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Main introduction

During my PhD I conducted studies based on molecular simulation methods on two types
of materials: zeolites, already used industrially and in a lot of applications in daily life and
Metal-Organic Frameworks (MOFs), which present a lot of potential for applications, with
promising commercial developments currently developed.

Zeolites are natural and artificial porous aluminosilicates, known since 1756 and artifi-
cially synthesized since the 1940s. They have been thoroughly studied for their properties
linked to adsorption and catalysis for more than 50 years. However, their mechanical be-
haviour really began to get some interest less than 15 years ago, especially on the theoretical
standpoint. Yet, thanks to their complex structures, some of these porous aluminosilicates
have fascinating mechanical properties, called anomalous properties, such as negative lin-
ear compressibility or auxeticity (negativity of the Poisson’s ratio). Using a large structural
database of hypothetical zeolites and thanks to quantum level calculations, I investigated
the links between structural descriptors and mechanical properties in all silica zeolitic struc-
tures. With the data generated by quantum calculations I used machine learning techniques
to develop a methodology allowing to screen this type of materials looking for auxeticity and
capable of efficiently predicting their Poisson’s ratio at a small computational cost.

MOFs constitute a new class of porous materials that has been studied for about 25 years,
with an exponentially growing number of reported structures. Until very recently, they have
essentially been considered as crystalline materials. Yet their amorphization, by increase of
temperature, mechanical stress or increase of pressure, is of great interest whether to study
its mechanism or for potential applications of the amorphous phases obtained. I have been
interested in characterizing the melting and quenching of some of these materials, especially
from the family of zeolitic imidazolate frameworks (ZIFs). ZIFs are a subgroup of MOFs,
topologically isomorphic to zeolites, with particularly good thermal stability, making them
good candidates for thermal-induced amorphization. In particular, using quantum molecular
dynamics simulations, I unraveled the mechanism behind the melting and characterized the
nature of the liquid phase obtained. I also shed light on the links existing between the
initial topology, the melting behaviour and the resulting glass-like phase. Finally, I modelled
a situation that has not yet been studied experimentally: the forced filling of one of these
materials with carbon dioxide before and during melting. I could infer the influence of putting
carbon dioxide inside this specific ZIF on the melting behaviour and I found a possible way



through which it could be trapped inside the amorphous phase.

This thesis is composed of three parts. In the first part, I describe the classes of materials
I studied, namely microporous materials in general and zeolites and MOFs in particular. In
the second chapter of this first part I detail the numerical methods I used during my PhD.

In a second part, I detail the work I carried out on the mechanical properties of zeolites. 1
first remind the theory of elasticity and how elastic constants are computed before analyzing
the database I based my work on and describing the results of my investigations on auxeticity
in these materials.

Finally, the third part treats the melting and quenching of MOFs. The first chapter gives
an overview of the amorphization of MOFs in the literature. The second chapter investigates
the melting itself, its mechanism, its thermodynamics implications and the nature of the
liquid obtained. The third chapter aims at describing the quenching of three different ZIFs
from liquid phases obtained earlier, focusing on the structural implications of the initial
topology on the final glass. The last chapter presents the study I conducted on the filling of
one of these ZIFs with CO, before melting it.



Part 1

Materials and methods






Chapter 1

Microporous materials studied

1.1 Presentation of porous materials

1.1.1 Generalities

Porous materials are materials which possess voids, or cavities, of various shapes, sizes and
regularities inside their three-dimensional structure. [1] There are many natural examples of
porous materials as well as a lot of synthesized ones. [2] The network formed by the pores
can be percolated, meaning the pores are all connected, or not. The chemical nature of these
materials can be very different, from purely inorganic materials to purely organic, through
mixed metallo-organic structures. Their complex internal structure is often characterized by
their specific surface area, which is the area by unit of mass where a liquid-solid or a gas-solid

interface can be formed.

The large specific surface areas they often exhibit makes them interesting for industrial
applications that rely on the physico-chemical phenomena of adsorption or catalysis. They
can be used as insulating materials, with a insulating fluid, such as air, inside their pores.
They are also widely used in gas separation, purification and storage, for sieving oil products
in refineries, in heterogeneous catalysis, as substrate for ionic exchange, as dielectric coating
and to trap chemically harmful and radioactive substances. [3-5] For instance zeolites and
activated carbons are used to produce medical oxygen from air by using those materials as
molecular sieves. To give an idea of the industrial importance of those materials, I give in
Table 1.1 the amounts produced per year for some of them.

As the pore size influences the properties of these materials, they are classified in three
categories by the IUPAC (International Union of Pure and Applied Chemistry):

e Microporous solids, with pores of dimensions smaller than 2 nm



1.1 — Presentation of porous materials

annual production (tons) example of use Reference
Natural zeolites 3.2M water purification 6]
Synthetic zeolites 1.8 M detergent industries [6]
Metal-Organic Frameworks * carbon capture [7]
Activated carbons 1.7M gas separation 8]
Resins and fibers ‘ 380 M ‘ for reference ‘ [9]

Table 1.1:  Annual amounts produced for different kinds of porous materials and
example of use. * Though Metal-Organic Frameworks are produced at the ton scale
by two companies (BASF, MOF Technologies), the total amount produced annually
remains low and uncertain.

e Mesoporous solids, with pores having sizes between 2nm and 50 nm

e Macroporous solids, with pores larger than 50 nm

Microporous and mesoporous solids are grouped together to be called nanoporous solids,
with pores smaller than 50 nm. Three examples of such materials are shown in Figure 1.1.

The chemical composition is also a discriminant to classify porous materials. The main
difference is between organic and inorganic porous materials, with many more representatives
for the latter than the former. The purely organic materials are composed of carbon-based
frameworks such as polymers, activated carbons or Covalent-Organic Frameworks (COFs).
Among inorganic materials there are many oxides (from silica, titanium, zirconium) such as
zeolites, or binary compounds such as sulfates and aluminophosphates (based on AIPO,).

Figure 1.1:  Three examples of different porous materials.

On the left a scanning

electron microscopic image of an activated carbon is shown [10] (ordered but non crys-
talline), in the middle the crystalline molecular structure of the zeolite faujasite (made
with VESTA [11]) and on the right an amorphous vycor glass is represented (disored-

ered). [12]

Finally, another important distinction to characterize porous materials lies in the reg-
ularity of their structure. There are crystalline materials, like zeolites and Metal-Organic
Frameworks, in which atoms form a three-dimensional motif periodically repeated to form
a periodic network (see Figure 1.1 for an example of a zeolite unit cell). By symmetry, the
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porous network in crystalline materials is regular and periodic. Other materials are regular,
but not crystalline, such as clays or carbon nanotubes. For the latter, the pores have well de-
fined characteristics, but there is no three-dimensional periodic arrangement. The third type
is the amorphous type, which represents the majority of materials. Examples of amorphous
porous materials span from activated carbons to Vycor glass through aerogels or amorphous
silica. Their pores have a great polydispersity with irregular shapes (see Figure 1.1 for an
example of Vycor glass).

During my PhD, I have been interested in zeolites as well as Metal-Organic Frameworks,
so I will describe them in more details afterwards. For a large part I have studied amorphous
Metal-Organic Frameworks and the transition from a crystalline to an amorphous phase in
these systems. For that reason, I introduce hereafter the characteristics of crystalline and
amorphous materials.

1.1.2 Crystalline materials

As previously written, crystalline materials are composed of periodic arrangements of or-
dered atoms in three dimensions. This property of periodicity makes them rather easy to
analyze from an experimental point of view. For instance, one can determine to which space
group the material belongs by X-ray diffraction, either on a full mono-crystal or on a pow-
der, retrieving the structure by Rietveld refinement. [13] This is useful when one looks at
symmetry-dependent properties, such as mechanical properties, piezoelectric, ferroelectric or
dielectric properties. For instance, a centrosymmetric crystal cannot exhibit piezoelectricity
as the elements of the piezoelectric tensor would vanish by symmetry.

It is also of importance when we want to predict the mechanical properties from the second
order elastic tensor. In fact, according to the crystal class to which it belongs, the material
studied may have coefficients either identical with each other or equal to zero (described
extensively in [14]). There are 230 symmetry space groups to which a crystal can belong.
However, these can be regrouped into 14 Bravais lattices belonging to only 7 crystal systems
as shown in Figure 1.2. These symmetries can be leveraged when one wants to simulate
crystalline systems. Within each crystal system, point groups are grouped into different
Laue classes as presented in Table 1.2.

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. It means that can we simulate
what happens only in one unit cell, assuming that this cell is infinitely repeated in space as
exemplified in Figure 1.3. In quantum chemistry, we simulate the infinite spatial repetition
by going to the reciprocal space, where it is enough to sample the first Brillouin zone to
have a good representation of the electrons in the system. Theoretically, there needs to be
an infinite number of k-points to perfectly sample the first Brillouin zone. However, this is
overcome by choosing a discrete number of specific k-points according to the Monkhorst-Pack
method. [15] The coordinates of the k-points chosen correspond to nodes of the reciprocal
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Crystal system Laue class Point groups
Triclinic 1 1,1
Monoclinic 2/m 2,m,2/m
Orthorhombic mmm 222, 2mm, mmm
Tetragonal (IT) 4/m 4.4,4/m
Tetragonal (I) 4/mmm 4mm, 422, 12m, 4/mmm
Rhombohedral (1) 3 3,3
Rhombohedral (I) 3m 32,3m, 3m
Hexagonal (1) 6/m 6,6,6/m
Hexagonal (I) 6/mmm 6mm, 622, 62m, 6/mmm
Cubic (II) m3 23, m3

Cubic (I) m3m 432, 43m, m3m

Table 1.2: Crystal systems with corresponding Laue classes and point groups. Table
extracted from [14].

lattice. Depending on the size of the unit cell considered in the real space, we sample the
reciprocal space with more or less k-points: the bigger the unit cell, the less k-points are

needed.

1.1.3 Amorphous materials

On the contrary to crystalline materials, amorphous materials have a long-range disordered
structure. It does not mean that no local organization is possible, but rather than there is no
spatial periodicity in the system. For instance, Metal-Organic Frameworks, usually known as
crystalline materials, can sometimes be amorphized to form glass-like materials (Figure 1.4)
with the same chemical composition, but a different spatial organization. In an amorphous
material, the range over which the atoms can be considered ordered is usually limited to a
few covalent bonds, up to 10 A. In Figure 1.4, along with the two chemical structures, we can
see the results of X-ray diffraction patterns for both materials. This is a way to realize the
difficulty posed by amorphous materials: while the crystal gives sharp, easily recognizable
peaks, the amorphous MOF is associated with a very wide signal, characteristic of an absence
of long-range order.

This lack of periodicity and symmetry in amorphous systems creates a challenge for
simulation and characterization, but can also be useful for applications. In fact, amorphous
phases are thus much more isotropic which is a great advantage for industrial applications in
particular for shaping the actual material.

In the next section, I present one of the most studied class of crystalline nanoporous
materials: the zeolites.
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(13) (14)

Figure 1.2: The 14 Bravais lattices are represented. With the following conventions
: Primitive centering <+ P; C <+ Centered on a single face; | <> Body centered; F <
Face centered. (1) is Cubic P, (2) is Cubic I, (3) is Cubic F, (4) is Tetragonal P, (5) is
Tetragonal |, (6) is Orthorhombic P, (7) is Orthorhombic C, (8) is Orthorhombic I, (9)
is Orthorhombic F, (10) is Monoclinic P, (11) is Monoclinic C, (12) is Triclinic, (13) is
Rhomboedral, (14) is Hexagonal.
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Figure 1.3: Example of a system studied with periodic boundary conditions (a MOF
called ZIF-4). Here, 8 (2x2x2) unit cells are shown while only 1 is really considered in
the simulation. Zn, green; C, grey; N, blue; coordination bonds, flesh.

1.2 Zeolites: porous aluminosilicates

The term zeolite comes from the greek words (ew, meaning “to boil” and Atdoo, meaning
“stone”. This term was originally coined by Axel Frederik Cronstedt in 1756 as he observed
that a lot of steam from water, previously adsorbed in the material, would come out of it
as he heated it. [17] Zeolites belong to the class of nanoporous materials and are composed
of oxygen, silicon and aluminium, hence their denomination as aluminosilicates. At the
molecular scale, they are constituted of tetrahedra made of a central T atom (T = Al or Si)
and four oxygen atoms sharing one corner with each other (Figure 1.5). It is mathematically
possible to create an infinite number of such crystalline structures and there are databases of
hypothetical zeolitic structures containing up to 2 million different frameworks. [18] However,
today only 228 different frameworks have been reported experimentally, among which 67 are
natural zeolites (according to the International Zeolite Association). Each zeolite is identified
by a 3 letters code such as FAU, for the faujasite framework, or LTA for Linde Type A
(Figure 1.5).

Zeolites are aluminosilicates with a generic chemical formula M, /,, AL, Si;  O,. The ratio
between the number of silicon atoms and aluminium atoms (1%) called the Si/Al ratio is
an important parameter that varies between 1 (as many Al than Si) and infinity (no Al).
Most zeolites only exist for this ratio within a specific range. In the case where there is no
aluminium, the zeolite is said to be pure silica. In all other cases, when some silicon atoms
are substituted by aluminium atoms, the difference of oxidation degree (+IV for Si, +III for
Al) creates a delocalized charge imbalance in the structure. These defects are compensated
by extra-framework cations that don’t belong to the crystalline arrangement, hence the extra-
framework denomination. The most common cation is Nat, but Lit, KT, Ba?t, Ca?* as well
as others are commonly used. These delocalized cations create local electrostatic gradients,
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Figure 1.4: Figure showing the difference between crystalline (a) and amorphous (b)
ZIF-1, even though they are both composed of the same basic unit, a zinc tetrahedra
linked by an imidazolate cycle (c) (taken from [16]).

thus improving the adsorption properties of zeolites towards molecules with dipolar and
quadrupolar moments. Their accessibility to adsorbed molecules also serves the catalytic
use of zeolites, as they can act as catalytically active sites (for example with proton for

heterogeneous acid catalysis).

The term zeolite is often extended to describe four-connected nets of porous structures
with other atoms such as aluminophosphates or germanium and gallium oxides. As evidenced
in Table 1.1, these materials are widely used in many industries worldwide. For example the
zeolite A (LTA) substituted with different cations is used to remove carbon dioxide from
natural gas, as dehydrating agent or to selectively extract linear alkanes in refining processes.
Other zeolites are used in the production of medical oxygen from air or to trap carbon dioxide
during cement production, or even to decontaminate nuclear sites from radioactive nuclides.
They are also used in domestic applications such as water softening or in detergents to replace

phosphates.
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Figure 1.5:  Two tetrahedra connected by a corner on the left and the molecular
structure of the zeolite LTA (Linde Type A) on the right (made with VESTA [11]). Si,
yellow; O, red.

1.3 Metal-Organic Frameworks: crystalline and amorphous
nanoporous materials

The concept of Metal-Organic Frameworks (MOFs) appeared almost 30 years ago in the lit-
erature [19] to designate a class of materials composed of inorganic nodes linked by organic
ligands. In this seminal article, Hoskins and Robson use the term “Infinite Polymeric Frame-
works” and they emphasize the large cavities created by such 3D arrangements leading to
potential applications as “molecular sieve”, for “ion exchange” or in “heterogeneous cataly-
sis”. Ten years later, the first use of the term “MOF” is reported by Omar Yaghi’s team at
UCLA for the synthesis of a material called MOF-5. [20] Since then, the field of MOF has
been developing exponentially, in terms of publications and in terms of number of structures
reported in the literature. For instance, Yaghi et al.’s paper is cited more than 5000 times
and more than 400 times per year in the last 5 years. Figure 1.6 shows the growth of the
number of structures reported in the Cambridge Structural Database with a doubling time
of 3.9 years for three-dimensional MOFs. Academic studies are also sustained by a growing
industrial interest for MOFs. In fact, the great versatility and the extremely large specific
surface area accessible through these materials make them very good candidates as a new
generation to follow zeolites in catalysis and adsorption-related applications.

However, the presence of organic ligands in MOFs and the bonds they are based on being

weaker than the Si-O covalent bond make them thermally stable up to 300°C to 500°C,
while zeolites can stand temperatures over 1000 °C. MOFs also tend to have difficulties fitting
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Figure 1.6: Figure showing the exponential growth of the number of MOF structures
reported in the Cambridge Structural Datadabase (CSD) (taken from [21]).

in industrial processes due to their smaller stiffness as compared to inorganic zeolites. [22]
Nonetheless MOFs have been produced at the ton scale by some industrial companies, namely
BASF and MOF Technologies. The latter introduced the first commercially viable MOF in
2016, integrated in a system aiming at keeping fruit and vegetables fresh by controlled release
of 1-methylcyclepropene, initially contained in the MOF. [23]

The MOF field is very wide and carries many different aspects. I am going to evoke some of
these aspects, namely the variety which makes MOFs so promising, write a word on synthesis
and characterization techniques and finally an introduction to the world of amorphous MOFs,
that shall be more detailed in the dedicated part (see chapter 1 of Part III). For further details,
many reviews are available, to cite a few: [21] for a general presentation of MOFs, [22] focuses
on mechanical properties in MOFs, [24] reviews the responsive behaviours of MOFs to different
stimuli (pressure, temperature, adsorption, light), [25] describes the interesting aspects that
disorder, flexibility and defects bring to the MOF field, [26] and [27] present the different
ways MOFs and their properties are simulated, with a focus on the simulation of flexibility

in [27].
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1.3.1 The great versatility of MOFs

One of the main advantages of MOFs over zeolites or activated carbons is the diversity of
structures that can be built from the different inorganic clusters and organic linkers available.
Figure 1.7 shows only part of the available secondary building units, the name given to the
inorganic clusters, and organic linkers. With all the diversity provided by coordination chem-
istry and organic chemistry, the number of structures is only limited by the thermodynamic
stability of the phases obtained. One must also be able to direct the synthesis towards a
porous polymorph, while the corresponding dense phase might be more thermodynamically
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Figure 1.7:  Figure exhibiting examples of inorganic clusters (A) and organic linkers
(B) (taken from [21]).
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This diversity of structures gave rise to a design to applications approach, where one aims
at producing the best structure for a given functionality. For instance, the MOF with the
highest methane uptake to date has been reported [28] as well as another MOF with the
highest hydrogen uptake for now. [29] Sometimes, different aims are combined, such as in the
study reported in [30] where hydrogen uptake, carbon dioxide against water selectivity and
economic cost are taken into account.

Most organic ligands used in MOFs are either polycarboxylates or polynitrogens. As
demonstrated in Figure 1.8, the carboxylate functional group has three different coordination
modes, that can be used to create structures with the same chemistry and a different topology.
The other approach can be to create structures with the same connectivity and different
organic linkers. These structures are then called isoreticular, meaning that they share the

same net.
R R R
o)'\ 0%0 Oﬁgo
| N/ ]
M M M M

Figure 1.8: Figure showing the different coordination modes of a carboxylate ligand:
monodentate (left), bidentate chelate (center), bidentate bridging (right) (taken from

[31]).

For example all the MOFs in the IRMOF family, beginning with MOF-5 (IRMOF-1), have
bidentate bridging carboxylate ligand. [32] In this case, the length of the ligand linking two
Zn-O-C clusters varies to go from a pore size of 3.8 A for IRMOF-1 to 28.8 A for IRMOF-16
(Figure 1.9).

To rationalize the design process, the inorganic nodes and the organic linkers are repre-
sented as polyhedra with more or less simple geometries, as shown in Figure 1.10. [33] 131
SBUs have been identified, from simple tetrahedra to geometric configurations with 66 points
of extension through cuboctahedra, icosahedra or simple cubes. [34]

In the case of organic ligands containing nitrogen, the lone pair of the nitrogen atoms forms
a coordination bond with the metal ion. Usually the ligand creates a bridge between two
metallic clusters. It is the case for the bipyridine ligand, especially used to obtain MOFs with
catalytic activity. [35,36] Another widely used nitrogen-containing ligand is the imidazolate
cycles, functionalized or not. These ligands are the basis of the family of MOFs called Zeolitic
Imidazolate Frameworks (ZIFs). Their name comes from the topologic similarity with zeolites,
meaning that the angle metal-imidazolate-metal has the same value of 145° than the angle
Si-O-Si in zeolites. [37] The metal center is usually a Zn(II) or Co(II) with a tetrahedral
coordination. This family of MOFs is particularly studied for their chemical and thermal
stability, much better than most other MOFs.

