of MOF-5, a
MOF comprised of ZnOy tetrahedra bonded with benzene dicarboxylate ligands. Starting with a strained
crystal, they proceed by finding its unstable phonon modes (if any) to distort the structure in order
to have the atomic displacements forming linear combinations of these modes, before performing a
final energy minimization at fixed cell shape and volume. At sufficient strain, this last step leads to
amorphization which manifests itself as an internal structural rearrangement. Although unique in the
study of amorphous MOFs and performed in the zero-Kelvin limit, this approach has the benefit of
hinting at the microscopic mechanism for pressure-induced amorphization — even though pressure and
temperature are not explicitly present.

1.3.4 Ab initio molecular dynamics

Unlike classical MD, ab initio molecular dynamics (AIMD) is a method that allows a full description
of the electronic state of the system at the quantum chemical level and can describe the formation
and breaking of chemical bonds. It is therefore highly suited for the modeling of reconstructive phase
transitions. AIMD, of which there are several “flavors”, combines the modeling of the equations of
motion of the nuclei and the quantum nature of the electrons and is further described in section 2.2.
More computationally demanding than classical MD, AIMD can only simulate phenomena at smaller
time and length scales. However, using modern high-performance computing resources, it is tractable
for MOFs with a few hundred atoms in the unit cell, such as most ZIFs, for times ranging from tens to
hundreds of picoseconds.

The first AIMD simulations in the field of amorphous MOFs studied the melting and subsequent
amorphization of ZIF-4 by quenching [92]. Starting from a single unit cell of the ZIF-4 crystal, several

30



1.3 ATOMISTIC MODELS OF AMORPHOUS MOFS

Im group ‘Q Another Im
h approaching
leaving P /"\7

Undercoordinated Zn?

4-fold Zn?*

coordination Fluctuation

4-fold Zn?* e
coordination

~400 fs >

Figure 1.26: Visualization of a representative imidazolate (Im) exchange event in the microscopic
mechanism of ZIF-4 melting, as observed by ab initio molecular dynamics. Reproduced from Ref. [92].

distinct simulations were performed in the constant-volume (N, V, T) ensemble with temperatures
ranging from 300 to 2250 K, and adequate volume to reproduce the experimentally measured densities.
This procedure did not aim at generating a glass model, but rather at identifying the melting transition
and studying the microscopic mechanism involved. By presenting a representative imidazolate exchange
event at the origin of bond rearrangements, figure 1.26 exemplifies the atomistic insight permitted by
AIMD, looking at structural and dynamical details. Additionally, AIMD was used to investigate the
thermodynamics of melting and characterize the generated liquid ZIF, in synergy (and good agreement)
with in situ variable temperature X-ray and ex sifu neutron pair distribution function experiments
performed in the same study. The same procedure was subsequently performed on two other networks
with different topologies: ZIF-zni, chemically identical, and ZIF-8, composed of different ligands [149].
As the details of the DFT methodology are largely independent from the topology, the chemical similarity
of the frameworks ensured a smooth transferability. By computing the melting temperature of each
framework and comparing it to its experimentally determined decomposition temperature, this second
work helped explain why some frameworks are experimentally observed to melt while others collapse
before melting.

While particularly insightful into the melting dynamics, these two studies did not explicitly generate
atomistic models of ZIF glasses. This was later completed by a subsequent work simulating the entire
glass formation procedure, through melting and quenching, which highlighted the distinct structural
properties of the glasses compared to both the liquid and crystalline phases [123]. Three ZIFs crystals -
ZIF-4, ZIF-8 and SALEM-2 (which features imidazolate ligands like ZIF-4, but has the same topology
as ZIF-8) — were first melted at 1500 K, before being quenched to 300 K with a cooling rate of 50 K/ps.
Because the high computational cost of AIMD puts strong limits on the system size, and makes it
unfeasible in this case to study larger supercells, 10 quenching simulations were performed for each
material to reduce the impact of finite size effects and get a statistically representative description of the
glasses. We should note, however, that the computational cost also limits the total simulation time, and
means that the cooling rates attained are several orders of magnitude higher than any achievable in
the laboratory [80]. We note that although this is an inherent limitation of any molecular dynamics
simulation, it is more pronounced for ab initio.

The use of the constant-pressure MD simulation in the (N, P, T) ensemble would prove a potential
improvement of these works, as it would allow the joint study of both dynamical and thermal effects
without having to input the system density. However, ab initio simulations of such systems are notori-
ously challenging to equilibrate, as these frameworks respond very sensitively to small external stimuli
and thus to small deviations in the computation of the stress tensor [150]. As of today, no computational
scheme has been demonstrated to accurately describe the equilibrium between the three phases involved
(crystal, liquid and glass) and the respective values of their density.

However, AIMD was used to help study the effect of pressure on various types of amorphization
processes, through the application of high pressure, high temperature, or both. Widmer et al. studied the
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low-temperature melting of two ZIFs, ZIF-4 and ZIF-62, under the application of hydrostatic pressure
[93]. Multiple simulations were performed in the constant-pressure (N, P, T) ensemble around the
thermal amorphization temperature with various pressures in the 0.1 to 5 GPa range. Similarly to the
aforementioned melting studies [92, 149] this work gave insight into the melting process under pressure,
but did not aim at providing an atomistic model of the final, fully equilibrated molten frameworks.

Finally, two works tackled pressure-induced amorphization by running AIMD simulations with in-
creasing pressure, going above the amorphization onset, with a different methodology. Erkartal et al.
developed an ad hoc technique that proceeds by running successive short out-of-equilibrium isoenthalpic-
isobaric (N, P, H) MD runs at various pressures. Neither the system enthalpy nor temperature are actually
controlled in the process, making it somewhat akin to an energy minimization algorithm. The first work
studied the MOF-5 amorphization under hydrostatic pressure by investigating the change in structural
and electronic properties and provided the first amorphous MOF-5 atomistic model ever reported [151].
The second one investigated pressure-induced amorphization of ZIF-8 both under hydrostatic and
uniaxial stress. The resulting amorphous ZIF-8 was obtained without bond-breaking, and the method
was validated by comparing the RDF with experimental data [152].

1.3.5 Reactive force fields

Despite its chemical accuracy and ability to simulate reconstructive phase transitions, AIMD significant
computational cost limits its use to small systems on rather short time scales (hundreds of ps) and
all but prohibits its use for high-throughput screening. Reactive force fields are empirical force fields
that possess connection-dependent terms, enabling the simulation of bond breaking and reformation.
Compared to ab initio methods, they trade accuracy for lower computation cost [153]. They are further
described in section 2.3.3.

Their use to study amorphous MOFs is so far primarily focused on melt-quenched ZIF glasses. The
systems were simulated using ReaxFF, a flavor of reactive force fields which interatomic potentials are
functions of bond order, itself calculated from interatomic distances. This was made possible by the
development of a reactive force field conceived for the study of Zn-Imidazolates complexes in aqueous,
validated for these systems with ab initio data [154]. This ReaxFF force field was then used to generate
amorphous ZIFs, after a limited preliminary validation on crystalline structures [155]. We note that this
force field was neither originally developed — nor subsequently shown — to accurately reproduce the
geometry of the Zn(Im)y tetrahedra, key to the framework properties.

In a first work, three ZIF crystals, ZIF-4, ZIF-62 and ZIF-77 (2-nitroimidazolate ligands), were heated above
melting temperature before being quenched in the constant-pressure (N, P, T) ensemble as illustrated
on figure 1.27. The heating/cooling rates were of 96 K/ps, higher than the AIMD melt-quenching work
[123]. The inexpensiveness of the method allowed to simulate a (2 X 2 X 2) supercell, limiting the finite
size effects. The approach was validated for ZIF-4 by comparing the RDF to experimental data and
several properties to the first ab initio work on aZIF-4 [92]. Compared to AIMD, the ReaxFF simulation
yielded the same heat capacity and reproduced the same relationship, albeit more pronounced, between
temperature and the undercoordination of Zn nodes. However, unlike ZIF-4 glasses later obtained by an
AIMD melt-quenching simulation [123] which preserved the density (1.2) and porosity of the crystal,
the ReaxFF glass was of significantly higher density (1.6) and lost its porosity.

This melt-quenching procedure with ReaxFF was then replicated on various ZIFs in further works, albeit
with a slower heating/cooling rate of 24 K/ps, to study properties that would otherwise be prohibitively
expensive with AIMD. An amorphous ZIF-62 model was generated to study the fracture toughness of the
glass by inducing a precrack in an enlarged (2 X 6 X 4) supercell before a stepwise elongation [156]. It
was validated by comparing to experimental data the RDF and multiple mechanical properties, i.e. Young
modulus, Poisson’s ratio and fracture toughness. A subsequent study performed equivalent simulations
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Figure 1.27: Representation of the melt-quenching process applied to ZIF-4 using the ReaxFF reactive
force field. (a) Evolution of temperature over time. (b) Successive snapshots at three different times, in
the crystal, liquid, then glass states. Reproduced from Ref. [155].

for ZIF-4 and ZIF-76 (mix of imidazolate and 5-methylbenzimidazolate ligands), before investigating the
structural origin of the facture behavior [157]. Yet another work computed the thermal conductivity
of amorphous ZIF-4, ZIF-62 and ZIF-8, which were validated by comparison with experimental values
[158]. The glass was shown to have a higher conductivity than the crystal, a very unusual relation,
and the atomistic models were key to investigate the structural origin of this phenomenon. In another
study, ReaxFF was used to simulate an irradiation process on both ZIF-4 crystal and glass models
[159]. Finally, the obtained atomistic models were used, along with experimental data, to develop a
topological constraint model which predicted the glass transition temperatures of any ZIF sharing
the topology of ZIF-4 (cag) with an arbitrary mix of three ligands (imidazolate, benzimidazolate and
5-methylbenzimidazolate) [160].

In addition to this large body of work on melt-quenched ZIFs glasses, an earlier ReaxFF-based force
field, initially developed for the interaction of glycine with a copper surface [161] and not validated
for MOFs, was used to study the mechanical amorphization of three copper based MOFs [162]. These
frameworks, chosen to contain non-accessible regions in their crystalline form, were subjected to shear
or compressive deformations performed in the constant-pressure (N, P, T) ensemble. At moderate strain
levels, they displayed an enhancement of their porosity, made possible by the breakage of metal-linker
bonds which lead to partial amorphization.

1.3.6 Polymerization algorithms

Although classical MD cannot be used to simulate a reconstructive phase transition, it can still play a
role in the generation of atomistic models using simulated assembly/polymerization-based modeling.
Polymatic, a generalized simulated polymerization algorithm, was first developed for amorphous
polymers and later used to generate amorphous MOFs following a well-defined procedure illustrated
on figure 1.28. Starting from a low-density random packing of the building units of the amorphous
material, i.e. the metal nodes and organic linkers for MOFs, successive steps of bond formation and
structural rearrangement are performed. Bond formation is only allowed between predefined reactive
sites and considered when two sites are within a defined cut-off distance. Structural rearrangement
at turns involves energy minimizations and MD steps in the (N, V, T) or (N, P, T) ensemble. When no
further bonds can be formed, the structure is annealed using a multistep MD protocol that applies for
a limited time artificially high pressure to compress the system to a reasonable density [163]. As the
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bonds are at all time well-defined, classical force fields can and are employed for energy minimizations
and MD runs.

The first amorphous MOF generated with Polymatic is the well-studied ZIF-4, of which 5 atomistic
models were generated to sample different regions of configuration space [164]. The validation of
the approach was limited to the comparison of the density and pore volume fraction to experimental
values.

A more comprehensive study by Sapnik et al. modeled for the first time two MOFs, Fe-BTC and Basolite
F300, one of its commercial forms [82]. As illustrated on figure 1.28, they contain two sorts of nodes,
trimer units (FeOg octahedra that cluster around a shared oxo-anion) and tetrahedral assemblies (4
assembled trimers via an organic linker), and 1,3,5-benzenetricarboxylate anions as linkers. Before
this work, their atomic-scale structures were unknown, and they were previously being described
as either disordered, amorphous or nanocrystalline. Ab initio methods are not an option due to the
considerable number of atoms (more than 10,000) needed to describe such systems, and no reactive
force fields are available for their chemical compositions. UFF4AMOF, the extension of the Universal
Force Field parametrized for the description of MOFs [144], was used in this study after validation on
trimers and linkers with DFT. As the node ratio was unknown, three models were built: a short-range
order model (SRO) containing 100% trimers, a mixed model (MIX) containing a 50/50% mixture of
trimers and tetrahedra, and a medium-range order model (MRO) containing 100% tetrahedra. Each
model was built 5 times and properties were averaged. Guided by RDF similarity and pore analysis, the
authors concluded that two of these models could be considered representative of the atomic structure
of Fe-BTC and Basolite F300. From this they deduced a structure—property relationship between the
degree of tetrahedral assembly and porosity. A subsequent study explored the influence of defects
on the structural properties by generating nine amorphous models with the composition of Fe-BTC
using various node ratios (SRO, MIX, MRO) and levels of defects. [165] These two works on two
carboxylate MOFs exemplify how the comparatively low computational cost of this approach, along
with the versatility of classical force fields, make it viable for the generation and investigation of various
disordered structures, including outside of the well-studied ZIF family.

OR + —
O Random Bond
packing . formation
Mix
i Saturation
Nodes Linkers

& MRO

Figure 1.28: Representation of the procedure used to build three amorphous models (SRO, MIX and
MRO, see text for details) of Fe-BTC with the Polymatic method. Adapted from Ref. [82].

34



CONCLUSIONS AND PERSPECTIVES

CONCLUSIONS AND PERSPECTIVES

In this introductory chapter, I introduced the need for negative emissions to reach our climate targets,
and how carbon capture, utilization and storage could be one out of multiple options that should
simultaneously be applied to limit the increase in temperature. Among the multiple challenges to
overcome, a significant research effort goes into reducing the energy penalty, in part by looking for new
materials that could be used in less energy-intensive processes.

Metal-organic frameworks are a large family of porous materials which have been proposed for this task.
There is an increasing interest in the amorphous states of MOFs, which notably yield the opportunity of
increased robustness. Exploring the material space constituted by these amorphous states could lead to
much desired new materials for CO2 separation, and would benefit from having access to the atomistic
models of numerous aMOFs.

However, the determination of the aMOFs framework structures at the microscopic scale is difficult.
We reviewed and compared the existing methodologies available, based on both experimental data and
numerical simulations, which are Reverse Monte Carlo methods, continuous random networks, classical
and ab initio molecular dynamics, reactive force fields, and polymerization algorithms. From that review,
itis clear that in most cases, the problem of modeling is mathematically underdetermined, and it is difficult
to arbitrate between different possible models. This is due to the relative lack of available experimental
data, with only indirect structural information obtained from diffraction measurements.

In order to improve the quality of amorphous models in the future, I think there is a clear need for
wider studies, integrating many different experimental techniques, in order to provide in situ data, for
example by spectroscopic methods: infrared and Raman, NMR, etc. [166] In addition to providing direct
insight into the nature of the amorphous phases of MOFs, such data could be used as a benchmark to
test the different types of microscopic models generated. Databases of amorphous porous materials
could then be expanded, along the lines of what has been done for years for the crystalline phases, and
help accelerate efforts to model these systems [76].

I also conclude that there is, in the existing literature, a lack of direct and in-depth comparison of the
models. In particular, their geometrical, physical and chemical properties have not been systematically
compared against each other. While the generating methods vary a lot (some are purely mathematical,
some rely on physical or chemical insight, some perform direct molecular simulations), the models
produced have very different characteristics that should be systematically computed and contrasted:
density, porosity, framework coordination, topology, etc.

Finally, it appears to me that no single modeling method can currently yield an accurate microscopic
representation of the MOF glasses, which suggests the development of multi-scale modeling strategies,
combining the strength of the different methods already available. I have tested and commented some
of these strategies during my PhD.
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Since its emergence in the 1950s, molecular simulation has seen an ever-growing use in the fields of
physical, chemical, and materials sciences, to the point that today numerical simulations constitute
a field of research in their own right and are sometimes referred to as in silico experiments [167].
Complementary to experimental techniques and pen-and-paper theoretical models, they can shed light
on some microscopic mechanisms that experimental measurements cannot grasp, for example accessing
very short space and time scales or studying experimentally inaccessible conditions. Computational
tools offer a better understanding of multiple mechanisms which can assist experimental synthesis
works [125], and have been massively used to study gas separation in MOFs [168], notably for CO,
separation [169].
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In addition, molecular simulations offer an opportunity to predict novel architectures, with considerable
effort devoted to enumerate all the plausible MOF structures constructed by the assembly of a large
diversity of inorganic and organic building blocks [126]. These hypothetical MOFs, along with the
development of large databases of experimental MOF structures [170], make it possible to search for
a MOF with a set of required properties by building on the study of structure-property relationships
and the development of various high-throughput computational screening methods [126, 171]. The
past decade has seen an increase in the use of data-driven techniques, with the application of artificial
intelligence (AI), in particular, machine learning (ML) [124], notably for the selection and/or prediction
of MOFs with good performance for CO; separation [172, 173]. This computation effort has the potential
to significantly accelerate the rational development of materials, where the traditional experimental
materials discovery process is slow [124, 174].

In this chapter I will present the different computational methods I used during my PhD. Among the
many molecular simulation methods, I focused mostly on molecular dynamics which I first introduce in
section 2.1. T used four different flavors of molecular dynamics which are presented in three separate
sections: ab initio, (section 2.2), with classical and reactive force fields (presented jointly in section 2.3),
and finally with machine learned potentials (section 2.4). Finally, section 2.5 aggregates multiple methods
I used for the analysis of the molecular dynamics simulations.
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2.1 MOLECULAR DYNAMICS SIMULATIONS

2.1.1 Space and time scales

DIVERSITY OF SIMULATION METHODS

To understand real materials through computation, one needs to consider a variety of effects from
quantum interactions at very small length scales to macroscopic properties at very large length scales.
Achieving this requires the use of a range of numerical methods tailored for different purposes, which
are represented on figure 2.1. Based on multiple levels of theory, they provide access to different space
and time scales with various accuracies, and are often highly interconnected [175].
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Figure 2.1: (a) Computational methodologies address systems spanning from microscopic to macro-
scopic length scales. Based on different levels of theory, these methods provide (b) different accuracies,
achievable simulation times, and (c) access to different phenomena. Reproduced from Ref. [175].

SCALES IN THIS WORK

Among this multiplicity of methods, I have used in this work computational tools able to simulate
systems typically comprised between N = 200 and 10,000 atoms (corresponding to ~ 10-100 nm),
with typical time scales found between 10 ps and 10ns. On figure 2.1, they correspond to “DFT”
(section 2.2), “Molecular Dynamics”, “Force fields” (section 2.3.2 and section 2.3.3) and “machine learning”
(section 2.4).

PERIODIC BOUNDARY CONDITIONS

While these numerical methods are used to study atomistic models of a few hundreds atoms, the end
goal is generally to study macroscopic materials and chemical systems composed of a number of atoms
of the order of Avogadro’s number (~ 1023 atoms). A typical way to represent these materials is to use
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periodic boundary conditions (PBC). The basic idea is the simulation of a small box containing N atoms,
called the unit cell, which is replicated throughout space to form an infinite lattice, as illustrated on
figure 2.2 [176]. The copies of the initial box are called images of this box.

The unit cell can be represented by three unit cell vectors — a, b, ¢ — which define the primitive axes. For
convenience, the unit cell matrix (also called unit cell tensor) h = [a, b, c¢] can be introduced.
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Figure 2.2: Example of ZIF-4 with periodic boundary conditions showing the replication of a unit cell
(right) in all three directions to yield a (2x2x2) supercell (left). Reproduced from Ref. [177].

The periodicity of the crystals makes it easy to simulate a single unit cell and virtually extend the size
of the system by periodic boundary conditions. However, as the use of PBC introduces an artificial
periodicity into the system, it is harder to study defects that are inherently replicated over all the
images. Studying aperiodic (e.g. disordered) systems is even more complex, as they do not possess any
translational periodicity. They can, however, be approximated by periodic structures with large unit
cells [74].

2.1.2 Principles of molecular dynamics

Molecular dynamics (MD) is a family of numerical techniques which have in common to reproduce the
time evolution of molecules and materials by numerically integrating Newton’s equations of motion,
based on the knowledge of atomic interactions at a given level of theory. I will now briefly outlay the
principles of MD, and recommend the following books for an in-depth description [176, 178].

EQUATIONS OF MOTION

In all the different flavors of MD used in this work, the nuclear motion of the constituent particles obeys
the laws of classical mechanics.

Let us therefore consider an atomistic system containing N individual atoms with Cartesian coordinates
r;, masses m; and momentum p;. For convenience, let us denote r and p the set of all positions {r;} and
momentum {p;}. The interactions between the atoms are described by a potential energy U(r), with no
explicit dependence on time and p, such that the classical Hamiltonian of the system is:

2
i

o, + U(r) (2.1)

N
Hmm=2p
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The equations of motion of the system are therefore:

ari v

o m

g AU (2.2)
ot or;

POTENTIAL ENERGY

A variety of approaches coexist to obtain the potential energy U(r) from a configuration of atomic
positions r. I will detail in the next three sections the approaches used in this PhD: from quantum
calculations (section 2.2), using classical and reactive force fields (section 2.3), and finally using machine-
learned potentials (section 2.4). In this section we will consider that we know how to compute U(r)
from the knowledge of r.

INTEGRATION SCHEME

The evolution of the atomic positions and velocities of the system are obtained by integrating the
equations of motion using finite difference methods and by discretizing time. Starting from an initial
configuration at time ¢, these equations allow computing the positions and velocities at the next time
step t + Jt.

A number of integration schemes suitable for MD simulations exist in the literature, which all possess a
number of desirable qualities for this task (satisfy the conservation laws of the system, time-reversible,
fast, accurate, etc.) [176, 178]. Most MD programs use a variant of the algorithm initially adopted by
Verlet [179], that is described here as an illustrative example. The algorithm written in its velocity Verlet
form is as follows:

v(t+0t/2) = v(t) + %a(t) ot,

r(t+90t) = r(t) + v(t + 6t/2) dt,

a(t+61) = m Lf(t + 6t), 23)

v(t+6t) = v(t+68/2) + %a(t+ ot) ot,

where f; =-0U(r)/dr; is the force acting on atom i, v = m!p are the velocities, and m the mass
matrix.

For this discretization to be valid, the time step Jt has to be small enough so that both the second and
higher order terms in &t are negligible, and the forces acting on each atom can be considered constant
between t and ¢ + dt. For the systems in this work, dt was comprised between 0.25 fs and 1 fs. This is
dictated by the fastest motion in the system.

2.1.3 Thermodynamic ensembles

By default, molecular dynamics sample the microcanonical, or (N, V, E) ensemble, which conserves
the mechanical energy E, volume V and number of particles N, as total energy is conserved in the
integration of Newton’s equations of motion.

A great strength of MD, however, is the ability to perform simulations at varying conditions of tempera-
ture and mechanical constraints. An example use case in the study of amorphous MOFs is the possibility
to mimick in silico experimental formation routes, such as melt-quenching or pressure-induced amor-
phization, by imposing adequate thermodynamic variables such as pressure P or temperature T. It
can be achieved by sampling alternative thermodynamic ensembles such as the canonical (constant
(N, V, T)) or isothermal-isobaric (constant (N, P, T)) ensembles, illustrated on figure 2.3.
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Figure 2.3: Schematic of the microcanonical, canonical and isothermal-isobaric ensembles. Reproduced
from Ref. [180].

THERMOSTATS

The canonical (N, V, T) ensemble can be simulated by using thermostats, i.e. algorithms that control the
temperature by changing the kinetic energy of the system, or more generally by changing the velocities
of the atoms. A number of thermostats exist in the literature, with implications on the temperature
response of the studied systems [181, 182], of which I will introduce those used in this work.

A widely used thermostat to probe the correct canonical ensemble is the Nosé-Hoover thermostat
[183, 184]. In this approach, the Hamiltonian of equation (2.1) is extended to include an additional
variable s representing an extra degree of freedom:

2
H(r, .5, = E U0 B gty Tingy 249

mi

where (r, p, t) are virtual variables, related to the real variables (r, p’ ) by

/ /

r=r p=sp St = sot’ (2.5)

and where g is a parameter essentially equal to the number of degrees of freedom of the physical system,
ps is the conjugate momentum of s, kg the Boltzmann constant and Q is a parameter that behaves as a
mass and which can be tuned to change the intensity of the coupling. This thermostat supplements
the physical phase space with the additional variable s which mimics the effect of a heat bath using a
deterministic scheme [181].

Instead of using such extended Hamiltonian methods, another approach consists in using rescaling
methods to sample the canonical ensemble. This is the basis of the Canonical Sampling through Velocity
Rescaling (CSVR) [185] thermostat, also used during my PhD, in which the velocities of all the particles
are rescaled by a properly chosen random factor. While the Nosé-Hoover thermostat can exhibit
nonergodic behavior, this version of CSVR was found to be more ergodic while still probing the correct
canonical ensemble [185].

BAaRrosTATS

Controlling the pressure can be done with the same approaches as the temperature to generate the
isothermal-isobaric, or constant (N, P, T) ensemble. In this case, the barostat aims at converging the
average value of the pressure (P) by dynamically changing the volume V. This change can be done by
fixing the cell shape, represented by the normalized unit cell tensor h=Vv"3h, and applying a uniform
dilation of the cell, or by allowing h to change.
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In this work, following the nomenclature of Ref. [182], I will refer to the first of these ensembles (fixed h)
as (N, P(h), T), or (N, P, T) with an isotropic cell. The (N, P, T) ensemble with varying h will be referred to
as (N, P(cg), T), (N, P, T) with a flexible cell or as the constant-stress ensemble denoted (N, o, T).

To better spot the difference between these ensembles, let us decompose the stress tensor o, into the
hydrostatic pressure P = Tr(0) and a deviatoric stress o g:

o =Pl+o, (2.6)
While both ensembles ensure convergence of the average pressure (P) of the system, (N, P(h), T) does it

by keeping h constant while (N, P(¢,), T) have (0 4) converge, generally aiming for 0. Table 2.1 provides
a summary of the ensembles used in this work with the precise quantities which are fixed.

Ensemble N V E (T) h (P) (o) Alternative names

(N, V,E) X X X X

(N,V,T) X X X X
(N,P(h), T) X X X X (N, P, T) isotropic cell
(N,P(gg), T) X X X X (N, P, T) flexible cell; (N, o, T)

Table 2.1: Thermodynamic ensembles considered in this work, with comparison of the fixed quantities
chosen among from N, V,E, (T) , h, (P) , (04).

Similarly as for thermostats, there are a multiplicity of barostats in the literature [181]. The Nosé-Hoover
barostat [183, 184], the only one used in this work, is based on a similar extension of the Hamiltonian to
that of the (N, V, T) ensemble. In the case of a fixed cell shape, this extended Hamiltonian is:

N
H(r,p,s,ps, V. pv) = )

i

pZ 2

2
b +U(V3r) + i + gkgTIn(s) + ZPTK/ + PexV (2.7)

ZmiV2/352

Where py is the conjugate momentum of V, W a mass for the volume motion, Py is the externally set
pressure, and with the virtual variables (r, p, t) now related to the real variables (+/, p’, ') by:

o 13y p= V1Bsy 5t = sot’ (2.8)

For the (N, P(c4), T) ensemble, the equations are similar in spirit and can be found in ref. [186].

The level of coupling, quantified with Q and W in the Nose-Hoover formulation reported above, is
often expressed with time constants in MD codes that we will call T and Tp here. Both thermostat
and barostat should have sufficient time to react to changes. In particular it means that for every
change of volume induced by the barostat, the thermostat must have time to change the velocities to
adapt the kinetic energy to the new potential energy. It translates to a larger damping constant for the
barostat than for the thermostat. In my simulations I used Tp = 10 T7, with T being typically equal to
100 ot.
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2.2 AB INITIO MOLECULAR DYNAMICS

Ab initio molecular dynamics (AIMD) simulations rely on the computation of the forces acting on the
nuclei from electronic structure calculations. In this section I will give an overview of AIMD, and
recommend the following books for an in-depth description [187, 188].

2.2.1 Unifying MD and quantum calculations

THE SCHRODINGER EQUATION

The starting point of combining MD and quantum calculations, in the framework of non-relativistic
quantum mechanics, is formalized via the time-dependent Schrédinger equation:

ihg)td)(r, R 1) = HP(r,R 1) (2.9)

with the wave function ®(r, R, t) a function of both electrons and nuclei, and the Hamiltonian H
describing the electron-electron, electron-nuclear, and nuclear-nuclear Coulomb interactions:

h2

. h?
H=-Y) —Vi- Vi
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where r; and m, describe the electrons positions and masses, Ry, M; and Z; the positions, mass and
atomic number of the nuclei, # is the reduced Plank’s constant, e the elementary charge and ¢ the
vacuum permittivity.