15 —



1.8 — Metal-Organic Frameworks: crystalline and amorphous nanoporous materials

Figure 1.9: All the non-interpenetrated MOF of the IRMOF family are shown, with
number n being IRMOF-n (extracted from [32]).

1.3.2 Synthesis and characterization

MOF synthesis is usually a solvothermal synthesis from a salt containing the metallic ion
(e.g. nitrates, sulfates) disolved in a polar organic solution which contains a precursor for the
organic ligand (carboxylic acid for example). [38,39] The auto-assembly takes place as the
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Figure 1.10: Figure demonstrating the reduction from chemical structures to geometric
secondary building units (SBU) (taken from [33]).

temperature is elevated up to 250 °C. The purification and drying steps after precipitation and
crystallisation have to be carried out carefully as MOFs can retain a lot of impurities in their
pores. The stability of the MOF and its final characteristics depend very much on the pH
of the initial solution and the right conditions have to be determined for each new structure.
Other synthesis methods have been developed: microwave-assisted synthesis, electrochemical
synthesis, mechanochemical synthesis and sonochemical synthesis. Microwave radiations are
an energy efficient way to heat the system and can be used to speed up the synthesis. [38]
Sonochemical synthesis uses high-energy ultrasound to give energy to the system and has
not been studied extensively. Electrochemical synthesis, first reported by BASF in 2005 [40],
has been developed to avoid using nitrates at the industrial scale for safety reasons. In
this case, the metal ions are introduced through anodic dissolution to the main solution.
Finally, mechanochemical synthesis uses mechanical force to activate chemical reactions and
is important for environmental issues. In fact, this kind of synthesis can be carried out at
room temperature without any solvent. For example, this method had to be used for the
first commercial application of MOFs, because of the contacts with food afterwards. [23] As a
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Figure 1.11: Examples of Zeolitic Imidazolate Frameworks (built from Figure 1 in [37]).

matter of fact this technique is gaining a lot of traction for MOF production at larger scales.

After the synthesis, the MOF can be modified by so-called post-synthetic modifications
(PSM), which created a whole field of research on how to exchange, insert, polymerize or func-
tionalize ligands post-synthesis. [41] For example, MIL-101 has been synthesized as nanopar-
ticles and submitted to covalent post-synthetic modificiations to be able to efficiently deliver
imaging contrast agents and anticancer drugs. [42] ZIF-8 is one of the most studied structure
for its large cavities and its thermal and water stability. It is composed of Zn?* tetrahedral
ions with methyldimidazolate cycles as ligands arranged in a sodalite topology. The methyl
functional groups prevent from taking full advantage of the large cavities as they reduce the
aperture size (Figure 1.12). In 2012, Karagiaridi et al. reported the exchange of methylimi-
dazolate ligands for unsubstituted imidazolate ligands up to 85% to synthesize a MOF called
SALEM-2. [43] As depicted in Figure 1.12, this post-synthetically modified structure has
a better solvent uptake than ZIF-8 and exhibits a Brgnsted base catalytic activity upon
application of n-butyllithium, which is unreachable with the parent material ZIF-8.

As the vast majority of MOFs are crystalline, the main characterization technique used to
determine the crystallinity and the structure is X-ray diffraction. It can be done on a single
crystal if the synthesis allows to have large enough crystals or on powder. Scanning electron
microscopy is used to study the size and regularity of the synthesized crystals. [44] Transmis-
sion electron microscopy, electron diffraction and high-resolution electron microscopy can be
combined to direcly image larger pores in MOF, like the ones in MIL-101. [45] In order to
determine the specific surface area and the porous volume, nitrogen adsorption measurements
at 77K are done after every synthesis. The adsorption properties of important gas for appli-
cations, such as CO,, Hy or CHy, are also routinely studied at low pressure. [46] Adsorption
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Figure 1.12: Post-synthetic modifications of ZIF-8 to synthesize SALEM-2 in order to
obtain catalytic activity (taken from [43]).

isotherms at higher pressures or characterization by neutron diffusion are less frequent due
to the necessary equipments. [47] Advanced spectroscopic methods such as EXAFS or XPS
can be useful to determine the chemical environment of the metal centers, but classical spec-
troscopic techniques such as IR, UV and Raman are also used, partly to study the properties
of adsorbed molecules inside the pores. [48]

1.3.3 Amorphous MOFs: new phases, new applications

Although most studies on MOFs focus on crystalline structures, there has been a recent
shift, with increasingly more examples of MOFs that show defects and disorder, and the
realization that this is not always detrimental to their physical or chemical properties — and
thus, to their performance in potential applications. There are even studies that focus on
“defective by design” strategies to explore further the configurational space of organometallic
structures. [25] In particular, several amorphous MOFs have been studied in the last few years
and proposed as candidates for applications such as controlled release, irreversible trapping of
harmful substances, or creating new optically active glass-like materials. [16] There are several
ways to obtain amorphous MOFs, ranging from direct synthesis [49] to the amorphization
of crystalline MOFs by melting and quenching, [50] application of mechanical pressure, [24]
or ball-milling. [51] The conditions under which a MOF can undergo amorphization vary
very much depending on the topology and the chemistry of the framework. Actually, most
MOFs cannot amorphize at all, but would rather decompose when heated or submitted to
high pressures. Most MOFs structures found to be able to undergo amorphization belong to
the ZIF family, [50-55] even though there are examples of MOFs from other families, such as
MIL-140 or UiO-66. [56]

For instance, Orellana-Tavra et al. [57] reported, in 2015, the controlled release of calcein,
used as a model drug, thanks to the amorphization of UiO-66 by ball-milling. They used
the idea reported by Bennett et al. to irreversibly trap iodine in ZIFs amorphized by ball-
milling [51, 58] to hinder the diffusion of calcein inside UiO-66. Another example of the
enhancement of properties by amorphization is the transition from a crystalline insulator to an
amorphous semiconductor reported by Tominaka et al. in 2015. [59] It is important to notice
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Figure 1.13: ZIF-4 structure as simulated: crystalline structure (left) and snapshot of a
glass-like configuration (right). The Zn—N nitrogen coordination bonds are represented
in red.

that the local coordination environment is conserved during these amorphization processes
(as represented in Figure 1.13), which underlines the importance of the flexibility of MOFs.
The potential of these new phases is huge, but a lot of aspects in the process of amorphization
are to be understood in order to control it to design new functional materials. Experimental
characterization being very difficult on these systems, molecular simulation methods offer
a way to get further insights on the amorphization process. In 2017, we reported a mixed
computational /experimental study on the melting of ZIF-4, especially about the mechanism
and the thermodynamics involved. [60]

In chapter 1 of Part I11, I give a more precise view of the different amorphization strategies
in MOFs and in chapter 2 of Part III I detail the specific frameworks I studied during my
PhD.
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Chapter 2

Molecular simulations methods

Numerical simulation, and in particular molecular simulation, began in the 50s after the sec-
ond world war, especially in the field of neutron dynamics for nuclear reactions. It started
with the Monte Carlo algorithm, presented by Metropolis et al. in 1953 [61], followed by a
simulation of an anharmonic 1D crystal by Fermi et al. in 1955 [62] and a molecular dy-
namics simulation of a hard sphere system by Alder and Wainwright reported in 1957. [63]
Since these seminal studies, with the improvement of the algorithms and the exponential
increase of computational power, numerical simulation to study physical and chemical sys-
tems has become a whole research domain. Numerical simulations are complementary with
experiments and analytical theories and are sometimes called in silico experiments. [64-66]
In fact, experimental measurements often give global information on the system and the phe-
nomena and are often unable to tell anything about the microscopic mechanisms leading to
the macroscopic observation. On the other hand, analytical theories, although very elegant,
represent the system studied with many simplifications to make calculations tractable, which
can hinder their capacity to actually predict how the real system would behave.

These in silico experiments also allow to go beyond the realm of experimental conditions.
It can be very useful to study systems in extreme conditions, such as radioactive matter in
the case of a nuclear incident [67] or systems under very high pressure, temperature or electric
field. [68] It can also be used to study systems in conditions that are difficult to reproduce,
as in the domain of cosmochemistry. Finally numerical simulations can help to bring insights
on either very fast or very slow phenomena, impossible to observe in real time. Molecular
simulations in particular give a microscopic view on the system, thus helping us to provide
mechanistic explanations of macroscopic phenomena.

In this chapter, I will present the methods I used during my PhD. I start by the ones I used
the most, which are approaches based on quantum physics to study molecular systems, and
then I briefly present classical methods that I did use a little and offer a point of comparison
with the former.



2.1 — Quantum calculations

2.1 Quantum calculations

There are many different simulation methods relying a quantum level of theories. I present
here only the density functional theory (DFT) method, as it is the most widely used and
the only one — among quantum methods — which is tractable for systems with hundreds of
atoms and periodic boundary conditions.

2.1.1 Principles of Density Functional Theory

In order to study the structure, energetics, electronic states and other physico-chemical prop-
erties of nanoporous materials with a high level of accuracy, we routinely use calculations
based on density functional theory (DFT). [69]

Fundamentally, in quantum simulations of electronic ground-state properties, the wave
function has to be found (1) so that it satisfies the Schrodinger equation to give the energy
(E) of the system. An example of the Schrodinger equation for multiple electrons interacting
with multiple fixed nuclei is given in Equation 2.1, Equation 2.2 and Equation 2.3. In these
equations m is the electron mass and the Hamiltonian (fI ) is composed of the kinetic energy
of each electron (T), the interaction energy between the atomic nuclei and each electron (V')

and finally the interaction energy between different electrons (i and j5) for N electrons (U).

Hy = EY (2.1
[P+V+0]y = Ey 2.2

K2 N N N
—2;V%;V(mH;NU(n,m) v = B (2.3)

The complete electronic wave function is a very complicated mathematical function with
3N variables, even for a simple molecule, as each atom has several electrons. For instance,
the full electronic wave function for HyO is a 30-dimensional function. Furthermore, the
interelectronic repulsion term of the Hamiltonian (3>, > j<i U(ri,j)) is crucial and requires
considering the correlations of each individual electron with all the other electrons. Therefore,
an analytical treatment of the Schrodinger equation is vain. Furthermore wave functions
cannot be directly observed, only real observables that are wave-function weighted averages
of a hermitian operator can be. For example, Equation 2.4 illustrates how the density of
electrons (n(r)) is determined from the individual electron wave functions, ;.

nlr) =2 3w (r)(r) (2.4)
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To circumvent the complexity of the wave function, DFT methods rely on two Hohen-
berg-Kohn theorems that allow to reduce the dimensionality of the problem greatly. [70] The
first states that there is a unique electron density for which the energy is the ground-state
energy. As a result, finding the right electron density — a scalar 3 variables function — is
enough to uniquely determine a solution to the Schrodinger equation. The second states that
the ground-state electron density minimizes the overall energy functional and subsequently
corresponds to the solution of the Schrodinger equation. The latter shows that the electron
density can be determined through a variational process. Kohn and Sham applied these
theorems to build a set of single electron equations, holding their names, illustrated in Equa-
tion 2.5 that can be solved to find the electron density. [71] The solution of these equations
are straightforward single electron wave functions that depend on three spatial coordinates.
Although one would appreciate to relate these single electron wave functions, called orbitals,
to the different electrons of the system, the Kohn-Sham orbitals are merely mathematical
tricks, but they cannot be directly physically interpreted.

2
SV V() + Valr) + Vio(r)| i(r) = i) (25)

The Kohn-Sham equations contain three potentials V', Viy and Vxc. The first, V', describes
the interaction between an electron and the collection of atomic nuclei, similar to V. This
potential has a simple analytical form. The second, Vi1, describes the repulsion between the
single-electron and the total electron density. It is named the Hartree potential and is defined
by Equation 2.6, where the electron density is given by n.

Va(r) = 62/ n(_r;?ngr’ (2.6)

|r

Importantly, this potential includes a self-interaction contribution as the electron de-
scribed by the Kohn-Sham equation also contributes to the total electron density. Thus,
Vi1 includes a nonphysical Coulombic interaction concerning an electron and itself which is
corrected for in Vxc. This final potential, Vxc, characterizes the electron exchange and cor-
relation interactions to the single-electron Kohn-Sham equations. The potential is formally
defined as a “functional derivative” of the exchange-correlation energy (Exc) which is not
exactly known, except for a free electron gas. Nevertheless, many approximations exist, which
permit the calculation of certain physical quantities accurately.

To solve the Kohn—-Sham equations, the definition of Hartree potential (V1) requires the
electron density (n), which depends on the single-electron wave functions (¢;), which in turn
requires the solution of the Kohn—Sham equations. As such, an iterative approach is applied
to obtain a solution. [72] This is routinely achieved using the self-consistent field method, an
example of a simplified algorithm for this approach is outlined below:

1. Define an initial trial electron density, n(r)
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2. Calculate corresponding potentials, V', Vg and Vxc, for the electron density.
3. Solve the Kohn—Sham equations to find the single-electron wave functions, ;.

4. Calculate the electron density, nks, from the constructed Kohn—-Sham equations using
the single-electron wave functions, ;, from step 3.

5. Compare the calculated electron density, nks(r), with the electron density used in
solving the Kohn—Sham equations, n(r). If the two densities are the same, then this
is the ground-state electron density and it can be used to compute the total energy. If
the two densities are different, then a new trial electron density, n(r), is used and the
process begins again from step 2.

Reliable approximations for the exchange-correlation functional (Exc) are required for
the solution of the the Kohn—Sham equations. There are a number of approaches for treating
exchange-correlation including LDA, GGA, meta-GGA and hybrid functionals. Each func-
tional has particular strengths and weaknesses that must be considered for every new study.
In particular, most functionals are fitted against experimental results on a finite set of sys-
tems, therefore their validity domain might be more or less narrow according to the size and
diversity of the set.

Ultimately, the power of DFT is simplifying a 3N-dimensional problem, where N is the
number of electrons, into a 3-dimensional problem. Consequently DFT is a popular choice
for electronic structure calculation, of both molecules and crystals, because of the accuracy
obtained for relatively cheap computational cost. Moreover it is readily available and widely
implemented in several open source, academic and commercial software packages. Recently,
by comparing the equation of states for 71 elemental crystals with many DFT codes and
methods a collection of the solid state community have demonstrated the reproducibility of
DFT simulations. [73] The results for modern codes and methods agree very well exhibiting
pairwise differences which are comparable to different experiments conducted with high-
precision. In the following, I present the two main ways in which we have used DFT: it can
be used for “static” calculations, where only the energy is computed or for molecular dynamics
simulations where the forces and velocities are computed from the density to propagate the
equations of motion.

2.1.2 Static calculations

The simplest type of DFT calculation on crystal structures are “static” DFT calculations used
to explore local features of their energy landscape. This includes single-point energy calcu-
lations, energy minimization, harmonic vibration modes and more. The single electron wave
functions presented are represented by a superposition of basis functions, gathered in basis
sets. In practice, atomic basis sets are finite and their size (and parametrization), for each
element in the system, is chosen as a compromise between computational cost and accuracy.
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Depending on the accuracy needed, I have used either the DZVP (double-( valence polarized)
or TZVP (triple-¢ valence polarized) basis sets, or alternatively basis sets parametrized for
chemically similar compounds. To determine which type of basis set to use, I usually run
single-point energy calculations with the various candidate basis sets, and check the quality of
the description of the electronic states obtained. This is typically done by comparing values
of electron density, atomic partial charges and band gap to our chemical knowledge of the
system, or higher-level quantum chemical calculations.

For DFT calculations the level of detail contained in the electronic exchange and corre-
lation functional (Exc) is the main cause of approximation (or inaccuracy). Therefore, the
choice of exchange—correlation functional has significant influence on how the energy depends
on atomic positions, and thus on all calculated properties. While many options are available
in the literature and implemented in popular software, the decision on exchange—correlation
functional has to be guided by a compromise between accuracy and computational cost. [74]
In fact, the more complex ingredients are considered to approximate the exchange-correlation
functional, the more computationally expensive it is compute (Figure 2.1.2). Throughout my
thesis, I used generalized-gradient approximation (GGA) functionals to take into account
the non-local exchange and correlation effects, which is not possible with local density ap-
proximation (LDA) functionals. Furthermore, when computationally possible and relevant
in terms of accuracy, I used hybrid functionals which provide a better description of the elec-
tronic exchange, but are more computationally expensive. This is achieved by adding exact
Hartree—Fock exchange, mixed with exchange and correlation terms computed at the GGA
level.

Chemical Accuracy

unoccupied ¢ (r’) l O exact exchange and exact partial correlation
occupied ¥, (r') exact exchange and compatible correlation
7(r) meta-generalized gradient approximation
Vn(r) generalized gradient approximation

n(r) | T O local spin density approximation

Hartree World

Figure 2.1: The Perdew ladder, showing that chemical accuracy comes closer as we
lift approximations and satisfy more and more exact conditions by taking into account
complex ingredients in the construction of the exchange-correlation functional (extracted
from [74]).
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Generally the appropriate functional is contingent on the property of interest. In practice
previous work in my research group and others has shown that the PBE functional revised for
solids (PBESOL) [75] in addition to a hybrid version, PBEO (PBESOLO), produce consistent
and physical results in many porous systems. [76,77] Another common choice of hybrid
functional in the literature is B3LYP [78]: although it is usually considered more appropriate
for molecular calculations than in the solid state, it has been widely used in MOFs and
appears to give reliable results overall. In cases of zeolites, which are built from stronger
interactions than MOFs, it was noted that most properties (structure, energetics, mechanics)
are well described already with GGA functionals such as PBESOL. However, for simulations
of complex properties, such as band structures, the use of hybrid functionals is preferred. [79]

It is well known, and should be noted here, that DFT is quite poor at representing
long-range correlation effects, typically including dispersion interactions. When required,
in “static” calculations only, dispersion correction terms are added to the functional using
the D2 correction scheme detailed by Grimme and coworkers. [80] The D2 correction is
a relatively simple function of interatomic distances. This includes adjustable parameters
fitted to interaction and conformational energies computed using high-level wave function
methods. Subsequently this correction is added to the energy obtained by DFT and as such
does not directly modify electron density (Equation 2.7). Equation 2.8 gives the formula used
to compute the D2 correction.

Ecrimme = EprT + Edisp » (2.7)

Nat—1 Nat Cij

Edisp = —S6 Z Z Rifdamp(rij) ) (28)

6
i=1 j=i+l " i

where sg is a parameter adjusted according to the functional (equal to 0.75 for PBE), Ny

is the number of atoms, Céj =4/ C’éCé with C¢ tabulated for each element, R;; = R; + R;,
ri; is the distance between atoms ¢ and j, and

1
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)} if T35 < Teutoff (2.9)

where d is a damping parameter (typically equal to 20) and reytoft is a cutoff radius that
I took equal to 25Ain all the simulations where I used the D2 scheme.

Notably, there are a number of alternative dispersion correction methods [81] such as
D3, that I used in ab initio molecular dynamics simulation (see subsection 2.1.3), and many-
body-dispersion (MBD) scheme. [82,83] Dispersion corrections are often essential as they
can strongly influence energetic and mechanical properties, especially for porous structures.
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Specifically, in MOF systems dispersion corrections often improve structural agreement with
experimental crystal structures — although counter-examples can be found because Grimme’s
simple and empirical D2 correction scheme can lead to overestimation of the dispersive in-
teractions at intermediate intermolecular distances (6-10 A). Thus for each system, the good
practice is to benchmark the performance of both approaches, without and with dispersion,
to experimental data: in particular, the crystal density, unit cell parameters, and key in-
termolecular distances (m — 7 stacking, hydrogen bonds, etc.) are considered, as these are
crucial quantities typically affected by dispersive interactions.

Another important consideration for DFT calculations of crystals, especially for calculat-
ing mechanical properties, is the choice of reciprocal space sampling. In the CRYSTAL14 code,
this is controlled by a shrinking factor, used to generate a corresponding grid of k-points in
reciprocal space. For structures with very large unit cells reciprocal space sampling can be
limited to the I' point, in general it should be chosen so as to reach convergence on single-
point energy. Recently, the importance of k-point convergence has been clearly described
in simulations of MIL-47(V). [84] A rule of thumb I use, as a starting point, is to have the
smallest lattice parameter multiplied by the value of the shrinking parameter be above 20 A.
In some structures with very asymmetric cells, for example MIL-47, [85] direction-dependent
shrinking parameters are used, to refine the mesh in specific directions.

Finally, in order to supervise DFT calculations, a simple and useful is to examine, during
the self-consistent field (SCF) iteration scheme for the calculation of the density and energy,
the atomic partial charges (computed for instance via the Mulliken scheme). Because one has
a reasonable chemical intuition of these quantities, they provide an initial and rapid feedback
as to the quality of the density calculation: when the Si atoms in a zeolite acquire a net charge
of 15, the simulation is certainly diverging! Subsequently if convergence seems unreachable,
with standard minimization schemes and parameters, one can modify the initial population
of orbitals for the first SCF cycle as to increase the damping of the SCF algorithm, to achieve
self-consistence. Alternatively, the Broyden scheme for self-consistent field calculations is very
robust. [86,87] Mulliken population analysis, commonly used to obtain atomic partial charges,
has explicit basis set dependence [88] and may not display good accuracy. As atomic partial
charges are nonphysical quantities there are complications and subjectivity to calculation
of these values. Thus there are a number of alternative methods which are more suited to
accurately describing porous systems. [89] However, to simply verify calculations the Mulliken
method is adequate.

I give more details on how I computed mechanical properties of zeolites with static DF'T
calculations in Part IT (chapter 1 for the detail of the theory for elastic constants and chapter 3
for the details of my use of CRYSTAL14).
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2.1.3 Molecular dynamics with CP2K

In addition to the study of structures and “local” properties (often called “zero Kelvin”
properties, because they do not account for thermal motions and entropic effects), the finite-
temperature motion of condensed matter systems can be examined at the quantum chemical
level using ab initio molecular dynamics (AIMD). Although much less frequent than local
DFT calculations because of its much higher computational cost, AIMD is an essential tool
to probe dynamical properties in situations where sub-nanosecond dynamics are relevant.
It is applicable to all condensed matter systems, not limited to crystals but also including
interfaces and complex liquids, as demonstrated in a recent study of transport mechanism
of carbon dioxide in molten carbonates [90], or in our study on the melting mechanism of
MOFs. [60] I present here the use of AIMD to study MOFs with or without adsorbates, using
the CP2K simulation package — a general open source quantum chemistry and solid state
physics simulation package, available at https://www.cp2k.org. There are several types
of AIMD, the Ehrenfest dynamics, the Car-Parinello dynamics and the Born-Oppenheimer
dynamics. During my PhD, I exclusively used Born-Oppenheimer AIMD, but I briefly present
the two others for reference.

Ehrenfest dynamics

In Ehrenfest dynamics, the approximation employed is to write the full time-dependent wave-
function of the system as a product of two time-dependent functions:

o(r,R,t) = U(r,t)2(R,t) exp (z /Ot dt’ <\IIE’ﬂel"l’E>> , (2.10)

where @ is the wave function of the system, ¥ its electronic part, = its nuclear part, r the
positions of all the electrons, R the positions of all the nuclei and H ¢ the electronic part of
the Hamiltonian operator, without the kinetic energy of the nuclei and the nucleus-nucleus
coulombic interaction. This approximation turns the Schrédinger equation into two coupled
equations:

oV 1 it =

i = - }k: 5 Ve v+ (E|ValZ) @ (2.11)
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One of the ways to solve these equations is by an iterative process called the Time-
Dependent Self-Consistent Field (TDSCF). [91] Considering the nuclei as classical particles,
Equation 2.12 becomes:
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E5 = —Vr, (W|Ha¥) (2.13)

with a condition on W: i%—\f = ﬁcl\lf.

The principle is to propagate these equations from the initial positions of the nuclei
R (¢ = 0) and the corresponding electronic wave function ¥(r, R(0),0). As the wave function
and the positions are simultaneously propagated the time step required is of the order of
one hundredth of femtosecond to correctly account for the rearrangement of the electronic
density around the nuclei.

Car-Parinello dynamics

The Car-Parinello dynamics, introduced in 1985 by Car and Parinello [92], allows to propagate
the electronic wave function and the positions of the nuclei at the same time, similarly to the
Ehrenfest dynamics, with timesteps of the order of 0.1 fs. The main idea behind this method
is to look at a fictive slower dynamics of the electrons than the real one.

This method is based, unlike the former, on Lagrangian dynamics, as opposed to Hamil-
tonian dynamics. The Lagrangian operator L is such that the equation of the movements for
the system are:

d oL oL

& o8 _ 98 2.14

where R, = % Usually, we have the relation: £ = T —V, where T and V are the
kinetic and potential energies respectively.

Considering 1);, the Kohn-Sham orbitals (Equation 2.5), Ry, the nuclear positions and a,,
all the possible constraints on the system, Car and Parinello built the following Lagrangian:

L= gn{ild) + ; SMURE + 3 Spma — Bl Ry, ] | (2.15)

)

where (1;]1;) = 0;;. In Equation 2.15, M}, are the physical masses of the nuclei and g
and u, are arbitrary parameters. This Lagrangian generates a dynamics for ¥;, Ry and ay:
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where A;; are Lagrange multipliers introduced to satisfy the orthonormalization of the
¥;’s. Equation 2.16 and Equation 2.17 correspond to fictitious dynamics and are used as tools
to perform the simulation of the real dynamics described in Equation 2.18. In Equation 2.15,
one can recognize a new kinetic energy given by:

1 i 1 . 1
T = Z?ﬁ <1/)i!1/%> +%:§MkRi +Z§uvdg (2.19)

Thus, the Car-Parinello dynamics corresponds to a real dynamics when pu, acting as a
fictitious mass for the electrons, and the time step are small enough so that >, %u <1/)ZWJZ
is close to zero. Indeed, as p increases the dynamics of the electrons get coupled to the
dynamics of the nuclei and the system diverges from its Born-Oppenheimer surface. As this
term measures the transfer of energy from the nuclei to the electrons, it corresponds to their
coupling and should remain low during all the simulation.

Born-Oppenheimer dynamics

Owing to the great difference of mass between the electrons and the nuclei, the idea behind
Born-Oppenheimer molecular dynamics (BOMD) is to consider the dynamics of the electrons
and the nuclei decoupled. It allows to explore the dynamic motion of molecules by numerically
solving Newton’s equations of motion for the nuclei:

dQ’I‘i

N N
F,(r")==-V,U(r")=m; e

(2.20)
The force, F; experienced by an atom ¢ of mass m; and position r; is equal to the negative
of the gradient, V;, of the potential energy of the system defined by electron density, U (r™).
Subsequently, Newton’s second law relates the force to the particle’s mass multiplied by the
second derivative of its position, r;, with respect to time, ¢, i.e. the particle’s acceleration.
In ab initio MD, the atomic forces are calculated at the quantum chemical level, typically
using DFT. CP2K uses the Gaussian and plane wave (GPW) method or a Gaussian and
augmented plane wave (GAPW) method to accurately describe the electronic density within
the system. [93] Van de Vondele et al. have reported a complete and thorough description
of these methods used by CP2K and other codes. [94,95] The quantum character of these
simulations lies only in the descriptions of the electrons, the nuclei are considered as classical
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massive objects. It is important to keep in mind that other methods are being developed to
take into account the quantum nature of the nuclei, which can be useful for specific cases. [96]

The motion of the nuclei follows Newton’s equation, and is integrated numerically with
a finite size time step At of the order of the femtosecond, i.e. the dynamics of the nuclei.
At each time step the wavefunction is optimized in the DFT framework, thus combining
the accuracy of ab initio calculations and the ability to study time dependent phenomena.
This method is thus much more costly than static calculations, but can be used to study
mechanisms where bond cleavage and bond formation are essential or where no classical
approximation (force field) of the intra- and intermolecular interactions is available.

Simulations in several different thermodynamic ensembles can be performed: constant
number of particles, volume and temperature (N, V,T'), constant number of particles, pres-
sure, and temperature (N, P,T"). Moreover, the simulation of rare events such as chemical
reactions and infrequent diffusion using AIMD is challenging. By combining AIMD with
constrained dynamics and metadynamics methods researchers have been able to elucidate
properties relating to rare events with high accuracy. [97,98] The output from the simula-
tions are typically the system’s wavefunction — although it is costly to store on disk due
to its large size — and population charges on each atom (and for each time step). AIMD
simulations primarily result in the positions, the velocities and the forces on each atom of the
system as well as the instantaneous temperature, stress tensor and , for (N, P,T") simulations,
time-dependent cell parameters.

By analysis of the resulting trajectories a number of properties can be computed. Firstly,
pair distribution functions (PDF) which, when all atoms are taken into account, can be com-
pared with PDF from X-ray diffraction analyses. This is useful for validating simulations.
By examining individual PDFs one is able to identify the relevant interactions, which is not
possible from experimental data. Moreover, statistical analyses are used to quantify events
such as bond cleavage and formation, specifically this was used to study the mechanism of
pyrocarbonate formation and its separation into carbon dioxide and carbonate anion. [90]
Additionally, computing coordination numbers aids in monitoring stability of coordination
networks. [99] Vibrational modes within the framework or in the presence of a guest molecule
can be obtained by effective normal mode analysis [100] and preferred sites of adsorption are
found by simple analysis of the spatial distribution of adsorbates. Extraction of fundamental
free energy profiles are achieved by identifying a potential of mean force or from more sophis-
ticated approaches using constraint molecular dynamics such as the Blue Moon Ensemble
approach. [101,102] These methods are quite powerful, for example, they have recently been
used to uncover the mechanism by which a carbon dioxide molecule can permeate a zeolite
where cations block narrow pores for other gases (see Figure 2.1.3 extracted from [97]).

Importantly, these methods are quite costly in terms of computational power. For sim-
ulations in the (N,V,T) ensemble of MOFs with approximately 300 atoms, I can simulate
between 2000 and 6 000 fs in 10 hours using 256 cores on national high performance comput-
ing systems. Simulations in the (N, P, T') ensemble are often three times slower than (N, V,T)
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Figure 2.2: AIMD simulations was used to uncover the mechanism by which a carbon
dioxide molecule can permeate a zeolite where cations block narrow pores for other gases
by taking advantage of cations thermal motion. In gray: Na-RHO zeolitic framework;
blue: Na* cations; CO5 (cyan and red) guest molecules can bypass the sodium ions and
diffuse through the zeolite's windows, while methane (cyan and white) cannot. This
figure comes from [97].

simulations, as the temperature and pressure converge much slower. Despite this, Haigis et al.
were able to accurately describe two structurally different phases of a very flexible MOF'. [103]
In particular, massive parallelization is not possible for this type of calculation, specifically,
an increase from 64 to 128 cores has an efficiency of about 40%, from 128 to 256 cores about
50%, but increasing from 256 to 512 cores can even make the calculation 20% slower. Scaling
studies are crucial before running simulations in order to be computationally efficient, or at
least not to waste computational resources. Furthermore, simulations on supercells are often
untractable, as DFT computational time scales approximately like N3 where N is the number
of electrons in the system.

During simulations, I check that the initially chosen parameters allow us to represent
the system correctly. Conservation of energy and other conserved quantities are essential,
in addition to convergence of temperature as it shows that the thermostat has the desired
effect, and the same goes for the pressure (keeping in mind that pressure fluctuations on such
small systems can be very large (~10000 bars for a volume of 4000 A?%)). T also check that
the cell parameters and the charges remain plausible and they do not diverge or converge to
obviously non-physical values. The number of self-consistent field steps needed to converge
the energy at each time step is also a good hint of whether or not the input parameters, such
as the time step, have been well-chosen. It is also crucial to check on the final trajectory
that no unrealistic phenomena occur, such as a zeolite framework breaking covalent bonds in
usual conditions of temperature and pressure.

39



2.2 — Classical molecular mechanics

2.2 Classical molecular mechanics

2.2.1 Main principles

Herein I have shown the wealth of information obtainable by quantum mechanical simula-
tion, however, for longer time scales and larger systems classical molecular simulations are
employed. Typically, classical simulations can be performed routinely on systems contain-
ing thousands of atoms, or in more extreme cases for systems up to 100,000 atoms [104] —
although due to their periodic nature it is not common in simulation of crystalline materi-
als. Simulation times in classical dynamics can also be much larger than in ab initio MD,
ranging from a few nanoseconds to hundreds of nanoseconds. This allows molecular level
insight into macroscopic material properties such as adsorption, diffusion and framework
dynamics. [105-107]

Potential energy (U(r")), in classical simulations is calculated from an interatomic poten-
tial energy function that is described by parameters from what is called the force field. The
force field is the set that contains all the analytical expressions of the interactions between
atoms and the corresponding parameters. The choice and implementation of force fields is
crucial to the accuracy obtained by this method.

Force fields are parameterized such as to reproduce the molecular geometry or thermody-
namic properties reported experimentally or described by higher level ab initio calculations.
The general functional form of the potential energy function in classical molecular simulation
includes bonded terms for interactions of atoms that are linked by covalent bonds (or metal-
ligand bonds), and nonbonded or noncovalent terms that describe long-range electrostatic
and van der Waals forces illustrated in Figure 2.3. The specific decomposition of the terms
depends on the force field applied, but a general form for the total energy in an additive force
field is illustrated in Equation 2.21, Equation 2.22 and Equation 2.23.

Utotal = Ubonded + Unonbonded (221)
Ubonded = Ubond + Uangle + Udihedral (2'22)
Unonbonded = Uelectrostatic + Uvan der Waals (223)

There is a great variety of options for force fields with early examples developed to re-
produce the geometry of small organic molecules and later adapted to treat more complex
functionalized molecules. [109] Moreover, there are a number of general force fields that have
been developed to treat all atoms in the periodic table, [110] biomolecules [111] and condensed
matter. [112] Simulations employing these general force fields have shown to be applicable to
many porous systems, in particular, universal force field (UFF) [110] parameters have been
ubiquitous in calculating intermolecular energies (Uyan der Waals) for gas adsorption simula-
tions. [113]
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Figure 2.3: These are examples of the structural parameters explicitly described by force
field models used in classical molecular simulations. This figure comes from [108].

Force fields for porous structures with a high degree of flexibility require good accuracy
in the description of intramolecular interactions in the structure, in part due to the presence
of low-frequency phonon modes, which is often not captured by generic force fields. To this
end, researchers have used ab initio simulation to derive accurate system specific force fields.
Van Speybroeck and coworkers have developed QuickFF for the easy derivation of new force
fields from ab initio simulations [114] which has been used to describe a number of flexible
MOFs and explore thermodynamics. [115] Alternatively Heine et al. have extended UFF
for use in MOF systems by revising and adding parameters relating to common transition
metal nodes. [116] In any case the choice of the force field applied in classical simulation must
be initially tested against experimental or quantum chemistry methods to demonstrate the
accuracy of the method.

Molecular dynamics is achieved by the same iterative process described previously for
AIMD. However, owing to the cheaper computational costs of classical simulation, one can
follow processes on a larger scale such as the dynamics of water molecules confined in zeolites.
[117] In addition to the choice of the force field, as discussed previously, the options of
time step and thermostat (or thermostat and barostat in the case of (N, P,T') simulations)
are crucial. To optimize computational efficiency the time step should be chosen as large
as possible in order to minimize the number of calculation steps for a given time period.
However, the time step must be carefully checked, so that it does not result in drifts or
large fluctuations in energy and other conserved quantities. [118] Notably, this is also true
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for AIMD simulations.

Moreover, molecular dynamics explicitly represents the (N, V| E) ensemble; thus, to com-
pare to experimental systems, dynamic constraints (thermostat and barostat), applied to the
movement or particles or cell parameters, are added. These constraints are made so that the
average over time of the temperature (and pressure for (N, P,T') simulations) converge to a
given value. Many different approaches have been developed to implement these constraints,
each having its advantages and disadvantages that must be considered before use. [119,120]
In particular, the Nosé—Hoover thermostat and barostat is routinely used. [121-123] When
using this method there is choice in relaxation time which defines the timescale for the relax-
ation of temperature or pressure. Relaxation times of 1-5 ps are often chosen to ensure that
the temperature and pressure do not fluctuate too much (more than expected in reality) and
the equilibration time is not unnecessarily long.

2.2.2 Grand Canonical Monte Carlo calculations

Besides molecular dynamics simulations, another kind of simulations widely used are Monte
Carlo simulations. It is particularly used to study the adsorption process as these simula-
tions consist of trial displacement, insertion and removal of gas molecules in the framework
structure. [124] The difference between molecular dynamics and Monte Carlo simulations in
terms of exploration of the phase space is illustrated in Figure 2.4. The criterion for accepting
a trial displacement is often described by the Metropolis algorithm. [125] In the Metropo-
lis algorithm, for simulations in the canonical ensemble (constant volume, temperature and
number of molecules) the below steps are followed until a move is accepted.

1. Calculate the potential energy (U;) of the initial state.

2. Choose a trial displacement of a random molecule from a uniform random distribution.
3. Calculate the potential energy of the new state (Uy).

4. If Uy < U, accept the move.

5. If Uy > Uj, select a random number, w, where w € [0, 1] from a uniform distribution
and if exp[—B(Uy — U;)] > w, accept the move.

6. Repeat steps 2-5.

For simulations in the grand-canonical ensemble (constant volume, temperature and chem-
ical potential), the probability of acceptance also depends on the chemical potential. In these
simulations the number of molecules adsorbed in the porous structure evolves over the course
of the simulation, and after a period of equilibration it will fluctuate around an equilibrium
value imitating the experimental system, in which the adsorbed phase is at equilibrium with
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a gas reservoir. Conducting Monte Carlo simulations can be very straightforward, however
there are a number of important options and analysis to consider before conducting a simula-
tion including relative probability of different trial moves (rotation, displacement, reinsertion
and more) and to ensure convergence in energy or the number of adsorbed particles. Dubbel-
dam et al. have produced an excellent resource for the applicaiton of Monte Carlo in this
area. [124]
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Figure 2.4: Representation of the way the potential energy surface is explored by molec-
ular dynamics and Monte Carlo simulations.

GCMC simulations correspond to the (u,V,T") where p is the chemical potential of the
adsorbate. This chemical potential is directly related to the partial pressure of the adsorbate.
The number of trial steps necessary to reach convergence of the number of adsorbed molecules
is usually very high, routinely about 1 million, as is the number of atoms to be simulated
(framework and adsorbates). However, a way to reduce computational cost, assuming a rigid
framework, is to precompute the value of the pair potentials on a grid. Then, the framework
atoms are not explicitly simulated, the adsorbates molecules interact with the potential on
the grid.

Monte Carlo simulations for adsorption are almost always carried out as classical simu-
lations with analytical potentials, although a few studies tackle the issue of computational
cost for ab initio simulations by describing the framework as a collection of lattice sites, but
are still limited to smaller systems. [126] It is important to note though that ab initio Monte
Carlo simulations have been carried out for years to study crystal structures and the stability
of different phases. [127-129]
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Anomalous mechanical properties
in zeolites: the example of
auxeticity






Although zeolites have been studied for more than 50 years by more and more researchers
with always more advanced techniques, the question of the feasibility of zeolite remains
a conundrum. Mathematically it is possible to create an infinite number of assemblies of
tetrahedra linked by their corners forming periodic frameworks. [130] Even when considering
the energetics of the system, as it has been done in numerous studies, the number of resulting
frameworks is of the order of hundreds of thousands and up to few millions. [131-133] For that
matter, energetic stabilities of zeolites has been studied both experimentally and theoretically
for decades.