BORN-OPPENHEIMER DYNAMICS

Among the multiple AIMD schemes (e.g. Ehrenfest dynamics, Car-Parinello dynamics, etc.) I exclusively
used Born-Oppenheimer AIMD during my PhD. It relies on the Born-Oppenheimer approximation,
in which the dynamics of the electrons and the nuclei are decoupled, owing to the great difference of
mass between the electrons and the nuclei. This approximation means that at a given point in time,
the (quantum) electrons evolve in the constant electrostatic potential generated by the fixed (classical)
nuclei. A Born-Oppenheimer dynamics therefore consist in successive time-independent quantum
problems, requiring the resolution of the time-independent, stationary Schrédinger equation for the
electrons, performed at each MD time step.

Denoting ¥ the wave function for the electrons, the Born-Oppenheimer MD method can be written
down for the electronic ground state (¥, Eo) as:

A

Helljo = E()‘Fo
9R; , . (2.11)
M= = -V min { (¥o|H[¥o)}
t Yo
where 7-26 is the electronic Hamiltonian:
- W2 1 ¢ 1 e 7;
. = W - 2.12
¢ ; 2me ! 4718 ; |rl- - rj| 471€( ; |RI - r,-| ( )
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This method is therefore conceptually identical to the general description of MD of section 2.1, with
quantum calculations only representing a way to compute the energy of the system, and therefore the
forces. The complete electronic wave function is, however, a very complicated mathematical function
with ~ 3N variables, even for a simple molecule, as each atom has several electrons. Quantum chemistry
offers a lot of methods to solve this problem, and we relied on density functional theory.

2.2.2 Density functional theory

THE DFT THEOREMS AND THE KOHN-SHAM PICTURE
Among the multiple ab initio methods for the computational study of materials’ ground-state properties,
density functional theory (DFT) has been arguably the most dominant and successful method over the
past half century [175]. The central idea of DFT is to solve equation (2.12) in terms of the total electronic
density n(r), defined for a normalized ¥ as:

‘I’> (2.13)

N
nry=( Y Z Or,
i=1
The foundations of DFT were laid down by Hohenberg and Kohn [189], which showed that the electronic
ground-state total energy Ey can be expressed as a functional of the ground-state charge density n(r),

where J,, is the Dirac delta function d(r - r;).

and by Kohn and Sham [190], which showed that the ground-state charge density can be determined
by a set of self-consistent one-body equations. These equations, called Kohn-Sham equations, can be
expressed for the single electron wave functions ¥;(r), called the Kohn-Sham orbitals:

h2
—%Vz + Vext(r) + VH(r) + Vxc(r)| Pi(r) = eipi(r) (2.14)

where Vexi(7) is the potential an electron feels due to the presence of the nuclei, and V41, named the
Hartree potential, describes the repulsion between the single-electron and the total electron density.
Both can be computed directly from r and n(r) and are defined as:

Vext(r) = ¢ y % (2.15)
extir) = 4meg 5 Ir - R} '
2 /
e nr) .,
Vig(r) = d 2.16
H(r) 47180/|r_r,| r (2.16)

The last term in equation (2.14) is the exchange-correlation contribution Vxc, which is not exactly
known (except for a free electron gas) and requires the use of approximations.

Kohn-Sham equations are non-linear equations, as both Vi and Vi, depends on {¢;}, and are usually
solved by a self-consistent iterative algorithm called the Self-Consistent Field (SCF) method. Although
the Kohn-Sham orbitals and their eigenvalues ¢; do not have physical significance as single particle
wave functions, they have proven to give quite accurate descriptions of band structures and bonding
characters [191].

In the end, the strength of DFT is simplifying a 3N-dimensional problem (many interacting electrons),
into a 3-dimensional problem. The computational complexity is polynomial [192], which allows the
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simulation of significantly larger systems compared to the exponential scaling of the original many-body
problem.

EXCHANGE-CORRELATION

In principle, DFT is an exact theory for ground-state properties, but in practice, an approximation for
the exchange correlation functional Exc[n] is needed to perform any actual calculation and obtain a
numerical solution of the Kohn-Sham equations. The numerical solution involves multiple algorithmic
choices which are translated into the diversity of widely used electronic-structure codes available
nowadays [193].

The quest for approximations to Exc[n] is a fundamental one, and its choice has significant influence
on how the energy depends on atomic positions, and thus on all calculated properties. They are many
options available in the literature, and each choice of functional is a compromise between accuracy and
computational cost [194]. In this work, I used generalized-gradient approximation (GGA) functionals
which take into account the non-local exchange and correlation effects. The central idea is the assumption
that Exc[n] can be expressed by the following form:

ESEA ] = [ nirexc (n(r), V() dr (2.17)

where exc (n(r), V n(r)) is the exchange-correlation energy per particle which is assumed to depend on
both the density at each point n(r) and the first order gradient term V n(r).

Among the multiple available GGA functionals, the PBE functional [274] was shown to produce consis-
tent results in many porous systems [92] and was used in my work.
DISPERSION CORRECTIONS

A drawback of using information about the local density to construct the exchange-correlation func-
tionals, is that DFT calculations often have trouble reproducing long-range correlation effects, such as
dispersion interactions. This can be corrected by adding a dispersion correction term Egjs;, proposed by
Grimme et al. [196, 197] to the energy obtained by DFT (Eppr):

Etot = Eprr + Edisp (2.18)

In this work, I used the DFT-D3 version of this correction [197], expressed as:

cd ¢
Egisp = =), 76 I (Rpy) + RS f3”(Rpy) (2.19)
SARY; i

where the sum is over all the pairs of atoms (I, J), Rjj = |RI - R]‘, Cé] and Cé] are parameters tabulated

for each pair of elements, and f,{J are damping functions defined as:
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Sn

i for R < R,
I, ~L
iy~ L 1+6 (R / O csf/céf> (2.20)

0 forR > R,

In this expression, s, ®, and 0, are parameters (with s, and ¢, adapted to the particular Exc used), and
Rc is a cutoff radius.
BAsis SET

To solve the Kohn-Sham equations, there is a need for an accurate representation of the single-particle
orbitals ¢;(r), which are usually described using a set of basis functions @4(r):

¥i(r) = Y caipa(r) (2.21)

Among the most popular basis sets, we find Gaussian basis sets (localized, or atom centered) and plane
wave basis sets (delocalized). The Gaussian plane wave (GPW) method [198] used in this work, combines
the two types of basis sets described above and is commonly found for simulations of materials [193]. I
have mostly used the DZVP (double-{ valence polarized) basis sets.
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2.3 FORCE FIELDS

2.3.1 Motivations and principles

TOWARDS LARGER SCALES

Despite the accuracy and wealth of information obtainable by AIMD, this method is limited to relatively
small scale studies. Classical MD simulations, however, are routinely used to explore longer time
scales and larger systems, with simulations of several thousands of atoms over tens to hundreds of ns
reasonably tractable. They enable molecular level insights into macroscopic material properties such as
adsorption, diffusion and framework dynamics [199].

The basic idea behind classical MD is to evaluate the potential energy U(r) as an analytical function of
the atomic positions r. This is done with force fields (FF), a term referring to the functional forms used
to describe the intra- and inter-molecular potential energies of a collection of atoms, along with the
corresponding parameters [176]. The knowledge of a force field therefore allows the integration of the
equations of motion (equation (2.2)).

That force field is optimized to reproduce the structure, dynamics and other properties of a given material
or set of materials, based on experimental data or quantum chemistry calculations. The choice and
implementation of force fields is crucial to the accuracy obtained when resorting to this method.

ENERGY DECOMPOSITION

U(r) is generally decomposed in several terms representing the contributions of different physical
interactions. The specific decomposition depends on the force field, with a common form being:

- i o
U(r) = Z Upairs + E Unolecular + UCoulomb (2.22)
i,j o

where Ucgulomb 1S the Coulombic interaction between charged atoms, Upyglecular Tepresent the internal
molecular energy and Up,rs the interactions between non-bonded pairs (typically with the Lennard-Jones
potential).

There are multiple functional forms to describe each contribution. For example the intra-molecular
interactions Uy gjecular (i-6- between atoms that are linked by covalent or metal-ligand bonds) are often
further decomposed:

Umolecular = Z Ubond(r) + Z Uangle(g) + Z Udihedral(q)) (2.23)
bonds angles dihedrals

Every energy term in this example only depends on the type of bonded atoms, and a single scalar
variable. These scalars are the distance r between the two atoms for bonds contributions, the 3-body
angle 6 for angles contributions, and the 4-body dihedral angle ¢ or out of plane distance d for dihedral
angles contributions. These variables are illustrated on figure 2.4.

FORCE FIELD PARAMETRIZATION

Force fields are parameterized to reproduce the molecular geometry or thermodynamic properties
reported experimentally or obtained from higher level ab initio calculations. All the functional forms
have one or more adjustable parameters. They are optimized to reproduce the expected energy and
physical properties of the system, in a procedure called parametrization of the force field.

However the parametrization of a force field involves a trade-off between accuracy — i.e. how well a
given force field can reproduce the system properties — and transferability — i.e. how well it fares on
systems it was not trained for. A notable example of a generic force field that traded some accuracy
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Figure 2.4: Parameters used to compute the energy of a molecular system with a classical force field
for (a) bonds, (b) angles, (c) dihedral angles, and (d) improper dihedrals/out of plane distance. Adapted
from Ref. [67].

for a better transferability is the Universal Force Field (UFF) [200], which was adapted to MOFs in 2016
[144].

2.3.2 Classical force fields

BONDED INTERACTIONS

The most commonly used type of MD simulations for crystalline MOF phases relies on classical force
fields, for which the bonds between different atoms are defined only once over the entire course of the
MD run, along with charges which are also fixed. They are therefore unable by design to simulate bond
breaking or reformation, or changes in the electronic state of an atom.

This is typically achieved with functional forms adapted for the description of bonds and angles around
equilibrium positions, only considering the vibration of the bond length or the angle. For example, the
energy of bonds, angles and improper dihedrals can be represented as harmonic oscillators, and proper
dihedrals as cosine potentials to reproduce the periodicity of the associated energy:

1

Ubond(r) = Ekb (r-rp)?
1

Uangle(e) = Eka - 90)2 (2.24)

1
Uimproper dihedral(qp) = Eki (QD - §90)2

Uproper dihedral(®) = A [1 + Cos(n(/) + 5)]

where (kp, kq, k;) are spring constants, (ry, 0y, ¢¢) equilibrium positions, A a multiplicative constant, n a
positive integer indicating the periodicity and § a phase shift [201].

MOF-FF FoR ZIFs

Unfortunately, generic force fields are not always optimal for simulating MOFs, in particular to predict
their dynamic properties. One possible trade-off between accuracy and transferability lies in the
systematic and consistent parametrization of force fields from first principles reference data. With this
approach, the low transferability of each parameterized (and accurate) force field is compensated by the
possession of a procedure to readily train new force fields on new materials. During the course of my
PhD I used MOF-FF [145], a force field based on the MM3 functional form [202] which embodies such a
parametrization strategy.

In 2019 Diirholt et al. used MOF-FF to generate new force fields for three ZIF-8 variants from ab initio
input data [203]. They were able to reproduce well both geometric and dynamic properties, and the FF
showed good transferability across a series of ZIF polymorphs. It also led to mechanical properties in
line with earlier FFs [204].
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MOF-FF has a specific parametrization for each atom type, defined as a combination of the atomic
species X and its coordination environment (called atypes) and where it sits in the framework (called
fragments). This nomenclature is the one used by molsys, the Python package behind MOF-FF for the
parametrization of systems [205]. For example, a Zn atom connected to 4 N and sitting in its regular
position (a fragment called zn4tet in molsys) in a ZIF-4 framework will be identified by these three
characteristics, and noted zn4_n4@zn4tet in molsys.

ADAPTATION TO GLASSES

Even if a few studies used classical MD to study the amorphization of ZIFs [146, 147] as discussed in
section 1.3.3, every classical FF for ZIFs published to this date has been developed with crystals in
mind, and should thus first be adapted and validated before any study of ZIF glasses. While developing
a new FF for glasses is beyond the scope of this study, the MOF-FF methodology for an automatic
parametrization of FFs would make such a development achievable in future works.

Adapting the FF requires to add a parametrization for coordination environments which are not present
in the crystalline framework. In the particular case of aZIF-4, it requires the parametrization of the
interaction between three-coordinated Zn atoms and their N neighbors (zn3_n3zn3tet, with a fragment
zn3tet to be defined). In this work I created two FF adaptations of MOF-FF for ZIFs for the glasses:
Zn3tetra and Zn3trig. In Zn3tetra, every three-coordinated Zn atom (denoted zn3_n3 in molsys
atypes format) was treated as a four-coordinated Zn (denoted zn4_n4). In Zn3trig, zn3_n3 were treated
as zn4_n4 in all their interactions with other atoms, except for the N-Zn-N angle which was changed
from the tetrahedral angle (arccos(-1/3) ~ 109.47°) to 120°, using the same spring constant. Their
validation and use are further commented in section 5.4.1.

As the identification of the building units (Zn atoms and imidazolates) of the glass models could not be
performed by molsys, due to large fluctuations in the bond angles and lengths as well as the presence
of defects, it was carried out with an ad hoc identification algorithm presented in section 2.5.3, and
interfaced with molsys.

2.3.3 Reactive force fields

DESCRIBING BOND REARRANGEMENT

Although classical force fields are well suited for nonreactive interactions, they are inadequate for
modeling changes in atom connectivity. Modeling bonds breaking and reformation motivated the
inclusion of connection-dependent terms in the force-field description, leading to the development of
reactive force fields.

A number of different functional forms exist to represent these reactive potentials [206], for example
by separating repulsive and attractive terms. A typical functional form of (early) reactive FF relies on
exponential functions, illustrated on figure 2.5 for the following form [207]:

Urepulsive(r) = (1 + Q/r)Ae™™ (2.25)
Uattractive(r) = Z bn e—,Bnr (2.26)
n

where (Q, &, by, Br) are a set of parameters.
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Figure 2.5: Representative reactive pair interactions for various carbon-carbon bond types. Adapted
from Ref. [207, 208].

REAXFF

In the past decades, the sophistication of empirical potentials has been greatly improved by employing
bond order concepts, dependent on the local chemical environment and exemplified by the widely used
ReaxFF method [206]. Originally developed in 2001 by van Duin et al. for hydrocarbon description
[209], ReaxFF considers each atomic interaction bond order dependent, without having to predefine
reactive sites [210]. Bond order BOj; is calculated directly from interatomic distances r;; using empirical
formulas, reproduced here for a carbon-carbon interaction:

BOj; = BOJ, + BO] + BOJ™

rij pb02 rij pbo4 rij pboé (227)
= €XP | Pbo1 * g + €XP | Pbo3 * T + €XP | Pbos - T
o [ [

where ry are equilibrium bond lengths and pp, terms empirical parameters. A key feature of this

definition as a sum of three exponentials representing single, double (7t bond), and triple (777t bond)
bond order contributions, is that it involves no discontinuities through transitions between different
bond characters.

The forces on each atom are derived from the system energy Esystem described by the following many-
body empirical potential terms:

Esystem = Epond + Eangle + Etors + Eover + Ecoulomb + Evdwaals + Especiﬁc (2.28)

where (Epond; Eangle: Etors) respectively describe the energy associated with forming bonds between
atoms, three-body valence angle strain and four-body torsional angle strain, Eqver is an energy penalty
preventing the over-coordination of atoms, E.qulomb and Eyqwaals are electrostatic and dispersive
contributions, and Egpeific represents system specific terms. The overall ReaxFF procedure to compute
Esystem from the atomic positions is outlaid in figure 2.6.

Multiple branches of ReaxFF have been developed over the years, the largest of which being the
combustion and aqueous branches [153]. Within well-designed MD platform (e.g. LAMMPS [211]), the
optimized ReaxFF potentials are capable of simulating systems larger than 10® atoms at the nanosecond
time scale [206].
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Figure 2.6: Overview of the ReaxFF total energy components. Adapted from Ref. [153].

PARAMETRIZATION FOR ZIFs

Among the multiple branches of ReaxFF, two have been used to study amorphous MOFs: one for copper
based MOFs and one for ZIFs [155]. I detailed the different works in the literature that used them in

section 1.3.5.

We should stress here that neither of these force fields were initially developed for nor thoroughly
validated on MOFs. The force field used for copper based MOFs was initially developed for the interaction
of glycine with a copper surface [161], while the ReaxFF force field for ZIFs was conceived for the study
of Zn-Imidazolates complexes in aqueous [154]. In this PhD, I used the ReaxFF parametrization for

ZIFs.
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2.4 MACHINE-LEARNED POTENTIALS

The basic idea behind machine-learned potentials (MLP) is to use data obtained at a higher level of theory
(such as ab initio) to fit interaction potentials, without relying on the analytic functional forms of classical
force fields. In this section I will give an overview of MLPs, before further detailing neural network
potentials (NNP), the family of MLPs used in this work. I will finish by presenting the precise architecture
used, namely equivariant message passing neural networks, implemented as NequlP [212].

For further reference, I recommend Ref. [213, 214] for a general introduction of MLPs, Ref. [215] for
their proposed applications, Ref. [216] for a general introduction to neural networks, and Ref. [217] for
a recent review of the existing NNP architectures.

2.4.1 Principles and construction

SHIFTING THE COST-ACCURACY TRADE-OFF

The rapid growth of machine learning (ML) techniques in recent years has led to many applications in the
computational materials science community. In addition to high-throughput techniques to predict new
materials with targeted properties, supervised machine learning can be used to create next-generation
force fields, called machine-learned potentials (MLP). Although many of the fundamental concepts can
be dated back to 1995 with a seminal work by Blanck et al. [218], the recent progress in computational
tools and power, data generation and analysis, and the availability of ML models in standard software
toolkits, initiated the development of a large variety of promising methods to train and apply MLPs
[175].

An MLP may be defined as an analytic expression for the potential energy U(r) as a function of the
atomic positions r using an ML algorithm, which is constructed using a consistent set of reference
electronic structure data, and which does not contain any ad hoc assumptions about the functional form
[219].

This absence of a fixed functional form allows in principle to approximate multidimensional real-
valued functions with arbitrary accuracy. In this regard, the construction of MLPs is a markedly
different approach than the use of ML techniques to optimize force field parameters [220]. Because the
computational cost is lower, especially when implemented through optimized frameworks leveraging
GPU processing, MLPs enable large-space and long-time atomistic simulations beyond the reach of
direct ab initio calculations, while retaining its level of accuracy as illustrated in figure 2.7. Furthermore,
MLPs do not distinguish between bonded and non-bonded interactions and are therefore intrinsically
reactive [215].

Time scale (ms) Biology Chemistry Materials
System size (10° atoms) -

graining

General applicability
Accuracy beyond DFT

Classical
force fields

Reactive
force fields

! Accuracy (<1 kcal mol™)
Applicability (reactions)

Figure 2.7: MLPs shown as a potential solution to the trade-off between cost and accuracy. Reproduced
from Ref. [215].
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The construction of any MLP consists of several individual steps illustrated on figure 2.8. First a reference
data set is constructed, then the MLP is trained by a fitting process to accurately reproduce the reference
data. Finally, a careful validation is required, before using the MLP in any simulation.

HW = EW Energies and forces

(single-point)
e Regression (“learning”) of

ﬁ& obs pofential-energy surface
o o -
1%’3’1 1 O
4 %% L P .
sl ‘e Exact’, but
unknown PES

Construction of a X (3N dimensional) ( (descriptors)
reference database

Representation of
atomic environments

Figure 2.8: General overview of how MLPs are constructed. Adapted from Ref. [214].

DATA ACQUISITION

The reference data set, or training data, generally consists of the coordinates r and elements {Z;} of
all atoms in the system, as well as their corresponding energies E*f and forces F?ef. Diversity in the
training data is key for good generalization of the MLP.

One of the most straightforward procedures to obtain reference data is to extract it from existing ab initio
MD trajectories. It is, however, not necessarily the most efficient approach, because of the structural
resemblance of consecutive time frames and long-time correlations. A solution to partially improve
the procedure is to sample high temperature trajectories, which enhance coverage of off-equilibrium
conformations which are of crucial importance when training MLPs [215]. Alternative and more efficient
solutions exist such as active learning [219] or enhanced sampling. The latter has been demonstrated
for the first time on MOFs in a recent work published in 2023 [221].

The data sets used to construct MLPs are often very large and contain tens of thousands of electronic
structure calculations, making DFT (presented in section 2.2.2) the most frequently used electronic
structure method for condensed systems.

TRAINING

For a given data set, the values of the parameters of the MLP have to be determined. This step, called
training, is typically done by defining a loss function that needs to be minimized and by repeatedly
cycling through the data with a gradient-based optimization algorithm. A full presentation of the dataset
is called epoch, i.e. when every frame in the training dataset has had a chance to update the internal
model parameters once.

The error of MLPs is typically measured by the mean absolute error (MAE) or the root mean squared
error (RMSE), commonly normalized per atom:

N
1
MAE = Yo e - EIMLP‘ (2.29)
i=1
1 N
RMSE =, | Y (Eref - pMLP)2 (2.30)
i=1
where EMLP is the predicted potential energy.
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A typical loss function for this task (e.g. NequlP default’s) is based on a weighted sum of energy and
force loss terms:

L Z)\E[’E"'/\F*CF (2.31)

where Ap and Ap are the energy and force weightings, which relative weight depends on how the user
wants to bias the learning procedure. Other quantities can be added to the loss function in a similar
fashion, such as the stress.

VALIDATION

Assessing the accuracy of any interatomic potential is a question as old as atomistic simulations
and not something specific to MLPs. However, while the approximations of classical FF might give
rise to inaccuracies or failures, their physically meaningful functional forms may provide a physical
understanding of their limitations. For MLPs the situation is different as the functional form is not based
on physical interaction models. While it is an intrinsic strength of MLPs that allows to reach a much
closer agreement with reference data, it makes it very difficult to determine the validity of an MLP
outside of its training region [219].

Failures and inaccuracies can result from choices made at every step of the MLP construction shown
on figure 2.8: the available data, the representation of atomic environments and interactions, and the
optimization process (e.g. with the risk of getting trapped in local minimum).

Validating MLPs is therefore a crucial step before doing any production simulations, which relies both
on a number of numerical validation tools commonly used in the ML literature, and on physically
guided validation which relies on the practitioner’s domain knowledge. Ref. [222] provides a number
of best-practice recommendations for the development of MLPs. Among them, a popular way to
numerically validate an ML model is to use cross-validation. In its simplest form, this procedure involves
the separation of the complete reference dataset into a training and a validation set. The performance of
an ML model is then not judged by how well they predict the data they were trained on (which could
lead to overfitting) but by how well the model is able to predict unseen data (from the validation set)
[222, 223].

2.4.2 Neural network potentials

In recent years an increasing number of MLPs have been published, including a variety of neural network
potentials (NNPs) or Gaussian approximation potentials (GAP) [219]. In this work I used a particular
architecture of NNPs, which I will now introduce.

GENERALITIES ON NEURAL NETWORKS

Neural networks (NN) constitute a class of machine learning algorithms (very) loosely inspired by the
human brain. Organized as a directed graph of trainable units (neurons), neural networks can learn
highly nonlinear relations between input data and output data.

As illustrated on figure 2.9, a typical neuron is a scalar function that acts on a vector p. The inputs {p;}
are first multiplied by weights {w; ;} and are summed with a bias b. The sum n then goes into a transfer
function (also called activation function) f, which produces the scalar output a. In summary the output
is calculated as:
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R
a= f (Z wi,ipi + b) (2.32)
i=1

= f(Wp+b) (2.33)

With equation (2.33) written in a matrix form with the introduction of a 1 X R weight matrix W,

The transfer function f may be a linear or a nonlinear function and is chosen to satisfy some specification
of the problem that the NN is attempting to solve. Many types of activation functions can be used, such
as the hyperbolic tangent, the sigmoid function, or Gaussian functions. An example used in part of
NequlP architecture [212] is the sigmoid linear unit (SiLU) f(x) = x/(1 + e By,
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Figure 2.9: Example three-layer neural network. Adapted from Ref. [216].

The simplest neural network architecture, called feed-forward NN, consists of successive layers of
neurons as shown on figure 2.9. Each layer i takes as input a’ !, the output of the previous layer, and
therefore comes with its own weight matrix W' and bias vector b'. Its output is:

al = fi (W"a"—1 + bi) (2.34)

The final layer is called output layer, while the other ones are hidden layers. Both the weights W and
biases b are adjustable parameters that will be determined according to a given learning rule so that
the neuron network meets some specific goal. This is typically done by employing a gradient-based
optimization algorithm to minimize a predefined loss function (see section 2.4.1). These gradients can
be calculated very efficiently using a recursive scheme called backpropagation, in which the terms of
the derivatives are computed step by step starting from the output layer and progressing through the
network until the input layer is reached.

For further details on NN in general, Ref. [216] provides a thorough introduction.

NEURAL NETWORK POTENTIALS

Neural network potentials (NNP) are a subclass of MLPs that use neural networks to find a mapping
between a three-dimensional configuration of an arbitrary number of atoms N and its corresponding
energy E.

56



24 MACHINE-LEARNED POTENTIALS

A prerequisite to achieve this is to find a suitable numerical representation of the material. Due to the
nature of NN, systems of an arbitrary size N should be represented by input vectors of fixed dimension
which encode the complete information about the three-dimensional configuration and preserve the
symmetries of the system [215]. A common way to proceed is to use a separate NN for each atom i in
the system, which outputs its energy contribution E; gromic [213]. The total energy Esystem of the system
is then obtained as the sum over all atoms in the system:

N

Esystem = ZEi,atomic (2.35)
i=1

This leads to a linear scaling of the computational cost with the system size [215]. It is frequent to
constrain the atomic NNs to have the same architecture and weight parameters for each element.

Since the NNP has a well-defined functional form, the forces necessary to the integration of the equations
of motion, can be calculated analytically as the negative gradients of the total potential energy with
respect to the atomic positions:

Fi = _ViEsystem (2.36)

SYSTEM REPRESENTATION

The energy E; 4tomic of each atom is typically obtained by considering its local chemical environment
illustrated on figure 2.10 and defined by a cutoff radius R.. To have a continuous and differentiable energy,
necessary to enable the calculation of the forces, a cutoff function is generally used. A prototypical
example is the monotonously decaying part of the cosine function [219]:

R..
0.5 [cos <7TU>} for Rij < R¢
fe(Ryj) = R; (2.37)

where R;; = |ri - rj|.

The input of each atomic NN, which has to be a fixed size vector, can be constructed using atom-centered
symmetry functions that describe the local chemical environments and which should not change with
the number of atoms in the cutoff sphere. It is desirable for these input coordinates to incorporate the
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Figure 2.10: Representation of atom centered local chemical environments as a fixed-size representation

of a system of arbitrary size. Adapted from Ref. [215].
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translational, rotational, and permutational invariances of the system. A variety of different functional
forms are available for these symmetry functions. Among the radial symmetry functions, the most
commonly used consists of a sum of products of Gaussians and cutoff functions for all atoms j inside
the cutoff sphere:

Gt=Y NRR) (R)) (2.38)
7

where 77 is a parameter that determines the effective spatial extension of the radial function and Rs an
optional shift parameter.

An alternative to this use of static descriptors, where the symmetry functions are predefined, is to use
dynamic descriptors, i.e. to optimize the input vectors in a data-driven way. This can be done a priori,
or can be optimized during the training of the model. It is the strategy NequlP relies on to choose the
functional form of its radial basis Ry(R;j), where « is a shorthand for a set of parameters corresponding
to its architecture. It uses a multi-layer perceptron, i.e. a fully connected feed-forward NN, to implement
a learnable radial basis [224]:

Ru(Rij) = MLP (R (ryj)fe(ry)) (2.39)

where MLP is a multi-layer perceptron and R, are a set of Bessel basis polynomials.

2.4.3 Equivariant message passing neural networks

One of the limiting factors in the development MLPs is the collection of large training sets of ab initio
calculations, often including thousands or even millions of reference structures. In this work, we used
the Neural Equivariant Interatomic Potential (NequlP) [212], an equivariant message passing NN, which
has been proposed as a highly data-efficient approach (requiring in some cases fewer than 1,000 reference
calculations) and has demonstrated high accuracy across a wide variety of systems, including in a recent
study on MOF systems [221] (see section 4.1 for more details). I will now present this particular NN
architecture, fully described in Ref. [212] and [224].

MESSAGE PASSING NEURAL NETWORKS

NequlP is a message passing neural network (MPNN) [217, 224], meaning that is belongs to a class of
graph neural networks [225] that can parametrize a mapping from the space of labeled graphs to a
vector space of features. In a typical graph NN architecture for NNPs, atoms correspond to the nodes
of the graph, and an edge connects two nodes if their distance is less than a cutoff R.. Figure 2.11a
represents such a graph.

In MPNN methods, the descriptors are not predefined but automatically learned from the geometric
structure. Each atom is described by a state (Tl(t) that we denote with the tuple:

o = (1, 6, KP) (2.40)

which contains the Cartesian position rj, a set of its fixed attributes such as the chemical element 6;

(1)

and learnable features hi

figure 2.11b.