At the end of the 80’s Derouane and Fripiat [134] reported on quantum calculations
on small clusters with one or two T atoms to study the energetic landscape of zeolites.
Then mechanical properties of molecular sieves in general, and zeolites in particular, have
been studied at the macroscopic level in a chemical engineering context. [135,136] The first
theoretical study focusing specifically on the mechanical properties of zeolites was reported
by Astala et al. in 2004. [137] They investigated the mechanical properties of 5 different
pure silica zeolites via DFT calculations at the LDA level. Though this seminal study is
very interesting, it was not able to extract any systematic structure-properties relations for
zeolites as drawing correlations with 5 data points would have been unreliable. Sometimes in
the literature the mechanical properties of zeolites are studied as a side property for a specific
application. For instance, the study reported by Li et al. in 2006 [138] looks for low dielectric
constant materials among pure silica zeolites in order to improve microprocessors. Besides
dielectric properties, mechanical properties were investigated by experiments and force-field
based simulations and compared with amorphous silica. In 2011, Coasne et al. showed a
modification of mechanical properties via guest adsorption [139], which is of great importance
owing to the adsorption-related applications of zeolites. Bryukhanov et al. published, in
2015 and 2017, two theoretical papers on the chemical reduction of mechanical properties by
carbonate formation during dealumination [140] and on the influence of water presence on
the elastic properties of zeolites. [141]

In 2013, F-X. Coudert published the first systematic study of the elastic properties of
known zeolites at the quantum chemistry level. [142] Besides confirming known correlations,
for example between the framework energy relative to a-quartz per Si atom (AF) and the
specific volume, he suggested a feasibility criterion for zeolites based on their elastic anisotropy
(see Figure 1) as defined in Equation 1:

Emaa: Gmaa:
) , (1)

= mar <Emzn ’ Gmin
where Eip /mqe are the minimum/maximum Young’s moduli and Gy, /mae are the mini-
mum/maximum shear moduli. The criterion proposed is that feasible structures probably
correspond to AE < 20kJ/mol and 1 < 4 as almost all already synthesized structures respect
it. Interestingly, this study is one of the first to mention an anomalous mechanical property
in zeolites: negative linear compressibility, which is the fact that a material linearly expands
in a specific direction while being submitted to an isotropic hydrostatic pressure. [143]
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Figure 1: Plot of the elastic anisotropy of pure silica zeolites vs. lattice energy relative
to a-quartz; red points correspond to synthesized pure silica zeolites. The gray area
corresponds to the feasibility criterion proposed in [142]. Figure extracted from [142].

Another study, published in 2015 by Siddorn et al., focuses on another anomalous mechan-
ical property in all silica zeolites: auxeticity. [144] Auxeticity is the phenomenon, happening
mainly in isotropic foams, corresponding to a linear expansion in one direction while a trans-
verse direction is being submitted to a linear elongation. This phenomenon is characterized
by the Poisson’s ratio being negative. In subsection 1.2.5, I give more details on how this
complex elastic constants is calculated and the typology proposed by the authors to classify
auxetic materials.

In order to investigate the links between strutural properties and anomalous mechanical
properties in zeolites, I used a database of hypothetical zeolitic structures generated and
reported by Pophale et al.. [145] This database contains 590811 structures along with their
mechanical properties computed at the force-field level. 1 detail its building principles and
the analyses I made on it in chapter 2. I carried out density functional theory calculations
on a specific set extracted from this database to unravel the mechanism behind complete
auxeticity in all silica zeolites. I present all the results of this study in chapter 3. Before
going through the details of the database and my study on complete auxeticity, I present
hereafter the principles of mechanics in the elastic regime of materials.
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Chapter 1

Elastic tensor and mechanical
properties

1.1 Elasticity theory and averaging schemes

1.1.1 Mechanics of materials: the elastic regime

The principle of mechanics of materials is to study the behaviour of materials submitted to
an external mechanical constraint. This mechanical constraint is called the stress (o). The
material usually reacts by changing its shape and size. These deformations, called strains
(€), are rank 2 tensors represented by a 3 x 3 symmetric matrix (Equation 1.1), as for the
stress (Equation 1.2).

The relation between volumetric stress and strain can be schematically summed up by
Figure 1.1: for small deformations, the response is called “elastic”, meaning it is reversible
(and usually linear), then at higher strain the response is said to be “plastic”, meaning it is
nonlinear and irreversible, before it reaches the fracture point.

Depending on the type of material, the elastic region might extend only to fraction of a
percent (e.g. for steel) or up to 700% for some elastomers. In the following, we will only
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Elastic region Plastic region
9 g Fracture

point

Stress (0)

v

Strain ()

Figure 1.1: Schematic representation of the stress-strain relation in materials. It begins
by a linear elastic region, then the material deforms irreversibly (plastic region) before
eventually breaking apart.

focus on the linear elastic part of mechanical properties in materials, also called second-order
elasticity (because the energy is quadratic as I will show).

1.1.2 Elasticity theory

In the linear elastic region, meaning in the limit of small deformations, the stress and strain
second-rank tensors are linked through a generalized Hooke’s law by a fourth-rank tensor
called the stiffness tensor C' as shown in Equation 1.3, and its inverse the compliance tensor
S (Equation 1.4). The stiffness tensor is also named “second-order elastic tensor” and its

components “elastic constants”.

oij = Y Cijuen (1.3)
Kl

gij = Y SijkiOk (1.4)
Kl

This is an anisotropic, 3D generalization of the well-known Hooke’s law for a spring: F' = k- L.

As the indices range from 1 to 3 (the 3 directions of space), there are 3* = 81 different
Cijri- However, € and o being symmetric this number gets reduced to 36 components only
(as Cijii = Cjirt = Cijik = Cjux). This reduction to 36 components allows us to rewrite
the stiffness tensor as a 6 x 6 matrix with C;; components in Voigt notation. This notation
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associates a couple of indices (n,m) to a single index p (p € [1 : 6]) as follows: (1,1) — 1,
(2,2) —» 2, (3,3) = 3, (2,3) — 4, (1,3) = 5, (1,2) = 6 (summed up in Figure 1.2).

Taz <Oz T2
4
o= Fyy  Tyz
3042
Figure 1.2: In blue the indices in Voigt notation are given to replace the tensor indices.

Figure by Nicoguaro (available at https://commons.wikimedia.org/wiki/File:
Voigt_notation_Mnemonic_rule.svg).

With this notation, the stress and strain can be described by vectors of length 6. Furthe-
more, the mechanical energy density in differential form reads as:

dW = Z Cij€id€j, (1.5)
]
hence,
0*W
= C; 1.
({')e’fiaé“j CJ ( 6)
0*wW
= % 1.
863‘881' CJ ( 7)

yielding C;; = Cji. Thus, there are only 21 independent components for the second-order

elastic tensor of a fully anisotropic material.

Thanks to the symmetry of crystalline materials, like zeolites, the number of independent
components can even be lower, as demonstrated in [14]. For example, monoclinic crystals
have 13 independent elastic constants, orthorhombic systems have 9 (Equation 1.8):

Cn Ci2 Ci3
Cia Co (a3
C C C
Corthorhombic = 13 2 1 044 ; (1 8)
Css

Ce6

hexagonal systems have 5 (Equation 1.9):
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Cn Ci2 Ci3
Cizs Cn Ci3
Ciz Ciz Cs3 . Ci1 — Ch2
— h = — 1.
Chexa 044 wit C(6'6 9 ) ( 9)
Cua

Cee

and cubic systems only 3 (Equation 1.10) (coefficients equal to zero are omitted in matrices
for clarity):

Cn Ci2 Ci2
Ci2 Cn Ci2
C’cubic - 012 012 CH (1 10)

Cu
Cua

Cua

1.2 Mechanical properties

1.2.1 Mechanical stability and directionality

For a crystalline system to be mechanically stable, the matrix C has to be positive-definite
(i.e. all its eigenvalues must be strictly positive). This translates into a series of more or less
simple inequalities involving the Cj; coefficients depending on the symmetry of the system
named “Born stability criteria”. [14] For instance, in the cubic case, the stability conditions
read as follows:

Ci1—Ci2>0, C11+2C12>0, Cyu>0 (1.11)

and in the hexagonal case:

C11 > ‘Cm’, 20123 < 033(011 + Clg), C44 >0 and 066 >0 (1.12)

As we study anisotropic materials, we want to be able to represent their mechanical
properties on a three-dimensional surface. A direction can be characterized by a unit vector
u. The shear modulus and the Poisson’s ratio actually require a second, perpendicular,
direction, which can be characterized by another unit vector v. These vectors have the
following coordinates:
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sin () cos(y)
sin(0) sin(¢p) (1.13)
cos(#)

cos(f) cos(ip) cos(x) — sin(ep) sin(x)
cos(0) sin(ip) cos(x) — cos(¢p) sin(x) | , (1.14)
— sin(#) cos(x)

where 6 is in (0,7) while ¢ and x are in (0,27). Thanks to tensor rotation formula [146],

we can transform the stiffness or the compliance tensor to compute directional mechanical

1.2.2 The bulk modulus and linear compressibility

Figure 1.3: Representation of the stress-strain relation quantified by the linear com-

pressibility. The stress is isotropic while the strain is characterized in one direction.

The bulk modulus K is the simplest mechanical property of a material, as it is volumetric

and depends neither on the direction of the stress nor on the direction of the created strain. In

fact, it quantifies the decrease in volume as a hydrostatic pressure is exerted on the material.

In order to treat properly materials composed of assemblies of randomly oriented crys-

talline grains, three main averaging schemes have been proposed: Voigt, [147] Reuss [148] and

Hill. [149] The Voigt averaging scheme is based on the assumption of uniform strain while the

Reuss averaging scheme assumes uniform stress. The Hill averaging scheme is the arithmetic

average of the values computed with Voigt and Reuss schemes. With the Voigt average, the

value of the bulk modulus from the Cj; is:
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C11 + Ca2 + Cs3 o Co3 + C13 4+ Ch2

KVoigt = 9 +2 9 (115)
With the Reuss average, its value from the S;; is:
1
KReuss = (1'16)

S11 + S + S33 + 2 x (Sa3 + S13 + S12)

For zeolites, the bulk modulus is typically between 15 and 100 GPa.

The second most simple mechanical property is the linear compressibility 5. It charac-
terizes the linear strain associated with a hydrostatic pressure imposed on the material as
illustrated in Figure 1.3, i.e. the individual response of each axis when a pressure o is applied
on all sides.

It can be computed from the compliance tensor:

B(0, @) = Zsijkkuiuj (1.17)
ijk

The average over space of the linear compressibility is simply the compressibility, i.e. the
inverse of the bulk modulus. For zeolites, the minimum linear compressibility is typically
between -20 and 20 TPa! and the maximum linear compressiblity between 0 and 50 TPa!.
Negative linear compressibility is called an anomalous mechanical property as it is quite
unusual, though it has been quite reported in zeolites and MOFs recently. [150-152]

1.2.3 The Young’s modulus

The Young’s modulus F quantifies the longitudinal strain resulting from a longitudinal stress
in the same direction as represented in Figure 1.4. It fundamentally is the slope of the linear
part in the stress/strain diagram (Figure 1.1) of any given crystal axis.

For both, the Voigt average and the Reuss average it can be computed by:

1 1
ENoigt/Reuss = + ’ (1.18)
oigt/Reuss <3GVoigt/Reuss 9KVOigt/Reuss>

where K is the bulk modulus and G is the shear modulus. For zeolites, it typically ranges
from 20 to 100 GPa.

The direction-dependent value of the Young’s modulus is computed from the S;; as follows:
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Figure 1.4: Representation of the stress-strain relation quantified by the Young's mod-
ulus.

1

B0, p) =
(0,) > ijkl Wil Uy Sy

(1.19)

It is important to note that E is always positive, otherwise the stability criteria would
not be met.

1.2.4 The shear modulus

The shear modulus G is the measure of the resistance of a material to a shearing stress (as
imposed in ball-milling experiments for example [51]) as illustrated in Figure 1.5.

Figure 1.5: Representation of the stress-strain relation quantified by the shear modulus.

With the Voigt average, its value from the Cj; is:

47—



1.2 — Mechanical properties

1 Ci1+Co+Cs3 —Cy3 —C13—C
Gvoigt = R (044 + Cs5 + Cgs + 1 22 33 3 23 13 12) . (1.20)
With the Reuss average, its value from the S;; is:
S S Ssz — Sa3 — S13 — 8 -1
GReuss = {544 + S55 + Se6 + 4 ( 1o o 3 L 12)] : (1.21)

For zeolites, the shear modulus is typically between 5 and 50 GPa.

The direction-dependent value of the Young’s modulus is computed from the S;; as follows:

1

G(0,p,x) =
(6,#:X) > ikl WiV UEVESijk

(1.22)

Contrary to the linear compressibility and the Young’s modulus, which depend on 1
orientation, the shear modulus is a function of 2 perpendicular unit vectors and thus cannot
be represented by a 3-dimensional surface. In practice, we usually represent the following
quantities:

Gnin (0, @) = mxin G0, ¢,x) and Gpax(0,¢) = m%x G0, ¢,x) , (1.23)

i.e. the minimal and maximal response for a given direction of stress.

1.2.5 The Poisson’s ratio: anepirretic and auxetic behaviours

The Poisson’s ratio v characterizes the strain resulting from a longitudinal stress in a trans-
verse direction as illustrated in Figure 1.6. For this reason, it depends on two directions.

For both, the Voigt average and the Reuss average it can be computed from:

1 3Gvoi gt/Reuss
oo = - (1 7 (1.24)
olgt/Reuss = o ( 3K Voigt/Reuss T G'Voigt/Reuss

where K is the bulk modulus and G is the shear modulus. For zeolites, it typically ranges
from -0.2 to 0.5.

The direction-dependent value of the Poisson’s ratio is computed from the S;; as follows:
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Figure 1.6: Representation of the stress-strain relation quantified by the Poisson’s ratio.
Here the scheme shows a material with a positive Poisson’s ratio.

> ijkl Wil VEVES;jEl
2ijki Wil Uiy Sk

v(0,¢,x) = — (1.25)

As for the shear modulus, the dependence on two perpendicular directions force us to
represent partially averaged quantities. In practice, we represent the following quantities:

Vmin(0, ) = mxinl/(& @, x) and Vpax(0, @) = mgXV(G,so,x) (1.26)

v can be negative, like 5, without it implying that the material is unstable. In the case of
negative values, |v| is represented with a differently coloured surface.

v is very often positive in average. Materials having a near-zero homogeneous Poisson’s
ratio are called “anepirretic” materials. [153] Some materials exhibit negative Poisson’s ratio,
making them “auxetic” materials. In [144], the authors propose a classification for auxetic
materials, taking into account the 2-dimensional dependence, described in Table 1.1.

A material can belong to several classes of auxeticity, for instance it can fall into the
categories 2B and 3A at the same time. The materials classified as 3C are called “completely
auxetic” materials.

1.2.6 Practical calculations of Cj;

In practice, the calculation of the second order elastic tensor can be done with different
methods. First, the energy and the forces can be calculated either at the quantum level
or by classical force-field based methods. The first approach, developed by Nielsen and
Martin [154,155] in 1983 consists in solving the general system of six linear equations (six
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Code | Poisson’s ratio is negative
0 Never

1A 3 (0,0,X), v(0,0,x) <0

1B | 3(0,9), (0,0,X))y <0
1C | 3(0, ), max, v(0,¢,x) <0

2A 3X, (v(0,9,x))0,0 <0

2B (w0, 0, X))0.6)x <O
2C max, (/(6, , X))o, <0

3A 3 X, maxg , v(0,¢,x) <0
3B maxg ., (V(0, ¢, X))y <0
3C maxg . (0,0, x) <0

Table 1.1:  Auxetic materials are classified in 3 groups (1, 2, 3) with 3 subgroups (A, B,
C): 1 means auxeticity happens at least around one axis of loading, 2 means v is negative
when averaged over axes of loading and 3 means auxeticity happens independently from
the axis of loading considered; A means auxeticity happens in at least one direction of
strain, B means it is the case in average over the directions of strain and C means all
directions of strain are affected.

components of the stress) with 21 variables (the elastic constants). This set of equations is
built from the stress tensor computed for each deformation. In our approach, we use the
second order Taylor development of the energy to write:

1 [ 0*E
= — 1.2
CJ V <8Eia€j> ( 7)

The first step is to optimize the geometry (atomic positions and lattice parameters) of the
system to relax to a reference geometry with € = 0. Then the symmetry of the system is
analyzed to determine how many independent deformation modes exist in the material. For
each deformation mode, 2n deformed structures are generated with deformation amplitudes
of e = kée;, with —n < k < n. The energy is then minimized for each deformed structure.

The first derivatives (%) are analytically calculated at each point. Finally, knowing the

(%) s allows us to compute the second order derivatives by finite differences. Each
1/ ep=kKog;

deformation mode corresponds to one line of the second order elastic tensor, thus the sym-
metry of the obtained matrix allows us to validate (or not) this mixed analytical-numerical

approach.

Our approach corresponds to the determination of the mechanical properties at 0K, i.e.
not taking into account the influence of thermal fluctuations. It is also possible to have
access to the mechanical properties at a given temperature T by doing molecular dynamics
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simulations. From these simulations the fluctuations of the ¢; lead to the C;j through the
following formula (with complete tensor notations):

(lwx/T) ok = (€ijert) — (eij) (em) (1.28)

This method is called the strain-fluctuation method [156,157] and has for example been used
in the investigation on the pressure-induced amorphization of ZIF-8. [158]

1.2.7 ELATE: an analysis and visualization tool

Many quantum chemistry software packages allow to compute second-order elastic tensors.
Though the relations between this tensor and the different elastic moduli are straightforward,
they are tedious to calculate. That is the reason why I (inspired by Arnaud Marmier’s
EIAM software [146]) developed ELATE, [159] which is both an open source Python module
(available at https://github.com/fxcoudert/elate) for the manipulation of elastic tensors
and a standalone online application (available at http://progs.coudert.name/elate) for
the routine analysis of elastic tensors based on the module. In addition to being a user-friendly
interface to the analysis code with no local installation required, the online application also
provides a simple Application Programming Interface (API) to be called from other web-
based tools. It can also import elastic data directly from the Materials Project database
of elastic constants by interfacing with the Materials APT (MAPI). This large database of
materials contains more than 7000 elastic tensors computed at the DFT level.

The principle for using the online application is rather simple: given an elastic tensor
(Figure 1.7) it returns a web page with a number of information (Figure 1.8):

« the average mechanical properties according to the 3 averaging schemes

o the eigenvalues of the elastic tensor (which have to be strictly positive for mechanical
stability)

o if the material is mechanically stable:

— Minima and maxima of the elastic moduli and associated axes (and directions for
shear modulus and Poisson’s ratio)

— 2D projections of the spatial variations of the four elastic moduli

e 3D interactive graphs inside the user’s browser

Finally, if needed, one can obtain 3-dimensional representations of the elastic moduli.
Figure 1.9 shows the example of the Poisson’s ratio of a-quartz and Figure 1.10 shows the
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ELATE: Elastic tensor analysis

Welcome to ELATE, the online tool for analysis of elastic tensors, developed by Romain Gaillac and Francois-Xavier Coudert at CNRS / Chimie ParisTech.
If you use the software in published results (paper, conference, elc.), please cite the corresponding paper (J. Phys. Condens. Matter, 2016, 28, 275201) and give the website URL.

ELATE is open source software. Any queries or comments are welcome at fx.coudert@chimie-paristech.fr

Input: elastic tensor (also called stiffness matrix)

Paste here your 6x6 symmetric matrix of elastic constants, either in full or in triangular form (upper or lower):

87.64 £.99 11,91 -17.19 0.00 0.00
87.64 11.91 17.19 0.00 0.00
107.20 0.00 6.00 6.00

57.94 0.00 0.00

57.94 -17.19

39.88

System name (optional):| a-quartz [trigonal]

Process this matrix

Or use the list below to try the software on one of the example matrices taken from the published literature:
a-quartz [trigonal] ~

Integration with Materials Project

You can use ELATE to analyze and visualize the elastic properties of any material from the Materials Project for which they are available. In the query box below, you can use a re
or a chemical system (Li-fe-0).