, where t denotes the message passing iteration. They are illustrated on
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Figure 2.11: (a) The system is represented with an atomic graph. (b) Each atom is described by a state
(Tl(t) which relies on scalar (I = 0, red), vector (I = 1, blue), and higher-order tensor (I > 2, green) features

hgt), (c) updated using message functions M. Adapted from Ref. [212].

In an MPNN, these learnable features are iteratively updated in a message passing phase using aggregated
(t)
i

aggregated messages are obtained with learnable message functions M, and will change the states

messages m;~ processing information about neighboring atoms /N (i) as illustrated on figure 2.11c. These

(Tl(tﬂ) through learnable update functions Uy:

m?= 3 Mo (o)
JEN (i) (2.41)
hgt”) _ Ut(Ul(t), mgt))

This iterative process allows information to be propagated along the atomic graph through a series
of convolutional layers (one per ). Message passing can therefore be understood as a convolution
operation running over each node in a graph, and benefits from the broad adoption of convolution
neural networks in the ML literature.

Once the message passing phase has been completed after a number of steps, the resulting atomic states
are used in a readout phase to predict the atomic site energies with learnable functions R:

E; = R(0) (2.42)

EQUIVARIANT NEURAL NETWORKS

Equivariant neural networks are a class of NN that are explicitly constructed from equivariant operations
to guarantee the preservation of known transformation properties of physical systems under a change of
coordinates corresponding to some symmetry operations. For example, if a molecule is rotated in space,
the vectors of its forces also rotate accordingly, while its energy remains unchanged. The symmetry
group of Euclidean symmetries in three-dimensional space, denoted E(3) and which includes translations,
rotations, and reflections is of special interest for atomistic modeling.

A function is said to be equivariant with respect to a group if we can act with the group on the inputs or

the outputs of the function and are guaranteed to get the same answer. Formally, a function f : X — Y
is equivariant with respect to a group G that acts on X and Y if:
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Dylglf(x) = f(Dx[glx) Vge GVxeX (2.43)

where Dx[g]x and Dy[g] are the representations of the group element g in the vector spaces X and Y.
NequlP uses an underlying NN architecture equivariant with respect to E(3), called Euclidean neural
networks (e3nn) [226].

A convenient way to ensure that the outputs of a NN model transform correctly to symmetry operations
is to impose constraints on the internal representations of the model, namely the feature hgt) and
()

messages m; . In e3nn, the representations can be comprised of scalars, vectors, and higher-order
tensors as represented on figure 2.11b.

The way they transform under rotations can be classified using representations of rotations, which are
indexed by an integer [ corresponding to the spherical harmonics. Scalars correspond to [ = 0 (invariant
under rotation), vectors to I = 1, and higher order quantities like for instance the d, f, g atomic orbitals
transform with higher [. [ is a hyperparameter in NequlP, as different values of [ can be chosen to
represent the feature vectors. The founding article found that the choice of I € {1, 2, 3} outperformed
I = 0 in terms of sampling efficiency [212].

Complementing the invariant scalar features (I = 0) of more established MPNNSs, such as SchNet [227]
or DeePMD [228], with equivariant features is what makes equivariant MPNNs distinctive in their data
efficiency [221].

NEQUIP ARCHITECTURE

The Neural Equivariant Interatomic Potential (NequlP) has been proposed in 2021 by Batzner et al. [212]
as the first equivarient NNP architecture, shortly followed by other equivariant MPNN:Ss. Its specific
architecture is detailed in Ref. [212, 224] and is shown on figure 2.12.
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Figure 2.12: Schematic of the NequlP architecture. Adapted from Ref. [224].
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The inputs of the NN are the positions r; and chemical species Z;. Features and messages are expressed
using spherical coordinates to achieve rotation equivariance. This is achieved by using, for the mes-
()

sage passing phase, convolution filters S;; (r;j) which are products of learnable radial functions Ry ()

(introduced in equation (2.39)) and spherical harmonics Yﬁ,ll) (Fij):

$D(ry) = Ru(ri) Y (3) (2.44)

The NN architecture consists in a series of blocks, starting with an embedding block which generates
initial features hgo) and therefore states 0’1(0). It is followed by a series of interaction blocks which encode
interactions between neighboring atoms. It corresponds to the message passing phase described by
equation (2.41), with each block having the (Tl(t) as input and Ul(t”) as output. The final output of the NN
is obtained after a readout block (equation (2.42)) which gives the total potential energy of the system E

as the sum of atomic potential energy (equation (2.35)), and therefore the forces by taking the gradients
(equation (2.36)).

61



MOLECULAR SIMULATION METHODS

2.5 CHARACTERIZING STRUCTURAL PROPERTIES OF AMORPHOUS MODELS

A number of structural properties can be computed by analyzing the atomic structure of every frame
of an MD trajectory. Those used in this PhD will be introduced in this section, along with the Python
package aMOF that I developed for this task and published as open source (section 2.5.5). This section
is primarily methodological, as the meaning and specific analysis of each property will be introduced
where relevant in the subsequent chapters.

Unlike crystals that can be entirely described by their unit cell, it is inherently impossible to reduce an
amorphous material to a small finite set of atomic coordinates. Each atomic structure should best be
seen as statistically representative of a plausible local configuration, and averaging is therefore crucial.
To complicate matters further, there is no unique amorphous phase per framework, as the structure and
properties often depends on the formation route.

To illustrate the diversity of aMOF structures reported in the literature detailed in section 1.3, some
properties will be computed on single frame models of aZIF-4 obtained as a CRN [139], by RMC [92] and
with ReaxFF [155]. These files were either extracted from the supporting information or communicated
to us by the authors. They are compared to AIMD trajectories of a previous work in the group [123],
which sampling is detailed in section 3.2. For further reference, ZIF-4 is described in section 1.2.3, and
each of these models in section 1.3. Although it is merely illustrative, this direct comparison between
models has never been published in the literature before.

2.5.1 Local order

Multiple properties can be constructed to investigate the local order, to get insight into the local chemical
environment of each atom in the system.

RADIAL DISTRIBUTION FUNCTION
The radial distribution function (RDF) g(r), also known as pairwise correlation function, represents

the probability of finding an atom in a spherical shell of radius r and thickness Ar as illustrated on
figure 2.13a.

(a) (b)
501 system
—— AIMD
_ 401 —— CRN
= i RMC
ZI 30 —— ReaxFF
L' 20
Reference [a)]
atom ; 24 10 - &\
\
\dr 0 /J A—-;\,
2 3 4 5 6

Figure 2.13: (a) lllustration of atoms of a species B (green) comprised in a spherical shell around the
reference atom of species A (blue). (b) Radial distribution functions (RDF) for the Zn-N atom pairs of
various aZIF-4 models. (a) is adapted from Ref. [208].

The total RDF is defined as the sum of all pairwise RDF. For 2 atomic species A and B, the partial RDF
for atoms A around B is the sum over A atoms of all pairwise RDFs with B atoms and can be computed
from:

N,
Vcell A

S, LA 2.45
8as(r) TP ArNANp & ng,p(r, Ar) (2.45)
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where V,; is the volume of the cell, Ny (Np) the number of A (B) atoms in the cell and n, g(r, Ar) the
number of B atoms in a shell of radius r and thickness Ar around atom a.

For unambiguous definitions of many commonly used correlation functions, and how they relate to
scattering factors I recommend Ref. [229]. Example RDFs for the Zn-N pair in various aZIF-4 are shown
on figure 2.13b.

COORDINATION NUMBER

The coordination numbers CN4p inside a given radius R, is the number of atoms of type B bonded to
atoms to type A. It can formally be obtained by integrating g(r):

re N,
CNug(re) = / B o w(r) drr2dr (2.46)
0 Vcell

Although in practice it is computed by simply counting the number of atoms in each coordination
sphere of radius R.. In this PhD, Zn-N coordination numbers are computed by taking a cut-off radius
of 2.5 A, a value determined based on the Zn-N potential of mean force, and validated in previous ab
initio studies [92, 123, 149]. 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 A range. Table 2.2 contains an example for
various aZIF-4 models.

System AIMD CRN RMC ReaxFF
Zn-N coordination number  3.93 4.00 3.96 3.56

Table 2.2: Coordination numbers for nitrogen atoms around the zinc cation of various aZIF-4 models.

BOND ANGLE DISTRIBUTION

The bond angle distribution of a species A with respect to species B is the histogram of the bond angles
calculated between atoms A and all their B neighbors (in their first coordination sphere). For an atom A
and two neighbors B and C the bond angle is:

(2.47)

Opuc = cos”! ((TB —14) - (rc- "A))

Irg —rallrc - ral
where ry is the position of atom X [230].

This distribution depends on the cut-off radius R, defining the first coordination sphere, which is in this
work the same as for coordination numbers introduced above. An example is shown on figure 2.14.
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Figure 2.14: Distribution of the N-Zn-N angle for various aZIF-4 models.

63



MOLECULAR SIMULATION METHODS

POTENTIAL OF MEAN FORCE
The potential of mean force (PMF) [231] is computed from partial radial distribution functions g(r)
through the relation:

F(r) = =kgT (In g(r) - In gmax) (2.48)

where gmax is the maximum of g(r) over r which is used to arbitrarily enforce F(r) = 0 for the lowest
free-energy minimum [92].

The angular PMF is computed from the angle distribution P(0) through the analog relation [232]:

Fang(6) = ~kgT (In P(6) - In Prqx) (2.49)

The PMF curves can highlight areas of the coordinate space where the RDF and bond angle distributions
have very small, but nonzero, values. They are not shown for the models of this section as it requires a
trajectory with a sufficient number of frames to remove the noise in g or P before taking the logarithm.
Figure 3.2 later in the thesis provides an example plot.

2.5.2 Bulk properties

DENSITY

Although the density is straightforward to compute numerically p = m_y/ Ve, it is a key characteristic
of amorphous systems that is particularly hard to measure experimentally. The density that can be
computed numerically corresponds to the crystallographic density, i.e. the density obtained from
diffraction experiments, sometimes called skeletal density [233]. It is different from the pycnometric
density, obtained through pycnometric densities measurements, sometimes called apparent density.
This crystallographic density is particularly hard to estimate experimentally for amorphous solids as
diffraction experiments are severely complicated [233] (see section 3.2.2 for further discussion).

Table 2.3 illustrates how different models show remarkably distinctive values and I will discuss later in
chapter 3 and chapter 5 the impact of the model density on the structural and mechanical properties of
the frameworks.

System AIMD CRN RMC ReaxFF
Density (gecm™)  1.21  1.00 158  1.59

Table 2.3: Densities of various aZIF-4 models.

PORE STATISTICS

Pore statistics were computed on individual frames with the Zeo++ software [234-236], which uses a
geometric decomposition of space to compute the accessible and non-accessible volume to a sphere of a
given radius. I generally report the total porous volume, which is defined as the sum of accessible and
non-accessible volumes. I used a helium probe of radius 1.2 A and the high accuracy (-ha) option.

Total porous volumes of the four aZIF-4 models are reported on table 2.4. In this case it is a single value,
but distributions can be reported for trajectories with multiple frames as illustrated on figure 3.14.

System AIMD CRN RMC ReaxFF
Total porous volume (cm3kg™)  68.1 111.8 4.9 7.1

Table 2.4: Total porous volume of various aZIF-4 models.
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2.5.3 Topology

While amorphous systems have no long-range order by definition, investigating the medium-range
order of various glasses allows contrasting their structures. Characterizing the topology [237] at larger
scale, known to be key to the properties of these framework materials [70], is usually done by examining
the coordination network. This network is built from the alternating node-ligand units, i.e. Zn and
imidazolates (Im) in the case of ZIF-4 as illustrated on figure 2.15a.

RINGS STATISTICS

Ring analysis, routinely used to characterize zeolites [238] or amorphous systems such as SiO2 [239],
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 [69].

Ring statistics were computed using the RIN.G.S. code [239] on the Zn-Im periodic graph (due to PBC)
obtained after identification of the building units. The vertices of this graph are the Zn atoms and Im
linkers, and its edges are the Zn-Im bonds.

(a) (b) =

0.25 - I AIMD
BB CRN
0.20 [ RMC

0.15 A

0.10 4

0.05 - I
0.00 = I.” .H

4 6 8 10 12 14 16 18 20

Number of rings/cell (normalized

Ring size

Figure 2.15: (a) Cartoon Zn (yellow)-Im (red) graph showing a path (5-6-7-8-9, purple), a cycle (3-4-
18-19-20-17, blue) bonds, and primitive rings of size 16 (pink) and 8 (green). (b) Distributions of size of
Zn-Im alternate rings for three aZIF-4 models. (a) is reproduced from Ref. [238].

Out of the multiple definitions and enumerations of rings presented in the literature [238], the definition
of rings used in this work corresponds to the definition of “primitive rings”, first introduced by Marians
[240] and used in the RIN.G.S. code [239]. 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
[241], of “minimal ring” by Guttman [242], of “irreducible ring” by Wooten [243] and of “rings” by
Goetzke and Klein [244].

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 Franzblau [241] or in any of the other references above, with multiple
concepts illustrated on figure 2.15a.

During my PhD I used a maximum search depth of 32, safely above the largest rings of the ZIF-4 crystal
(16), and checked that for the studied ZIF-4 glasses the choice of the maximum search depth did not
significantly affect the analysis and conclusions drawn.

These distributions of ring sizes in our three examples reported on figure 2.15b, show that aZIF-4
models have distinct topologies, highlight structures more or less ordered at medium range. ReaxFF
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is not reported as the model provided to us showed open imidazolate rings (see discussion later in
section 3.1.3).

IDENTIFICATION OF BUILDING UNITS

The identification of building units — Zn and Im - is a prerequisite to the creation of the Zn-Im graph
that is used to compute ring statistics. As it is more challenging for glasses than for crystals, I developed
a Python module, part of the aMOF library (see section 2.5.5) to reduce the atomic structure into a
structure made of Zn and Im units.

The goal of this code is to reduce the ZIF-4 atomic structure (composed of Zn, N, C and H atoms) into a
structure made of Zn bonded to Im (C3N3H3), which requires the identification of the imidazolates. It
is illustrated on figure 2.16. Several codes exist to make this identification for crystalline MOFs, such
as molsys from the Computational Materials Chemistry (CMC) group at the Ruhr-University Bochum
[205], the clustering tools of ToposPro [245], CrystalNets.jl [246], or MOFid [247].

Figure 2.16: ZIF-4 crystal before and after identification of building units and reduction to a Zn-Im
graph. Zn, grey; C, brown; N, blue; H, white; Im, black.

Yet, amorphous models are by definition not as regular as crystals. This calls for a robust method to
identify the building units, which requires an adaptation of the routines designed for crystals. One
particular issue comes from the broad distribution of atomic positions, especially in high-temperature
liquids. For example, it is frequent in these amorphous structures to find a C or N atom in an imidazolate
Imj, to be closer to a C/N atom of another imidazolate Imj than to the expected C/N atoms of Imj.
Therefore, “neighboring” atoms cannot straightforwardly be deduced from their distance.

I have developed the method presented here, and designed to be compatible with molsys [205]. It is ad
hoc for ZIF-4 and has been tested on several amorphous ZIF-4: ab initio liquids [92] and glasses [123],
RMC glasses [87, 92], a CRN glass [141], and the liquids and glasses of this present work (ReaxFF of
chapter 3 and AIMD and MLP of chapter 4).

Throughout the algorithm, two atoms are said to be “nearby” if their relative distance is smaller than
a cutoff distance. The cutoff is a function of the atomic species and computed from the covalent radii
as in molsys [205]. The explicit values used in this thesis are 1.752 A, 1.728 A, 1.4976 A and 2.895 A
respectively for C-C, C-N, C-H and Zn-N.
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Imidazolates (Im) are then identified with the following procedure:

1. Construct a graph whose vertices are the C and N atoms, and with edges between nearby [C, N]
and [C, C] atoms.

2. Find every cycle C,N,C,N,C in this graph. Each atom in a given cycle is part of the same Im.

3. For every C atom, find nearby H atoms! and add them to the Im containing C.

Zn and Im are considered bonded if there is an N atom in Im which is nearby Zn.

2.5.4 Characterizing liquids

Contrasting liquids from solids is crucial for the production of glass systems by melt-quenching. As it is
not straightforward to distinguish static structural properties between a liquid and an amorphous solid,
I used in my PhD two metrics to identify liquids.

MEAN SQUARE DISPLACEMENT
Melting can first be evidenced by computing the mean square displacement (MSD). The MSD <r2> of an
atomic species A is defined as the mean-squared distance over which the atoms A have moved in a time

interval t: [178]
1 T2

<r2>(t) = ((e(t) - 1(0)?) = lim — 4t (x(t + T) - 1(7))° (2.50)

T—oo T J-T/2

defined when the system is at equilibrium in | - T/2, T/2[ and T >> t [248].

For clarity, displacements r;(t) can formally be defined based on velocities v;(s) to implicitly consider
that the periodic boundary conditions are properly handled:

t
(0 -1 = [ vilo)ds (2.51)
0
In a liquid-like system, the MSD is linear with time ¢, following the relation:
o( r2>
=6D 2.52
5 (2.52)

where D is the diffusion coefficient and 6 the numerical prefactor for 3D systems [178]. As illustrated
on figure 2.17, it is therefore straightforward to contrast it from a solid for which the MSD will quickly
reach a plateau as the atoms do not migrate.

In practice, from a MD trajectory the MSD can be directly computed compared to the first frame:

1 M
(r )= 5 LIt - o) (253)
i=1

Or when the first frame has no specific physcial meaning, it is possible to use a so-called window MSD
with a double average over time and over the atoms of the systems:

9 B 1 NA 1 T—t—ét . . 9
<r >(t) - ﬂ;ﬁ TZ;) (ri(t + T) - 7i(T)) (2.54)

There should be one and only one H for non-defective models
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where T is the time of the last frame of the trajectory, and Jt the time step. Although both methods are
implemented in aMOF, I used the window MSD in this PhD.

liquid

™ -~

Figure 2.17: Typical MSD for liquid and solid states. Reproduced from [208].

LINDEMANN RATIO
The generalized Lindemann ratio A is a property which quantifies the liquid nature of the system [249].
A solid is usually considered to be melting when the value of this ratio is between 10 and 15%.

A is computed from partial radial distribution functions g(r), following the same procedure as previous
ab initio studies [92, 123, 149]:

_ FWHM
-

A (2.55)

where FWHM is the full width at half-maximum of the first peak in g(r) and dy corresponds to the mean
interatomic distance. dy is calculated as the distance r corresponding to the maximum of the first peak
of g(r). FWHM is estimated by a Gaussian fit, illustrated on two examples on figure 2.18. To be able to
fit a Gaussian on noisy data (e.g. high temperature, few neighbors and time steps), I first used signal
processing routines from scipy [250] to find the peaks. A Gaussian was then fitted on the upper part
(8(r) = FWMH,,4) of the first peak. Both MSD and A are shown on the same trajectories later in the
manuscript in figure 3.11.

(a) T = 300K, Zn-N pair (b) T = 1000K, Zn-Zn pair
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—— Gaussian fit —— Gaussian fit
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Figure 2.18: Computation of the FWHM with a Gaussian fit on (a) nicely defined and (b) noisy RDFs
depending on the temperature (T) and atom pair.
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2.5.5 aMOF, a Python library

To systematize all the trajectory analyses performed during my PhD, I developed aMOF, a Python
package gathering a collection of tools to analyze MD trajectories of aMOFs

FUNCTIONALITIES

This package brings together a number of analyses that can be performed on every MD trajectory (not
necessarily MOFs), heavily using both other Python packages and non-Python codes. It can compute
the following properties:

« Radial distribution functions (RDF), based on ASAP, an ASE calculator [251].

+ Bond angle distributions

+ Coordination numbers

+ Mean square displacement (MSD)

« FElastic constants from cell properties, and mechanical properties from elastic constants by calling
ELATE [252]

+ Pore analysis by wrapping Zeo++ [234-236], reusing code from pysimm [253]

+ Ring statistics by wrapping the RIN.G.S. code [239]

The backend for manipulating trajectories is the atomic simulation environment (ASE) [251], by using
ASE trajectory objects.

A module called coordination allows the identification of the different building blocks of amorphous
MOFs with an ad hoc approach per MOF system. Only ZIF-4 is officially supported in the current stable
release, although any (Zn, Im) or (Zn, mIm) ZIFs are a priori supported.

This code is designed to be compatible with molsys [205], and can be used to generate input files in the
mfpx format.

AVAILABILITY

aMOF is available online on https://github.com/coudertlab/amof. This github repository also
contains example analyses as well as instructions to construct the documentation.

aMOF can be installed directly from source or alternatively from PyPI:

pip install amof
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I first explained in chapter 1 that the determination of the framework structure of amorphous MOFs at
the microscopic scale is experimentally difficult, with diffraction experiments only providing indirect
structural information. I then highlighted that 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. 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. It is this strategy that I have explored during my PhD and that I will
describe in detail in the next two chapters.

In prior work in my group by Romain Gaillac, ab initio molecular dynamics have successfully been
used to model the melting of crystalline MOFs into liquids [92, 93, 149], and generate configurations of
melt-quenched glasses [123]. 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 provide a computationally efficient alternative as they are unable to simulate
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bond breaking or reformation, two processes inherent to the formation of most amorphous MOFs
[146].

Reactive force fields have then been proposed as a trade-off between chemical accuracy and computation
cost. These empirical force fields, which principles have been detailed in section 2.3.3, possess connection-
dependent terms that enable the simulation of bond breaking and reformation [153]. We saw in
section 1.3.5 that, starting with the work of Yang et al. [155], several studies relied on reactive force
fields to generate models of zeolitic imidazolate frameworks (ZIFs) glasses by melt-quenching. However,
I want to highlight that in the existing literature, the generated models have not been subjected to direct
and in-depth comparison with those obtained by alternative approaches.

In this chapter, I probe the accuracy and reliability of modeling the formation and structure of amorphous
ZIFs using the ReaxFF reactive force field. I first reproduced the melt-quenching procedure used in prior
works [155], highlighting several difficulties and suggesting adaptations to the scheme. I then detailed
the structure of the resulting glasses and compared it to ab initio data [123], contrasting their properties
and commenting on some peculiarities of the glasses obtained with reactive force fields. This study has
been published in The Journal of Physical Chemistry C (2022) [254].
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3.1 PRODUCING GLASS MODELS WITH IN SILICO MELT-QUENCHING

In order to generate atomistic models of ZIF glasses, I have decided to follow the melt-quenching route,
reproducing with molecular dynamics simulations the increase in temperature to produce a liquid
ZIF [92], 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 [121, 122, 255]. It has previously been used in simulations of ZIFs, both with a reactive force
field [155] and with ab initio MD [123].

In this work, I followed the same general melt-quenching procedure with small adaptations. Using the
ReaxFF force field introduced by Yang et al. [155], 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 properties 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 3.1
and are detailed in the following sections.

Preparation

—— Melting
1100 1 —— Quenching
& 900 - Equilibration
]
% 700 A
£ 500 -
£
300 A
@
0 T T T T
200 400 600 800
Time (ps)

Figure 3.1: Temperature as a function of time during the glass formation procedure with ReaxFF,
consisting of preparation (orange), melting (red), quenching (green) and equilibration (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 3.3.

3.1.1 System and methods

Our system throughout this study will be ZIF-4, which is built up from Zn?* metal nodes and imidazolate
(Im) organic linkers and that I previously described in section 1.2.3. The first discovered amorphous
MOF [84], it has since been the subject of numerous studies, both experimental and numerical (see
chapter 1), thus providing a prototypical amorphous ZIF system.

All simulations were performed using LAMMPS [211, 256], with the ReaxFF force field introduced by
Yang et al. [155] and further detailed in section 1.3.5 and section 2.3.3. 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), introduced in section 2.1.3. Unless otherwise specified, temperature and
pressure damping parameters were 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
were performed using an isotropic cell, using the LAMMPS keyword iso. To reduce finite size effects, a
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(2 x 2 x 2) supercell of ZIF-4 with 2176 atoms was simulated with PBCs, as in Yang et al. [155]. I checked
that it does not significantly affect the properties of the generated glasses, as shown on figure 3.2.

a
(@) 44 Supercell
— 2X2X2
- 34 m— 3X3X3
=
I
527
[a)]
o 1 J\
0
2 3 4 5 6
(b)
= 30 A
o
£
=< 20
<
=
]
5 104
[T
=
o
o -
2 3 4 5 6
r(R)

Figure 3.2: (a) Radial distribution functions (RDF) and (b) potentials of mean force (PMF) for the Zn-N
atom pair of ReaxFF glasses generated with different supercells, after 1 ns of equilibration in the (N, V, T)
ensemble.

3.1.2 Preparation of the crystal

While it may seem trivial to equilibrate the crystal structure at room temperature, I want to detail
this here because I have found that it is a crucial step. This is true in particular when one wants 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. I do this by imposing constraints on the energy, temperature and volume of the system, and
successively releasing them. The entire procedure is represented on figure 3.3

300 A [t S e
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(O]
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]
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£ 100 - NVT. 10
@ NVT, 100
== NPT, 100
20 =
0 20 40 60 80
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Figure 3.3: Temperature as a function of time during the crystal preparation procedure with ReaxFF,
consisting in the use of various thermodynamic ensembles (constant-volume (N, V, T) and constant-
pressure (N, V, T)) and temperature damping parameters (Tgyp,). A moving average over 250 fs is
used.
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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 decouple temperature
and pressure equilibration. I tried various heating rates from 2.5 K/ps to 116 K/ps, the value chosen in
Yang et al. [155]. I found that rates above 10 K/ps lead to 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 structural properties of the obtained crystals, illustrated with the potentials
of mean force (PMF) shown in figure 3.4. Due to the reactive nature of this force field, it is advised to
carefully check that no bond breaking happens in the crystalline state [92]. I therefore chose a safe
value of 5 K/ps for the heating rate of the preparation.
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Figure 3.4: Potential of Mean Force (PMF) for Zn-N of ReaxFF crystals prepared with two different
heating rates, after 1ns of equilibration in the (N, V, T) ensemble.

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. I checked that using a longer equilibration period of 500 ps does not change the properties of the
resulting glass. I 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 3.5. 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 3.3.1. Several pressure damping parameters in the range of 250 to 4000 fs were tested, leading to
no significant change in the final density.

3.1.3 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
[122], they should be low enough to simulate a quasistatic process. Yang et al. opted for 96 K/ps [155]
and the subsequent ReaxFF works used the lower value of 24 K/ps [156-158]. A cooling rate of 50 K/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 [123]. Using the computational effectiveness of reactive force fields, I opted here
for heating and cooling rates of 2.5 K/ps.

To monitor structural properties as a function of temperature during melt-quenching, such as the radial
distribution function (RDF) plotted on figure 3.6, I opted for subsequent steps of temperature ramp up
of 100K at 5 K/ps and plateaux of 20 ps. Shown on figure 3.1, this succession of steps is equivalent to
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Figure 3.5: Crystal final density after 500 ps of equilibration in the (N, P, T) ensemble with various
pressure damping parameters and cell types. The horizontal line is the density of the crystallographic
crystal (1.21 g cm™3) before its preparation with ReaxFF.

effective heating and cooling rates of 2.5 K/ps. I 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. I also checked, and demonstrate on figure 3.7, that in the 1.25 - 5K/ps range, the precise
value does not significantly change the outcome of the simulation. I 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.
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Figure 3.6: Radial distribution functions (RDF) for Zn-N shown for different temperatures during
melting of the ReaxFF crystal. RDFs are computed over the constant temperature plateaux, each lasting
20 ps.

3.1.4 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
[92], and the necessity to preserve the physical consistency of the model. A value of 1500 K was chosen
for both the previous ab initio [123] and ReaxFF [155-158] works. While ab initio MD simulations
of the liquid ZIF have been performed up to 2000 K while preserving the integrity of the imidazolate
linkers [92], no published work investigated the temperature stability of ReaxFF simulations of the ZIF
liquid.

During melting with a 2.5 K/ps heating rate, I report that when the maximal temperature exceeds 1300 K
for more than a few tens of ps, the system vaporizes (as shown on figure 3.8). This effect is kinetically
hidden when using the faster heating rates of 24 - 96 K/ps that do not provide sufficient time for the
system to equilibrate, explaining why it was not observed in the previous ReaxFF works [155-158]. It
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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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Figure 3.7: (a) Radial distribution functions (RDF) and (b) potentials of mean force (PMF) for the Zn-N
atom pair of ReaxFF glasses generated with various heating/cooling rates and a maximal temperature
of 1100K, after 1 ns of equilibration in the (N, V, T) ensemble. For values below 3.75 K/ps we see no
noticeable difference in the final properties of the glasses, confirming the choice of 2.5 K/ps. The larger
cooling rates in the 10 — 50 K/ps range do not lead to significantly different properties, although they
may have hastened the phase transition.
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Figure 3.8: Density as a function of time and temperature during two melt-quenching ReaxFF trajectories
with maximum temperatures Tyqx of 1300 K and 1500 K. Above 1300 K, the density drops to 0 gcm™ as
the system transitions into a gas.

Additionally, we observe that when the system temperature is above 1100 K for a sufficiently long time,
a number of imidazolates are no longer properly treated, for example with an opening of the imidazolate
ring as reported on figure 3.9. This unphysical treatment of the organic linkers, which should be stable
at the melting temperature [92], 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
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observed when we reproduced the high melting rate of 96 K/ps and maximal temperature of 1500 K of
Yang et al. [155].
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Figure 3.9: Proportion of broken (i.e. open) imidazolate cycles (Im) as a function of time for a melt-
quenching ReaxFF trajectory with a maximum temperature of 1300 K. Detected during the cycle search
step of the code identifying the building units described in section 2.5.3.

Changing the maximal temperature to 1100 K to avoid these undesired effects has significant implications
for the computed structural properties. As shown on table 3.1, the decoordination of the Zn atoms
compared to the crystal is now in better agreement with ab initio data [123] than in previous ReaxFF
works. Similarly, the Zn-N potential of mean force (PMF) shown on figure 3.10, indicates a higher free-
energy barrier to bond breaking, closer to the ab initio structure (see next section 3.2). 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,.

This work Yang et al. [155]  ab initio [123]
Maximal temperature 1100K 1300K 1500K 1500K
Zn-N average coordination  3.85 3.59 3.56 3.93

Table 3.1: Coordination numbers for nitrogen atoms around the zinc cation of ZIF-4 glasses for different
maximal temperatures, compared to previous ReaxFF [155] and ab initio [123] works.
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Figure 3.10: Potential of Mean Force (PMF) for Zn—-N of melt-quenched ReaxFF glass produced with
two different maximal temperatures.

Having opted for a lower maximal temperature of 1100 K, 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 3.11a for Zn. At temperatures above 1000 K, I identify a diffusive behavior
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for the system, as expected for a liquid. In addition, similarly to previous ab initio works [92, 149], we
computed the generalized Lindemann ratio [249] from the width of the first peak in the Zn-N partial
RDF. A solid is usually considered 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 3.11b, provides further evidence that the system is in a liquid state at 1100 K.
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Figure 3.11: Evidence of melting during the ReaxFF glass generation. (a) Mean square displacement
(MSD) as a function of time for Zn for temperatures ranging from 300K to 1100K. (b) Generalized
Lindemann ratio, as a function of temperature, calculated for Zn-N interatomic distances. The orange
horizontal line represents a “critical ratio” at 10%.

3.1.5 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 1ns in the (N, V, T) ensemble
to gather statistics of structural and dynamical properties of the glass. I 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.
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3.2 PROPERTIES OF THE GLASS MODELS

In order to quantitatively evaluate the validity of the ReaxFF melt-quenched glass model, I 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. [123], obtained with density functional theory (DFT)-based
molecular dynamics. Such ab initio simulations allow 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 as discussed in section 1.3.

Due to the significant computational cost of ab initio MD, a faster melt-quenching procedure was used:
only the quenching from a 1500 K liquid was simulated, with a faster cooling rate (50 K/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 [150], all ab initio simulations were performed
in the (N, V, T) ensemble. Although the influence of the density on the crystal and liquid properties
was evaluated in a previous work [92], the inability to capture changes in density remains an important
limitation of this ab initio methodology. The ab initio simulation of a crystal at 300K reported here
comes from the same work [92, 123].

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 were 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 of 0.5 fs, 5fs, 0.5 ps and 0.5 ps. The computed properties
are extensively described in section 2.5.

3.2.1 Local order: interatomic distances and bond angles

I 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 represented on figure 1.19. For
the two models, I plot and compare the partial radial distribution functions (RDF) g(r) for the Zn-N and
Zn-Zn atom pairs on figure 3.12. As outlined in table 3.2, we find a shift in Zn-N atomic distances of
0.2 A 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, I 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.

Zn-N (A) Zn-Zn (A)
ReaxFF glass 2.21 6.35
AIMD glass 2.00 5.97
AIMD crystal 2.00 5.97
Experimental crystal 1.97 (XRD [65]), 1.98 (NMR [166]) 5.87 (XRD [65])
Experimental glass 1.99 (RMC [92]) 5.95 (RMC [92])

Table 3.2: 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) studies [65] and NMR
(Nuclear magnetic resonance) [166] for the crystal, and from a Reverse Monte Carlo (RMC) refinement
of Neutron and X-ray scattering data of a melt-quenched glass [92].

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(f), shown on figure 3.13. From the Zn(Im)y4 tetrahedral structure,
we expect a unimodal distribution around 109° for the crystal. Experimentally measured by NMR [166],
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Figure 3.12: (a) Radial distribution functions (RDF) and (b) potentials of mean force (PMF) for the Zn-N
atom pairs of the ReaxFF glass (blue), ab initio glass (orange) and ab initio crystal (red). (c) RDF for the
Zn-Zn atom pair of the same systems.

this feature is well reproduced for the ab initio crystal. Due to the undercoordination of a small fraction
of the Zn%* 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 3.13 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 features of ZIFs,
I 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 frame [155] while
a later work by To et al. only looked at the average bond angle [157]. I recommend computing and
reporting this distribution, in the same way as it is routinely done for the development of classical force

fields [203].
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Figure 3.13: (a) Distribution and (b) potentials of mean force (PMF) of the N-Zn-N angle for the ReaxFF
glass (blue), ab initio glass (orange) and ab initio crystal (red).

82



3.2 PROPERTIES OF THE GLASS MODELS

3.2.2 Bulk properties: density and porosity

By allowing exaggerated deformation of the framework, the underconstrained Zn-imidazolate interac-
tions described above impacts the bulk properties of the ReaxFF glass. I report from our simulations a
density of 1.68 g cm ™, significantly larger than the crystal density of 1.21 g cm™>. 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 performed for glasses utilized pycnometry [233]. Nevertheless, pycnometric densities
of 1.63 g cm™ for the glass and 1.50 g cm™ for the crystal [86] 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 CO3 physisorption studies [233].
Estimated to be 1.38 g cm™>, this value hints that ReaxFF overestimates the glass density.

Additionally, I computed the porosity of the glasses (see figure 3.14) and found a total porous volume
of 4.6 cm® kg™ ! for the ReaxFF glass, down from the 54 cm3 kg™! 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 cm® 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) [164], and further confirms
that the density of the ReaxFF glass is excessively large.
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Figure 3.14: Total porous volume of the ReaxFF glass (blue), ab initio glass (orange) and ab initio crystal
(red).

3.2.3 Topological properties of the coordination network

Finally, I investigated the differences in the medium-range order of the glasses, highlighted by their
contrasting structure factors shown on figure 3.15, by examining the coordination network built from
the alternating Zn-Im (imidazolate) units. I 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 [70], I computed Zn-Im ring statistics. This analysis, routinely used to characterize amorphous
systems such as SiO2 [239] and first applied to amorphous MOFs for the ab initio glasses [123], 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
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Figure 3.15: X-ray total-scattering structure factors F(Q) of the ReaxFF glass (blue), ab initio glass
(orange) and ab initio crystal (red). Computed following the same methodology as in Gaillac et al. [92].

sizes usually reported for zeolitic nets [69]. These distributions of ring sizes, reported on figure 3.16,
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.
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Figure 3.16: Distributions of size of zinc—imidazolate alternate rings for the ReaxFF glass (blue), ab
initio glass (orange) and ab initio crystal (red).

84



3.3 CHALLENGES IN USING REAXFF

3.3 CHALLENGES IN USING REAXFF

In addition to generating a glass model markedly different from its ab initio counterpart, I identified
several challenges when using the ReaxFF force field for ZIFs. I highlight them here, as they should be
kept in mind and may be applicable to other molecular simulations of MOF glasses.

3.3.1 (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 [146, 257]. In particular, the use of a flexible
cell, more general than an isotropic cell, enables the computation of multiple mechanical properties as
we will see in chapter 5.

Yet, previous work has shown that (N, P, T) are particularly challenging to use with soft porous materials,
due to the sensitive response of these frameworks to small external stimuli, in particular for ab initio
calculations [150]. While every published work on ZIFs with ReaxFF used (N, P, T) ensembles, no
systematic validation has been published to this day.

SYSTEM DESCRIPTION

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 with a flexible cell:

+ The ReaxFF glass prepared in the first section, equilibrated for 10 ns.

+ The crystal prepared in the first section, equilibrated for 5 ns.

« Three ab initio glasses obtained from the work by Gaillac et al. [123] that went through the same
preparation process as the crystal (see section 3.1.2). I took (2 X 2 x 2) supercells of these systems
to have the same system size as the ReaxFF glass and the crystal (2176 atoms). Their equilibration
times were comprised between 7 ns and 18 ns. Densities reported in the article are averaged over
the three glasses.

+ A glass obtained by Reverse Monte Carlo (RMC) modeling [129] in another work by Gaillac et al.
[92] The system, made of 8704 atoms, was prepared as the crystal, and was then equilibrated for
22 ns.

The criteria for the convergence of the cell shape was the convergence of the elastic constants obtained
from the cell parameters by the strain-fluctuation method [146, 258]. We note that it can be a lengthy
process for some systems as illustrated on figure 3.17 for the RMC glass.
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Figure 3.17: Volume as a function of time during a long 22 ns equilibration in the (N, P, T) ensemble

with a flexible cell for the RMC glass. The red part of the figure corresponds to the region where the
convergence of the elastic constants was achieved. The orange line shows a moving average over 100 ps.
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IMPACT ON THE DENSITY

As reported on table 3.3, we see that the density of every equilibrated system is in the range of 1.5 to
1.7 gem ™3, regardless of their initial density. I 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.
Initial density Density after
(gem™) 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

Table 3.3: Densities after preparation and equilibration in ReaxFF for the ZIF-4 crystal and three ZIF-4
glasses, compared to their initial densities.

I have found that using an isotropic cell for the crystal and ab initio glasses reduces the magnitude
of the densification respectively by 0.25gcm™ (see figure 3.5) and 0.14 g cm™> (see figure 3.18). 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, I 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.
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Figure 3.18: Final density of three ab initio glasses after 500 ps of equilibration in the (N, P, T) ensemble
with isotropic or flexible cells. The horizontal line is the density of the ab initio glasses (1.21 g cm™)
before their preparation with ReaxFF.

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 [92, 123]. For example, pressure
equilibration can be achieved by successive slow deformation of the cell until zero pressure is reached.
When I performed this procedure in the case of the ZIF-4 crystal, it leads to a density of 1.26 gcm™, 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.

3.3.2 Description of the crystal

Surprisingly, I found that the ReaxFF parametrization for Zn-based ZIFs have not been systematically
validated on any crystalline structure in the existing literature. Therefore, I report here the properties of
a ZIF-4 crystal prepared as described in the first section 3.1.2. 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
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the ReaxFF tendency to densify the crystal, I investigated various equilibration procedures using either
(N,V,T)or (N, P, T) ensembles.

SYSTEM DESCRIPTION

Four ReaxFF crystal systems are compared to the ab initio crystal in the final section. The starting
point of these crystals is the last (N, V, T) state of the prepared crystal at 300K of section 3.1.2. Before
computing their properties — gathered during a 1 ns equilibration in the (N, V, T) ensemble - these
systems went through different preliminary equilibration procedures:

(N, V, T) initial density: no preliminary equilibration, implying no change in density from the

crystallographic crystal.

« (N, V,T) zero pressure: successive (N, V, T) runs of slow deformations of the system volume were
applied until a state of zero pressure was achieved. The system went through three sequences of
250 ps of isotropic volume reduction by 1.5% and 250 ps of equilibration. During the deformation,
each dimension of the box changed linearly with time from its initial to final value.

« (N, P, T) isotropic cell: (N, P, T) run of 500 ps with an isotropic cell.

« (N, P, T) flexible cell: (N, P, T) run of 500 ps with a flexible cell. I checked that there is no significant

difference in the computed properties compared to an equilibration time of 5 ns.

All these simulations are performed at 300 K and - if applicable — 0 Pa, using the same temperature and
pressure damping parameters than for the preparation (respectively 100 fs and 1000 fs).
STRUCTURAL PROPERTIES

These various strategies led to ReaxFF crystals of different densities, reported in table 3.4, which
ineluctably lead to different porosities (see figure 3.19).
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Figure 3.19: Total porous volume of the ReaxFF crystals with four different equilibrations compared to
the ab initio crystal.

Under (N, V, T) simulations, I systematically found no change in the connectivity (see table 3.4) or
topology of the crystal (see figure 3.20). 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 300 K causes undesired
bond breaking, even when enforcing an isotropic cell.

An investigation of the local order with the RDF and PMF (see figure 3.21), 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.

87



CHALLENGES IN MOLECULAR DYNAMICS OF AZIFS USING REACTIVE FORCE FIELDS

Density (gcm™>) Zn-N coordination number

ReaxFF (N, V,T) initial density 1.21 3.99
(N, V, T) zero pressure 1.27 4.00

(N, P, T) isotropic cell 1.30 3.95

(N, P, T) flexible cell 1.59 3.98

ab initio 1.21 4.00

Table 3.4: Densities and coordination numbers of crystal systems with different preliminary equilibra-
tions in ReaxFF.
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Figure 3.20: Distributions of size of zinc—imidazolate alternate rings for the ReaxFF crystals with four
different equilibrations compared to the ab initio crystal.

This tendency to systematically underconstrained the Zn-N interaction is further evidenced by the
unphysical bond angle distribution shown on figure 3.22.

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 3.23). I 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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Figure 3.21: (a) Radial distribution functions (RDF) and (b) potentials of mean force (PMF) for the Zn-N
atom pair of the ReaxFF crystals with four different equilibrations, compared to the ab initio crystal. (c)

RDF for the Zn-Zn atom pair of the same systems.

89



CHALLENGES IN MOLECULAR DYNAMICS OF AZIFS USING REACTIVE FORCE FIELDS

(a)
S 0.06 - = NPT flexible cell
'*3 === NPT isotropic cell
-'8 NVT initial density
@ 0.04 = NVT zero pressure
© = ab initio crystal
o
<)
G 0.02
=
<
N
= 0.00 A
80 100 120 140 160 180
(b) _|

3
€ 20 1
X
)
T 10 A
=
o

0

80 100 120 140 160 180
6 (°)

Figure 3.22: (a) Distribution and (b) potentials of mean force (PMF) of the N-Zn-N angle for the ReaxFF
crystals with four different equilibrations, compared to the ab initio crystal.
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Figure 3.23: Distribution of the N-Zn-N angle of the crystalline phases of (a) ZIF-8 and (b) SALEM-
2, simulated with ReaxFF (blue) and ab initio MD (red). ReaxFF crystals are prepared with the same
procedure as the ZIF-4 crystal detailed in this paper, and their properties are computed over a subsequent
100 ps of equilibration in the (N, V, T) ensemble. Ab initio data is obtained from the same previous
work the ZIF-4 glasses and crystal were obtained [123], consisting of between 80 and 100 ps of (N, V, T)
equilibration.
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CONCLUSIONS AND PERSPECTIVES

In this work, I have reported the results of an extensive study of the use of the ReaxFF reactive
force field to generate atomistic models of ZIF glasses. I demonstrated that the molecular simulations
performed so far in the literature are extremely sensitive to the choice of simulation methodology 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.

I have also shown that the glass models generated with ReaxFF are markedly different from their ab initio
counterparts, with extensive differences in both local environment, medium-range and bulk properties.
This is due in large part to an underconstrained 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 directional nature of the Zn—-N coordination. This issue in the intermolecular potential, in turns,
significantly impacts the crystal properties obtained through molecular simulations. Additionally, I 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 methodolo-
gies, 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, I think it is imperative, 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 [259].

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, apart from expensive
ab initio calculations, no molecular dynamics scheme used to this date in the literature can yield an
accurate microscopic representation of the ZIF melt-quenched glasses, and suggests the development of
multi-scale modeling strategies that I will explore in the next chapters.
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As ReaxFF represented the only tractable alternative to ab initio molecular dynamics published in the
literature to generate ZIF glasses, the significant challenges evidenced in chapter 3 left us with no
off-the-shelf option and the necessity to develop new potentials for ZIFs. One area of active research that
appeared very promising was the development of machine-learned potentials (MLP) for the description
of atomic interactions [213]. I have given a description of MLPs in section 2.4. Their use could lead
to a new generation of specific and accurate reactive potentials for the description, in particular, of
the coordination interactions that are key to the metal-ligand bond breaking and formation during
amorphization, as well as in the glassy state.

Several MLPs have successfully been developed either for MOFs [221, 260] or to generate amorphous
systems or glasses [261, 262], but none was ever used to model amorphous MOFs so far. This work
ambitions to bridge the gap between these two bodies of work, by developing the first MLP used to
generate amorphous MOF, focusing on the example of aZIFs.

This chapter relates an ongoing work performed in collaboration with Jack D. Evans from the University
of Adelaide. He performed the training of the MLPs, while I focused on the generation of the training



GENERATION OF AaZIF MODELS WITH MACHINE-LEARNED POTENTIALS

data and use of the trained MLP to run MDs. His contributions are explicitly mentioned where relevant
in this manuscript. In this chapter, after discussing the literature on MLPs for MOFs and amorphous
systems, I introduced the prototypical MLPs for ZIF-4 we developed, which I then used to generate
realistic aZIF-4 models by melt-quenching. Finally, I generated an enlarged training set as a first step
towards the training of a universal MLPs for ZIFs. Due to the ongoing nature of this work, this chapter
is rather a proof of concept than a definitive answer. I nonetheless evidenced that the MLP route is
particularly promising and mentioned the next steps that we will take in this research.

94



4.1 MLPS FOR MOFS AND AMORPHOUS SYSTEMS

4.1 MLPs rFor MOFs AND AMORPHOUS SYSTEMS

4.1.1 MLPs for MOFs

Despite the dramatic increase in the use of MLPs for both molecules and materials, only five articles
proposed MLPs for MOFs at the time of writing, all of them consisting of neural network potentials
(NNP). MOFs are particularly challenging for multiple reasons, in particular because of the different
interactions that need to be correctly modeled - from strong covalent bonds and ionic interactions
to weak van der Waals interactions —, along with their chemically complex composition. In addition,
the (often) large unit cell size impedes ab initio simulations from generating training data [260, 263].
Approaches based on parametrization (e.g. MOF-FF described in section 2.3.2) have been much more
used in this community.

In 2019, Eckhoff and Behler [260] proposed the first MLP for a MOF system, using the prototypical
MOF-5 [45]. They circumvented the need for large ab initio calculations by using DFT calculations of
small molecular fragments to train their MLP for the periodic bulk framework. This neural network
potential [219], constructed using the RuNNer code [264], was used to predict a number of properties
(energies, forces, thermal and mechanical properties) which the authors found to be in good agreement
with ab initio calculations. This method was refined and further validated in a later work from the same
group [265].

Two other works published in 2022 followed this approach, relying on molecular fragments for the
construction of MLPs for the bulk material. Yu et al. [266] constructed a NNP for MOF-808 — a Zr-
based MOF —, using the Large-scale Atomic Simulation with neural network Potential (LASP) software
[267], to investigate adsorption and migration mechanisms of Pt clusters inside the framework. It
is illustrated on figure 4.1. Another NNP was developed by Tayfuroglu et al. [268] to study the
isoreticular metal-organic framework (IRMOF) series and predict a number of structural and mechanical
properties. It was an invariant message-passing neural network (MPNN) (see section 2.4.3 for details)
constructed using SchNet [227], which was shown to work on multiple frameworks (IRMOF-n with
n € {1,4,6,7,10}).
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Figure 4.1: (a) MOF-808 structure and (b) examples of molecular fragments used for the construction of
a NNP by Yu et al. [266]. Adapted from Ref. [266, 269].
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However, the molecular fragments approach suffers from a lack of universal method to choose the
fragments working on all MOFs, and from the sensitivity of its predicted energies to the choice of
fragments. To overcome its shortcomings, Achar et al. [263] used for the first time periodic DFT
calculations on the primitive cell of the framework to train a NNP for UiO-66. They relied on DeePMD
[228], another popular invariant MPNN, to construct a NNP that predicted a number of dynamic
properties with good accuracy and was used to study diffusion.

This work, however, did not solve the high computational cost of running ab initio simulations with
large unit cells. One option proposed by Vandenhaute et al. [221] in a very recent work published in
February 2023 was to use a data-efficient NNP to reduce the number of ab initio calculations. They
employed NequlP [212], an equivariant MPNN with proved data efficiency described in section 2.4.3, and
developed an active learning strategy [219] to train NNPs for two representative frameworks: UiO-66
(Zr) and MIL-53(Al). The NNPs were shown to possess good transferability, evaluated by considering
a set of 10 similar frameworks which differed from MIL-53(Al) and UiO-66(Zr) in either the topology
or the organic ligand. Interestingly, this work demonstrated that it was possible to simulate a phase
transition for MOFs with MLPs, although the transition was non-displacive and did not involve any
bond breaking.

4.1.2 Generation of glass models with MLPs

While they were not concerned with MOFs, multiple studies have successfully developed MLPs for the
simulation of amorphous solids - including multiple glass-forming materials — such as oxide glasses
[270], chalcogenide compounds [271], silicates [261] or amorphous carbons [262]. These studies were
made possible by the reactive nature of MLPs which enables simulating various phase transitions
such as vitrification. They further benefited from the low computational cost of MLPs, which could
accommodate slower cooling rates and much larger systems than AIMD (e.g. 100,000 Si atoms in [261]),
allowing probing the medium and long-range orders of such amorphous systems. MLPs are typically
trained on data generated by high-temperature MD trajectories, to enhance coverage of off-equilibrium
conformations and potentially include bond-breaking and reforming events.

A number of these studies used MPNNs, with DeePMD [228] being used to study liquid silica [272] or
amorphous carbon [262]. The latter work is of particular interest as it focused on the transferability of
the MLPs over multiple carbon allotropes. It was achieved by using training data made of liquid carbon
at different densities and temperatures, as well as various crystalline phases.

In our work we ambition to bridge the gap between these two bodies of work and develop the first MLP
used to generate MOF glasses, by drawing inspiration from both corpora.
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4.2 CoONSTRUCTION OF MLPs ror ZIF-4

In this work, we chose to generate ab initio reference systems composed of entire unit cells, combined
with a data-efficient architecture. We used the Neural Equivariant Interatomic Potential (NequlP), an
equivariant MPNN described in section 2.4.3, which has demonstrated high accuracy across a wide
variety of systems, including MOFs [221] and amorphous solids [212]. To evaluate the potential of the
NequlP architecture to obtain MLPs for ZIFs, we first focused on ZIF-4, the same framework investigated
with ReaxFF in chapter 3 and extensively described in section 1.2.3. The developed MLPs should be able
to successfully describe the different phases necessary to obtain melt-quenched glasses, i.e. the crystal,
liquid and glassy phases.

4.2.1 Ab initio reference data

Reference data was extracted from ab initio molecular dynamics (AIMD) simulations (see section 2.2 for
the method). We started with limited training data by only considering two AIMD trajectories performed
in the (N, V, T) ensemble: one simulating the ZIF-4 crystal at 300 K and another a ZIF-4 liquid at 1500 K.
These trajectories were taken from the work by Gaillac et al. [92] (described in section 3.2) and were
rerun to obtain at least 100 ps of simulation data for each system.

DFT-based Born-Oppenheimer MD simulations were performed using the Quickstep module [198] of
the CP2K software package [273], a general open source quantum chemistry and solid-state physics
simulation package. I used parameters already fine-tuned for several ZIFs (ZIF-4, ZIF-8, ZIF-62, ZIF-zni,
SALEM-2) in previous works by Gaillac et al. [92, 93, 123, 149].

As mentioned in section 2.2, I used the hybrid Gaussian and plane wave method GPW [198], the exchange—
correlation energy was evaluated in the PBE approximation [274], and the dispersion interactions were
treated at the DFT-D3 level [197]. The multigrid system was set up with four different grids, a plane
wave cutoff for the electronic density of 600 Ry, and a relative cutoff of 40 Ry. Valence electrons were
described by double-( valence polarized basis sets and norm-conserving Goedecker-Teter-Hutter
[275] pseudopotentials, all adapted for PBE (DZVP-GTH-PBE) for H, C, and N or optimized for solids
(DZVP-MOLOPT-SR-GTH) in the case of Zn.

Simulations were performed in the constant-volume (N, V, T) ensemble with a fixed size and shape of
the unit cell. A time step of 0.5 fs was used in the MD runs, and the temperature was controlled by
velocity rescaling [185] with a time constant of 1000 fs.

4.2.2 Training

Unlike the rest of this chapter 4, the work presented in this section 4.2.2 was mainly performed by Jack
D. Evans, as part of a collaboration that I started during my PhD project.

NETWORK ARCHITECTURE AND TRAINING PROCEDURE

We used NequlP version 0.5.5 [212], and tested several hyperparameters. All MLPs presented in this
manuscript were trained with the network architecture described in table 4.1 and in the remainder of
this paragraph. Training was performed with the Adam optimizer [276] with a learning rate of 0.005.
We employed a batch size of 5, and disabled the learning rate decay scheduler. The weights used during
validation or test error evaluation were obtained after an exponential moving average filter, with weight
0.999. Among the multiple parameters, it is worth mentioning that we tested several rotation orders in
I €{1,2,3} (defined in section 2.4.3) and found that [ = 2 led to the best compromise between precision
and efficiency.

Out of a given trajectory of 100 ps, corresponding to 200 000 frames, 2500 were taken randomly to
constitute the training dataset, and 100 other to be used as validation data. Therefore, each frame
was on average separated from the others by 75 fs, leaving room for improvement in the reduction of
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Cutoff radius R, 6A
Number of interaction layers 4
Maximum rotation order [ 2
Parity even and odd
Number of radial basis functions 8

Table 4.1: Network architecture parameters for every MLP presented in this work.

correlation between frames. The data efficiency of the training, and the amount of time required to
separate different configurations should be explored further in future work.

MuLTIPLE MLPs

Despite having all these hyperparameters in common, MLPs discussed in this manuscript differ in their
training data and choice of loss function. Most MLPs were trained on the high temperature trajectory,
which we consider to be more promising as it contains more diverse configurations (explores better the
configuration space). To enable comparison, some MLPs were trained on the crystalline trajectory, at
300K.

Several loss functions were used to simultaneously minimize the errors on the energy (E), forces ({F;})
and stress (o). The respective contribution of each error in the total loss functions are parameterized by
three weights Ap, Ag, Ay. In all models presented here Ap = Ag = 1. For some MLPs we wanted to bias
learning for stress by choosing large A,. We otherwise used Ay = 1, which in practice led to similar
results than Ay = 0 due to the choice of prefactor for each error.

Let us denote the different MLPs as MLP(system|L), where “system” refers to the training data (either
crystal or liquid), and L is the loss function which is denoted by the relative weights A : A : Ag.

Ao 1 10 100 1000

Energy MAE (meV/atom) 0.396 0.775 0.899 1.01
Forces MAE (meVA™!) 192 209 197 226
Stress MAE (MPa) 351 163 758 734

Table 4.2: MAEs of the trained models for MLP(liquid|1:1:A) with Ay € {1, 10, 100, 1000}, evaluated on
unseen frames of the liquid trajectory.

Figure 4.2 compares the learning curves for MLP(liquid|1:1:A) for A, € {1, 10, 100, 1000}, and highlights
that although forces are well learned in every case, one needs to find a balance between an accurate
reproduction of the energies (Ay = 1), and any actual learning of the stress (A € {100, 1000}). We found
satisfying final mean absolute errors (MAE) on energy and forces reported in table 4.2, compared to
previous NequlP works on liquid systems [212] and MOFs [221]. Stress MAEs however, are satisfying
only for Ay € {100, 1000}.

In the remainder of this thesis, I will use MLP(sys) and MLP(sys|c) as shorthands for respectively
MLP(sys|1:1:1) and MLP(sys|1:1:100). They respectively represent MLPs learned without and with
stress.

TRANSFERABILITY OF LEARNED PROPERTIES

While the various MAEs showed that the training was successfully performed, it is necessary to further
validate the generated MLPs, for example by investigating their transferability.

A first option is to compute the MAEs of the learned properties (E, {F;}, o) for a system other than the
one used for training. Table 4.3 compares how two MLPs, learned either on the crystalline or liquid
trajectory, reproduce the properties of the AIMD crystalline trajectory. It evidences that both the energy
and forces learned on the liquid trajectory suffice to predict the crystal properties. However this result
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Figure 4.2: (a) Loss function and mean absolute errors (MAE) for (b) normalized energy E/N, (c) forces
{F;} and (d) stress () as the function of epoch for MLP(liquid|1:1:Ay) with A, € {1, 10, 100, 1000}.

do not hold for the stress, which do not appear to transfer to the crystal structure at low temperature,
suggesting that the procedure for learning stress is perfectible.