Submit query

Figure 1.7: Home page of ELATE.

example of AgzCo(CN)g. You can test it online with example data provided for 6 materials
representing 6 of the 7 crystal systems: faujasite (cubic), a-quartz (trigonal), MIL-53(Al)
(orthorhombic), ZnO (hexagonal), TiO, rutile (tetragonal), NSI zeolite (monoclinic). It
seems to be quite useful to the community as it has already been used in 23 published papers
since May 2016.
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Average properties

Averaging scheme  Bulk modulus  Young's modulus  Shear modulus  Poisson's ratio

Voigt Ky=38.233GPa Ey=101.41 GPa Gy = 47.93 GPa vy = 0.057923
Reuss Kp=37724 GPa Ep=91389GPa Gp=41.683GPa vy =0.096239
Hill Ky=387.979GPa E,;=96478GPa Gy =44.806 GPa v} = 0.076612
Eigenvalues of the stifiness matrix
M Az Az Ay As As
29.493 GPa 42464 GPa 68.327 GPa 82937 GPa 96.126 GPa 118.89 GPa

Variations of the elastic moduli

Young's modulus Linear compressibility Shear modulus

Poisson's ratio

Emin Emax Bmin Bmax Gmin Gmax Vmin Vimax
Value 70.591 GPa 12953 GPa 7.1811 TPa~! 0.6637 TPa~! 29.493GPa 68.417 GPa -0.087201 0.31179 Value
Anisotropy 1.835 1.3457 2.32 @ Anisotropy
0.8141 0.0000 0.0000 -0.9239 -1.0000 0.4503 -0.0000 -0.5011
Axis 0.4768 0.7515 0.0000 0.3827 0.0000 0.2610 0.6823 0.2905 Axis
0.3318 0.6598 1.0000 0.0000 -0.0000 0.8539 0.7311 0.8151
-0.0000 -0.5014 -1.0000 -0.5047
-0.8559 0.8652 0.0000 -0.8633 Second axis
-0.5172 -0.0001 -0.0000 -0.0026
Spatial dependence of Young's modulus Spatial dependence of shear modulus
Visualize in 3D Msualizejn 3D,
’ 7
U n n n
—owe |1 —owe |1 L—\/»“A —o4e— 1 —o4 11—

Vou ‘Shear modlus in () plane

Shear modulus in (x2) plane Shear modulus n (y2) plane

Spatial of linear

Visualize in 3D Visualize in 3D

Spatial dependence of Poisson's ratio

I
7

—ow i1

KR oot 11

o -0t 1T

—ow 1 o+l

Tinear compressibilty n (xy) plane Tinear compressibilty n (x2) plane Tinear compressibilty n (y2) plane s rafioin (xy) plane

Figure 1.8: Example of the result page of ELAT

Talion (x2) plane n(y2) plane

E for a-quartz.
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Poisson's ratio in (xy) plane

Poisson's ratio in (x2) plane

Poisson's ratio in (yz) plane

02

Figure 1.9: Spatial dependence of the Poisson's ratio of a-quartz (trigonal crystal
system). The red and green surfaces correspond to the negative and positive part of
min, (v) respectively. The blue surface corresponds to max, ().
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Figure 1.10: Spatial dependence of the linear compressibility of Ag3Co(CN)g, a material
in the trigonal crystal system which exhibits very large negative linear compressibility
(indicated by the red lobe).

54—



Chapter 2

Mechanical properties of a classical
database of zeolites

2.1 Building principles and first analyses

2.1.1 A force-field based database

In 2011, Pophale et al. published a paper describing two databases of zeolite-like materials.
The two databases were created according to the same principles, but with different force-
fields: the Sanders-Leslie-Catlow (SLC) potential [160] and the Beest-Kramer—van Santen
(BKS) potential for silica based materials. [161] In the following, I will focus only on the
database based on BKS, as it is the one I studied during my PhD.

The generation of the database involved several steps. Unit cells containing up to 8 in-
dependent Si atoms were generated by a Monte Carlo procedure specifically designed for
zeolites. For each number of Si atoms, unit cell and symmetry space group, 100 simulated
annealing runs were performed. The uniqueness of the obtained structures was guaranteed
through a calculation of the coordination sequence to the 12th neighbor shell. Oxygen atoms
were inserted into the structures, which were optimized again by use of the GULP molec-
ular simulation software. [162] Constant pressure energy minimizations were carried out, or
constant volume simulations when the previous one failed. Then, the mechanical properties
were computed using the BKS potential for the 590811 different structures, yielding con-
verged second-order elastic tensors for 590465 structures. These were published online as
part of the database but have not been analyzed previously.
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2.1.2 Main properties

Possessing the elastic tensors of all structures in the database, I first carried out a rapid
analysis of the database with ELATE, focusing on the prevalence of mechanical stability and
anomalous mechanical properties. The results are the following:

o 128563 mechanically unstable structures (~ 22% of the database): they correspond
to local minima that are very shallow and become unstable when perturbed by small
strain (~ 1%).

e 148974 structures exhibit negative linear compressibility, accounting for 32% of the
mechanically stable structures.

o 368508 structures belong to the 1A class of auxeticity (Table 1.1) with v, < 0 (~ 80%
of the mechanically stable structures), i.e. at least one direction exhibiting auxeticity
around at least one axis of loading.

o 30342 structures belong to the 2B class of auxeticity (Table 1.1) with a negative Pois-
son’s ratio in average (=~ 6.6% of the mechanically stable structures).

o 578 structures are completely auxetic (class 3C, Table 1.1) (~ 0.1% of the mechanically
stable structures).

The proportion of structures exhibiting negative linear compressibility or auxeticity seem
to be quite large according to the force-field based data. A way to see how close the database
is from the known space of zeolites is to compare with known zeolites included in the database.
134 known zeolitic structures are contained in the database, for which I performed the same
analysis, which yields the following results:

o 14 mechanically unstable structures (~ 10% of the known structures).

e 24 structures exhibit NLC, accounting for 20% of the mechanically stable known struc-
tures.

o 78 structures belong to the 1A class of auxeticity (~ 65% of the mechanically stable
known structures).

o 13 structures belong to the 2B class of auxeticity (~ 11% of the mechanically stable
known structures).

o 1 structure is completely auxetic (class 3C) (~ 0.8% of the mechanically stable known
structures).

For reference, the data computed at DFT level by Coudert [142] on 121 known structures
yield the following results:
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e 1 mechanically unstable structures.
o 16 structures exhibit NLC, accounting for 13% of the mechanically stable structures.

o 31 structures belong to the 1A class of auxeticity (~ 26% of the mechanically stable
structures).

o 1 structure belongs to the 2B and the 3C classes of auxeticity, the JST structure (~ 0.8%
of the mechanically stable structures).

Statistically speaking, the force-field seems to overestimate the number of structures ex-
hibiting anomalous properties. However, for simpler mechanical properties, like bulk and
shear modulus, the force-field performs much better (Figure 2.1 from [163]). As depicted in
Figure 2.1 the correlation between BKS and DFT values is correct for these two properties
on known structures, even though the quantitative analysis leads to root mean square errors
of 23 GPa and 36 GPa for bulk and shear moduli respectively.
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Figure 2.1: Left: Bulk modulus obtained by DFT compared to values obtained by
using the BKS force-field. Right: Shear modulus obtained by DFT compared to values
obtained by using the BKS force-field. Figure reproduced from [163].

In the next section, I look at the known structures included in the database to see how
dispersed they are according to the different mechanical and structural properties examined.

2.2 Distributions of properties: comparison with known zeo-
lites

Hereafter, I show to which extent the structures in the database are statistically similar to
the known zeolitic structures, which represent only a small fraction (about 0.02%) of the
database. Overall, I see that the hypothetical structures have similar properties, except for
obvious outliers (less than 1% of the database), excluded by looking at reasonable ranges

— BT —
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for the different properties (as pointed out in [163], bulk moduli vary between -27,000 and
20,500 GPa, which are obviously inaccessible values for zeolites). Essentially, it seems very
difficult to find a specific mechanical or structural property for which the known zeolitic
structures differentiate themselves from the rest of the database.

2.2.1 Mechanical properties
Bulk modulus and Linear compressibility

As depicted in Figure 2.2, the bulk modulus for known zeolitic structures included in the
database has an average value of 54 GPa, a median value of 50 GPa with a standard deviation
of 33 GPa. These values for the whole database are 46, 44 and 18 GPa respectively. Thus, the
“real” structures seem to be, in average, marginally stiffer than other hypothetical structures.
Of course, even if I restrict the analysis to a range from 0 to 200 GPa (which accounts for
more than 99.7% of the database), the hypothetical structures with very low bulk modulus
(less than 1 GPa, down to almost 0 GPa for some cases), much likely unstable, contribute
to this difference. Indeed, for known structures, the minimum bulk modulus according to
BKS-based calculations is attained for the BOF structure at 9 GPa. Having this threshold of
stability in mind, the hypothetical structures seem quite similar in terms of global stiffness
to the already known structures.
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Figure 2.2: Bulk modulus distributions. In blue, the distribution of bulk moduli for the
whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale). p and o are the mean and the standard
deviation respectively.

I also compared, for stable structures for which it can be computed, the minimum and
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Figure 2.3: Minimum linear compressibility distributions. In blue, the distribution for the
whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).
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Figure 2.4: Maximum linear compressibility distributions. In blue, the distribution for
the whole database is shown (right vertical scale) and in red, only the 134 known
structures included in it are kept (left vertical scale).

maximum linear compressibilities of all the structures as compared with the known ones.
Figure 2.3 and Figure 2.4 show these distributions. Similarly as what happens for the bulk
modulus, the average, the median and the standard deviation values are not very different
between the known structures and the whole database. Furthermore, the omnipresent me-
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chanical anisotropy in zeolites is evidenced by these extreme values of linear compressibility.
In fact, the average of the linear compressibility corresponds to the inverse of the bulk mod-
ulus. Hence with an average value of 2.6 TPa™! for the minimum linear compressibility of the
known structures, the equivalent stiffness is 385 GPa, meaning that there must be a compen-
sation with larger values of linear compressibility in other directions, to lead to an average
value for the bulk modulus of 54 GPa.

Young’s and shear moduli
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Figure 2.5: Young's modulus distributions. In blue, the distribution for the whole
database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).

Looking at the Young’s modulus distributions confirms the similarity between the hy-
pothetical structures and the known structures. Figures 2.5, 2.6 and 2.7 show the Young’s
modulus, minimum Young’s modulus and maximum Young’s modulus distributions respec-
tively. Contrary to what could have been inferred by looking only at the bulk modulus,
the longitudinal stiffness characterized by the Young’s modulus is higher, in average, for the
hypothetical structures compared to the existing ones (Figure 2.5). This stiffer behaviour is
driven by the maximum values of the Young’s modulus. As can be seen in Figure 2.7, the
median maximum Young’s modulus is 30 GPa higher for all the zeolites than for the known
zeolites. The considerations developed for the Young’s modulus can be similarly employed
to describe the shear modulus distributions (see Figure 2.8, Figure 2.9 and Figure 2.10): G
is higher in average for the whole database and it seems to be mainly due to Gpax. We will
actually see later that Young’s and shear moduli are statistically related.
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Figure 2.6: Minimum Young's modulus distributions. In blue, the distribution for the
whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).
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Figure 2.8: Shear modulus distributions. In blue, the distribution for the whole database
is shown (right vertical scale) and in red, only the 134 known structures included in it
are kept (left vertical scale).
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Figure 2.9: Minimum shear modulus distributions. In blue, the distribution for the
whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).
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Figure 2.10: Maximum shear modulus distributions. In blue, the distribution for the

whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).
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Figure 2.11: Poisson’s ratio distributions. In blue, the distribution for the whole
database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).

As I will show in chapter 3, the Poisson’s ratio is an extremely sensitive mechanical
property which cannot be well captured by a force-field approach. However, as a first estimate,
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I plotted the distributions of its average, its minimum and maximum, for both the known
zeolites and the whole database (Figure 2.11, Figure 2.12 and Figure 2.13). Once again, the
known structures seem well dispersed in the database, whether I look at the mean or the
standard deviation.
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Figure 2.12: Minimum Poisson's ratio distributions. In blue, the distribution for the
whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).
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Figure 2.13: Maximum Poisson's ratio distributions. In blue, the distribution for the
whole database is shown (right vertical scale) and in red, only the 134 known structures
included in it are kept (left vertical scale).
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2.2.2 Structural properties and energy

A fundamental property for describing zeolites is the energy per Si atom relative to the most
stable polymorph of all-silica zeolites, which is a-quartz, as it is related to the enthalpy of
formation. Figure 2.14 shows the distributions of energies for the known structures and the
hypothetical ones. Although, the average is higher for the hypothetical zeolites, I note that
there does not seem to be a threshold for known zeolites in terms of energy. Indeed, it is easy
to see that more than 15% of the known structures exhibit energies above 60 kJ/mol relative

to a-quartz.
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Figure 2.14: Energies per Si relative to a-quartz distributions. In blue, the distribution
for the whole database is shown (right vertical scale) and in red, only the 134 known
structures included in it are kept (left vertical scale).

I now move to looking at purely geometrical features of the structures. Table 2.1 presents
the average and standard deviation values for properties linked to the porous network. The
difference between the known structure and the whole database is striking: the database
contains, in average, structures that are less porous than the known structures. In fact, the
average pore sizes are 40 to 50% larger for known zeolites according to the largest free sphere
(LFS), largest included sphere (LIS) and largest included free sphere (LIFS) diameters (see
Figure 2.15). The largest free sphere is the size of the largest sphere that can geometrically
diffuse through the framework by at least one lattice translation, the largest included sphere
is the maximum distance between two nodes of the Voronoi geometrical decomposition of
space and the largest included free sphere is the size of the cavity that can be accessed by the
free sphere. In terms of accessible surface area, it is 2.5 times larger for known zeolites and
the relative accessible porous volume is 3.6 times larger. Even when I take the total porous
volume (accessible and non-accessible), it is 30% higher for the known zeolites.
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LIS (A) | LFS (A) | LIFS (A) | ASA (A?) | NASA (A?) | AV/V | NAV/V
w(all) 3.9 24 3.8 126 46 2.3% 4.5%
p(known) 5.5 3.6 5.4 310 46 83% | 0.7%
o(all) 1.8 1.8 1.8 222 102 4.3% 1.1%
o(known) 2.7 2.2 2.7 409 135 8.0% 2.0%
Table 2.1:  Porosity properties. LIS stands for the diameter of the largest included

sphere, LFS for largest free sphere, LIFS for the largest included free sphere (see Fig-
ure 2.15). ASA stands for accessible surface area, NASA for non-accessible surface
area. AV/V is the relative accessible porous volume and NAV/V is the relative non-
accessible porous volume. The values for areas and volumes have been computed thanks
to Zeo++ [164,165] with a probe radius of 1.2 A. u and sigma stand for the mean and
the standard deviation respectively.

Figure 2.15: Description of the three diameters used to characterize a porous network.

Finally, another kind of properties frequently used to characterize zeolites are the numbers

of N-member rings formed by silicon atoms per unit cell, with N varying from 3 to 20, as
exemplified in Figure 2.16. Figure 2.17 shows the distribution of ring sizes for known zeolites
and the whole database. Although the energetic and mechanical properties are pretty similar,

the distributions are quite different, as for the porosity properties. In fact, in known zeolites

there are essentially rings of size 6, 8, 12, 5, 10, 4 and 14 in order of importance while
the most represented sizes for the whole database are 8, 6, 7, 5, 10, 12, 4 and 9. The
most striking differences are probably the high proportion of 7 and 9-member rings and the
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low proportion of 12-member rings in the whole database compared to known structures.
Nonetheless, the very large values of standard deviation given in Figure 2.17 are a good
indication that the distribution of the number of a specific N-member rings are far from
being gaussian distributions. For instance, for 11-member rings, about 90% of the structures
in the database have zero of them, but some structures have more than 10 of them per unit
cell, hence an almost 0.5 average value with a 2.5 standard deviation value.

Figure 2.16: Example of silicon rings in a zeolite (LTA structure). This structure
contains 3 4-member rings, 5 6-member rings and 1 8-member ring per unit cell
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Figure 2.17: Distributions of ring sizes. In blue, the distribution for the whole database
is shown and in red, only the 134 known structures included in it are kept. The numbers
above each bar are the associated standard deviation values.

In conclusion, this very large structural database of Pophale et al. [145] seems to tackle
the exploration of conformational space of zeolitic structures quite accurately. Indeed, at the
force-field level, it seems that the whole database has mechanical and energetic properties
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statistically quite similar to the ones of known structures. At the same time, the statis-
tical analysis of structural properties, whether it is about porous space or the topological
arrangement of atoms, shows that the structures produced are really different from the ones
we already know. In the next section I explore the existing and non-existing correlations be-
tween mechanical properties, structural properties and energies, and how these are affected
when looking at hypothetical structures compared to the known ones.

2.3 Noticeable correlations

Figure 2.18 shows a heatmap of all the structures of the database on a density/energy graph.
On top of it, the known structures are highlighted in red, and a linear fit taking into account
only these structures is shown. There is a clear negative correlation between energy and
density, meaning that the structures get more and more thermodynamically stable as density
increases. These calculations at force-field level are in line with what was already shown
by DFT calculations on a set of 121 known structures presented by Coudert in 2013. [142]
Furthermore, the hypothetical structures seem to follow a similar, although not as clear,
trend. As I showed before, the known zeolites are more porous, so seeing them located
mostly in the lower density part of the heatmap is logical.
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Figure 2.18: Correlation heatmap between the relative energy to a-quartz (in kJ/mol)
and the density (in number of Si/1,000 A3).

Although the force-field level calculations are able to capture the correlation between
energy and density, they fail to reproduce the correlation between low elastic anisotropy
(defined in Equation 1 and low energy as presented in Figure 1 (40, extracted from [142]). In
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fact, Figure 2.19 shows the correlation heatmap between elastic anisotropy and energy, with
a majority of structures under 5 for the elastic anisotropy, but energy values mostly above
20kJ /mol, whereas DFT calculations showed that an elastic anisotropy under 4 meant a very
high probability of having an energy under 20kJ/mol. The preference for lower anisotropy
is thus well reproduced, but the energies for known structures are overestimated. It is to
be noted that low elastic anisotropy also appears to be favorable for hypothetical zeolites.
Moreover most structures with energies below 30kJ/mol have an elastic anisotropy below 5.
The link is not as clear as in the case of DFT calculations for known zeolites, but at least it
means that having a high elastic anisotropy means being thermodynamically barely stable.
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Figure 2.19: Correlation heatmap between the elastic anisotropy (unitless) and the
relative energy to a-quartz (in kJ/mol).

Another correlation pointed out in [142] is the positive correlation between minimum shear
modulus and minimum Young’s modulus for known zeolites. The right panel of Figure 2.20
shows that the force-field calculations capture this correlation quite well as known structures
all lie along a straight line in this Gupin-Fmin diagram. This behaviour also seems to be a
generic property of any zeolitic structure as the global heatmap follows the trends for known
zeolites with similar deviations. Furthermore, the left panel of Figure 2.20 shows that this
correlation is even clearer when looking at the average values of shear and Young’s moduli.
It means that the basic SiO, tetrahedral unit creates a strong coupling between the response
to longitudinal or shear stress, no matter the way it is assembled to form a crystal structure.
This reinforces the conclusions drawn earlier (ref. 142) on a much larger database of zeolitic
structures.

Finally, before going further into the exploration of auxeticity, we turn to the correla-
tion between extreme values of the Poisson’s ratio and elastic anisotropy. It was shown
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Figure 2.20: Correlation heatmap between the average shear modulus G (GPa) and the
average Young's modulus E (GPa) (left). Correlation heatmap between the minimum
shear modulus Gmin (GPa) and the minimum Young's modulus Enin (GPa) (right).

that known zeolites (according to DFT calculations) behave similarly to dense silica crys-
tals in terms of minimum and maximum Poisson’s ratios following two separate families of
curves when plotted agains Ledbetter anisotropy. [144] Ledbetter anistropy is defined as the
square of the maximum shear-sound-wave velocity divided by the square of the minimum
shear-sound-wave velocity and characterizes mechanical anisotropy, as well as the elastic
anisotropy. In Figure 2.21, I plotted the minimum and maximum Poisson’s ratios for all the
zeolites, highlighting the known structures. The behaviour seen before is well reproduced for
known zeolites and it can apparently be generalized for hypothetical structures as the known
structures are widely dispersed among all the structures.
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Figure 2.21: Correlation between the elastic anisotropy and the minimum and maximum

Poisson’s ratios (both are unitless).



Chapter 3

Exploration of completely auxetic
zeolitic structures by DFT
calculations

In this chapter, I present the DFT study I carried out on a specific subset of the database
presented before. I chose to focus on complete auxetic (3C class of auxeticity) materials, and
as such I selected hypothetical zeolitic structures for which the force-field calculations showed
a negative maximum Poisson’s ratio. I first present the characteristics of the subset according
to force-field level calculations. Then I detail the method used to compute the mechanical
properties by DFT with the CRYSTAL14 software. [166] I present the results in two parts. I
first compare the results obtained by DFT to the initial force-field data, thus assessing the
performance of the force-field on such “unusual” structures. In a second time, thanks to other
DFT calculations on randomly chosen structures in the database, I show how I am able to
better predict auxeticity in these materials by the use of machine learning techniques.

3.1 Characteristics of the selected subset

As pointed out in subsection 2.1.2 (page 56), the subset I consider here is composed of the
578 hypothetical structures which present total auxeticity (i.e. always negative Poisson’s
ratio) according to the force-field. Table 3.1 presents the average mechanical and energetic
properties for these particular structures compared to all the structures of the database.
I let aside the Poisson’s ratio comparison as it is obviously negative, by construction, for
the selected subset. These materials appear to be much softer than the other hypothetical
structures of the database as the average value for the bulk modulus over this subset is five
times lower than than the one over the whole database. Similarly, the Young’s modulus is
about twice lower. However, the shear modulus is almost the same for the subset and the
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whole database (even a little bit higher for the subset), which is strange as they are usually

related.

Bulk modulus | Young’s modulus | Shear modulus | Poisson’s ratio | Energy
p(all) 46 GPa 68 GPa 28 GPa 0.23 52kJ/mol
1(3C) 9GPa 39 GPa 30 GPa -0.27 49 kJ /mol

Table 3.1:  Average values of the bulk modulus, the Young's modulus, the shear

modulus, the Poisson’s ratio and the relative energy to a-quartz for the whole database
and the completely auxetic subset.

In Figure 3.1 I show a zoom of Figure 2.20 with the structures from the auxetic subset
highlighted. The positive correlation between shear and Young’s moduli seems clear for this
subset too, but with lower Young’s moduli overall. Another interesting feature of this subset
is its average relative energy, which is very close to the one for all the zeolites, only 3kJ/mol
higher than the average for known structures. These first characteristics tend to suggest that
the structures in this subset should be, for some at least, experimentally feasible.

120
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Gmiu (GPB)
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Figure 3.1: Correlation heatmap between the average shear modulus G (GPa) and
the average Young's modulus E (GPa) (left) and their minima (right). The completely
auxetic structures follow a trend which is parallel to the one followed by all the structures,
but with lower Young's moduli.

The structural properties linked to porosity for the structures of the subset are presented
in Table 3.2, with the values for the whole database for reference. Although the cages and
channels are of similar sizes for the subset as compared to the whole database, as the LIS,
LFS and LIFS diameters indicate, these structures appear to be much less porous. Indeed,
the total porous volume — accessible and non-accessible — represents only 1.9% of the total
volume in average, compared to 6.8% for the whole database and 9% for the known structures.
This smaller porosity must be explained by even smaller pockets (than the probe radius of
1.2 A) as the average density for the subset is 2.12 g/cm™ (21.2 Si/1000 A3) while it is 2.14
g/cm™ (21.4 Si/1000 A3) for the whole database.

To complete the characterization of these structures, I present the distribution of the dif-

)
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LIS (A) | LFS (A) | LIFS (A) | ASA (A?) | NASA (A?) | AV/V | NAV/V
p(all) 3.9 2.4 3.8 126 46 2.3% | 4.5%
w(3C) | 3.8 2.3 3.7 88 52 1.4% | 0.5%
o(all) 1.8 1.8 1.8 222 102 43% | 1.1%
o(3C) 1.6 1.6 1.6 205 98 3.5% | 11%

Table 3.2:  Porosity properties. The different acronyms are defined exactly as in
Table 2.1.

ferent ring sizes in Figure 3.2. They appear to have rings of similar sizes as all the hypothetical
structures, and the differences observed are very small against the standard deviations. For
instance, the largest differences observed are for rings of size 7, 9 and 12, with less than 0.5

ring per unit cell and standard deviations above 3.0 for the whole database and above 2.5 for
the subset.
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Known s
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Figure 3.2: Distributions of ring sizes. In blue, the distribution for the whole database is
shown, in green the 3C subset and in red the 134 known structures. Standard deviations
are omitted for clarity (the ones for the 3C subset are very similar to the ones for the
whole database given in Figure 2.17).

3.2 Numerical methods: mechanical properties with Crys-
tall4

3.2.1 Parameters and details of Crystall4

For this study I used the CRYSTAL14 software as it is unique in treating periodic systems with
a crystalline local orbital method. For every structure, I followed the same procedure which
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is I optimized its geometry, including cell parameters and atomic positions and computed
its second elastic tensor using DFT. I started from the structures given in the database,
optimized with the BKS force-field.

Geometry optimizations (CRYSTAL14 keyword PREOPTGEQM) consist of iteratively updat-
ing the structure and subsequently computing energies and forces. This iterative procedure
is repeated until convergence criteria are met, i.e. until atomic displacements and forces, and
their respective gradients, are smaller than a chosen threshold. To determine the direction
and amplitude of each step (in the R3VN space of atomic coordinates, with N the number of
atoms per cell), I used a numerical quasi-Newton method, the Broyden-Fletcher-Goldfarb-
Shanno algorithm. The convergence criteria used in CRYSTAL14 have to be tight enough to
ensure high accuracy, as it is necessary to compute properties linked to derivatives of the
energy such as mechanical properties, as presented in the input file for a-quartz shown in
Figure 3.3.

When computing mechanical properties (CRYSTAL14 keyword ELASTCON), the main out-
put is the 6 x 6 tensor of second-order elastic constants C;; in Voigt notation. These are
computed by performing small deformations along each of the 6 deformation modes, or a
subset of those in high symmetry systems (2 modes are enough for cubic space groups for
instance). These calculations are generally more costly than geometry optimizations, with
the computation time depending not only on the system size but also on a number of other
factors: the number of deformation modes to be performed, from 2 in cubic systems to 6 in
triclinic systems; the point group symmetries remaining after individual deformations (for an
orthorhombic system shearing modes take much more time than compression modes, which
do not break any symmetry); and the number of steps needed to reach convergence, after
each cell deformation, which can be decreased by decreasing the deformation amplitude. For
example, the average time needed to complete a full calculation on one structure of the subset
is 5 days on 16 cores (~ 2000 CPUh), but more than 10% of the calculations took more than
14 days.

K E G v
r 0.11 0.59 0.81 0.30
RMSE 15GPa | 14GPa | 4.1GPa | 0.18
RMSE/|meangisp| | 84% 31% 18% | 134%

Table 3.3:  Preliminary results on the importance of dispersion corrections. The Pear-
son’s correlation coefficient (r), the absolute root mean square error (RMSE) and the
root mean square error relative to the average absolute value with dispersion corrections
(RMSE/|meangisp|) are given for the bulk modulus (K'), the Young's modulus (E), the
shear modulus (G) and the Poisson’s ratio (v).

More specifically, T used triple-zeta valence polarized (TZVP) basis sets and the PBE
exchange-correlation functional adapted for solids (PBESOL). As DFT is known to drasti-
cally underestimate long-range dispersion interactions, I carried out preliminary calculations
on 25 structures of the subset with and without dispersion corrections to determine their

T4
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quartz

CRYSTAL

000
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4.95304267 5.45063836 120.0
2

14 0.468244242584 —5.551115e—-17 —0.333333333333
8 0.411357593826 0.270377816093 —0.217333686507
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MAXCYCLE

1000

PREOPTGEOM

END

BASISSET
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DFT

PBESOLXC

ENDDFT

FMIXING

40

LEVSHIFT
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GRIMME
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SHRINK
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END

Figure 3.3: Representative input file for calculations with the CRYSTAL14 software
package (here for quartz). Input data are given in the following order: geometrical infor-
mation (space group number, cell parameters, fractional coordinates of non-equivalent
atoms), keywords defining the calculation type (here computation of elastic properties,
preceded by a geometry optimization), basis set information, exchange-correlation func-
tional, technical parameters to facilitate convergence, and, here, inclusion of dispersion
corrections), and finally shrink parameter, which depends on system size (set so that
the minimum lattice parameter multiplied by it gives a value above 20).

importance. It turns out that these corrections make a large difference, especially on the
mechanical properties. In Table 3.3, I show the deviations observed for mechanical proper-
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ties computed with and without dispersion. It appears that dispersion corrections are quite
important as these deviations are quite large, especially for the bulk modulus and Poisson’s
ratio, with 84% and 134% of relative root mean square error respectively. This is in line
with previous results presented in [167] in 2014, where the importance of long-range Van der
Waals interactions on the relative stability of full silica zeolites is described. We thus used
them in all calculations below.

3.2.2 Systems studied: a supplementary random subset

Using the method described previously, I thus conducted 578 DFT calculations on all the
structures of this specific subset. However, in order to have other points of comparison, to try
to generalize, especially through machine learning, the links found between structural prop-
erties and auxeticity, I also carried out 742 DFT calculations on randomly chosen structures
in the database not including the 3C subset. More precisely, I randomly selected more than
2300 structures and, given the computational time available, I could obtain 742 second-order
elastic tensors. The others were too CPU-intensive to converge in reasonable times. From
now on, I will call this set of 742 structures the random set. Table 3.4 shows that these
742 resulting structures are very well dispersed in the database at the same time in terms of
structural properties and mechanical properties. Whether I look at the average or median
values of any mechanical property, the differences are insignificant compared to the values of
the standard deviations which are also almost equal with each other. The only difference lies
in the structure as I note that the structures of the random set are slightly less porous than
the ones of the whole database, with differences on average which are still half the standard
deviation though.

LIS (A) | PV | En (kJ/mol) | K (GPa) | E (GPa) | G (GPa) | v
p(all) 3.9 2.8% 52 46 68 28 0.23
p(random) 3.2 1.6% 51 48 75 31 0.23
median(all) 3.5 ]0.014% 54 44 65 26 0.24
median(random) 3.0 0.011% 53 45 71 29 0.24
o (all) 1.8 5.5% 9 18 30 15 0.18
o(random) 1.2 3.9% 10 19 29 13 0.14

Table 3.4: Comparison between the random set and the whole database. The average
(1), median and standard deviation (o) are given for the diameter of the largest included
sphere (LIS), the total porous volume, the relative energy to a-quartz (En), the bulk
modulus (K), the Young's modulus (E), the shear modulus (G) and the Poisson’s ratio

(v).

Finally, to confirm the uniformity of the random set in the whole database, I look the

distribution of ring sizes in Figure 3.4. Once again, the differences observed on the average
values are negligible against the standard deviations. For example, the largest absolute
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difference is attained for the 7-member rings with 0.57 against standard deviations of 3.6 and
3.9 for the whole database and the random set respectively.
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Figure 3.4: Distributions of ring sizes. In blue, the distribution for the whole database
is shown, in purple the distribution for the random set containing 742 structures. The

label above each bar corresponds to the standard deviation associated with the particular
ring size.

In the next section, I present the results of this study. I assess the performance of the
force-field on structural parameters as well as on mechanical properties, especially focusing
on the Poisson’s ratio. Then, I set out to find a better way to predict auxeticity, and more
generally the value of the Poisson’s ratio, in all-silica zeolites.
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3.3 Results

I present here the results obtained by DFT calculations on the subsets described above.

More precisely, I will focus exclusively on the structures for which I obtained a second-order

elastic tensor corresponding to a mechanically stable structure. For the completely auxetic
subset, I obtained 500 second-order elastic tensors (~ 87% of the subset) which led to 392
mechanically stable structures. For the random subset, the 742 second-order elastic tensors

led to 599 mechanically stable structures. I also carried out a simulation of a-quartz with

the exact same parameters to have a reference for the computation of relative energies.

3.3.1 Force-field versus DFT on structural and mechanical properties

Structural properties
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Figure 3.5: Top panel: 3C subset, left: first cell parameter (a) given by the DFT-

D2 calculations as a function of the values given by the BKS force-field. The points

highlighted in green are the structures which are completely auxetic according to DFT-

D2 calculations. Top panel, right: the angle between the second and third unit cell

vectors («) given by the DFT-D2 calculations as a function of the values given by the

BKS force-field. Bottom: same as top, but for the random subset. The solid black line

in all graphs is the identity function.

18C

As exemplified in Figure 3.5 with the first cell parameter (a) and the angle between the

second and third unit cell vectors («), the cell parameters computed at the force-field level
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are statistically in agreement with the ones computed by DFT-D2, although there are some
outliers, such as zeolite number 9316681 (numbered in the database from Pophale et al. [145])
for which BKS predicted a = 12.4 A and DFT gives a = 15.8 A, i.e. an increase of 27%. The
volumes are also almost unchanged between DFT and force-field calculations. Furthermore
these first observations are independent from the subset considered, the force-field seems to
perform as well on the 3C subset or the random subset.

Although the variations for the individual cell parameters are contained, the density is
more affected. As Figure 3.6, the agreement is still very good in average. However, on
individual structures, the maximum deviation is 12% for the random subset, but goes up to

35% for one structure of the auxetic subset (zeolite number 9420191).
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Figure 3.6: Left: density given by the DFT-D2 calculations as a function of the values
given by the BKS force-field for the 3C subset. The points highlighted in green are
the structures which are completely auxetic according to DFT-D2 calculations. Right:
same as left, but for the random subset. The solid black line in all graphs is the identity
function.

These results on these two sets with several hundreds of structures show that force-field
based calculations of structural properties are suitable for high-throughput screening of new
zeolitic structures. In the following subsection, I show that, on the contrary, the energy and
the mechanical properties, especially the Poisson’s ratio, are much more difficult to tackle
via calculations with this specific force-field.

Energy and mechanical properties

Figure 3.7 shows the energies given by the DFT calculations along with the ones given by the
force-field level calculations. Whether it is for the auxetic subset or for the random subset,
the results provided at the force-field level are completely off the DFT values. Beyond the
graphical representation, the root mean square error and the mean absolute error are both
above 26 kJ/mol for both subsets. Even worse is the fact that there is rather weak correlation
between the relative energies given by BKS and the ones obtained by DFT (r=0.46 for the
auxetic subset and r=0.38 for the random subset).

Logically, as the second-elastic tensor coefficients depend on the variations of the energy
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Figure 3.7: Left: energy given by the DFT-D2 calculations as a function of the values
given by the BKS force-field for the 3C subset. The points highlighted in green are
the structures which are completely auxetic according to DFT-D2 calculations. Right:
same as left, but for the random subset. The solid black line in all graphs is the identity
function.

as the material is deformed, the performance of the force-field is also quite weak on the
mechanical properties. Table 3.5 shows three estimators of the deviations between DFT
values and force-field values. Even taking a quite lenient measure, the relative root mean
square error, which is the root mean square error divided by the range of the property in the
subset considered, the lowest value is attained for the bulk modulus around 20%. However,
even in this case, the mean absolute error for the auxetic subset is 7.9 GPa which represents
almost half of the average value of the DFT bulk modulus for the auxetic subset (16 GPa)
and more than the standard deviation over this subset of 392 structures (6.5 GPa).

En (kJ/mol) | K (GPa) | E (GPa) | G (GPa) v
rRMSE(3C) 30% 22% 19% 174% | 47%
rRMSE (random) 55% 21% 85% 78% 46%
MAE(3C) 26 7.9 11 10 0.29
MAE(random) 27 10 19 76 | 0.07
r(3C) 0.46 0.29 0.43 -0.01 0.002
r(random) 0.38 0.60 0.25 0.22 0.21

Table 3.5: | give here, for both subsets, the relative root mean square error (rRMSE,
RMSE divided by the range of the property considered), the mean absolute error (MAE)
and the Pearson'’s correlation coefficient (r) for the energy (En), the bulk modulus (K),
the Young's modulus (E), the shear modulus (G) and the Poisson’s ratio (v).

Finally, if the aim is to determine whether a material has some degree of auxeticity, the
extreme values of the Poisson’s ratio vy, and vpayx are crucial. The table below (Table 3.6)
shows how unreliable the force-field data are in that regard. In fact, the correlation between
the force-field and the DFT wvalues is nonexistent and the very large values for the RMSE
show that outliers are very badly described. The large values of the mean absolute error also
shows that the force-field is unable to be accurate even for “average” materials.
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Vmin Vmax

RMSE(3C) | 1.93 | 15
RMSE(random) | 1.35 | 13

MAE(3C) | 0.71 | 0.53
MAE(random) | 0.45 | 3.4

+(30) 0.07 | 0.04
r(random) 0.03 | 0.09

Table 3.6: | give here, for both subsets, the root mean square error, the mean absolute
error (MAE) and the Pearson’s correlation coefficient (r) for the minimum and maximum
of the Poisson's ratio (Vmin and Vmax)-

After making these observations, inspired by earlier work in the group [163] I used some
machine learning techniques, with the DFT data I generated as training and test sets, to
improve the prediction of auxeticity in these zeolitic structures. I present the results obtained
in the next subsection.

3.3.2 Predicting auxeticity

Generic principles

The principle of machine learning is to create a predictor (P) by training an algorithm on
two sets of variables (possibly multidimensional) X, called the descriptors, and Y, the desired
output. P is trained to output Y as it is given the set of descriptors X. Then, given an other
set of variable X’ P is tested by comparing the output P(X’) to the real output, say Y’ In the
case of zeolites, as I have shown before, computing mechanical properties, and in particular
the Poisson’s ratio is either costly (DFT) or faster but unreliable (force-field). Hence the
need for more reliable and/or less costly prediction methods.

The idea here was to train machine learning algorithms, already implemented in the
scikit-learn python library [168] , to create four predictors of two types: three, based
on regression methods, able to predict the minimum, the average and the maximum of the
Poisson’s ratio and another one, based on classification methods, to predict the belonging
to a particular class of auxeticity, only from structural properties as input, obtainable at a
almost zero computational cost. I used almost the same descriptors as Evans and Coudert
in [163], summarized in Figure 3.8. The descriptors are classified into three categories: local,
concerning bond length, angle and dihedrals, global, like density or ring sizes distribution and
porosity-related, like accessible surface area, largest included sphere diameter or accessible
volume. All the descriptors I started with are detailed in Table 3.7.
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Figure 3.8: Summary of the descriptors used as entries in the machine learning process
classified in local properties (Si-O bond length, Si-O-Si angle), global properties (density,
volume and proportion of ring sizes) and porosity-related properties (pore and channel
sizes, porous volumes, surface areas). This figure has been taken and modified from
[163].

Predicting the Poisson’s ratio

The first thing I did was to try and create a predictor that would be able to predict the
value of the average Poisson’s ratio for any zeolitic structure. To build such a model, I used
a gradient boosting regressor (GBR) [169,170] as implemented in Python scikit-learn
package. [168] This method trains regression trees as an additive model in stepwise approach
by optimizing arbitrary loss functions. At each stage, a regression tree is fit on the negative
gradient of the loss function. GBR is both an accurate and effective method that has been
used in many areas, such as web search ranking. [171] In particular, this method was chosen
over other methods such as support vector machines, [172] as GBR models are considered
robust, interpretable, and applicable for the relatively small data set I study here. [173] The
implementation of GBR I used employs well-established selection criteria with 3-fold cross-
validation, which was repeated 100 times to give a representation of the model accuracy.

I used a well-established scheme with 3-fold cross validation, repeated 100 times to give
a good representation of the model accuracy. The hyperparameters were chosen so as to
provide good prediction accuracy and minimize overfitting. In particular, as in [163], I used
1000 estimators, a learning rate of 0.01, a minimum samples split of 2, a minimum samples
per leaf of 3, a maximum depth of 3, a maximum number of features equal to the square root
of the number of total features and a subsample parameter of 0.4.

The results are graphically represented in Figure 3.9. Globally, the results given by the
GBR predictor are much better than the ones given by force-field calculations. If I take the
RMSE as a measure of the accuracy, it is 0.29 in the case of BKS, while it goes down to 0.12

89



3.3 — Results

descriptor

SiO average/median/standard deviation (A)
SiOSi average/median/standard deviation (°)
SiOSiO average/median/standard deviation (°)
SiO geometric mean (A)

Si0Si geometric mean (°)

SiO harmonic mean (A)

Si0Si harmonic mean (°)

local Si0O skewness
SiOSi skewness
Si0OSiO skewness
SiO maximum (A)
SiOSi maximum (°)
SiOSiO maximum (°)
SiO minimum (A)
SiOSi minimum (°)
Si0SiO minimum (°)
density

lobal
globa numbers of N-member rings (N=3-20)

Largest included sphere (A)
Largest free sphere (A)
Largest included free sphere (A)
porosity Accessible surface area (probe radius 1.2A, A2/A3)
Non-accessible surface area (probe radius 1.2A, A2/A3)
Accessible volume (%)

Non-accessible volume (%)

Table 3.7: All the descriptors used in this study.

for the GBR predictor. It is also interesting to look at the performance of the two methods
on each set, the auxetic, the random and the known subsets. Table 3.8 gives the detail of
the errors for the two models. The force-field is almost as good as the GBR predictor for
the known structures. However, for hypothetical structures, and especially for the auxetic
subset, the GBR predictor is at least twice as good as the force-field.