MLP MLP(crystaljc) MLP(liquid|c)

Energy MAE (meV/atom) 1.26 1.29
Forces MAE (meV Afl) 7.17 8.69
Stress MAE (MPa) 23.7 322

Table 4.3: MAEs of the trained models for MLP(crystal|c) and MLP(liquid|c), evaluated on unseen
frames of the crystal trajectory.

A similar comparison showed that MLPs learned on the crystalline trajectory do not transfer well to the
liquid structure, as expected because the latter contains configurations too far from the training dataset
(e.g. undercoordinated Zn atoms). Both observations confirm that MLPs learned on the liquid trajectory
are promising candidates to be used on multiple structures.

4.2.3 Reproducing structural properties

To further evaluate the quality of the generated MLPs, I looked at the same structural properties
investigated for ReaxFF in chapter 3 for both systems used for training: the crystal and the liquid.

MD witH NEQUIP

MD simulations with NequlP can be performed either using the atomic simulation environment (ASE)
[251] or using LAMMPS [211]. Although LAMMPS was generally prefered, due to its extensive, robust
and validated methods, along with better performance, the (N, P, T) ensemble is not yet implemented
for NequlP potentials. In this chapter, I therefore stick to the (N, V, T) ensemble and, unless other-
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wise mentioned, used LAMMPS. I nonetheless checked that both simulation engines gave consistent
results.

By default, a time step of 0.5 fs was used in the MD runs, which could occasionally be changed to 0.25 fs
to simulate high temperatures (above 1500 K). The temperature was controlled using a Nosé—Hoover
thermostat with a temperature damping parameter fixed at 100fs. Several values were tested, with
the 50-400 ps range leading to satisfying behaviors. In most cases, I report simulations of the unit cell,
although the impact of the use of supercells was explored.

Unless explicitly stated in the figure caption, properties were averaged over an (N, V, T) trajectory of
100 ps for NequlP simulations. Frames were taken every 100 fs for the radial distribution function (RDF),
bond angle distribution and coordination number, every 500 fs for the mean square displacement (MSD),
every 1 ps for ring statistics and every 10 ps for pore statistics. Ab initio properties were computed as in
section 3.2.

A typical (N, V, T) simulation of a ZIF-4 unit cell (272 atoms) for 100 ps, required around 5 hours of
computation on a single NVIDIA V100 GPU. It is a significant speedup compared to AIMD, for which 4
days and 160 CPUs (4 nodes of Intel Cascade Lake 6248) are required for the same system and duration.
As a comparison, a ReaxFF simulation for the same system (with the parameters than in section 3.1.1
except for the system size) required one hour on one node (40 CPUs).

EVALUATION ON THE TRAINED SYSTEMS

Structural properties were evaluated over two (N, V, T) trajectories of crystal and liquid for three
models: MLP(crystal), MLP(liquid) and MLP(liquid|o). The crystal trajectory was started from the
crystallographic reference structure, immediately raised to 300 K and was then equilibrated for 100 ps.
The liquid was started from the same crystallographic reference structure immediately raised to 1500 K,
and consisted of a melting part of 100 ps, followed by another 100 ps to collect statistics. While every
MLP was used to simulate the crystal, MLP(crystal) could not be used for the liquid as it contained
configurations too far from its training dataset. This was manifested by the systematic crashing of
LAMMPS simulations at 1500 K.

Figure 4.3 shows three local properties (RDF, PMF and angle distributions) for the different combinations
of phases (liquid or crystal) and MLPs. In every case, we note an excellent reproduction of the ab
initio properties. Both MLP(liquid) and MLP(liquid|c") emulate the crystal properties as accurately as
MLP(crystal), thus demonstrating excellent transferability on this system. It is also worth mentioning
that MLP(liquid) and MLP(liquid|c) lead to the same reproduction of local properties, despite the
difference in energies and forces MAEs reported above.

Additionally, no change in coordination nor ring statistics is observed for the crystal. Similarly, Zn-
N coordination numbers for the liquid are almost identical (< 1% difference between MLPs and ab
initio). However, ring statistics are not straightforwardly interpretable, as their convergence on liquid
trajectories would require much longer equilibration times. Finally, the computed porous volumes are
fairly similar for every phase, another evidence of the excellent reproduction of the structural properties
of both the system they were trained on, and the crystal.
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Figure 4.3: (a) Radial distribution functions (RDF), (b) potentials of mean force (PMF) for the Zn-N
atom pairs, and (c) distribution of the N-Zn-N angle for the ZIF-4 crystal (left) and liquid (right) with
multiple MLPs compared to AIMD.

VALIDATION ON AB INITIO GLASSES

To further explore the transferability on these MLPs, I deployed the same strategy, i.e. MD runs and
computation of structural properties, for unseen ZIF-4 systems consisting in the 10 ab initio glasses
generated by Gaillac et al. [123] T introduced in section 1.3.4.

Ten (N, V,T) MD simulations were run at 300K for 100 ps starting from the glass models, with
MLP(crystal), MLP(liquid) and MLP(liquid|c). All reported structural properties were averaged over
the ten glasses. Their local properties are reported on figure 4.4, which demonstrates the excellent
reproduction of the ab initio RDF by every MLP. However, a closer investigation with the PMF highlights
differences between MLPs. MLP(crystal) is shown to fail to reproduce the region between the two first
minima in the PMF, a region absent from the crystalline training data (see figure 4.3). On the contrary,
both MLP(liquid) and MLP(liquid|c) were able to describe this region, with MLP(liquid) performing
better. The gain in accuracy of MLP(liquid) over MLP(liquid|c) is also visible on the angle distribution,
for which MLP(liquid|o) led to a slight deviation from the ab initio properties. Additionally, no change
in coordination between every MLP and AIMD data was reported, with coordination numbers and ring
statistics being identical.
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Figure 4.4: (a) Radial distribution functions (RDF), (b) potentials of mean force (PMF) for the Zn-N
atom pairs, and (c) distribution of the N-Zn-N angle for the ZIF-4 ab initio glasses with multiple MLPs
compared to AIMD.

At this stage, we were therefore confident that the strategy employed in this work to train MLPs is
promising. It suggests that the data contained in the liquid trajectory are sufficient to model a variety of
ZIF-4 phases. Among the multiple models developed, MLP(liquid) led to an overall higher accuracy and
was therefore chosen for the rest of this chapter.
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4.3 GENERATING aZlIF-4 GLASS MODELS

Using MLP(liquid) as a prototypical MLP to model ZIF-4, I used the same methodology as the work
done with ReaxFF in chapter 3. I generated glass models and then compared their properties to ab initio
data to evaluate the applicability of MLPs for this task.

4.3.1 Producing glass models by melt-quenching

PRODUCTION PROCEDURE

The melt-quenching procedure is similar to the one devised for ReaxFF in section 3.1. Starting with an ini-
tial preparation of the crystalline structure at 300 K, the system was first melted to 1500 K, then quenched
to room temperature, leading to the creation of a glassy state. The system was finally equilibrated for
100 ps to collect statistics. The four steps of this procedure are represented on figure 4.5.

Run part
1500 - - Preparation
g 1300 A = Melting
g 1100 A Melting (plateau)
2 900 ~ = Quenching
g 700 A - Equilibration
£ 500 -
2 300 A
0 -
0 50 100 150 200 250

Time (ps)

Figure 4.5: Temperature as a function of time during the glass formation procedure, consisting of
preparation (green), melting (red and orange), quenching (grey) and equilibration (blue). For clarity, a
moving average over 25 fs is used.

The entire procedure was performed in the (N, V, T) ensemble, as (N, P, T) simulations are not yet
supported in LAMMPS with NequlP (see section 4.2.3). The preparation only consisted of a simple
(N, V,T) run at 300K, as I found that MDs with MLPs are not as sensitive as with ReaxFF. To reduce
finite size effects, a (2 X 2 X 2) supercell of ZIF-4 with 2176 atoms was simulated, with periodic boundary
conditions. I checked that the use of a supercell did not significantly affect the properties of the
generated glasses, compared to only simulating one unit cell. I also checked that the use of MLP(liquid)
and MLP(liquid|c) led to glasses of very close structural properties.

MELT-QUENCHING
As discussed in section 3.1.3, melt-quenching is mainly parameterized by the maximal temperature

Tmax and the heating/cooling rate r. Consistently with the previous ab initio work [123], I aimed for a
maximal temperature of 1500 K, and chose a rate of 20 K/ps.

Contrary to ReaxFF simulations which led to excessive decoordination, MD simulations with MLP did
not melt that easily. After a procedure consisting of only two ramps (one for heating, one for cooling),
as with ReaxFF, the final system was still crystalline for Ty, = 1500 K and 7 in the 50-2.5 K/ps region.
Either lowering the rate to r = 1 K/ps, or increasing the temperature to Tr,qx = 1900 K, both led to the
successful formation of glasses. However the first option requires rather long simulations, while the
second leads to an increased risk of loss of physical integrity.

Even if no breaking of the imidazolate rings was observed for T € [1500K; 1900 K], I chose a safer third
option which consisted in keeping Ty, = 1500 K and spending more time at the maximal temperature
as represented on figure 4.5. A plateau of 50 ps at Tyqx Was enough to ensure melting, and therefore
obtain a glass as highlighted on figure 4.6. I tested different plateaux in the 50-300 ps which all led to
glasses of similar properties.
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Figure 4.6: Evidence of melting and glass generation. (a) Mean square displacement (MSD) as a function
of time for Zn during the 1500 K plateau. (b) Zn-N coordination number as the function of time with
the final value for the glass system distinct from that of the initial crystal.

The option used for the ab initio glasses — i.e. starting straight away at 1500 K from the crystallographic
crystal without a slow ramp up — was also tested. While it also led to glassy states, the low computational
cost of MLPs makes a smooth ramp-up in temperature too affordable to justify an abrupt heat-up.

4.3.2 Properties of the glass models

I then investigated the exact same properties looked for the ReaxFF glass in section 3.2, and compared
then to the same ab initio crystal and glasses.

LocAL ORDER

I first investigated the local order by examining the Zn-N bonds. On figure 4.7 I plot the partial RDFs
for the Zn-N and Zn-Zn atom pairs, which highlights a remarkable agreement of the MLP glass with
its ab initio counterpart. To contrast the differences in the region between the first two peaks, the Zn-N
PMF is shown on the same figure. Although the PMF of the MLP glass resembles that of a glass, with
the region between the first two peaks populated, its profile is distinct from the one of the ab initio glass
and shares some features of the crystalline PMF. In particular, the free energy barrier is larger for the
MLP glass than for the ab initio one, with a value of ~ 32 kJ/mol.

I then investigated the N-Zn—-N angle, key to the features of ZIFs, by plotting the bond angle distribution
on figure 4.8a. The MLP glass demonstrates an excellent reproduction of the ab initio data, while ReaxFF
failed to do so. The angular PMF shown on figure 4.8b further confirms this accuracy, while hinting at
small deviations for angles away from the 109° of the Zn(Im)4 tetrahedral structure. Once again, the
MLP glass shows intermediate properties between those of the ab initio crystal and glass.
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Figure 4.7: (a) Radial distribution functions (RDF) and (b) potentials of mean force (PMF) for the Zn-N
atom pairs of the MLP glass (blue), ab initio glass (orange) and ab initio crystal (red). (c) RDF for the

Zn-Zn atom pair of the same systems.
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BULK PROPERTIES

I computed the porosity of the glasses (see figure 4.9) and found a total porous volume of 61 cm? kg™ for
the MLP glass, comprised between the 54 cm® kg™! of the crystal and 68 cm® kg™! of the ab initio glass.
This is in good agreement with the experimental measurements of the porosity of a ZIF-4 glass made by
positron annihilation lifetime spectroscopy (PALS) [164]. Due to the reliance on the (N, V, T) ensemble,
no comment can be made on the density of the MLP glass. This will be a key issue to characterize and
validate in future work.
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Figure 4.9: Total porous volume of the MLP glass (blue), ab initio glass (orange) and ab initio crystal
(red).

TOPOLOGICAL PROPERTIES

Finally, I investigated the differences in the medium-range order of the glasses, by examining the
coordination network built from the alternating Zn-Im units. I first calculated the average Zn-N
coordination numbers and found a coordination of 3.94 for the MLP glass, in excellent agreement with
the value of 3.93 found for the ab initio glass.

[ ab initio crystal
0.6 1 [ ab initio glass
0.5 = MLP glass

Number of rings/cell (normalized)

4 6 8 10 12 14 16 18 20
Ring size

Figure 4.10: Distributions of size of zinc-imidazolate alternate rings for the ReaxFF glass (blue), ab
initio glass (orange) and ab initio crystal (red).

In order to characterize the topology at a larger scale, I also computed Zn-Im ring statistics. Figure 4.10
evidences that both glasses have topologies that deviate from the crystal perfectly defined 8, 12 and 16
rings. While not identical, the two glass models display rather similar topologies.

Overall, these elements show that the generated MLP glass model demonstrates an excellent reproduction
of a number of properties of the ab initio glasses, all the more when compared to how ReaxFF fared. It is
interesting to note that a number of the properties of the MLP glass are intermediate between those
of the ab initio crystal and glass models. While not identical to ab initio glass models, the MLP model
is unambiguously a glass, with characteristics in line with known experimental data [92]. It provides
strong evidence that aZIF models can be generated by MD simulations of melt-quenching.
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4.4 'TOWARDS A UNIVERSAL MLP rFor ZIFs

In the previous two sections, we limited ourselves to ZIF-4 and its different phases to develop a proof of
concept. Our current work aims at going beyond this single system by going towards a “universal” MLP
for ZIFs, which should work on multiple ZIF structures. To do that I generated ab initio training data
for different structures, volumes and phases, aiming to build liquid trajectories. At the time of writing,
training is still an ongoing work, as part of my collaboration with Jack D. Evans. I present in this thesis
the general approach and some preliminary results.

4.4.1 Multiple ZIF structures

First, I selected several Zn-based ZIF structures, chosen to display diverse topologies and a selection of
linkers. The latter are described on figure 4.11.

N N N CINN
5 OO0
N N N al N
IM miM bIM dciM

Figure 4.11: Different linkers present in the structures investigated: imidazolate (IM), benzimidazolate
(bIM), 2-methylimidazolate (MeIM) and 4,5-dichloroimidazole (dcIM). Adapted from Ref. [71].

The different ZIFs are described in table 4.4 along with their composition, topology and number of atoms
of unit cell Ngtoms. The table also mentions the source of the structural files, which were either taken
from previous works of the group or straight from the CSD [46] and CoRE MOF [170] databases.

ZIF-n Composition Net Zeolite Ngoms Source
ZIF-4 Zn(IM), cag - 272 [92]
ZIF-7 Zn(bIM); sod SOD 522 [65, 170]
ZIF-8 Zn(MeIM), sod SOD 276 [149]
ZIF-11 Zn(bIM); rho RHO 1392 [65]
ZIF-62 Zn(IM); 75(bIM)g o5 cag - 296 [93]
ZIF-71 Zn(dcIM); rho  RHO 816 [46, 71]

Table 4.4: ZIF structures for which training data was generated long with their composition, structure,
topology, number of atoms in the unit cell Nyzoms and source of the structural file. Topology is expressed
both with net three-letter abbreviations and the corresponding zeolite symbol (if it exists), described in
Ref. [66] and retrieved from Ref. [65, 71].

Structures first went through a full geometry optimization (atomic positions and unit cell parameters)
of the crystallographic files at 0 K, before being used in any MD simulation. I used for ZIF-7,11, and 71
the same configuration as the one used by Gaillac et al. for ZIF-4, 8 and 62 [92, 93, 149]. I used the same
ab initio parametrization as the one thoroughly tested on multiple ZIFs and described in section 4.2.1.
The only adaptation concerned Cl atoms, which were treated in a similar fashion to Zn atoms, i.e. they
were described by double-{ valence polarized basis sets and norm-conserving Goedecker-Teter-Hutter
[275] pseudopotentials optimized for solids (DZVP-MOLOPT-SR-GTH). It is worth noting that ZIF-7,11,
and 71 have considerably larger cells than the previously studied ZIF-4, 8, and 62. It is therefore more
computationally demanding to run AIMD simulation of these systems, and I chose to generate fewer
trajectories per ZIF structure.

4.4.2 Multiple volumes

While (N, V, T) simulations are an efficient way to generate training data at high temperature, we
ambition to develop an MLP that could also be used for (N, P, T) simulations, which therefore requires
to an accurate reproduction of the stress. An option is to learn from structures simulated at different
volumes, by applying deformation to the initial cell of the crystal.
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For each ZIF crystal, I created four (N, V, T) trajectories at 300 K with different deformations. Successive
simulations at different volumes were performed, consisting in an instantaneous and isotropic volume
change by 2% from the previous volume, followed by an equilibration time of around 10 ps. The final
volume deformations were {2%, 0%, —2%, —4%}, as exemplified in the case of ZIF-8 with figure 4.12. These
small changes in volume did not lead to many changes to the crystalline structure, with the local
structural properties staying similar as exemplified on figure 4.12a, and the coordination remaining
unchanged. Porosity is however impacted, with figure 4.12b highlighting the expected decrease in
porous volume associated with a reduction of the total volume.
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Figure 4.12: (a) Potentials of mean force (PMF) for the Zn-N atom pair and (b) total porous volume of
the ZIF-8 crystal at various volume deformations. The volume deformation of 0% corresponds to the
state of crystallographic density. Properties are averaged over the entire (N, V, T) trajectory of each
volume.

4.4.3 Simulation of liquid systems

Once the 300K crystal models at various volumes are prepared, they must be heated up to obtain
high temperature trajectories, that should preferably simulate liquid systems. The choice of the high
temperature value is a trade-off between the need to gather statistics on relatively rare events, and the
necessity to preserve the physical consistency of the model. While previous ab initio MD simulations of
the liquid ZIF-4 have been performed up to 2000 K while preserving the integrity of the imidazolate
linkers [92], I found that for another system (ZIF-7) 2000 K was enough to break its linkers. Previous
work on the melting of ZIFs [92, 149] showed that a duration of 50 ps is often sufficient to observe
melting. I therefore ran multiple (N, V, T) trajectories of 50 ps at either 1200 K, 1500 K and 1750 K.

As previously discussed in section 3.1.4, detecting melting is insightful but not straightforward. If a
trajectory is sufficiently long, it is possible to identify melting by spotlighting a loss in coordination as
table 4.5 or a change in the behavior of the MSD as in figure 4.13a.
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Volume change (%) -4 -2 0 2
Average Zn-N coordination number 3.84 3.76 3.59 3.64

Table 4.5: Coordination numbers for nitrogen atoms around the zinc cation for 1500 K MD trajectories
of ZIF-4 with various deformations. Computed over the last 10 ps of each trajectory.
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Figure 4.13: Evidence of melting during 1500 K MD trajectories of ZIF-4. (a) Mean square displacement
(MSD) as a function of time for Zn with various deformations. (b) Number of zinc—-imidazolate alternate
rings of different sizes as the function of time for the trajectory with a deformation of 2%. For clarity,
only rings of size comprised between 8 and 22 are shown.

As a complement, ring statistics can provide clear evidence of the onset of the melting transition. By
monitoring the number of rings of different sizes as the function of time, as shown on figure 4.13b, one
can easily identify a transition from the ring statistics of the crystal towards a less ordered system. This
had not been used before, but I think it is a powerful descriptor to detect melting.

The choice of the temperature required to observe melting is not straightforward, as I found that it could
depend on the deformation. Table 4.5 and figure 4.13a provide evidence in the case of ZIF-4 at 1500 K
that systems with volume deformations of 0% and 2% ended up melting after a few tens of picoseconds,
while -2% and -4% did not. Interpreting the relationship between deformation and melting behavior is
not forthright, as the opposite behavior was observed for ZIF-8 at 1500 K (-2% and —4% melted while 0%
and 2% did not).

As aresult, I tried to melt every framework by raising the temperature up to 1750 K. Table 4.6 reports
the different 50 ps runs that were performed at various temperatures, and whether they yielded solid or
liquid systems. While melting was observed for four frameworks, I did not manage to obtain liquids of
either ZIF-7 or ZIF-11. Heating up the system at 2000 K was tried, but led to the loss of the physical
integrity of the linkers.
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ZIF-4 2 solids, 2 liquids 2 liquids 6 4
ZIF-7 4 solids 1 solid 5 0
ZIF-8 2 solids, 2 liquids 2 liquids 6 4
ZIF-11 4 solids 1 solid 5 0
ZIF-62 4 solids 4 liquids 8 4
ZIF-71 4 solids 1 liquid 5 1

Table 4.6: Total number of 50 ps solid and liquid trajectories generated per system and temperature. For
each ZIF, the total number of trajectories Nirgjectories and the number of liquid ones Nliquids are reported.

An open question that should be tested when training the next MLPs, is whether these “hot solids”
contain enough information about the potential energy surface of these frameworks for accurate training.
If we consider all these high-temperature trajectories and still use 2500 frames for training, two frames
will on average separated by typically 0.5-1 ps, ensuring a weak correlation [221]. If only the liquid
trajectories end up being used, frames will be more correlated but still far less than for our ZIF-4 test
case, which already showed promising results.
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PRELIMINARY CONCLUSIONS AND PERSPECTIVES

In this chapter, I provided strong evidence that the development of MLPs can pave the way towards the
generation of multiple amorphous MOF models and the study of their properties. Using a limited dataset
consisting of ab initio trajectories of ZIF-4, we trained MLPs that led to an exceptional reproduction of
the structural properties of multiple phases — crystal, liquid and several glasses — of ZIF-4.

By generating new aZIF-4 models by melt-quenching, I demonstrated the potential of these MLPs to
generate disordered models of MOFs at a fraction of the computational cost of AIMD. A next step would
consist in overcoming the reliance on the (N, V, T) ensemble, to capture the effects of vitrification on
the system density.

While this work is promising, multiple challenges await to be overcome before being able to generate
aZlFs for a larger variety of ZIF structures. As a first step towards the development of a more universal
MLP for ZIFs, I generated multiple ab initio high-temperature trajectories of various ZIFs under different
deformations. Our ongoing work is dedicated to the use of this training data to obtain and validate new
MLPs that ought to be used on a variety of frameworks.

Finally, this work opens multiple perspectives that we plan to explore in the group. A first extension
could consist in the exploration of even larger scales with another neural network architecture, Allegro
[277], which uses a similar framework for training and MD simulations than NequlIP. Another possible
extension would be to use of the generated MLPs to simulate large aZIF structures generated by other
means, for example using polymerization algorithms [82, 163] described in section 1.3.6.
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I presented in chapter 1 the significant potential of MOFs for a series of applications, including CO,
separation. However, while their mechanical stability is also essential for MOFs to fully achieve their
potential in industrial-scale processes — in particular for processing (extrusion and pellet formation) —,
the study of how these materials respond to mechanical stress is comparatively still emerging [278, 279].
aMOFs are particularly promising in this regard, as they yield the potential of increased mechanical
robustness and would allow for greater ease of processing, notably by circumventing the performance
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drop due to the necessary densification of the MOF powders [105, 106]. However mechanical properties
of aMOFs are difficult to determine experimentally.

In this chapter, building on the knowledge about aZIF models and MD schemes acquired in chapter 3
and chapter 4, I extensively investigated the computation of finite temperature mechanical properties of
ZIF-4 in the crystal and glass phases. I critically assessed computational methodologies including ab
initio molecular dynamics (section 5.2), reactive force fields (section 5.3), classical force fields (section 5.4),
and machine-learned potentials (section 5.5) based on a variety of glass models. I found that ZIF-4
glasses have a larger bulk modulus than the crystal and confirm previous studies that the density is
larger for the glass phases. Moreover, I confirmed in the case of ZIF glasses the relationship between
density and bulk modulus, showing that obtaining models of correct density is key to the prediction of
physical properties for these systems. At the exception of section 5.5 on machine-learned potentials
which is an ongoing work, this study has been published in Chemistry of Materials (2023) [280].
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5.1 COMPUTATION OF MECHANICAL PROPERTIES WITH MOLECULAR
DYNAMICS

5.1.1 Extracting mechanical properties from simulations

While a series of experimental techniques have successfully been employed to determine the mechanical
properties of crystalline MOFs, there is a lack of studies on the amorphous phases [81]. Some methods
such as those relying on high-pressure X-ray diffraction [281] are not straightforwardly applicable to
disordered materials, and many others require large bulk glass samples which are challenging to prepare
[81, 282]. Fortunately, the same mechanical properties can be studied by computational simulations
[167], which have been used extensively as a complement to experiments on MOF crystals and can lead
to systematic studies of the structure—property relationships [283, 284].

We saw in section 1.3 that despite the challenges in the determination of the framework structure of
amorphous states at the microscopic scale, several methodologies are available to generate the atomistic
models which are a prerequisite of any computational determination of the mechanical properties. One
family of approaches to computing finite temperature mechanical properties consists in using molecular
dynamics (MD), either to mimic in silico the high-pressure experiments [285-287] or by using the strain-
fluctuation method [257, 258]. Unlike most computational works which led to the determination of
mechanical properties at 0K, often using the stress-strain approach [288], the temperature dependence
of these methods allows for a better prediction and understanding of the mechanical strength and
stability of the studied materials [289]. It is key for disordered MOFs which can display complex pressure
and temperature behaviors at both low and high temperature [93, 290].

In this work, I used a range of MD schemes to extract the finite temperature mechanical properties of
ZIF crystals and glasses. I first report in section 5.2 how ab initio MD can be used to obtain reference
values, which have never been determined for a MOF glass in the literature before. I then investigate
three MD schemes with lower computational cost: reactive force fields (section 5.3), classical force fields
(section 5.4) and machine-learned potentials (section 5.5).

Out of the many finite temperature mechanical properties that characterize anisotropic materials, in
this study I will mostly focus on the bulk modulus (K) which characterizes the variation of the volume
(V) of a solid under uniform hydrostatic pressure (P). It is defined as [291]:

oP
oo (%),

Values of K reported in this work correspond to the equilibrium volume. This property is the most readily
available experimentally, and provides key information relating to applications, including about the
MOF stability during the shaping process [292] or pressure swing adsorption (PSA) cycles [278].

Two approaches were used in this work to obtain finite temperature mechanical properties: finite
difference methods and strain-fluctuation methods.

5.1.2 Finite difference methods

The finite difference approach consists in first establishing the P-V relationship, and then fitting it
with an equation of state (EoS). Widely used experimentally [85, 293], it is also within the reach of
computational methods that can generate P — V data by running multiple MD simulations at various
values of pressure or volume. This computational approach has been used on multiple materials such
as molten salts [287, 294], ceramics [295] or silicates [285], and can be used with MD schemes ranging
from ab initio [286, 287, 294] to classical [285, 295] and reactive [296] force fields.
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P-V data is generated by running multiple MD simulations, enforcing either various values of pressure
(stress) or volume (strain), and measuring the other variable. I will talk about the finite strain difference
method if the MD simulations are performed in the constant-volume (N, V, T) ensemble by enforcing
the volume V, with the resulting pressure P(V) of the equilibrated system being measured. Alternatively,
if they are performed in the constant-pressure (N, P, T) ensemble, with the volume V(P) being measured
for a given P, I talk about the finite stress difference method.

In both cases, the well-behaved region of the P-V data was fitted with the second order Birch-Murnaghan
EoS [291, 297]:
P = 3Kfp (1 + 2fp)*? (5.2)

where Vj is the volume at zero pressure and fg the Eulerian strain defined as

2/3
(%) 69

In addition to providing K, this EoS fit returns V and thus the density at zero pressure py.

1
)

fE

I systematically tried to use the third order Birch-Murnaghan EoS, and found that it leads to overfitting
in the large majority (> 80%) of cases due to the small number of P — V data points, therefore it is not
reported in this work.

5.1.3 Strain-fluctuation method

Mechanical properties at a given temperature T can also be evaluated from the fluctuations of a system
at equilibrium, simulated under a constant stress in the (N, o, T) ensemble [258]. The bulk modulus can
be obtained directly from the fluctuations of the volume [258]:

(av2) = =T 54

where kg is the Boltzmann constant, AV = V - (V), and (X) denotes the time average of any quantity
X.

With this method, it is possible to obtain more than the bulk modulus, and access anisotropic mechanical
properties. The elastic stiffness tensor C can be obtained from the fluctuations of the unit cell matrix h
through the following relation [257, 258]:

k
<]\3/T> gt = (eier) = (ey) (em) (5.5)

(a) Young’s modulus  (b) Shear modulus (c) Bulk modulus (d) Poisson’s ratio

Figure 5.1: Schematic diagram of (a) Young’s modulus (E), (b) shear modulus (G), (c) bulk modulus ( K)
and (d) Poisson’s ratio (v) illustrated for aZIF-4. Red and blue arrows respectively represent the exerted
stress and response. Adapted from Ref. [300].
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In this equation, Cyji; are the components of the fourth-order tensor C, called elastic constants, and € is
the unit cell strain defined by: [298]

£ = % <<h0T>_1 hThhy™! - 1) (5.6)

with hg the reference unit cell, corresponding to the first frame of the equilibrated trajectory.