One of the nice feature of the GBR model is that, although it looks like a black box model,
it gives the relative importance of the different descriptors after training the algorithm. It
allows to build another model with less descriptors needed. In my case, I chose to keep only
the descriptors with a relative importance above 40% (compared to the most important one).
Figure 3.10 presents the relative importance of the descriptors kept for the production runs.
It is interesting to see that local descriptors, and especially the amplitudes of their variations
are most represented with 8 descriptors over 16. In terms of porosity-related descriptors, the
linear sizes and the relative surface areas matter more than the actual porous volumes. In
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Subset (method) | RMSE | MAE
all(GBR) 0.12 | 0.096
all(BKS) 0.29 | 0.15

auxetic(GBR) 0.15 0.12
auxetic(BKS) 0.34 0.29
random(GBR) 0.10 | 0.079
random(BKS) 0.26 | 0.070
known(GBR) 0.15 0.13
known(BKS) 0.18 0.12

Table 3.8: Root mean square error and mean absolute error for the 3 subsets and their

assembly for the prediction of the Poisson's ratio.
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Figure 3.9: Left: Poisson’s ratio values given by BKS against values given by DFT

calculations. Right: Poisson’s ratio values given by GBR predictor against values given

by DFT calculations. Structures from the auxetic subset are highlighted in blue, from

the random subset in red and from the known subset in green.

the global descriptors, the topology seem to play a big role with very specific ring sizes which

have similar importances, namely the proportion of 4, 5, 6 and 8-member rings.

As the extreme values of the Poisson’s ratio were particularly badly predicted (Table 3.6)

by the force-field, I conducted the exact same process for the maximum and minimum Pois-

son’s ratio, to see if the GBR algorithm was able to create a better predictor. It turns out

to be the case. Although the errors are still important, as depicted in Table 3.9, they are

lower than the ones obtained with the BKS force-field. In particular, looking at the errors
for all the structures, the GBR model provides errors below 0.5, even for the RMSE which
emphasizes the extreme cases. Looking at the errors given by the force-field, we see, again,

that it cannot be used to determine auxeticity. Although my models are not perfect they

give a promising way of having low-cost models to predict auxeticity in zeolites.
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Figure 3.10: Relative importance of the different descriptors actually used for produc-
tion.

Subset (method) | RMSE(vmin) | MAE(Vmin) | RMSE (Vimax) | MAE(Vimax)
all(GBR) 0.39 0.26 0.46 0.32
all(BKS) 1.4 0.51 9.8 2.1

auxetic(GBR) 0.38 0.25 0.46 0.34
auxetic(BKS) 1.5 0.66 0.62 0.47
random(GBR) 0.40 0.25 0.48 0.31
random(BKS) 1.4 0.45 13 3.4
known(GBR) 0.43 0.35 0.34 0.27
known(BKS) 0.50 0.35 0.47 0.32

Table 3.9: Root mean square error and mean absolute error for the 3 subsets and their
assembly for the prediction of the Poisson's ratio.

Ongoing work: predicting auxeticity classes

Using similar machine learning techniques, I am now trying to build a predictive model
that would be able to classify a zeolitic structure in 4 different categories: non-auxetic (0),
partially auxetic (vmin < 0, 1A class), auxetic in average (2B) and completely auxetic (3C).
The principle is the same as in regression methods, except that the desired output is not
a continuous variable, like the Poisson’s ratio or its minimum or maximum, but a discrete
category number. One of the difficulty of this approach is to find appropriate categories that
would be easier to separate from an algorithmic point of view.
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3.4 Conclusion

Using quantum chemistry calculations at the DFT level on two large sets extracted from a
structural database of about 600,000 hypothetical zeolitic structures, I was able to show that
the BKS force-field can be used to reliably predict structural properties of hypothetical all-
silica zeolites. However, concerning mechanical properties, especially the Poisson’s ratio, and
even more precisely its extreme values, this force-field is unusable for screening potentially
auxetic materials.

I have shown that machine learning techniques offer a way to build fast and more reliable
predictive models, as I did for the Poisson’s ratio and its extreme values. The only issue
with these types of methods is their “black-box” behaviour. Nonetheless, most of them are
still able to attribute relative importance to the descriptors they are given. Finally, my study
focuses on all-silica zeolites, but it could absolutely be applied to all sorts of porous materials,
given a large enough reliable database based on experiments or quantum calculations.



Part 111

Melting Metal-Organic Frameworks
to create new materials






Since the beginning of the MOF field, most studies on these materials have been carried
out on crystalline phases. However, as reminded in chapter 1 of Part I, amorphous phases of
these materials are more and more considered as objects of interest, especially to go beyond
the traditional applications of MOFs relying on their large specific surface areas. In all the
following, I refer to amorphization as the process of going from a crystalline to an amorphous
structure without altering the chemical composition of the framework.

In this part, I present the work I carried out during my PhD on improving the under-
standing on the melting and quenching of Metal-Organic Frameworks by ab initio molecular
dynamics simulation. The first chapter presents the different amorphization strategies for
MOFs and makes a focus on the rather uncommon case of melting. The second chapter deals
with the study of the melting of 4 different Zeolitic Imidazolate Frameworks, with a detailed
explanation on ZIF-4 confronted to experimental data followed by a comparison with the
three other frameworks. The third chapter presents the work I did on understanding the
quenching process and the nature of the resulting glass from the liquid phases obtained be-
fore. Finally, the fourth chapter presents a more exploratory study on the filling of ZIF-4 with
carbon dioxide before melting it, seeing the amorphization as a way to trap the gas inside the
amorphized framework and considering the influence of an adsorbate on the melting process.






Chapter 1

Background on the amorphization
of Metal-Organic Frameworks

Although there are some recent work on the direct synthesis of amorphous MOFs [49] T will
focus here exclusively on the amorphization process that takes a crystalline MOF as a start
to get an amorphous structure after alteration. In a first section I present the different ways
that have been used to amorphize MOFs before focusing on the very specific case of melting
and quenching.

1.1 Amorphization strategies

There are three main ways of amorphizing a MOF structure: submit it to pressures in the MPa
to GPa range in a diamond anvil cell (pressure-induced amorphization), [174] induce shear
stress by grinding it with a shaker mill in a steel vessel containing steel balls (ball-milling) [175]
or by heating it in a furnace to temperatures between 300 and 700 °C (temperature-induced
amorphization).

1.1.1 Pressure-induced amorphization

The first report of pressure-induced amorphization of a MOF was published in 2009 by
Chapman et al. [174]. They report the irreversible amorphization of ZIF-8 at a pressure of
0.34 GPa and the subsequent decrease of sorption capacity. This amorphization phenomenon
was later explained by Ortiz et al. in 2013 by shear-mode softening, meaning that the
condition of stability under shear deformation (Cyy > P in a cubic crystal) breaks down
at the amorphization pressure. [7§]

In 2010, Hu et al. reported the irreversible amorphization of the prototypical MOF-5 at

9] —
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pressure as low as 3.5 MPa. [176] They find that the amorphization is due to the destroying
of part of the carboxylate groups of the ligands. They suggest that this kind of low-pressure
amorphization could be employed on many other MOFs as so many other structures are also
based on carboxylate-type ligands. While Chapman et al. showed that ZIF-8 kept a specific
surface area corresponding to 84% of the one in the crystal at 0.6 GPa, MOF-5 loses almost
the entirety of its internal surface area (Figure 1.1).
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Figure 1.1: Left: N, sorption isotherms for pressure-treated ZIF-8 (taken from [174]).
Right: Surface areas of MOF-5 subjected to compressing treatments at room tempera-
ture with various pressures from 0.0 to 10.3 MPa (taken from [176]).

It is to be noted that some MOFs do not amorphize in the 0 to 10 GPa range. For example
in 2013, Gagnon et al. published a study on the reversible compression of a MOF called ZAG-
4. [177] Thanks to the alkyl chains acting as springs (see Figure 1.2) the compression with a
unit cell decrease of 27% was not accompanied by any loss in crystallinity. Furthermore, the
cell parameters went back to their initial value after removal of the pressure.

Another interesting example is the one published by Bennett et al. in 2011. [178] They
report the reversible amorphization of ZIF-4 with or without solvent molecules present in
the pores. They observed a crystal-to-crystal transition when the DMF solvent was present
inside the pores to a new structure called ZIF-4-1 at pressure ranging from 0.12 GPa with a
small molecule pressure transimitting fluid (PTF) to 0.32 GPa with a large molecule PTF.
The subsequent amorphization was observed between 0.35 GPa for the already evacuated
ZIF-4 with a large molecule PTF to 2.61 GPa for ZIF-4 with solvent in the pores and a large
molecule PTF. The reversibility was checked by showing that the cell volume had decreased
by only 0.07% after removal of the pressure compared to the initial crystalline structure.

In 2011, Chapman et al. presented an application to the pressure-induced amorphization
of ZIF-8. [179] They used the amorphization process after adsorption of molecular I, to
kinetically trap iodine inside the amorphous ZIF-8. This could be extremely useful as diiodine
is a hazardous byproduct of nuclear energy production.
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Figure 1.2: ZAG-4 as viewed down the c-axis for the ambient (left) and 7.32 GPa (right)
structures.

1.1.2 Amorphization by ball-milling

Ball-milling, which is the process of milling a material inside a shaker mill with steel balls,
has gained a lot of traction for the synthesis of MOFs (mechanochemistry), [58,180] but
is still not much used to create amorphous structures from crystalline counterparts. Cao,
Bennett et al. reported the ball-milling-induced amorphization of ZIF-8 in 2012 creating a
structure with a continuous random network topology. [181] In 2013, Bennett et al. reported
the amorphization by ball-milling of ZIF-4, ZIF-8, ZIF-69 and ZIF-mnlIm (see Figure 1.3). [51]
They find that amorphization, for ZIF-8 and ZIF-mnlm, elevates by 200°C the temperature
up to which molecular I, is retained, showing that ball-milled amorphous MOFs could serve
as permanent storage media for harmful substances.

The amorphization of ZIF-8 was used by Kertik et al. in 2017 to produce a mixed
matrix membrane for CO,/CH, separation. [182] They amorphize ZIF-8 surrounded by a
polymer in situ and find that it improves the filler-polymer adhesion. The amorphization
of Zr-based MOFs, like UiO-66, by ball-milling was also reported by Orellana-Tavra et al.
for the construction of drug delivery systems. [57,183]. Bennett et al. also reported the
ball-milling of MIL-140B and MIL-140C along with a computational study including UiO-
66. They conclude that the amorphization of UiO-66 happens by the breakage of some
Zr-carboxylate coordination bonds in UiO-66 while the inorganic backbone is also heavily
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damaged in MIL-140B and MIL-140C.

Recently, Baxter et al. compared the amorphization behaviour under ball-milling of
Zeolitic Imidazolate Frameworks, with aluminosilicate zeolites. [184] They find that the ZIFs
are much less robust than their inorganic equivalent structure and that the collapse time of
ZIFs is dependent on the framework density (number of tetrahedral atom per unit of volume)
with higher mechanical instability for more porous structures.
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Figure 1.3: Structures of ZIF-4, ZIF-69, ZIF-8 and ZIF-mnlm with associated densities,
network topologies and solvent-accessible volumes (SAV). The sodalite topology of ZIF-
mnlm is not apparent owing to the number of substituents on the imidazolate ring. The
largest aperture and pore diameters (d, and dp) are also included. C: green, N: blue,
Zn: red; H and Cl are omitted for clarity. FD is framework density in tetrahedral atoms
per 1000 nm3. Figure taken from [51].

1.1.3 Temperature-induced amorphization

It has been known for 15 years that inorganic zeolites can undergo temperature-induced
amorphization. [185-187] Zeolitic Imidazolate Frameworks, formed by assembly of tetrahedra
based on a metal ion and four imidazolate ligands (possibly substituted), have naturally been
studied with regard to their amorphization behaviour under elevation of temperature. In
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2010 was published the first report of an amorphous zeolitic imidazolate framework formed
by heating Zn-based framework ZIF-4. [188] Then Zn-based ZIF-1, ZIF-3 and Co-based ZIF-4
(Figure 1.4) were shown to amorphize upon temperature increase, while ZIF-8, ZIF-9, ZIF-
11, ZIF-14 and ZIF-Bqtz would decompose without undergoing a phase transition. [55] The
only common point to the latter are their substituted ligands compared to the former which
are composed of non-substituted imidazolate cycles. In Ref. 50 Bennett et al. detail the
differences of behaviour between ZIF-8 and ZIF-4 thanks to in situ calorimetric and X-ray

measurements.
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Figure 1.4: a) The similar Si-O-Si and Zn-Im-Zn linkages in zeolites and ZIFs, re-
spectively. b) A snapshot of the continuous random network (CRN) topology of the
a-ZIF gained from reverse Monte-Carlo (RMC) modeling. c) Representative views of
the expanded unit cells of ZIF-1 (left), ZIF-3 (center), and ZIF-4 (right). Figure taken
from [55].

More precisely, ZIF-4, ZIF-1 and ZIF-3, with formula Zn(im), (im=C3N,H;), amorphize
around 300°C. The resulting structure is called a-ZIF and is structurally similar to silica
glasses. If heated further, above 400°C, they crystallize in a phase similar to zni, the most
stable polymorph of the ZIF family with non-substituted imidazolate ligands. [189] In 2015,
Bennett et al. published a study showing that, if heated further, ZIF-4 eventually goes to a
liquid phase and can be quenched to form a hybrid glass, contrary to ZIF-8 which thermally
decompose before any amorphization or melting is observed. This possibility of melting ZIFs
and quenching the liquid obtained offer a new way to make functional hybrid glasses. The
trapping of lanthanide ions prior to amorphization is also a promising way to synthesize
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glasses with optical and luminescent properties. However, this behaviour has still been rarely
observed.

In the next section, I propose a brief overview of melting in materials which are cousins
of ZIFs, the zeolites and the coordination polymers, and the state of the art in terms of the
melting of MOFs themselves.

1.2 The rare case of melting in Metal-Organic Frameworks

1.2.1 Overview of melting in zeolites and coordination polymers

There are only a few studies on the melting of zeolites. [190,191] In [191], Song et al. perform
a molecular dynamics study of the melting phenomena in zeolite type A. They follow the
diffusion of T atoms, oxygen atoms and cations with the increase of temperature as well
as the radial distribution functions and the T-O-T angle distribution. This allows them to
predict a melting temperature of 2,100 K for this framework. It appears that the geometry
of the original zeolite is completely broken down in the liquid phase. In [192], Yamahara et
al. compare the melting behaviour of silica glass and cristobalite (o and ) and predicted a
melting temperature for cristobalite of 4,900 K, much higher than the real one at 1,996 K. [193]
Importantly they report a sudden drop in the O-Si-O angle at the melting point, indicating the
drastic geometric changes. Although the molecular geometry of zeolites is strongly affected
by melting, the immediate inorganic environment found in the subsequent glasses are similar
to the ones found in the crystals. [194]

1’ (melt) 1” (glass)

Figure 1.5: Photographs of 1, the crystal, 1’, the melt and 1” the glass. Figure taken
from [195].

Hybrid structures with lower dimensionality than MOFs have also been observed to melt.
For example, in [195] a one dimensional coordination polymer, consisting of chains of four-
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fold coordinated Zn?* centers linked by phosphate ligands, along with charge-compensating
protonated imidazole species, shows a reversible solid-to-liquid transition. The liquid phase
can then be quenched to obtain a glass-like material (see Figure 1.5). Analyses such as 3!P
nuclear magnetic resonance spectroscopy, pair distribution function (PDF) and X-ray ab-
sorption spectroscopy studies (XAS) on the crystalline and glass solids confirmed the loss of
coordination bonds in the liquid state and their presence in the glass phase. The glass was
found to have a one-dimensional structure similar to the crystal. However, another example
published by Umeyama et al. [196] shows a very different behaviour. Indeed this two di-
mensional coordination polymer exhibits a 2D-to-0D transition upon melting and quenching.
It means that the resulting glass has a discrete disorganized structure with extremely little
topological relation with its parent coordination polymer.

1.2.2 Liquid Metal-Organic Frameworks: state of the art

Only a few MOFs have been observed to be able to melt upon elevation of temperature
without oxidizing or decomposing. In 2016, starting from ZIF-4, Bennett et al. examined
related frameworks: Zn(Imy)(GIS) with the same composition as ZIF-4, TIF-4, with the
same cag topology but a quarter of imidazolate cycles turned into methylbenzimidazolate
cycles and ZIF-62 with the same topology but one eighth of the imidazolate cycles replaced
by benzimidazolate cycles (see Figure 1.6). [54] Zn(Img)(GIS) has a very similar melting
temperature as ZIF-4 (857 K against 863 K), but does not undergo crystallization to the zni
phase before melting. TIF-4 and ZIF-62 are interesting as they allow to see the influence of
the chemical change of the ligand on the melting temperature. Both, TIF-4 and ZIF-62, have
shown lower melting temperatures than ZIF-4. The authors observed that larger ligands tend
to decrease the melting point. The fragility m, defined in Equation 1.1, which characterizes
the activation energy of the viscosity at the glass transition Ty is found to decrease with the
introduction of larger ligands.

d(lo
T=Tg
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Figure 1.6: Unit cells viewed along the b axis of (a) ZIF-4, (b) Zn(Im)2(GIS), (c) TIF-4
and (d) ZIF-62. N: dark blue, Zn: light blue, C: black, H: omitted. (e) Schematic of
the thermal events on heating. Differences in behavior are evident, with Zn(Im)2(GIS),
TIF-4 and ZIF-62 undergoing amorphization upon desolvation, and a large temperature
range between melting and framework decomposition for ZIF-62. Figure taken from [54].



Chapter 2

Melting different Zeolitic
Imidazolate Frameworks

2.1 Systems and methods

2.1.1 The Zeolitic Imidazolate Frameworks studied

During my PhD, I focused on the melting behaviour of four zeolitic imidazolate frameworks:
Z1F-8, Z1F-4, ZIF-zni and SALEM-2. Hereafter, I present the characteristics of each of these

frameworks.

ZIF-8 and SALEM-2: very open and porous frameworks

ZIF-8 is composed of Zn(mIm)s (mIm = methyldimidazolate = C,N,Hj;) tetrahedra linked
by Zn-N coordination bonds and has the same topology as the zeolite sodalite (SOD). [97]
This structure crystallizes in the space group I — 43m. The unit cell I considered for this
framework is its cubic primitive unit cell, which contains 276 atoms, with cell parameters
a=b=c=16993A, and @« = f = v = 90°. The left panel of Figure 2.1 presents a
2x2x2 supercell of this unit cell. In my simulations, in order to be computationally efficient,
I replaced the hydrogen atoms of all the structures by deuterium atoms (basically changing
the mass attributed to H atoms to be around 2 g/mol). This allowed me to take a time step
of 0.5fs without risking a bad integration of hydrogen vibrational motions. The resulting
density of ZIF-8 after deuteration is 0.965 g/cm?.

SALEM-2 has the same topology as ZIF-8, but is composed of Zn(Im)s (Im = imidazo-
late= C3N,H;). Its cubic unit cell (space group I — 43m) contains 204 atoms and its cell
length (a = b = ¢) is 17.014 A. The right panel of Figure 2.1 presents a 2x2x2 supercell of this
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unit cell. This framework, deuterated, has a density of 0.831 g/cm?. This system is an ideal-
ized version of its real equivalent, meaning that in reality only 85% of the methylimidazolate
cycles are exchanged for imidazolate cycles. [43]
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Figure 2.1: Left: 2x2x2 supercell of the unit cell studied for ZIF-8. Right: 2x2x2
supercell of the unit cell studied for SALEM-2. Zn: green, N: blue, C: gray, H: omitted.
Coordination bonds between zinc atoms and nitrogen atoms are shown in red and the
coordination tetrahedra are shown in green around each zinc atom.