From this elastic stiffness tensor, multiple mechanical properties — bulk modulus K, Young’s modulus E,
shear modulus G, and Poisson’s ratio v — were computed using the ELATE code [252] and are illustrated
on figure 5.1. Values reported in this work were obtained with the Hill averaging scheme [299].

The computation of C was performed using the Python library aMOF, presented in section 2.5.5, in
which I adapted and implemented a code developed for previous works in the group [93, 257].

5.1.4 Mechanical properties of ZIFs

SYSTEMS OF THIS STUDY

Systems throughout this study belong to two different phases of ZIF-4: the crystal and the melt-quenched
glasses [92]. ZIF-4 was further described in section 1.2.3.

Several structural analyses are presented in this chapter. They were performed using the parameters
used and further detailed in section 2.5. Unless explicitly stated in the caption, properties are averaged
over an (N, V, T) trajectory of 1ns for classical MD simulations and 60 ps for ab initio simulations. For
classical MD, frames are taken every 1 ps for the radial distribution function (RDF) and bond angle
distribution, and every 50 ps for pore statistics. For ab initio MD, those intervals are respectively of 0.5 fs
and 0.5 ps.

PREVIOUSLY REPORTED BULK MODULI

To this date, multiple experimental and computational values for the ZIF-4 crystal have been determined
and are listed in table 5.1. K is comprised in the 1.4-2.7 GPa range for systems at a density (pg) around the
crystallographic density [65] of 1.22 g cm™, corresponding to a phase called open-pore (op) in the two
latest experimental works that have focused on low-pressure behavior [290, 293]. Comparison between
experiments and computational works is not straightforward as the measurements are complicated
by subtle differences between MOFs from different batches (e.g. unintended defects incorporation
during synthesis and different degrees of activation) and are dependent on the experimental setup (e.g.
pressure transmitting medium) [293, 301]. Additionally, computational values reported so far are either
computed at 0K [302-304] or performed at a low level of theory [93, 257], with no ab initio value at
finite temperature reported in the literature for the ZIF-4 crystal.

Though some mechanical properties of amorphous ZIF-4 such as the Young’s modulus [86] or the
fracture toughness [157] have been determined [306], studies are significantly scarcer than for crystals.
There are only two reported values of a bulk modulus, which stems from computational studies with
the stress-strain approach performed on the same Continuous Random Network (CRN) model. A first
work [141] found a bulk modulus of 8.88 GPa for a density of 1.07 g cm™>, while a second one [300]
reported K = 4.47 GPa and pg = 0.99 g cm™>. However, the physical realism of the CRN model has not
been thoroughly demonstrated in the first place (see section 1.3.2), notably as it features a surprisingly
low density (see section 3.2.2). Additionally, the mismatch in reported K values was left unexplained in
the latest study, leaving us with no reliable value.
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Method  Ref. K (GPa) po (gem™3)  Phase

Exp. High-Pressure  [85] 2.6 0.1 1.21
Crystallography [293] 2.01 &£ 0.05 1.22 (op)
4.39 4 0.20 1.56 (cp)
Mercury intrusion  [290] 1.42 1.22 (op)
4.88 1.53 (cp)
Comp. Strain-fluctuation with  [257] 2.58 1.31
classical FF [305]  [93] 2.69 1.31
Stress-strain from  [302] 2.41 1.16
first principles [288] [303] 1.54 1.03
[304] 1.76 1.18

Table 5.1: Bulk moduli (K) and densities at zero pressure (pg) of crystalline ZIF-4, as reported in
previous experimental (top panel) and computational (bottom panel) works. With the exception of
values computed by stress—strain (at 0 K), they are measured or computed at room temperature. The two
most recent experimental works identified two low-pressure phases, open-pore (op) and closed-pore
(cp), which are both reported.
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5.2 AB INITIO MOLECULAR DYNAMICS

As we saw in section 2.2, ab initio methods, and in particular density functional theory (DFT)-based
methods, allow for a full description of the electronic state of physical systems at the quantum chemical
level. They are commonly used to compute mechanical properties at 0 K using the stress—strain approach
[288], and have been applied to many MOF systems including for the ZIF-4 crystal [302-304] (see ta-
ble 5.1). Combining the precision of ab initio methods with molecular dynamics allows the determination
of finite temperature mechanical properties and can account for potential phase transitions that may
occur under the application of both temperature and pressure [93, 290, 293]. Already applied to molten
salts [287, 294] and metals [286], ab initio molecular dynamics (AIMD) has never — to my knowledge
— been used to this aim for any MOF system. Despite its significant computational cost, AIMD can
provide much needed reference values for ZIF glasses, where there are no experimental results currently
available.

5.2.1 Systems and methods

As detailed in section 1.3, AIMD has successfully been used in prior works to model the melting of the
ZIF-4 crystal [92], and to produce atomistic configurations of melt-quenched glasses [123]. All these
models have been generated and equilibrated in the (N, V, T) ensemble, and thus are all at the same
density (taken to be the crystallographic density 1.22 gcm ™). Although this difficulty in capturing
changes in density has been identified as an important limitation of the ab initio methodology [92],
such glass models still represent the most chemically accurate atomistic description of ZIF-4 glasses
published to date in the literature as seen in section 1.3.

Here, I have computed the bulk modulus K for four of these systems: the crystal and three melt-quenched
glasses, chosen to preserve the diversity found in the Zn-N coordination environments. This restriction
to 3 out of the 10 original glass models was guided by the significant computational cost of ab initio
MD. AIMD simulations were performed using CP2K [273] with the exact same parameters presented in
section 4.2.1.

5.2.2 Finite strain difference method

Due to the difficulty of performing (N, P, T) ab initio simulations of soft porous crystals [150] and to the
reduced computational cost of (N, V, T) MD runs, I employed the finite strain difference method. All ab
initio simulations were performed in the (N, V, T) ensemble to enforce a volume V and compute the
resulting pressure P(V) of the equilibrated system. Successive simulations at different volumes were
performed, consisting in an instantaneous and isotropic volume change by 2% from the previous volume,
followed by an equilibration time of around ~ 100-200 ps. Convergence was determined by monitoring
the pressure as a function of time with a sufficiently large moving average of 5 ps, as illustrated on
figure 5.2.

The value of the pressure for a given volume was taken as the average over the last 50 ps of the simulation.
To estimate the uncertainty due to the fluctuations and limited simulation time, the last 50 ps were
divided into blocks of 5 ps. The average pressure of each block was computed, and a standard deviation
was calculated on these 10 values. Both the bulk modulus K and the extrapolated density at zero pressure
Qo were obtained by fitting the P - V data with the second order Birch-Murnaghan EoS [291, 297]. Results
are shown on table 5.2. The P - V plot with the standard deviations as well as the fitted EoS is shown on
figure 5.3 in the case of the crystal.
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Figure 5.2: Pressure as a function of time for different deformations of the crystal. A moving average

over 5 ps is used and deformation is defined as relative volume change to the reference volume of the
crystal.
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Figure 5.3: Pressure as a function of volume for the crystal, fitted with the second order Birch-
Murnaghan Equation of State (red). Each volume corresponds to an (N, V, T) simulation with fixed
deformation. Pressure is computed as the average over the last 50 ps of simulations. Error bars are the
standard deviations of the pressure averaged with a rolling window of 5 ps.

Crystal Glass
K (GPa) 139 243 +0.09
po(gem™) 129 1.3440.03

Table 5.2: Bulk moduli K and densities at zero pressure pg for the ZIF-4 crystal and glasses obtained by
AIMD [123] with the finite strain difference method. Glass values are averaged over 3 models.
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The same procedure was then used for the glass models, although the complex energy landscapes of
ZIF systems — prone to polyamorphism [70, 307] — meant that it was not straightforward to observe
a well-behaved P(V) regime for a large range of volumes. As illustrated on figure 5.4, a structural
rearrangement of the system caused by a large strain can lead to a change in the final pressure, although
this structural change is not visible in local structural properties. Although 5 P - V data points (as for
the crystal) were obtained for one glass, fewer points were obtained for the other two glasses, which
nonetheless confirm the results.
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Figure 5.4: Pressure as a function of volume for one glass system, illustrating potential polymorphism.
Each volume corresponds to an (N, V, T) simulation with fixed deformation. Pressure is computed as
the average over the last 50 ps of simulations. Error bars are the standard deviations of the pressure
averaged with a rolling window of 5 ps.

5.2.3 Reference values

As shown on table 5.2, I obtain a bulk modulus of Kyysta1 = 1.39 GPa, in reasonable agreement with
previous experimental and computational works. It is in the lower range of values (see table 5.1),
but further interpretation is limited, as the precise value determined depends on the computational
methodology and - for experiments — also on subtle differences between MOFs from different batches or
on the experimental setup [293, 301]. However, the comparison between two different systems within
the same methodology is meaningful, and I find that the ZIF-4 glasses are less soft with Kgj,g = 2.43 &
0.09 GPa. This new result complements a previous nanoindentation study [86] that found that ZIF-4
melt-quenched glasses showed larger Young’s modulus (Egjsss = 8.2 GPa) than in their parent crystalline
phase (Ecpystal = 4.6 GPa) [91].

Interestingly, this finite strain difference approach also yields the density at zero pressure po which is of
1.29 g cm™3 for the crystal and of 1.34 4 0.03 g cm™3 for the glass. We note that the glass density is higher
than for the crystal, as expected from pycnometric measurements [86] (0glass =1.63 8 cm ™3 and Ocrystal =
1.50 g cm™3) and from a recent CO2 physisorption study [233] (Pglass = 1.38 ¢ cm™3 which allows direct
comparison to the crystallographic density [65] perystal = 1.22¢ cm™3). An extended discussion can be
found in section 3.2.2. However, the difference is not as large as what could be expected from these
experiments and may come from the ab initio methodology, which led to glass models of the same
density as the crystal before any deformation step.

It is worth mentioning that in the case of the crystal, the system was deformed enough to reach the
density at zero pressure pg, without change in the local structural properties as shown on figure 5.5.
However, no glass system was brought to its extrapolated po.
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Figure 5.5: (a) Potentials of mean force (PMF) for the Zn-N atom pair, (b) distribution of the N-Zn-N
angle, and (c) total porous volume of the ab initio crystal at various volume deformations. The volume
deformation of 0% corresponds to the state of crystallographic density, while the volume deformation of
-6% corresponds to the state of zero pressure. Properties are averaged over the entire (N, V, T) trajectory
of each volume. All the local structural properties are similar, and the coordination is unchanged
(evaluated with coordination numbers and ring statistics as in chapter 3, not reported here). As expected,
the porous volume is decreasing with total volume.

In spite of the limitations discussed above, I find that ab initio simulations provide a reference value for
the bulk modulus at room temperature of ZIF-4 glasses, which may be thought of as a lower bound due
to the low density of the particular glass models used. We note that such a quantity had never been
determined before at the quantum chemical level. By comparing two states of similar densities, it further
demonstrates the influence of the system topology on the mechanical properties of ZIF-4 systems. It
complements previous results on the high-density states which found the closed-pore ZIF-4 phase bulk
modulus (~ 4.4 to 4.9 GPa) [290, 293] to be much lower than its polymorph ZIF-zni (~ 14 GPa) [308],
while they all show similar densities (1.53 to 1.56 g cm ™).
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With a reference value now at hand, it is possible to develop and validate more computationally efficient
alternatives for the determination of finite temperature mechanical properties. To develop a method
able to screen the mechanical properties of a large number of ZIF glasses, it would be convenient and
consistent to use the same MD scheme for the glass model generation and the subsequent determination
of its properties. An option is the use of reactive force fields (presented in section 2.3.3), which have
been proposed to generate models of ZIF glasses by melt-quenching with the development of a ReaxFF
parametrization for ZIFs [155] as we saw in section 1.3.5. They have previously been used to compute
mechanical properties [156, 157, 159] and are a natural candidate for the task at hand. Able to explore
larger spatial and time scales, they could in principle be used to obtain the bulk modulus with several
methods while reducing the finite size effects inherent to AIMD. However, I showed in chapter 3 the
atypical structural properties of the glasses obtained with this approach, and there is still no in-depth
validation of the mechanical properties obtained with this force field in the existing literature.

In order to offer a meaningful comparison to other MD schemes, I consider several glass models: the
ReaxFF glass obtained in chapter 3, the same three ab initio glass models studied in the previous section
[123] and a glass obtained by Reverse Monte Carlo (RMC) modeling [92, 129]. MD simulations were
performed using LAMMPS [211, 256] with the exact same parameters presented in section 3.1.1.

5.3.1 Finite strain difference method

To allow direct comparison to our ab initio results, I first computed K with the finite strain difference
method. The reduced computational cost allowed for smoother volumetric deformations (1.5% change
over 250 ps) and a longer equilibration (250 ps, shown on figure 5.6) than was possible with AIMD.
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Figure 5.6: Finite strain difference method for the crystal with ReaxFF. (a) Pressure as a function of
time for different deformations, shown with a moving average over 5 ps. (b) Pressure as a function
of volume fitted with the second order Birch-Murnaghan EoS (red). Each volume corresponds to an
(N, V, T) simulation with fixed deformation. Pressure is computed as the average over the last 100 ps of
simulations. Error bars are the standard deviations of the pressure averaged with a rolling window of
10 ps.
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All these systems were already introduced in section 3.3.1, and notably went through a careful preparation
process. I took (2 x 2 x 2) supercells of the crystal and ab initio glasses to have the same system size as
the ReaxFF glass, and reported properties (K and pg) for the ab initio glasses are averaged over the three
models. For the finite strain difference method, the ReaxFF glass was taken at the last 300 K plateau of
the quenching process, and the other systems were taken at the last (N, V, T) step of the preparation
process. Therefore the latter still possess the initial model densities. They all went through a long
(N, V, T) equilibration of 1 ns before any volume deformation.

Volume deformation in the (N, V, T) ensemble was a continuous process, during which each dimension
of the box changed linearly with time from its initial to final value to achieve a volume reduction by
1.5%. The well-behaved region of the P — V data for the fit with the second order Birch-Murnaghan EoS
was selected to have 5 points at maximum and to include the region of zero pressure. While 5 points
were found for the crystal, ReaxFF and RMC glasses, only between 3 and 4 points could be obtained for
the ab initio glasses.

This approach led to well-behaved P — V plots and to the values presented in table 5.3. Although of
reasonable density, the ReaxFF crystal shows a larger bulk modulus by comparison with AIMD and
experimental results. The bulk moduli and densities reported for the ab initio glasses do not contrast
with the values computed for the crystal as clearly than with AIMD. The glass models which display
higher K, represent states of considerably higher densities than the AIMD glass model and than the
experimentally determined crystallographic density of ZIF-4 glasses [233], and are therefore not directly
comparable.

Crystal ReaxFF glass RMC glass Ab initio glass
K (GPa) 3.15 10.36 6.29 3.57 £0.75
po (gem™3) 126 1.67 1.55 1.31 £ 0.03

Table 5.3: Bulk moduli K and densities at zero pressure po for multiple ZIF-4 models obtained with the
finite strain difference method with ReaxFF.

5.3.2 Finite stress difference method

An alternative option is the use of the finite stress difference method, in which the MD simulations
are performed in the constant-pressure (N, P, T) ensemble at a given P, before measuring the volume
V(P). 1t is illustrated on figure 5.7. This approach is more commonly used in conjunction with classical
and reactive force fields [296]. I evaluate the method using two possible variants, with an isotropic or a
flexible cell (respective LAMMPS keywords iso and tri), as [ have shown that this choice can impact the
description of the glass. Section 2.1.3 provides a description of these thermodynamic ensembles.

For this method with a flexible cell, the initial systems for the finite strain difference method (see above)
were taken and were further equilibrated in the (N, P, T) ensemble until convergence of the volume. The
equilibration times t.q are reported in table 5.4. For the finite stress difference method with an isotropic
cell, at the exception of the ReaxFF glass, the initial systems for the finite strain difference method were
taken and were further equilibrated for 500 ps in the (N, P, T) ensemble. For the ReaxFF glass, the initial
system is the same as with the flexible cell.

Crystal ReaxFF glass RMC glass Ab initio glass
Finite stress difference
with a flexible cell
Strain-fluctuation 5 10 22 7-18

10 20 7-7.5

Table 5.4: Equilibration times tq (in ns) spent in the (N, P, T) ensemble with a flexible cell for two
methods.
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Figure 5.7: Finite stress difference method with a flexible cell (LAMMPS keyword tri) for the crystal
with ReaxFF. (a) Volume as a function of time for different pressures, shown with a moving average over
5ps. (b) Pressure as a function of volume fitted with the second order Birch-Murnaghan EoS (red). Each
volume corresponds to an (N, P, T) simulation with fixed pressure. Volume is computed as the average
over the last 100 ps of simulations. Error bars are the standard deviations of the pressure averaged with
a rolling window of 10 ps.

Successive simulations at different pressures were applied, consisting in ramping up the pressure from
0 MPa to Pmax by step of Pstep and tstep. Pmaxs Pstep and tseep values for the different systems are reported
in table 5.5. The well-behaved region of the P - V data was composed of 4 or 5 points for the crystal,
ReaxFF and RMC glasses, and between 3 and 5 points for the ab initio glasses (average of 4.2).

System cell Pmax (atm)  Psgep (atm)  Zszep (ps)

Crystal tri 1000 250 250

iso 1000 250 500

ReaxFF glass tri/iso 2000 500 500
RMC glass tri 1000 250 250
iso 1000 250 500

Ab initio glass tri 1000 250 1000
iso 1000 250 500

Table 5.5: Maximal pressure Py (in atm), pressure increment Pgzep (in atm) and time spent at each
pressure Issep (in ps) for different systems and cell types, used for the finite stress difference method
with ReaxFF.

While this method yields results for every studied system, as reported on table 5.6, the significant
mismatch between values computed with different cell types, which should not exist for the crystal,
severely questions the results and illustrate once again the tendency of ReaxFF to densify systems I
highlighted in section 3.3.1. Additionally, the only two low-density states (the crystal and the ab initio
glasses with an isotropic cell), have lower values than what was obtained with AIMD, the opposite of
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what yielded the finite strain difference method with ReaxFF. This seriously discourages using the finite
stress difference method with ReaxFF.

cell Crystal ReaxFF glass RMC glass Ab initio glass

iso 0091 7.64 1.83 1.87 £ 0.75

K (GP .
GPa) i 611 10.60 7.89 407 + 1.52
em?) 150 131 1.74 1.50 1.36 £ 0.06
pols tri 161 1.68 1.57 1.46 + 0.08

Table 5.6: Bulk modulus K and density at zero pressure pg for multiple ZIF-4 models obtained with the
finite stress difference method with ReaxFF, either using an isotropic (iso) or a flexible (tri) cell.

5.3.3 Strain-fluctuation method

Another approach to obtain mechanical properties at a given temperature T is to evaluate them from
the fluctuations of the unit cell of an equilibrated system simulated under a constant-stress (N, o, T)
ensemble [258]. Unlike the previous finite difference methods which only yield one property at a time,
it leads to the estimation of the entire tensor of second-order elastic constants Cj; x; which in turns is
linked to mechanical properties such as Young’s modulus, shear modulus, and Poisson’s ratio [252].
This approach, already used for the ZIF-4 crystal with a classical force field [93, 257], requires long
equilibration times (~ 5 — 10 ns). While out of reach of AIMD simulations, it is tractable with ReaxFF.
The bulk modulus can also be directly computed from the fluctuations of the volume [258], a second
method I used as a validation.

Starting from the initial systems for the finite strain difference method, I performed further (N, P, T)
simulations with a flexible cell, corresponding to the (N, o, T) ensemble required by the method, until
convergence of the volume (see figure 5.8) and elastic constants (see figure 5.9), which may be a bit
longer than the sole volume. It required a total equilibration time t.q comprised between 5ns and 22 ns,
detailed in table 5.4. The elastic constants, the volume fluctuations and the volumes were computed
over the last 3 ns of the simulation for the crystal, RMC glass and two ab initio glasses, and over the last
2.5 ns for the two other systems.

From the resulting bulk moduli, shown on table 5.7, we see that both strain-fluctuation methods are
consistent. While such a long ReaxFF equilibration only yields highly densified states, with large K as
a consequence, the results are consistent with the high-density states explored with finite difference
methods.

Crystal ReaxFF glass RMC glass Ab initio glass

K - volume fluctuations (GPa) 5.65 12.73 7.47 4.30 £ 0.64
K - elastic constants (GPa) 7.58 12.85 7.62 477 + 0.88
0o (gem™) 161 1.68 1.56 1.46 =+ 0.07

Table 5.7: Bulk moduli K and densities at zero pressure po for multiple ZIF-4 models obtained with two
strain-fluctuation methods with ReaxFF.

128



5.3 REACTIVE FORCE FIELDS

27500

N N
[0)] ~
Ul o
o o
o o

Volume (A3)

26000

1 2 3 4 5
Time (ns)

Figure 5.8: Volume as a function of time during a long 5 ns equilibration in the (N, P, T) ensemble with
a flexible cell for the crystal. Elastic constants were computed on the red part of the figure. The orange
line shows a moving average over 100 ps.
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Figure 5.9: (a) Convergence of the elastic constants C;; as function of time for the crystal with ReaxFF
during a long 5 ns equilibration in the (N, P, T) ensemble with a flexible cell. (b) At time t, the represented
C; j(t) corresponds to the elastic constant computed from the 2ns to (t + 2) ns part of the trajectory. The
C;j used for the computation of the mechanical properties thus correspond to the final ¢ = 3 ns.
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Figure 5.10: Bulk modulus K as function of the density at zero pressure pg for multiple ZIF-4 models

and methods with ReaxFF.

This additional method confirms the very direct relationship between large K and pg, apparent on
figure 5.10, which is found almost irrespective of the model — crystal or glass — and of the method used
to compute K. It is therefore difficult to separate the influence of the topology (e.g. between different
glasses) from the density, or to study low-density glass models. As a consequence, I cannot recommend
the use of the ReaxFF parametrization for ZIFs [155] to compute mechanical properties, especially at
finite temperature, and suggest that every work that intend to use it should first go through a detailed

validation.
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5.4 (CLASSICAL FORCE FIELDS

Considering the strong limitations of the ReaxFF parametrization for ZIF glasses, no computationally
efficient MD scheme published to this date in the literature can both generate ZIF melt-quenched glasses
and provide their finite temperature mechanical properties. In this section, I look into a possible strategy
to separate these two aspects and investigate the use of classical force fields (presented in section 2.3.2)
to analyze the crystal and glass models generated by AIMD [92, 123] studied in the first section. Owing
to the computational efficiency of classical MD, all 10 configurations of the melt-quenched glasses were
simulated.

5.4.1 Adaptation of the force fields

As detailed in section 2.3.2, every classical FF for ZIFs published to this date has been developed for
crystals and should thus first be adapted and validated before studying ZIF glasses. In my study, I chose
to use the recently developed MOF-FF for ZIFs by Diirholt et al. [203], presented in section 2.3.2. This
force field showed good transferability across a series of ZIF polymorphs, indicating that it can handle
various network topologies, and led to mechanical properties in line with earlier FFs [204]. Developing
a new FF for glasses from scratch is beyond the scope of this study, but the MOF-FF methodology
for an automatic parametrization of FFs would make such a development achievable in future work
[145].
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Figure 5.11: Distribution of the N-Zn-N angle for (a) every Zn atom and (b) only three-coordinated Zn
atom, for the MOF-FF crystal (blue) and glasses (red and orange) compared the ab initio crystal (green)
and glass (grey).

While ZIF-4 crystals are made only of Zn(Im)4 tetrahedra, a number of three-coordinated Zn ions can
be found in ZIF-4 glasses, which are not readily parametrized in MOF-FF. On the N-Zn-N bond angle
distribution of the ab initio glass shown on figure 5.11, we see that these three-coordinated Zn deviate
from the 109° angle of the tetrahedra. To reproduce the glass properties and test the sensitivity of our
results to our adaptation of MOF-FF, I introduced and evaluated two adaptations of the FF, which I name
Zn3tetraand Zn3trig which respectively shift the N-Zn-N angle of the three-coordinated Zn towards
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109° or 120° as shown on figure 5.11. Their construction is detailed in section 2.3.2. As it features no
under-coordinated Zn atoms, the ZIF-4 crystal is simulated with the original FF.

In order to evaluate the validity of these FF adaptations, I compared the structural characteristics of
ZIF-4 systems simulated with MOF-FF to the original ab initio models, using the same metrics as in
chapter 3 on ReaxFF. An investigation of the local order with the partial radial distribution functions
(RDF) and potentials of mean force (PMF) (see figure 5.12a,b), evidences an excellent reproduction of
interatomic distances and similar energy landscapes close to the energy minima. The region between
the two minima in PMF is qualitatively different, as MOF-FF is unable by design to simulate non-bonded
but nearby Zn-N atoms. Despite differences in the angle distribution of the three-coordinated Zn atoms,
figure 5.11 shows that the total distribution is similar for both FF adaptations, which reproduce the
wider distribution of angles for the glasses than for the crystal. Although affected by the small difference
in geometry imposed by the FF adaptations, both FF adaptations lead to glass models of higher porosity
than the crystal, as shown on figure 5.12c. Finally, as classical MD cannot simulate bond breaking, the
coordination and topology (e.g. ring statistics) are automatically preserved. Despite not being developed
for ZIF glasses, both FF adaptations reasonably reproduce the structural properties of the ab initio
systems, at least compared to the only force field available in the literature for amorphous ZIFs, namely
ReaxFF.
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Figure 5.12: (a) Radial distribution functions (RDF), (b) potentials of mean force (PMF) for the Zn-N
atom pairs, and (c) total porous volume of the MOF-FF crystal (blue) and glasses (red and orange)
compared the ab initio crystal (green) and glass (grey).
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Classical MD simulations were performed using LAMMPS [211]. A timestep Jt of 1fs was used in the
MD runs and, the temperature (and pressure when applicable) were controlled using a Nosé—Hoover
thermostat (and barostat). Temperature and pressure damping parameters Tjamp and Pgapyp were fixed
at 1ps and 10 ps respectively.

5.4.2 Validation with AIMD results

I investigate the applicability of these classical FF adaptations by computing finite temperature bulk
moduli, with the same methods I used on ReaxFF, starting with the finite strain difference method
(illustrated on figure 5.13) to allow direct comparison with AIMD results.
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Figure 5.13: Finite strain difference method for the crystal with MOF-FF. (a) Pressure as a function
of time for different deformations, shown with a moving average over 5 ps. (b) Pressure as a function
of volume fitted with the second order Birch-Murnaghan EoS (red). Each volume corresponds to an
(N, V, T) simulation with fixed deformation. Pressure is computed as the average over the last 100 ps of
simulations. Error bars are the standard deviations of the pressure averaged with a rolling window of
10 ps.

The crystal [92, 123] and ten glasses [123] were prepared following a simplified preparation procedure
compared to what was done for ReaxFF. It consisted in an initial energy minimization, followed by an
(N, V, T) run at 300 K for 250 ps with the default temperature damping parameter of 1 ps. All the systems
then went through a long (N, V, T) equilibration of 1 ns before any volume deformation. (2 X 2 X 2)
supercells of each system were considered, and reported properties (K and p) of the glasses are averaged
over the ten models.

Successive simulations at different volumes were applied, consisting of a volume deformation by 1.5% and
lasting 500 ps from the previous volume followed by an equilibration time of 500 ps. Volume deformation
in the (N, V, T) ensemble was the same continuous process as for ReaxFF, the only difference being
the longer time Tpy = 500 ps. The well-behaved region of the P — V data was chosen as for ReaxFF.
5 points were found for the crystal, 4.3 + 0.9 for the Zn3trig glasses and 4.7 £ 0.5 for the Zn3tetra
glasses
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Crystal Glass w/ Zn3trig Glass w/ Zn3tetra
K (GPa) 1.48 3.01 + 1.15 2.46 £ 0.65
po(gem™) 1.2 1.29 £ 0.06 1.31 £ 0.05

Table 5.8: Bulk modulus K and density at zero pressure pg for ZIF-4 crystal and ab initio glasses obtained
with the finite strain difference method with two different adaptations of MOF-FF.

From the results, summarized in table 5.8, we see that both FF adaptations lead to larger bulk moduli for
the glasses than the crystal. As shown on figure 5.14, K values are in reasonable agreement with AIMD,
where ReaxFF failed to differentiate the crystal from the glasses. The densities are also consistent with
both AIMD and experiments.

4_
34 MD scheme
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g 2 I Classical FF
B ReaxFF
| ..
0_

Crystal Glass

Figure 5.14: Bulk modulus K for ZIF-4 crystal and ab initio glasses with the finite strain difference
method and different MD schemes. Average and standard deviation for classical FF are computed over
every glass and FF adaptation.

We note, however, that there is an important variance in the bulk moduli of the glasses, with potentially
divergent values with respect to the FF adaptation for the same glass model, as shown on figure 5.15. It
highlights the importance of using a large enough number of glass configurations to obtain average
mechanical properties for models with a small system size.
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Figure 5.15: Bulk modulus K for ZIF-4 ab initio glasses obtained with the finite strain difference method
with two different adaptations of MOF-FF.

5.4.3 Exploring other methods

FINITE STRESS DIFFERENCE METHOD
I then investigated the use of the (N, P, T) ensemble with our two FF adaptations, again with both an
isotropic and a flexible cell as done for ReaxFF (see figure 5.16).

For the finite stress difference method with an isotropic cell (iso), the initial systems for the finite
strain difference method were taken and were further equilibrated for 500 ps in the (N, P, T) ensemble.
For the finite stress difference method with a flexible cell (tri), the initial systems for the finite strain
difference method with an isotropic cell were taken and were further equilibrated in the (N, P, T)
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Figure 5.16: Finite stress difference method with a flexible cell (LAMMPS keyword tri) for the crystal
with MOF-FF. (a) Volume as a function of time for pressures, shown with a moving average over 5 ps. (b)
Pressure as a function of volume fitted with the second order Birch-Murnaghan EoS (red). Each volume
corresponds to an (N, P, T) simulation with fixed pressure. Volume is computed as the average over the
last 100 ps of simulations. Error bars are the standard deviations of the pressure averaged with a rolling
window of 10 ps.

ensemble until convergence of the volume. The equilibration times are 6 ns for the crystal and 11 ns for
the glasses.

Successive simulations at different pressures were applied, consisting in ramping up the pressure from
0 atm to 2500 atm by step of 250 atm and 500 ps. The well-behaved region of the P - V data with an
isotropic cell was composed of 3 points for the crystal, 4.0 £ 0.9 for the Zn3trig glasses and 3.9 0.8
for the Zn3tetra glasses. With a flexible cell, those numbers are of 5 points for the crystal, 4.7 4= 0.6 for
the Zn3trig glasses and 4.6 &+ 0.7 for the Zn3tetra glasses.

We see on the results presented in table 5.9 that no system reaches a state of unreasonably high density
(unlike with a reactive force field). In particular, MOF-FF handles better the additional degree of freedom
brought by the free shape of the cell than does ReaxFF, although a flexible cell still leads to a larger
densification, particularly for the crystal. We note that both FF adaptations give similar average results,
with still a significant variance over the different glass models. Finally, K values are consistent with the

cell Crystal Glassw/Zn3trig Glassw/ Zn3tetra

iso  1.00 2.16 £ 0.89 2.24 + 0.94

K (GP :
GPa) 115 180 2.77 + 0.98 2.59 + 1.04
@em?) 10 121 133 + 0.08 131 + 0.06
pols tri 139 1.35 - 0.08 1.35 = 0.06

Table 5.9: Bulk modulus K and density at zero pressure pg for ZIF-4 crystal and ab initio glasses
obtained with the finite stress difference method with two different adaptations of MOF-FF, either using
an isotropic (iso) or a flexible (tri) cell.
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finite strain difference method, and the previously observed trends of KyJass > Kerystal and increasing K
with respect to pg are found again.

STRAIN-FLUCTUATION METHOD

Finally, to obtain additional mechanical properties, I applied the strain-fluctuation method. The initial
systems for the finite stress difference method with an isotropic cell were taken and were further
equilibrated in the (N, P, T) ensemble with a flexible cell until convergence of the volume (see figure 5.17)
the elastic constants. The equilibration times are 6 ns for the crystal and 21 ns for the glasses. The
elastic constants, the volume fluctuations and the volumes were computed over the last 4 ns for every
system.
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Figure 5.17: Volume as a function of time during a long 5 ns equilibration in the (N, P, T) ensemble
with a flexible cell for the crystal with MOF-FF. Elastic constants were computed on the red part of the
figure. The orange line shows a moving average over 100 ps.

From the results shown in table 5.10, we see that the values obtained from the elastic constants are
consistent with the more robust volume fluctuations. While the values for the glass are consistent
with the finite difference methods, the strain-fluctuation methods with MOF-FF fail to highlight the
difference in K between the crystal and the glasses as shown on figure 5.18, which may be explained by
the unreasonably large density of the crystal equilibrated in the (N, P, T) ensemble with a flexible cell.
We note, however, that the value for the ZIF-4 crystal is similar to what was achieved in previous works
[93, 257] with the strain-fluctuation method but another classical FF [305], and which reported K to be
2.6-2.7 GPa for a density of 1.31 gcm™ (see table 5.1).
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Figure 5.18: Bulk modulus K for ZIF-4 crystal and glasses with different methods and two different
adaptations of MOF-FF.
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Crystal Glass w/ Zn3trig Glass w/ Zn3tetra

K - volume fluctuations (GPa) 2.67 2.66 £ 0.55 2.42 £ 0.82
K - elastic constants (GPa) 2.76 3.05 £+ 0.57 2.71 £ 0.83
00 (gem™3) 139 1.35 + 0.08 1.35 + 0.06

Table 5.10: Bulk modulus K and density at zero pressure po for ZIF-4 crystal and ab initio glasses
obtained with two strain-fluctuation methods using two different adaptations of MOF-FF.

The important similarity between crystal and glasses is also present in the other mechanical properties
computed with this method — Young’s modulus E, shear modulus G, and Poisson’s ratio v — which are
reported in table 5.11. For example, while nanoindentation studies found E to be significantly larger for
the glass than for the crystal (respectively 8.2 GPa [86] and 4.6 GPa [84]), this effect is not convincingly
captured by this approach (3.22 & 0.74 GPa compared to 2.51 GPa). Carrying an (N, P, T) simulation
of the ZIF-4 crystal with a flexible cell while preserving the low crystallographic density, previously
known to be challenging with AIMD (see section 1.3.4) and ReaxFF (see section 3.3.1), would require
further work on MOF-FF for ZIFs.

Crystal Glass Zn3trig Glass Zn3tetra

Bulk modulus K (GPa) 2.76 3.05 £ 0.57 2.71 £ 0.83
Young’s modulus E (GPa) 2.51 3.48 + 0.80 2.95 £+ 0.57
Shear modulus G (GPa) 0.93 1.33 £ 0.32 1.13 £ 0.21
Poisson’s ratio v 0.35 0.31 4 0.02 0.31 4 0.03

Table 5.11: Mechanical properties for the ZIF-4 crystal and ab initio glasses obtained with the strain-
fluctuation method with the elastic stiffness tensor using two different adaptations of MOF-FF.

Despite this challenge, all finite difference methods are overall consistent, as illustrated on figure 5.18,
albeit with a large variability across glass configurations. Both FF adaptations yield similar results, sug-
gesting they are not ill adapted and that this procedure is not very sensitive to such a small perturbation
in the MOF-FF parametrization. I thus showed that the finite difference methods with classical FFs are
ready to be deployed, and that the development of a specific MOF-FF parametrization for amorphous
ZIFs could prove useful.
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5.5 MACHINE-LEARNED POTENTIALS

While adapted classical FFs seem promising to evaluate the mechanical properties of aZIFs, they cannot
be used for the systematic generation and subsequent study of the mechanical properties of multiple ZIF
structures. Machine-learned potentials (MLP), whose principles are presented in section 2.4, represent
potential candidates. Multiple studies showed that they can be used to study various mechanical
properties, including three on MOFs. Two studies employed the stress-strain method to obtain elastic
constants and bulk moduli [221, 260], while one computed K using the strain-fluctuation method
[268].

In chapter 4, I reported the development of preliminary MLPs for ZIF-4 that led to an excellent repro-
duction of the ab initio structural properties of both ordered and disordered systems. In this section,
I investigate their use to obtain finite temperature mechanical properties of ZIF-4 solids by using the
same methods explored for other MD schemes. As chapter 4, this is an ongoing work whose goal is not
to provide final answers but to probe whether this path is worth following. The results will have to be
confirmed after the more universal MLPs for ZIFs under development will be ready for production.

5.5.1 Finite strain difference method with NequIP

The finite strain difference method, studied with every other MD scheme, is used as the platform for
most of the evaluations of the developed MLPs. As mentioned in section 4.2.3, stress support in LAMMPS
[211] was not yet implemented for NequlP at the time when I started this work. I therefore resorted to
the use the atomic simulation environment (ASE) [251], using a Nosé-Hoover thermostat shipped with
NequlP.

Unlike LAMMPS or CP2K, this thermostat is not set up by a time constant but by a damping factor Q.
Unlike in equation (2.4) presented in chapter 2, and according to the notes accompanying the NequIP
code, this Q is of dimension [M Lz], where M, L respectively designate mass and length. Using ASE
default units (eV fs?), I tested a range of values in the 10~10 000 €V fs? and chose Q =400 eV fs?, as the
100-1000 eV fs® range provided consistent results. Unlike otherwise mentioned, I used single unit cells
to speed up calculations in this development phase.

Successive simulations at different volumes were performed, consisting in an instantaneous and isotropic
volume change by 1.5% from the previous volume, followed by an equilibration time of 200 ps. The
value of the pressure for a given volume was taken as the average over the last 100 ps of the simulation.
For simulations with a (2 X 2 X 2) supercell, only 100 ps in total were simulated.

Figure 5.19 illustrates, in the case of the crystal with two different MLPs the pressure convergence and
the P - V data. We see that in these two cases the finite strain difference method worked accurately, in
the sense that it provided well-behaved P — V data and Birch-Murnaghan fits. It is worth noting that the
pressure fluctuations were different depending on the model, with MLP(liquid) (trained without biasing
for stress) having larger fluctuations than MLP(liquid|o) (trained by biasing for stress). In both cases,
these fluctuations were significantly reduced by the use of a (2 X 2 X 2) supercell.

supercell K (GPa) pg (gcm™)

1 1.31 1.24
MLP(liquid|1:1:1)
(2x2x2) 137 1.24
0.84 0.80
MLP(liquid|1:1:100)
(2x2x2) 082 0.80

Table 5.12: Bulk modulus K and density at zero pressure pg for ZIF-4 crystal obtained with the finite
strain difference method with multiple MLPs and different supercells.
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Before further study of the different MLPs, it is worth mentioning that the use of a supercell did not
seem to significantly impact the resulting bulk moduli K and density at zero pressure pg. Table 5.12
shows that for a ZIF-4 crystal, both tested MLPs led to almost identical results.

MLP(liquid|1:1:1) MLP(liquid|1:1:100)
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Figure 5.19: Finite strain difference method for the crystal with MLP(liquid) (left) and MLP(liquid|c)
(right). (a) Pressure as a function of time for different deformations during the last 100 ps of simulation,
shown with a moving average over 10 ps. (b) Pressure as a function of volume fitted with the second
order Birch-Murnaghan EoS (red). Each volume corresponds to an (N, V, T) simulation with fixed
deformation. Pressure is computed as the average over the last 100 ps of simulations. Error bars are the
standard deviations of the pressure averaged with a rolling window of 10 ps.

5.5.2 Accurately training for stress

In section 4.2.2, I introduced and contrasted several MLPs that differed in their training data (liquid or
crystal), and choice of loss function £. This £ was parameterized by three weights (A) representing the

respective influence of the energy (E), the forces ({F;}) and the stress (¢) during training, and is denoted
by )\F : )\E : /\0-.

Figure 5.20 clearly evidences that the pressure outputs were singularly different depending on whether
the loss function is biased for stress, regardless of the training data. Strongly biased systems displayed
pressure ranges located far from the state of zero pressure, resulting in the extremely low values for the
fitted po reported in table 5.13. Additionally, the associated values of K varied significantly as a function
of the chosen value Ay € {100, 1000}, providing further evidence to discard these MLPs. On the contrary,
the unbiased MLPs — MLP(crystal) and MLP(liquid)- led to K and pg values in line with each other and
with previous AIMD results. It suggests that training MLPs on energy and forces only is sufficient to
reproduce the mechanical properties with reasonable accuracy.
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Figure 5.20: Pressure as a function of volume for the ZIF-4 crystal with different MLPs obtained by the
finite strain difference method.

Training data L K (GPa) po (gem™)

crystal 1:1:1 1.21 1.37
crystal 1:1:100 0.85 0.81
liquid 1:1:1 1.31 1.24
liquid 1:1:100 0.84 0.80
liquid 1:1:1000 1.57 0.91

Table 5.13: Bulk modulus K and density at zero pressure pg for ZIF-4 crystal obtained with the finite
strain difference method with multiple MLPs. MLP(sys|L) are defined by their training data and their
loss function £ denoted by Ap: Ap: Ay

5.5.3 Reproduction of aZIF-4 mechanical properties

Unbiased MLPs were therefore employed for the computation of finite temperature mechanical properties.
MLP(liquid) was chosen, provided that the difference between MLP(liquid) and MLP(crystal) was not that
significant on the ZIF-4 crystal, and that MLP(liquid) led to better transferability (see section 4.2).

In order to offer a meaningful comparison to other MD schemes, I considered several glass models:
the same three ab initio glass models studied with AIMD and ReaxFF, and the MLP glass obtained by
melt-quenching in section 4.3. The original size of the systems was preserved, i.e. a single unit cell for
both the crystal and the ab initio glasses, and a (2 x 2 x 2) supercell for the MLP glass.

MD scheme B AIMD | MmLP

K (GPa)

O_—I—I— A B
Crystal Ab initio glass MLP glass
Model origin

Figure 5.21: Bulk modulus K for the ZIF-4 crystal and two glasses with the finite strain difference
method with MLP(liquid) compared with AIMD.

As evidenced in table 5.14, calculations with MLP(liquid) reproduced the trend previously identified
with other MD schemes, where glasses have both larger K and p¢ than the crystalline phase. Reported
values were in very good agreement with AIMD data, as shown on figure 5.21, making a strong case for

140



5.5 MACHINE-LEARNED POTENTIALS

the use of MLPs to obtain the mechanical properties of aZIF-4. We note, however, that the fluctuations
are larger than for the ab initio glasses, which can be reduced in the future by computing the mechanical
properties on all ten ab initio glasses as done in section 5.4 with classical FFs.

Crystal ab initio glass MLP glass
K (GPa) 131 2.39+/-0.70 2.50
po (gem™)  1.24 1.37+/-0.10 131

Table 5.14: Bulk modulus K and density at zero pressure pg for the ZIF-4 crystal and two glasses
obtained with the finite strain difference method with MLP(liquid).

While it is interesting to note that both the ab initio and MLP glasses display very similar values,
only one glass model generated with MLP was chosen. Further investigation on the influence of the
melt-quenching parameters (rate, length of high-temperature plateau) should be in order once the final
MLP for multiple ZIFs is ready. Another methodological question worth investigating is that of the
comparison between the use of multiple single cell models against a single model generated with a
larger supercell.

5.5.4 Exploratory use of the (N, P, T) ensemble

I also investigated the use of the (N, P, T) ensemble with our prototypical MLP. As LAMMPS was not
yet supported, I used ASE which only supported an isotropic cell, therefore only enabling the use of the
finite stress difference method at the expense of the strain-fluctuations method.

I used a Nosé-Hoover—Parrinello-Rahman thermostat/barostat [251] with a temperature damping
constant Tt of 50 fs and pressure damping constant Tp of 500 fs. The barostat constant required as input
by ASE was calculated as Tp? * B, where B is a typical bulk modulus for the studied materials, set up at
B = 1GPa. I first set up 71 by disabling the barostat and probing the 10-1000 fs range, before fixing Tp
by exploring the 10-10 000 fs range. Starting from the initial structural files, successive simulations at
different pressures were applied, consisting in ramping up the pressure from 0 MPa to 250 MPa by step
of 25 MPa and 100 ps, as illustrated on figure 5.22.

I first tested the finite stress difference methods by studying the ZIF-4 crystal with multiple MLPs: both
biased and unbiased for stress, and trained either on the crystal or the liquid. As reported in figure 5.23,
both K and pg were consistent across both finite difference methods. We note that systems biased for
stress converge to states of unreasonably low density, confirming the low p fitted with the finite strain
difference method.

Using the previously chosen MLP(liquid), I applied the finite stress difference method on both the ZIF-4
crystal and the same three ab initio glasses. Table 5.15 highlights that although K and pg values for the
crystal were consistent between methods, it did not hold true for the ab initio glasses. Therefore, the
use of the (N, P, T) ensemble is not yet ready to use for production and should be further evaluated. A
safer option may be to wait for the support of (N, P, T) simulations with NequIP in LAMMPS to benefit
from its more robust and consistent methods.

Method Crystal ab initio glass

Stress 1.07 1.2410.38

K (GP
(GPa)  iain 131 2.394-0.70
(gem™3) Stress 1.24 1.1440.05
Po (& Strain  1.24 1.37-40.10

Table 5.15: Bulk modulus K and density at zero pressure pg for the ZIF-4 crystal and ab initio glasses
obtained with MLP(liquid) and with the finite stress difference method compared to the finite strain
method.
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Figure 5.22: Finite stress difference method with an isotropic cell for the crystal with MLP(liquid). (a)
Volume as a function of time for pressures, shown with a moving average over 5 ps. (b) Pressure as a
function of volume fitted with the second order Birch-Murnaghan EoS (red). Each volume corresponds
to an (N, P, T) simulation with fixed pressure. Volume is computed as the average over the last 100 ps of
simulations. Error bars are the standard deviations of the pressure averaged with a rolling window of
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Figure 5.23: Bulk modulus K as function of the density at zero pressure pg for the ZIF-4 crystal with
different MLPs for the finite strain and finite stress difference methods.

Overall, I provided strong evidence that MLPs for ZIFs may constitute a promising option to generate
finite temperature mechanical properties of aZIFs. This will have to be confirmed when our final version
of a MLP for ZIFs is ready for production.
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CONCLUSIONS AND PERSPECTIVES

In this chapter, I have extensively investigated the computation of finite temperature mechanical
properties of ZIF-4 in the crystal and glass phases. I have compared different molecular dynamics
schemes and computational methods on a series of glass models. This is important because such
mechanical properties are difficult to access experimentally, especially for the glasses.

Demonstrating for the first time the applicability and accuracy of the finite strain difference method with
ab initio molecular dynamics to MOF systems, I provided the first reliable value for the bulk modulus
of an amorphous ZIF in the literature. I found that ZIF-4 glasses have a larger bulk modulus than the
crystal, and confirm previous results which found the density to be larger for the glass phase. Not only
does this study provide intrinsically valuable data, it yields reference values for the computation of
finite temperature mechanical properties, making it possible to validate alternative methods with less
computationally expensive MD schemes.

I have investigated the use of ReaxFF, the only alternative MD scheme present in the literature that
could be used to both generate melt-quenched glass models and study their mechanical properties. I
have reported and analyzed a tendency of ReaxFF simulations to densify the systems, particularly if they
are performed in the constant-pressure (N, P, T) ensemble, making it all but inapplicable to low-density
models. Additionally, I have shown that the bulk moduli reported were primarily a function of the
density and not of its phase or topology. All these observations suggest that mechanical properties
obtained from the use of the ReaxFF force field for ZIFs should be interpreted with caution, and makes a
strong case for the use of alternative methodologies, or for the further optimization of the ReaxFF force
field.

Looking for another tractable alternative, I examined the use of classical force fields for the computation
of mechanical properties of models created through other methodologies, demonstrating that all finite
difference methods were consistent, and that the values were in good agreement with AIMD. I have
thus shown that this method is ready to be deployed, and that the development of a specific MOF-FF
parametrization for amorphous ZIFs could prove useful.

Finally, I investigated the use of machine-learned potentials as a novel alternative. Using the finite strain
difference method, I showed that the MLPs developed in chapter 4 led to a satisfactory reproduction
of the AIMD mechanical properties, provided that learning was not overly biased for stress. However,
methods relying on the (N, P, T) ensemble are not yet ready for production. I nonetheless provided
strong evidence that MLPs constitute a promising option to be used on multiple aZIF models. Further
work is ongoing and the results will have to be confirmed with the final MLPs when released.
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The work presented in this thesis contributed to a broader research effort to characterize and discover
new materials for applications in various industrial-scale processes, with a focus on CO; separation.
I investigated the relatively uncharted territory of amorphous MOFs, and compared and developed
computational methods to obtain atomistic models and study their properties. In addition to exploring the
material space of MOFs, progress in the study of non-crystalline states is beneficial to the understanding
of a number of phenomena in the MOF field, as the role of disorder is increasing investigated and linked
to novel features at the macroscopic level.

I reviewed and compared the existing methodologies available in the literature for aMOFs, based on
both experimental data and numerical simulations, and chose during my PhD to focus on molecular
dynamics to simulate the phase transition from a crystalline MOF to an amorphous state by mimicking
in silico one of the most common experimental formation routes. Using ZIF-4 as a test case, I employed
several simulation methods with different scopes, scales and computational costs — ab initio molecular
dynamics, classical and reactive force fields, and machine-learned potentials — to generate atomistic
models of aMOFs and study their properties.

I have first extensively studied the use of the ReaxFF reactive force field to generate atomistic models of
ZIF glasses, which have been proposed as a tractable alternative to the successful but computationally
expensive ab initio simulations. I have demonstrated that the molecular simulations performed so far
in the literature with ReaxFF were extremely sensitive to the choice of simulation methodology and
parameters, and showed that the glass models it generated were markedly different from their ab initio
counterparts. All these observations demonstrate that structural properties obtained from the use of the
ReaxFF force field for ZIFs should be interpreted with caution, and makes a strong case for the use of
alternative methodologies, or for the further optimization of this force field by drawing inspiration from
this work.

Having shown that no tractable MD scheme used to this date in the literature could yield an accurate
microscopic representation of the ZIF melt-quenched glasses, the development of new reactive inter-
atomic potentials appeared as an attractive alternative. Therefore I proposed in this thesis the first
machine-learned potentials to generate aMOF models. Using a limited training dataset consisting of ab
initio trajectories of ZIF-4, I obtained MLPs that led to an exceptional reproduction of the structural
properties of multiple phases and were used to generate new aZIF-4 models by melt-quenching. As a
step towards the development of a more universal MLP for ZIFs, I generated multiple ab initio high-
temperature trajectories of various ZIFs under different deformations. This was performed as part of a
collaboration with Jack D. Evans (University of Adelaide) and is a direction that will continue in the
group in the future.

Finally, as a demonstration of the interest of this methodology of molecular simulations, I have computed
finite temperature mechanical properties which, while essential for MOFs to fully achieve their potential
in industrial-scale processes, are difficult to determine experimentally. Demonstrating for the first time
the applicability and accuracy of the finite strain difference method with AIMD to MOF systems, I
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provided the first reliable value for the bulk modulus of an aZIF in the literature. This reference value was
then used to compare and validate alternative methods with less computationally expensive MD schemes.
I first investigated the use of ReaxFF, and showed that the bulk moduli reported are primarily a function
of the density of the models and not of their phase or topology, calling for alternative methodologies. I
then examined the use of classical force fields adapted to aZIFs and machine-learned potentials (MLP)
developed in this work, which both provided values in good agreement with AIMD, and could therefore
be applied on other ZIF systems.

Overall, this thesis evidenced the too often lack of direct and in-depth comparison of the models in the
existing literature despite their significant differences, and exemplified how such a comparison could be
performed.

——————— 0 D) O e

The work performed during this PhD opens multiple perspectives for the development and use of aMOF
models, by building on the expertise built with multiple MD schemes on the prototypical ZIF-4 system.
First, the ongoing development of a more universal MLP for ZIFs should enable the generation of
multiple ZIF glasses, and their structural characterization. It could in turn lead to a systematic screening
of the finite temperature mechanical properties of these glasses. If MLPs fail to materialize their promises
regarding the computation of mechanical properties, they could alternatively be obtained with the
parametrization of a classical force field for aZIFs.

More generally, and in order to improve the quality of amorphous models in the future, I see the need for
wider studies, integrating many different experimental techniques (e.g. infrared and Raman, NMR, etc),
in order to provide in situ data. In addition to providing direct insight into the nature of the amorphous
phases of MOFs, such data could be used as a benchmark to test the different types of microscopic
models generated. Databases of amorphous porous materials could then be expanded, along the lines
of what has been done for years for the crystalline phases, and help accelerate efforts to model these
systems.

Finally, as it appears that no single modeling method can currently yield an accurate microscopic
representation of the MOF glasses, the development of multi-scale modeling strategies could prove
fruitful. It would enable to combine the strength of different methods already available, such as those
devoted to the generation of amorphous structures (i.e. polymerization algorithms), and MD schemes to
analyze them such as classical force fields or MLPs.
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Les réseaux métallo-organiques (MOF) sont des matériaux hybrides composés d’ions métalliques reliés
par des ligands organiques qui forment des réseaux tridimensionnels. Du fait de leur porosité et de leur
grande versatilité structurale et chimique, ils constituent des candidats prometteurs pour de nombreuses
applications industrielles, notamment pour la séparation du CO2. Méme si la majorité de la littérature
se concentre sur des structures cristallines, un nombre croissant de MOF amorphes (aMOF) ont été
synthétisés, qui conservent a la fois les avantages intrinséques des cristaux tout en possédant des
propriétés physiques et chimiques distinctes.

Cependant, la détermination expérimentale de la structure microscopique de ces phases amorphes
est complexe, avec des expériences de diffraction qui n’offrent que des informations indirectes. Un
ensemble de méthodes numériques coexistent pour résoudre leurs structures et modéliser ces matériaux
désordonnés, qui souffrent cependant d’un manque de comparaison directe et systématique. Durant
ma thése, j’ai utilisé plusieurs méthodes de simulation moléculaire aux buts, échelles et cotits de calcul
différents — dynamique moléculaire ab initio, champs de force classiques et réactifs, et potentiels ML —
afin de générer des modeles microscopiques d’aMOF et d’étudier leurs propriétés.



RESUME EN FRANGAIS

1 DEes MOF AMORPHES POUR LA SEPARATION DE CO9

OBJECTIFS CLIMATIQUES ET EMISSIONS NEGATIVES

L’Accord de Paris de 2015 vise & « contenir ’élévation de la température moyenne de la planéte nettement
en dessous de 2 °C par rapport aux niveaux préindustriels et en poursuivant I’action menée pour limiter
I’élévation de la température a 1,5 °C par rapport aux niveaux préindustriels, étant entendu que cela
réduirait sensiblement les risques et les effets des changements climatiques ». L’élévation de température
étant principalement causée par I'augmentation de la concentration des gaz a effet de serre (GES) dans
I’atmosphére [1], la limiter suppose a minima de stabiliser cette concentration. Au premier ordre cela
signifie que le flux de GES anthropogéniques vers I’atmospheére devra s’annuler (voire devenir négatif) :
on parle alors d’émissions nettes nulles (ou négatives) ou de neutralité carbone.

Sil’on suppose qu’il restera toujours des émissions positives causées par I’activité humaine dans certains
secteurs (transport, alimentation, etc.) alors cela signifie qu’il faudra simultanément retirer des GES de
I’atmosphere, autrement dit produire des émissions négatives. Plusieurs catégories d’émissions négatives
existent avec des niveaux de maturité et volumes permis trés hétérogénes [5], dont 'augmentation du
puits naturel lié a un changement d’usage des sols (LUC - land-use change) et le captage et stockage du
carbone (CCS - carbon capture and storage). Jugés plus matures et crédibles, ils sont présents dans la
majorité des scénarios reproduits par le dernier rapport du GIEC comme illustré figure R1.
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F1GURE R1: Emissions négatives (LUC, DACCS, BECCS) et émissions résiduelles pour cinq scénarios
d’atténuation (IMP - illustrative mitigation pathways). Figure adaptée de Ref. [3].

Cet objectif de neutralité carbone est repris par la France et I'Union européenne qui ont inscrit dans la loi
latteinte de cet objectif en 2050. Bien que la réduction drastique des émissions de GES reste la priorité,
les documents stratégiques proposent un effort simultané d’augmentation des émissions négatives, en
particulier en s’appuyant sur le CCS. Ainsi dans le scénario sous-tendant la derniére Stratégie Nationale
Bas-Carbone (SNBC) [9], le puits de GES en 2050, égal aux émissions, est composé a 20% de CCS. La
vision stratégique a long terme de la Commission européenne précise quant a elle une répartition des
émissions négatives avec une part du CCS allant de 10 a 45% selon les scénarios [10].

LE CAPTAGE, LE STOCKAGE ET LA VALORISATION DE CO2

Derriére les termes captage, stockage et valorisation de COy (CCUS - carbon capture utilization and
storage) on trouve un ensemble de technologies et d’applications industrielles qui ont comme point
commun de piéger des molécules de CO; pour ensuite valoriser ce gaz ou le stocker [11]. En raison
de la faible densité du COz dans I'air (de I'ordre de 400 ppm), il est technologiquement plus facile,
énergétiquement plus efficace, et économiquement plus rentable de capter du CO2 dans des gaz ou il est
présent en forte densité, typiquement en sortie d’usines ou de centrales électriques, que directement
dans ’atmospheére (DACCS - direct air capture).

Un premier usage du CCUS consiste a capter le CO; en sortie des centrales électriques thermiques a
biomasse (BECCS - bioenergy with CCS), permettant de réaliser des émissions négatives en séquestrant le
COg capté par la biomasse lors de sa croissance [18]. L’industrie est un autre domaine d’application ma-
jeur pour capter soit les émissions directes de CO; inévitablement produites par les réactions chimiques
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des procédés (ciment et sidérurgie notamment), soit celles liées a une consommation d’énergie (par
exemple le chauffage a haute température) produite par des sources fossiles [21]. Finalement, le CCUS
peut servir pour la production d’hydrogéne bas-carbone, vecteur présent dans de nombreux scénarios de
décarbonation [23]. Dans 'ensemble, la contribution du CCUS a la réduction des émissions mondiales est
chiffrée entre 10 et 20% selon les différents scénarios de '’Agence Internationale de I'Energie [11].

VOIES TECHNOLOGIQUES ACTUELLES ET APPORTS DES MATERIAUX POREUX

Le procédé aujourd’hui le plus commun, déployé a I’échelle industrielle sur plusieurs sites, est la capture
par un solvant présentant une affinité pour les molécules de CO3 [6]. La capture se fait en deux temps :
les gaz de combustion sont d’abord mis en contact avec le solvant, qui se charge en molécules de COg,
puis le solvant est « régénéré » dans un autre compartiment en élevant sa température pour libérer
les molécules de COy qui s’y étaient fixées [17]. Plusieurs limitations laissent envisager ’apparition
de meilleurs procédés : les solvants sont relativement instables a haute température ce qui restreint
la qualité de la régénération, la durée de vie est limitée par la décomposition des amines et surtout la
capacité calorifique élevée de ces solvants (liée a celle de 'eau) est la cause de la principale dépense
d’énergie lors de la régénération [32].

Comme on ne s’attend qu’a des améliorations incrémentales de 'efficacité globale des procédés a
base de solvants [16], plusieurs autres technologies de capture ont été proposées pour surmonter ces
limitations. Un certain nombre d’approches prometteuses reposent sur des matériaux poreux, c’est-a-dire
présentant dans leur structure des vides ou des cavités appelés pores, a commencer par ’adsorption de
gaz. Contrairement a ’absorption ou les molécules de CO, pénetrent dans la phase liquide, I’adsorption
est un phénomeéne ou les molécules se fixent a la surface d’une phase solide. L’utilisation d’adsorbants
solides poreux permet de réduire la pénalité énergétique de la capture notamment en vertu de leur plus
faible capacité calorifique [16, 32]. Se passer de solvants liquides permet aussi de réduire le besoin en
eau et de limiter les risques environnementaux liés aux composés toxiques contenus dans ces solvants
[17]. Les technologies reposant sur ’adsorption ont aujourd’hui passé Iéchelle du démonstrateur avec
succes [38].

En dehors des procédés d’adsorption, les matériaux poreux ont aussi un réle a jouer en tant que
nouveaux matériaux pour des technologies de séparation membranaire du CO; [17]. Ne nécessitant pas
de régénération thermique du sorbant liquide ou solide, les technologies membranaires constituent une
option énergétiquement intéressante [41].

Y-fum-feu

ZIF-300 2IF-302 ZIF-7 2IF-8 ZIF-90 ZIF-67

F1Gure R2: Exemples de structures de réseaux métallo-organiques (MOF). Figure adaptée de Ref. [41].
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LES RESEAUX METALLO-ORGANIQUES

Les réseaux métallo-organiques ou MOF (pour metal-organic frameworks) constituent une nouvelle
famille de matériaux découverte au début des années 2000 [45] combinant éléments organiques et
inorganiques, assemblés a I’échelle microscopique pour former des millions de structures potentielles
dont quelques-unes sont présentées a titre d’exemple en figure R2. Les MOF sont composés de deux types
de briques élémentaires, assemblées différemment selon les besoins : des briques inorganiques, contenant
un ion métallique et des briques (« ligands ») organiques. Cela permet de synthétiser des matériaux
« sur mesure » présentant des jeux de caractéristiques que les matériaux nanoporeux traditionnels ne
peuvent atteindre [49, 50].

Les MOF sont particuliérement prometteurs pour le captage du CO par adsorption ou par membranes
grace a leur grande surface par unité de volume, des tailles de pores et des affinités chimiques hautement
personnalisables grace au choix des briques moléculaires, et leur potentiel d’étre produits a I’échelle
industrielle [32]. Ce large choix de compositions possibles permet d’optimiser les MOF pour différentes
configurations industrielles [36, 61].

MOF AMORPHES : UNE NOUVELLE CLASSE DE MATERIAUX A EXPLORER

Jusqu’a trés récemment, les MOF ont été appréhendés essentiellement en tant que matériaux cristallins.
Pourtant leur production (illustrée figure R3) par amorphisation, par augmentation de température, de
pression ou encore par broyage mécanique, présente un grand intérét tant sur le plan des mécanismes
de changement de phase a I’ceuvre — susceptibles d’apparaitre dans les procédés industriels lors des
cycles d’adsorption - que des applications potentielles des phases amorphes obtenues. Un ensemble de
MOF amorphes (aMOF) ont été produits, dont des liquides, gels et verres de MOF [79].

W‘ 4 .
S AT g g
< L%

low cooling .
¢/
Crystallization u
v \_) ~
Eﬁ::ing Annealing Thermal
Stable liquid decomposition
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Remelting
Rapid
cooling
Vitrification

Temperature
Ficure R3: Différentes voies de fabrication des verres de MOF. Figure tirée de Ref. [79].

Les phases amorphes des MOF possédent des propriétés physiques et chimiques utiles, non accessibles aux
phases cristallines (isotropie, absence de joints de grains, grande transparence, etc.), tout en conservant
les avantages intrinséques des MOF cristallins (surfaces élevées, porosité, personnalisation, etc.) [81].
Ces phases désordonnées peuvent ainsi offrir de nouvelles combinaisons de propriétés distinctes de
celles des structures cristallines connues [73].

En outre I'intégration des phases amorphes dans les procédés industriels est facilitée du fait de leur
grande robustesse mécanique et de la possibilité d’éviter la transformation des poudres de MOF cristallins
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(par compression, ajout de liant) qui induit une perte de capacité d’adsorption [105, 106]. En plus de ces
utilisations pour I’adsorption les aMOF sont un matériau de choix pour les technologies membranaires,
notamment car ils ne possédent pas les nombreux effets de bords des cristaux [109, 110].

2  ETuDE DES aMOF PAR SIMULATION MOLECULAIRE

MODELES MICROSCOPIQUES D’aMOF

Cependant, malgré leurs propriétés prometteuses les états amorphes sont particuliérement difficiles a
caractériser, tout comme leurs structures a I’échelle microscopique sont complexes a déterminer. Bien
que des informations structurales indirectes puissent étre obtenues par diffraction, elles ne peuvent pas,
contrairement aux cristaux, mener facilement a la résolution des structures atomiques [74]. En outre, la
description numérique des matériaux désordonnés est plus complexe que celle des cristaux, avec un
ensemble de méthodes numériques qui coexistent et relativement peu de modeles microscopiques de
MOF amorphes présents dans la littérature.

Dans cette these, j’ai listé et comparé les méthodologies existantes pour les aMOF, basées a la fois sur
des données expérimentales et des simulations numériques : Reverse Monte Carlo (RMC) [84], Continuous
Random Networks (CRN) [139], dynamique moléculaire classique [146] et ab initio [92], champs de force
réactifs [155] et algorithmes de polymérisation [164].

Aprés examen, il ressort clairement que dans la plupart des cas le probleme de la modélisation est
mathématiquement sous-déterminé et qu’il est difficile d’arbitrer entre différents modéles. En outre,
les comparaisons directes et approfondies des modéles sont rares dans la littérature existante, et les
propriétés géométriques, physiques et chimiques des modéles n’ont pas été systématiquement comparées
entre elles.

METHODES DE SIMULATION MOLECULAIRE

Les simulations numériques utilisées pour I’étude de systemes chimiques et physiques constituent
aujourd’hui un champ de recherche a part entiére. Parfois appelées expériences in silico, elles sont
complémentaires des expériences et des théories analytiques. Elles permettent tout d’abord d’éclairer les
mécanismes microscopiques a 'ceuvre quand les mesures expérimentales ne donnent qu’une vue globale
du phénomeéne, d’accéder a des échelles de temps trés courtes et autrement inobservables et d’étudier
des conditions inaccessibles expérimentalement [167]. Une meilleure compréhension des mécanismes et
leur caractérisation permettent notamment d’interpréter et de guider les travaux expérimentaux visant a
améliorer les procédés existants et synthétiser de nouveaux matériaux [125]. En outre, le développement

Time scale (ms)
System size (10° atoms)

Biology Chemistry Materials

Coarse
graining

General applicability
Accuracy beyond DFT

Classical
force fields
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force fields
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F1GurE R4: Illustration de multiples méthodes de simulations moléculaires qui donnent acces a diffé-
rentes échelles avec une précision variable. Figure tirée de Ref. [215].
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d’importantes bases de données de structures de MOF, avec un nombre de structures et combinaisons
considérable, rend le criblage a haute fréquence possible et désirable. Cette approche repose sur les
progrés des sciences d’exploitations des données (apprentissage automatique, etc.) et tire bénéfice des
modeles numériques spécifiques aux MOF [172, 173]. Elle permet d’explorer a tres faible cotit les millions
de structures possibles afin de détecter les plus prometteuses avant de les synthétiser, ou encore de
fournir des informations sur des grandeurs qui n’ont pas été mesurées expérimentalement sur des MOF
déja synthétisés et répertoriés [126, 171].

Au cours de mon doctorat, j’ai eu recours a une stratégie possible de production de modéles d’aMOF
consistant a simuler la transition de phase de I’état cristallin vers la phase amorphe par dynamique mo-
léculaire (MD) afin d’imiter in silico les voies de formation expérimentales. Les dynamiques moléculaires
permettent de suivre I’évolution d’un systéme de particules au cours du temps, formant un échantillon du
matériau, sur des échelles allant typiquement de la picoseconde a la nanoseconde, et ainsi d’observer des
mécanismes inaccessibles directement par 'expérience [176]. Il y a autant de dynamiques moléculaires
qu’il y a de fagon de décrire les forces s’exercant entre les atomes, avec des portées, échelles et colits
de calcul différents, comme représenté figure R4. Parmi elles, j’ai utilisé des dynamique moléculaire ab
initio [187], avec des champs de force classiques [145] et réactifs [206], ou encore des potentiels ML
[213], pour générer des modéles atomistiques d’aMOF et étudier leurs propriétés.

LES ZEOLITIC IMIDAZOLATE FRAMEWORKS COMME OBJETS D’ETUDE

Durant ma these j’ai étudié les zeolitic imidazolate frameworks (ZIF), une classe de MOF construits autour
de noeuds tétraédriques composés de métaux de transition, liés entre eux par des ligands imidazolates,
formant des topologies tétraédriques [66]. Les ZIF concentrent la majorité des études dédiées aux MOF
amorphes en raison de leur remarquable stabilité thermique [65, 82].

En particulier, je me suis essentiellement focalisé sur ZIF-4, le premier aMOF bien caractérisé [84] qui
sert depuis d’exemple prototypique de MOF amorphe. Construit & partir de nceuds métalliques Zn?* et
d’imidazolates (Im), il est représenté figure R5.
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F1GURE R5: Représentation de ’assemblage de ZIF-4 sous la forme d’un réseau tridimensionnel de
tétraedres Zn(Im),.

3  DEFIS DE LA SIMULATION D’ aZIF PAR CHAMPS DE FORCE REACTIFS

CHAMPS DE FORCE REACTIFS

Dans des travaux antérieurs, la dynamique moléculaire ab initio (AIMD) a été utilisée avec succes
pour modéliser des MOF liquides par fusion de la phase cristalline [92, 93, 149], et ensuite générer
des configurations de verres [123]. Cependant, cette approche est trés coliteuse en temps de calcul,
ce qui limite son utilisation a de petites échelles temporelles et spatiales. Les dynamiques classiques,
couramment utilisées pour les MOF cristallins, ne constituent pas une alternative efficace, car elles sont
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incapables de simuler la rupture ou la reformation des liaisons, deux processus pourtant inhérents a la
formation de la plupart des MOF amorphes [146].

Des champs de force réactifs ont ainsi été proposés comme compromis entre la précision chimique et le
coiit de calcul, permettant de simuler la rupture et la reformation de liaisons [153]. A partir des travaux
de Yang et al. [155], plusieurs études se sont appuyées sur des champs de force réactifs (ReaxFF) pour
générer des modéles de verres de ZIF par trempe [156, 158], c’est-a-dire en simulant la fonte d’un cristal
suivi d’un rapide refroidissement.

PRODUCTION DE VERRES PAR TREMPE

Cette procédure de trempe, qui reproduit la réalité expérimentale (a des échelles spatiales en temporelles
beaucoup plus réduites), est utilisée depuis longtemps pour modéliser la structure de multiples matériaux
vitreux tels que les silicates [121, 255]. Dans ce travail, j’ai adapté la procédure de trempe des travaux
précédents, pour obtenir celle représentée figure R6. Une structure cristalline est d’abord préparée puis
chauffée a 300K, avant d’étre fondue en la chauffant au-dessus du point de fusion. Le liquide produit
est ensuite refroidi a température ambiante, donnant un verre. Ce dernier est enfin équilibré afin de
calculer ses propriétés structurales et dynamiques.
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F1GURE R6: Température en fonction du temps pendant la procédure de formation du verre avec ReaxFF,
comprenant la préparation (orange), la fusion (rouge), la trempe (vert) et ’équilibrage (bleu).

Les modeles générés avec ReaxFF n’avaient jusqu’alors dans la littérature pas été soumis a une com-
paraison directe et approfondie avec ceux obtenus par des approches alternatives. J’ai démontré que
les simulations réalisées étaient pourtant extrémement sensibles au choix de la méthodologie et des
parametres de simulation. Cela m’a conduit a recommander de toujours soigneusement vérifier la
cohérence physique du systéme, a chaque instant de la dynamique moléculaire.

COMPARAISON DES PROPRIETES STRUCTURALES

Afin d’évaluer quantitativement la validité du modeéle de verre trempé produit avec ReaxFF, j’ai comparé
ses caractéristiques structurales avec celles de modeles de verre générés a un niveau théorique plus
élevé, a savoir les modéles ab initio du travail de Gaillac et al. [123].

J’ai montré que les modéles de verre générés avec ReaxFF sont nettement différents de leurs homologues
ab initio, avec des différences structurales considérables a la fois dans 'ordre a courte et moyenne
distances, ainsi que dans leurs propriétés macroscopiques. Le contraste le plus saisissant se trouve dans
la distribution des angles N-Zn-N, reproduite figure R7. Alors que la structure tétraédrique Zn(Im)y fait
que lon s’attend a des distributions unimodales autour de 109°, la distribution du verre ReaxFF est trés
différente avec une large distribution d’angles dans le spectre 70-170°. Cela est dii en grande partie a une
représentation sous-contrainte des interactions Zn—N par ReaxFF, qui ne reproduit pas fidélement 'une
des caractéristiques clés de la chimie des ZIF qu’est la nature directionnelle de la liaison Zn-N.
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F1GURE R?7: Distribution de I'angle N-Zn-N pour le verre ReaxFF (bleu), le verre ab initio (orange) et le
cristal ab initio (rouge).

Toutes ces observations suggérent que les propriétés structurales des ZIF obtenues a partir de ReaxFF
doivent étre interprétées avec prudence, et incitent soit a recourir a d’autres méthodologies, soit a
attendre un nouveau développement de ReaxFF pour les ZIF (qui pourrait s’inspirer de ce travail).

4 POTENTIELS ML POUR LA PRODUCTION DE MODELES D aZIF

UNE NOUVELLE GENERATION DE POTENTIELS REACTIFS

Devant les difficultés rencontrées avec ReaxFF, le développement de nouveaux potentiels interatomiques
s’impose, qui doivent étre capables de décrire la rupture et a la formation des liaisons métal-ligand
pendant 'amorphisation, tout en étant plus économes en temps de calcul que les dynamiques ab
initio.

Une solution particuliérement prometteuse est le développement de potentiels interatomiques par
apprentissage automatique, ou potentiel machine-learned (ML) [213]. L’idée de base des potentiels ML
(MLP) est d’utiliser des données obtenues a un plus haut niveau de théorie (typiquement ab initio)
pour ajuster des potentiels interatomiques, sans s’appuyer sur les formes fonctionnelles analytiques des
champs de force classiques ou réactifs [219]. Plusieurs MLP ont été développés avec succes pour des
MOF [221, 260] comme pour la génération de systémes amorphes [261, 262], mais encore jamais pour
modéliser des MOF amorphes,

La construction d’'un MLP se fait en plusieurs étapes et commence par la construction d’un ensemble
de données de référence, sur lesquelles le MLP est ensuite entrainé pour les reproduire avec précision.
Puis une validation minutieuse est finalement nécessaire avant de pouvoir utiliser le MLP. La collecte
d’une grande quantité de données d’entrainement a partir de calculs ab initio étant I'un des facteurs
limitant le développement de MLP, j’ai utilisé dans ce travail NequlP (Neural Equivariant Interatomic
Potential) [212], une architecture trés efficace en termes de données et qui a fait ses preuves sur une
grande variété de systémes, dont des MOF [221].

MLP pour ZIF-4

L’ambition de ce travail est de développer le premier MLP utilisé pour générer des MOF amorphes, en
se concentrant sur les aZIF et en commencant par ZIF-4. A partir d'un ensemble limité de données
d’entrainement constitué d’une trajectoire de ZIF-4 liquide, j’ai obtenu des MLP reproduisant avec une
précision exceptionnelle de multiples propriétés structurales de plusieurs phases (cristal, liquide, verres).
Ce travail a été réalisé en collaboration avec Jack D. Evans de I'Université d’Adélaide.

J’ai ensuite réitéré le travail effectué avec ReaxFF en générant de nouveaux modéles de verres trempés
avec les MLP, que j’ai ensuite comparé aux données ab initio. Dans 'ensemble on observe une excellente
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reproduction des propriétés structurales, a 'instar de la distribution angulaire N-Zn-N reproduite
figure R8 a titre d’exemple.
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F1GuRrE R8: Distribution de ’angle N-Zn-N pour le verre MLP (bleu), le verre ab initio (orange) et le
cristal ab initio (rouge).

VERS UN MLP UNIVERSEL POUR LES ZIF

Apres le succés rencontré avec ZIF-4, le travail actuel vise a aller au-dela de ce systéme en cherchant a
développer un MLP universel pour de multiples structures de ZIF. Pour ce faire, j’ai généré des données
d’entrainement ab initio sur différentes structures, volumes et phases dans le but de construire des
trajectoires de liquides. J’ai d’abord sélectionné plusieurs structures de ZIF a base de Zn avec différentes
topologies et ligands, puis j’ai simulé quatre trajectoires a 300 K avec différentes déformations pour
chaque cristal. Une fois tous les modeles de cristaux préparés, ils ont été chauffés a haute température
(1200-1750K) afin d’obtenir des trajectoires, idéalement liquides, pour '’entrainement des MLP.

5 PROPRIETES MECANIQUES A TEMPERATURE FINIE DES aZIF

L’ETUDE DES PROPRIETES MECANIQUES

Bien que la stabilité mécanique des MOF soit essentielle pour les processus a I’échelle industrielle, la
réponse de ces matériaux aux contraintes mécaniques constitue un domaine d’étude encore relativement
émergent [278, 279]. Alors que de multiples techniques expérimentales ont été employées avec succés
pour déterminer les propriétés mécaniques des MOF cristallins, il y a un manque d’études sur les
phases amorphes [81]. Certaines méthodes, notamment reposant sur la diffraction des rayons X a haute
pression [281], ne sont pas directement applicables aux matériaux désordonnés, et beaucoup d’autres
nécessitent de grands échantillons de verre qui sont difficiles a préparer [81, 282]. Heureusement, les
mémes propriétés mécaniques peuvent étre étudiées par des simulations numériques [167].

Parmi les nombreuses propriétés mécaniques a température finie, je me suis concentré sur le module
d’élasticité isostatique (K) qui caractérise la variation du volume (V) d’un solide soumis a une pression
hydrostatique uniforme (P) et est défini par K = =V (9P/0V)r. Il fournit des informations clés pour les
applications, notamment sur la stabilité du MOF lors des processus de préparation [292] ou des cycles
d’adsorption par inversion de pression [278]. J’ai utilisé de multiples formes de dynamiques moléculaires
et méthodes de calcul des propriétés mécaniques a température finie, que j'ai évaluées sur un ensemble
de modéles de cristaux et verres de ZIF-4.

VALEURS DE REFERENCE PAR DYNAMIQUE AB INITIO
Utilisant pour la premiére fois la méthode de la différence finie couplée a des dynamiques moléculaires
ab initio pour un MOF (illustré figure R9), j’ai proposé la premiére valeur fiable du K d’un ZIF amorphe

dans la littérature. J’ai ainsi obtenu un module d’élasticité isostatique pour le ZIF-4 cristallin de K igta1 =
1.39 GPa, en accord avec les précédents travaux expérimentaux [290, 293] et numériques [302, 303]. En
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F1GURE R9: Pression en fonction du volume pour le cristal. Chaque volume correspond a une dynamique
moléculaire ab initio a volume fixé.

outre, j’ai montré que les verres de ZIF-4 ont un module d’élasticité isostatique plus important que le
cristal avec Kyerre = 2.43 £ 0.09 GPa, tout en confirmant des précédents résultats qui trouvaient que
ZIF-4 possédait une densité plus importante dans sa phase vitreuse [233].

EVALUATION DE DYNAMIQUES MOLECULAIRES PLUS ECONOMES

J ai ensuite pu utiliser ces valeurs de référence pour valider des méthodes de dynamiques moléculaires
moins coliteuses en temps de calcul : champs de force réactifs, classiques et potentiels ML. Pour chacun
des types de dynamique moléculaire, j’ai comparé différentes méthodes de calcul sur un ensemble de
modéles de cristaux et de verres de ZIF-4.

MD scheme
B AMD
e B ClassicalFF
o B wmp
S B ReaxFF
N4

Crystal Glass

F1GUurEe R10: Module d’élasticité isostatique K pour le cristal et les verres ab initio du ZIF-4, obtenu par
différences finies pour plusieurs formes de dynamiques moléculaires.

Comme présenté figure R10, les valeurs de K des champs de force classiques et potentiels ML sont en
accord raisonnable avec les calculs ab initio, la ou ReaxFF n’a pas réussi a différencier le cristal des
verres. Les densités pour ces deux premieres méthodes sont également cohérentes avec les dynamiques
ab initio et les expériences [233]. Cela montre que les champs de force classiques comme les potentiels
ML sont préts a étre déployés pour une évaluation plus large et systématique des propriétés mécaniques
de multiples ZIF.
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CONCLUSIONS

CONCLUSIONS

Durant ma thése, j’ai utilisé plusieurs méthodes de simulation moléculaire pour générer des modéles
microscopiques d’aMOF et étudier leurs propriétés. Utilisant ZIF-4 comme prototype d’aMOF, j’ai étudié
l'utilisation de champs de force réactifs pour générer des modeles de verre par trempe, et mis en évidence
leur incapacité a reproduire fidelement des caractéristiques clés de la chimie des ZIF. Afin d’offrir une
alternative numériquement efficace permettant la génération de modéles de verres de ZIF, j’ai construit
des potentiels ML qui reproduisent trés précisément les propriétés structurales des modeles ab initio.
Finalement, j’ai étudié en détail le calcul des propriétés mécaniques a température finie de cristaux et
verres de ZIF-4, en appliquant une série de méthodes et de formes de dynamique moléculaire. Dans
I’ensemble cette thése a permis de mettre en évidence I’absence trop fréquente de comparaison directe
et approfondie des modéles dans la littérature existante, et a souligné les propriétés géométriques,
physiques et chimiques tres différentes des multiples modeles proposés.

Ce travail ouvre des perspectives pour le développement et I'utilisation de modéles d’aMOF, en s’ap-
puyant sur expertise acquise avec ZIF-4. Tout d’abord, le développement en cours d’'un MLP plus
universel pour les ZIF devrait permettre la génération de multiples verres de ZIF, leur caractérisation
structurale, et 'examen de leurs propriétés mécaniques a température finie. Si les MLP ne tiennent pas
toutes leurs promesses, les propriétés mécaniques pourraient alternativement étre calculées avec le
développement d’une paramétrisation de champs de force classiques adaptés aux ZIF amorphes.

Plus généralement et afin d’améliorer la qualité des modéles amorphes a I’avenir, des études plus larges
seraient nécessaires, intégrant de nombreuses techniques expérimentales différentes (infrarouge et
Raman, RMN, etc.), pour fournir des données in situ. En plus de fournir un apercu direct de la nature
des phases amorphes des MOF, ces données pourraient étre utilisées comme référence pour tester
différents modeles microscopiques. Des bases de données de matériaux poreux amorphes pourraient
alors étre développées, a I'instar de celles pour les phases cristallines, et contribuer a accélérer les
efforts de modélisation de ces systemes. Finalement, le développement de stratégies de modélisation
multi-échelles pourrait s’avérer fructueux en permettant de combiner les atouts des différentes méthodes
déja disponibles.
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RESUME

Les réseaux métallo-organiques (MOF) sont des matériaux hybrides composés d’'ions métalliques reliés par des ligands
organiques qui forment des réseaux tridimensionnels. Du fait de leur porosité et de leur grande versatilité structurelle
et chimique, ils forment des candidats prometteurs pour de multiples applications industrielles, notamment pour la sé-
paration du CO». Méme si la majorité de la littérature se concentre sur des structures cristallines, un nombre croissant
de MOF amorphes (aMOF) ont été synthétisés, qui conservent a la fois les avantages intrinséques des cristaux tout en
possédant des propriétés physiques et chimiques distinctes. Cependant, la détermination expérimentale de la structure
microscopique de ces phases amorphes est complexe, avec les expériences de diffraction qui n’offrent que des informa-
tions indirectes. Afin de résoudre leurs structures et modéliser ces matériaux désordonnés, un ensemble de méthodes
numériques coexistent, qui souffrent cependant d’'un manque de comparaison directe et systématique entre modeéles.

Durant ma thése, jai utilisé plusieurs méthodes de simulation moléculaire aux buts, échelles et codts de calcul différents —
dynamique moléculaire ab initio, champs de force classiques et réactifs, et potentiels ML — pour générer des modéles mi-
croscopiques d’aMOFs et étudier leurs propriétés. Utilisant ZIF-4 en tant que prototype d’aMOF, jai étudié I'utilisation de
champs de force réactifs pour générer des modéles de verre par trempe, et mis en évidence leur incapacité a reproduire
fidelement des caractéristiques clés de la chimie des ZIFs. Afin d’offrir une alternative numériquement efficace pour la
génération de modeles de verres de ZIF, j’ai construit des potentiels interatomiques par apprentissage automatique (ML)
qui reproduisent trés précisément les propriétés structurelles des modeles ab initio. Finalement, j'ai étudié en détail le
calcul des propriétés mécaniques a température finie de cristaux et verres de ZIF-4, en appliquant une série de méthodes
et de formes de dynamique moléculaire.

MOTS CLES

simulation moléculaire, matériaux poreux, réseaux métallo—organiques, phases désordonnées, COo

ABSTRACT

Metal-organic frameworks (MOFs) are hybrid materials composed of inorganic nodes bridged by organic linkers to form
three-dimensional architectures. Taking advantage of their porosity and structural and chemical tunability, they have been
proposed for applications in various industrial-scale processes, notably for CO2 separation. While the majority of studies
in the literature are focused on crystalline structures, a growing number of amorphous MOFs (aMOFs) have been reported,
which retain intrinsic advantages of crystals and powders but possess distinct physical and chemical properties. However,
the determination of the framework structure of these aMOFs at the microscopic scale is experimentally difficult, with
diffraction experiments only providing indirect structural information. In order to work around or alleviate this challenge, an
array of computational methods coexist to model these disordered materials, with a lack of direct and in-depth comparison
of the models.

During my PhD, | used various simulation methods with different scopes, scales and computational costs — ab initio
molecular dynamics, classical and reactive force fields, and machine-learned potentials — to generate atomistic models
of aMOFs and study their properties. With the prototypical aMOF structure ZIF-4 as a test case, | investigated the use
of reactive force fields to generate glass models by melt-quenching, and found that it failed to faithfully reproduce key
characteristics of the chemistry of ZIFs. To provide another tractable alternative to the generation of ZIF glasses, |
developed machine-learned potentials and found that they lead to an excellent reproduction of the structural properties of
ab initio data. Finally, | have extensively investigated the computation of finite temperature mechanical properties of ZIF-4
crystals and glasses, by applying a range of methods and molecular dynamics schemes.
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molecular simulation, porous materials, metal-organic frameworks, amorphous materials, CO2 separation
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