ZIF-4

ZIF-4 is chemically very similar to ZIF-8, except for Zn(Im)s tetrahedra instead of Zn(mIm)s,.
It is porous, less than ZIF-8 though (no BET surface for instance), and shares its cag network
topology with the mineral variscite (CaGay0,). [197] The orthorhombic unit cell (space group
Pbca) contains 272 atoms with cell parameters a = 15.423 A, b = 15.404 A and ¢ = 18.438 A
and o = 3 = v = 90°. The density of this deuterated framework is 1.247 g/cm3. Figure 2.2
shows a 2x2x2 supercell of the considered unit cell.

ZIF-zni

ZIF-zni is chemically identical to ZIF-4. It is a dense non-porous framework and shares its
zni network topology with the aluminosilicate banalsite (BaSiyAl;Og). [189] The unit cell I
considered for this framework is its primitive unit cell (space group P1) containing 272 atoms
with cell parameters a = 17.570A, b = ¢ = 17.613A and o = 138.433°, § = 97.256°and
v = 97.257°. The density of this deuterated framework is 1.616 g/cm®. Figure 2.3 shows a
2x2x2 supercell of the unit cell simulated here.
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Figure 2.2: 2x2x2 supercell of the unit cell studied for ZIF-4. Zn: green, N: blue, C:
gray, H: omitted. Coordination bonds between zinc atoms and nitrogen atoms are shown
in red and the coordination tetrahedra are shown in green around each zinc atom.

Figure 2.3: 2x2x2 supercell of the unit cell studied for ZIF-zni. Zn: green, N: blue,
C: gray, H: omitted. Coordination bonds between zinc atoms and nitrogen atoms are
shown in red and the coordination tetrahedra are shown in green around each zinc atom.

2.1.2 Ab initio molecular dynamics at different temperatures

To study the melting of these different frameworks, I used constant volume ab initio molecular
dynamics simulations as explained in subsection 2.1.3 of Part I. Here I give the details about
these specific simulations.

The unit cell parameters presented above were the result of a full geometry optimization
(atomic and unit cell parameters) of the different crystals at 0 K. In order to test the validity
of the constant-volume approach (dictated by reasons of computation cost), I also ran shorter
constant-pressure (N, P, T') simulations at 300 K and 1,500 K on the ZIF-4 framework. These
simulations both yielded an average density of 1.22 g.cm ™3 (with instantaneous fluctuations of
4+0.09 g.cm—?), showing that the variations of density upon heating and melting are minimal,
at least in the time scales reachable by these types of methods (i.e. up to ~200 ps).
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The behaviour of zeolitic imidazolate frameworks as a function of temperature was studied
by means of density functional theory (DFT)-based molecular dynamics (MD) simulations,
using the Quickstep module [94] of the CP2K software package. [198] I used the hybrid
Gaussian and plane wave method GPW as implemented in CP2K. As written above, the
simulations were performed in the constant-volume (N,V,T') ensemble with fixed size and
shape of the unit cell. A timestep of 0.5 fs was used in the MD runs and the temperature was
controlled by canonical sampling through velocity rescaling. [199] MD simulations consisted of
an equilibration period of 5 ps and a production period between 60 ps and 220 ps, depending
on the temperature, to study the dynamics of the liquid. For ZIF-4, I ran simulations at
10 different temperatures: 300K, 600K, 800K, 900K, 1,000K, 1,200K, 1,500K, 1,750 K,
2,000 K and 2,250 K. For ZIF-8 and ZIF-zni I screened over 9 temperatures: 300K, 600 K,
800K, 1,000K, 1,200K, 1,500 K, 1,750 K, 2,000 K and 2,250 K. Finally, I studied the melting
of SALEM-2 essentially to study its quenching so I ran “only” 7 simulations at 300 K, 600 K,
1,000K, 1,200K, 1,500 K, 1,750 K and 2,000 K. As it is a “fictive” system, I will compare it
separately from the other frameworks.

The exchange-correlation energy was evaluated in the PBE approximation, [200] and the
dispersion interactions were treated at the DFT-D3 level. [201] The Quickstep module uses
a multi-grid system to map the basis functions onto. I kept the default number of 4 different
grids but chose a relatively high plane-wave cutoff for the electronic density to be 600 Ry, as
already used in Ref. 202, and a relative cutoff (keyword REL__ CUTOFF in CP2K) of 40 Ry for
high accuracy. Valence electrons were described by double-zeta valence polarized basis sets
and norm-conserving Goedecker-Teter—Hutter [203] 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.

In the next section, I detail the study of the melting of ZIF-4, which has been compared to
experimental data. I give insights on the thermodynamics of the transition, the microscopic
mechanism behind the melting and the properties of the liquid phase. All the experimental
data I present hereafter are due to the work realized by Kevin A. Beyer, Karena W. Chapman,
David A. Keen and Thomas D. Bennett. [60]

2.2 Understanding the melting of ZIF-4

2.2.1 Structural and thermodynamical properties upon heating and melt-
ing

We first studied the evolution in structure of ZIF-4, which is composed of Zn(Im), tetrahedra
linked by Zn—N coordinative bonds assembled in a cag topology as reminded in Figure 2.4a
and b. It forms a three dimensional, crystalline network containing a maximum cavity di-
ameter of 4.9 A (Figure 2.4c). Its experimental melting point has been determined to be ca.
865 K. [50]
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Figure 2.4: Structure of the ZIF-4 crystal, glass, and structural evolution upon heat-
ing.a) The construction from metal ion and linker of Zn(Im), tetrahedra, the basic
building unit of ZIF-4 (Im = imidazolate; Zn: green, N: blue, C: grey). (b) Represen-
tation of the cag topology adopted by ZIF-4, where each polyhedra corner corresponds
to one Zn(Im)4 tetrahedron. (c) Crystalline structure of ZIF-4, with free volume rep-
resented in orange. (d) Atomic configuration of the melt quenched glass, gained from
modelling synchrotron and neutron total scattering data (Reverse Monte-Carlo model-
ing by David A. Keen). (e) Experimental neutron structure factor F'(Q) data and the
fit from the configuration shown in (d). Inset: X-ray data and fit. (f) Experimental
glass (top) and computational ZIF-4 (bottom) X-ray structure factors upon heating.
Reproduced from [60].

Experimentally, synchrotron X-ray diffraction data was used to evaluate structural changes
in the glass formed by melt-quenching ZIF-4 upon heating. Figure 2.4f shows the structure
factor F'(Q) recorded from the glass at temperatures of 304, 778, 796 and 856 K on heating.
The experimental structure factor for the glass at room temperature is largely similar to that
previously reported, [50] with no visible Bragg peaks. The corresponding PDF (left panel of
Figure 2.5) contains the expected peaks at ca. 1.3 A, 2A,3A, 44, and 6 A, which correspond
to C-C/C-N, Zn-N, Zn—C, Zn-N and Zn—Zn pair correlations respectively.

Upon heating from 304 to 778 K, both the intensity and position of the first sharp diffrac-
tion peak (FSDP), centered at 1.1 A~!, remained approximately constant, as was the case
with other visible features in the F'(Q)). However, further heating to 856 K resulted in a more
pronounced intensity reduction and shift in the position of the FSDP to 1.3 A~!, along with
a near-total disappearance of any features at higher @ values. This is in stark contrast to
the case of liquid silica, where negligible changes in the FSDP upon melting are indicative of
significant intermediate range order. [204] The changes in the F(Q) result in a significantly
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decreased Zn—7n correlation peak in the corresponding high temperature PDFs, centered on
6 A (left panel of Figure 2.5).
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Figure 2.5: Left: Experimental X-ray total pair distribution functions at different tem-

peratures. Right: Low-r region of the X-ray total pair distribution functions at different

temperatures in experiments (top) and ab initio simulations (bottom). Figures extracted

from the supplementary information of [60].

To probe the evolution of the ZIF structure upon heating and liquid formation from a
microsopic point of view, I performed first principles molecular dynamics simulation (FPMD)
by running constant-temperature MD simulations at temperatures between 300 K and 2,250 K
(specified in subsection 2.1.2). It is worth noting here that although the higher temperatures
would not be physically relevant for the experimental system, they are made necessary by
the relatively short times explored due to the high computational cost of FPMD, in order to
gather statistics on relatively rare events and high thermodynamic barriers. Because of the
computational cost of FPMD, these simulations cannot be performed directly on the glass
model — the unit cell of which is prohibitively large. Instead, I used the aforedescribed ZIF-4
crystalline phase as starting point, with the change in structure factor upon heating in good
agreement with the trends observed experimentally (Figure 2.4f). Similarly close agreement
is also witnessed in the variable temperature total pair distribution functions (see the right
panel of Figure 2.5).

Moreover, in addition to the total PDFs, I calculated from the MD trajectories the PDFs
for specific atom-atom correlations, which provide greater understanding of the salient real-
space structural movements. I present in Figure 2.6 the partial radial distribution functions
gij(r) for Zn-N, Zn-Im (where Im is the center of mass of the imidazolate group), and Zn-Zn
pairs. In addition to the overall thermal broadening of the peaks, there is a clear loss of
long-range order at high temperature. At intermediate temperatures (around 1,000 K), the
system has liquid-like disorder, with g;;(r) that do not go to zero after the first peak, though
it retains some order at distances larger than 10 A.

To characterize further this state, I show in Figure 2.6d the generalized Lindemann ratio
A, [205] computed from the width of the first peak in the Zn—-N and Zn—Zn partial radial dis-
tribution functions. A is a measure of the fluctuation of atomic positions and interparticular
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distances defined as:

~ FWHM

A
dg

(2.1)

where FWHM is the full width at half maximum of the first partial radial distribution
function peak (estimated by a Gaussian fit) and dy corresponds to the mean interatomic

distance (calculated as the maximum of the first peak), i.e. dy = 5.95A for Zn-Zn and
do =2.0A for Zn-N.

The usual criterion used to determine melting from the Lindemann ratio is between 10
and 15%, which indicates in this case a melting temperature between 1,000 and 1,500 K —
and I note that the Zn—Zn ratio shows a clear disruption in slope at 1,200 K.
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Figure 2.6: Computational data from ZIF-4 melting: structure and thermodynamics.(a—
c) Evolution of the partial radial distribution function g;;(r) for (a) Zn—Im distances
(where Im is the center of mass of the imidazolate group), (b) Zn-N distances, (c)
Zn—Zn distances, at temperatures going from 300K (light blue) to 2,250K (red). (d)
Generalized Lindemann ratio A, quantifying the liquid nature of the system, as a function
of temperature, calculated for Zn—Zn (green) and Zn-N (blue) interatomic distances.
The red horizontal line represents the “critical ratio” indicated in the literature at 10% or
15% (the value chosen here). (e) Evolution of the heat capacity with temperature, with
uncertainties calculated by block averaging over 5 different blocks of the trajectories.

Approaching the phenomenon from a thermodynamic standpoint, I plot in Figure 2.6e
the evolution of heat capacity Cy as a function of temperature. There is a clear jump in
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the heat capacity, indicative of a solid-liquid phase transition, from the value of the crystal
phase (Cy ~ 2.2 J.g=L.K™!) to a higher value for the ZIF liquid (Cy ~ 2.8 J.g~L.K™1).
Integration yields an estimate for the enthalpy of fusion of the ZIF of AHp, = 173 J.g~!,
which is in line with values for materials such as quartz (A Hpys = 146 J .gfl) and cristobalite
(AHp,s = 237 J.g71). [206]

The computation of the heat capacity is made by finite differences as follows:

C (Tl +T2> _ U(TQ) — U(Tl)
v 2 T, — T, '

where T} and T3 are two successive temperatures in our series of simulations and U(T'), the

(2.2)

internal energy, is the average of the total energy of the system over the specific trajectory.
Uncertainties were calculated by block averaging over 5 different blocks of the trajectories.
Furthermore, the estimate of the enthalpy of fusion (AHy,s) is computed as:

AU = CV(Tl) X (TQ — Tl) + AHps , (23)

which consists in writing the energy difference for heating the system from 77 = 1,000 K
to T5 = 1,500 K, as the system is considered solid at 1,000 K and liquid at 1,500 K.

Since the melting of this supramolecular network is dependent upon partial dissociation
and reassociation of Zn—N coordination bonds, I used this distance as a reaction coordinate.
From the Zn—-N partial radial distribution function, gz, ~(r), I calculated the potential of
mean force (PMF) between the two atoms at all temperatures, through the relation F(r) =
—kgT Ing(r). From the resultant free energy profiles (left panel of Figure 2.7), I was then
able to extract the temperature dependence of the activation free energy (AF?*) needed to
break the Zn-N bond. It can be seen in the right panel of Figure 2.7 that AF? follows a van
't Hoff law, AF*(T) = AH* — TAS*, with AHY ~ 127 kJ.mol~! and AS* ~ 37 J.mol 1. K~!
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Figure 2.7: Left: Potentials of mean force along the Zn—N coordinate at different
temperatures, interpreted as free energy profiles. Right: van 't Hoff plot of the free
energy extracted from the potentials of mean force.

The main contribution to the free energy barrier is thus energetic in nature, accompanied
by a minor entropic stabilisation. Moreover, the free energy barrier is still relatively high at
the melting temperature, with AF*(T = 1,000 K) = 90 kJ.mol~! = 10.8 kgT.
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AU*(kJ.mol™!) | ASH(J.mol LK) | AF¥(865K)(kJ.mol 1)
Zn-N 127 37 95 (~ 13kT)
Zn-Tm 128 40 93 (~ 13kT)

Table 2.1: Thermodynamic properties values. The first column shows the activation
enthalpy associated with a bond cleavage, the second column shows the activation
entropy and the third column shows the extrapolated activation free energy at the
experimental melting temperature of 865 K.

Hence, as in conventional solids, melting occurs as a rare barrier-crossing event. [207]
Finally, comparison of the potential of mean force for the Zn—Im coordinate with the PMF
for Zn—N shows that breaking of the Zn—N bond is indeed an entirely suitable choice of
reaction coordination for this activated process: as shown in Table 2.1, the thermodynamic
parameters are almost identical in both cases.

2.2.2 Microscopic mechanism

Turning to a molecular level visualization of the melting process, I depict in Figure 2.8a and
b the distribution of Zn cation coordination numbers as a function of temperature.

The ideal four-fold coordination is maintained at low temperatures up to 1,200 K, where
more than 94% of the Zn ions are coordinated by four imidazolate groups. In this regime,
the under-coordination of Zn?T can be seen as a defect in the solid, and its concentration is
found (as expected, see top panel of Figure 2.9) to be proportional to ngq o exp(—e/kpT),
where ¢ ~ 56 kJ.mol™! is the energy required for defect formation. These “undercoordi-
nated” zinc ions can act as nucleation sites for melting. Going to higher temperature, the
proportion of undercoordinated Zn?t increases dramatically, e.g. at 1,500 K with 59% 4-fold
coordinated, 39% in 3-fold coordination, and 2% in 2-fold coordination. In contrast, I note
that pentacoordination is almost nonexistent in our simulations.

Focusing on typical individual linker exchange events of zinc cations provides the mech-
anistic picture shown in Figure 2.8d (snapshots from a FPMD simulation at 1,500 K); the
melting process takes place over a few picoseconds through a sequence of well-defined steps.
From an initial four-fold coordinated zinc, one imidazolate linker moves away and is then re-
placed by a neighboring Im group with a dangling nitrogen lone pair. Inspired by Laage et al.’s
statistical treatment of the molecular mechanism of reorientation in liquid water, [208,209] I
averaged over all events during a molecular dynamics trajectory to plot the average distance
of the outgoing and incoming N atoms during an exchange — taking the reference time ¢t = 0
when both nitrogren atoms are at equal distance from the zinc ion. This plot (Figure 2.8¢)
shows that the event is concerted and that the exchange itself is rather fast, lasting less than
2ps. This is very similar to what is seen for a switch between hydrogen bond partners in
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Figure 2.8: (a) Distribution of zinc coordination numbers as a function of temperature,
from O-fold coordinated (red) to 4-fold (light blue) (5-fold, in black, is close to zero).
(b) Temperature evolution for each degree of coordination of zinc cations from 300 K
(light blue) to 2,250K (red). (c) Behaviour during an exchange of a nitrogen atom by
another nitrogen atom, in the first coordination sphere of a zinc cation, averaged over all
such events (all exchanges on all zinc cations). The distances between the incoming and
outgoing nitrogen atoms and the zinc are plotted in red and blue respectively. In green,
the average coordination number of the zinc cation involved in the exchange is shown.
The flat dashed lines are the average coordination number over the whole simulation at
300K (light blue) and 2,000 K (green). (d) Visualization of a representative imidazolate
exchange event. Zn: green, N (initially coordinated): light blue, N: blue, N (coordinated
after exchange): orange, C: grey.
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liquid water: both are strongly associated liquids forming a dynamic network with preferred

To have a more complete view of the microscopic mechanism of ZIF melting, I calculated

the frequencies at which the Zn—N bonds or Zn—Im linkages break. Plotting the log of

these frequencies against inverse temperature (see bottom left and right panels of Figure 2.9)

demonstrates the Arrhenian behaviour of the system, reinforcing the idea that melting is

driven by rare events disturbing the network. I also note that the two activation energies for

Zn-N and Zn-Im are very close. Extrapolating to the melting temperature — where in the

limited time window of our simulations I cannot directly observe enough of these rare events

to gather good statistics — shows that the timescale at which bond breaking occurs becomes

sub-nanosecond near the melting temperature.

— 108 —



2.2 — Understanding the melting of ZIF-4

2250 Zinc coordination number —e—

2
T Ar
o
6
8l
1 1 1 L L L
5.0e-04 7.0e-04 9.0e-04 1.1e-03 1.3e-03 1.5e-03
T (Kh
40 4 _
35 Arrhenius fit —— Arrhenius fit ——
' Simulations —e— Extranolated f SuTuLano_ns —:—
3.0 Extrapolated from Arrhenius @ 3r 2000 Xtrapolated from Arrhenius

25
20
15
1.0
0.5
0.0
-0.5
-1.0
-1.5

Activation energy = 76 kJ/mol Activation energy = 81.38 kJ/mol

10910(Vbreak (GHZ))
10g10(Vbreak (GHZ))

1 cleavage every 0.7 ns at 865K 1 cleavage every 1.5 ns at 865K

4.0e-04  6.0e-04  80e04  10e-03  12e03  1.4e-03 2 40604  60e-04  80e-04  10e-03  126-03  1.4e-03
1T (K™ T (K

Figure 2.9: Top: van 't Hoff plot of the number of defects (nq = 4 — Cz, where Cyz,
is the zinc coordination number): the formation of defects follows an Arrhenius law
associated with an activation energy of 56 kJ/mol. Bottom left: Frequency of Zn-N
bond breaking. Bottom right: Frequency of Zn—Im bond breaking.

As Table 2.2 shows, for any given zinc cation, I expect one coordinative bond breaking
every 143 ms at 300K, every 58ns at 600 K, and every 0.7 ns at 865 K. Moreover, looking at
these events in detail, I see that at low temperature, the majority of bond-breaking events
leads to a simple flip of the imidazolate linker, and do not result in exchange between two
linkers (Table 2.3). As temperature increases, this “local” motion of lower energy becomes
dominated by events which lead to linker exchange, and thus allows the ZIF to melt. Finally,
I see that the duration of the coordinative bond breaking and reformation is independent of
temperature, and is only guided by the timescale for approach of another imidazolate partner
and local dynamics.

2.2.3 Properties of the resulting liquid

To characterize the dynamics of the ZIF in the liquid phase, I calculated from the translational
diffusion of both zinc cations and imidazolate anions. The plots of mean square displacement
over time, shown in Figure 2.10a and b, clearly show diffusive behaviour at temperatures
above 1,200 K, i.e. in the liquid phase. The translational diffusion of zinc and imidazolate
are clearly linked strongly, as the coefficients are very similar (see Table 2.4) and both follow
an Arrhenius law (see left and right panels of Figure 2.11): for example, at 1,500 K we have
Diyy = 7.7 10719 m2.s71 and Dy, = 6.5 10719 m2.s~!. This similarity in anion and cation
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T (K) | 1 Zn—N cleavage/Zn every | 1 Zn—Im cleavage/Zn every | %(Im flip) in Zn—N cleavages
300 143 ms 2.8s 95%
600 58 ns 228 ns 75%
865 0.7ns 1.5ns 68%

Table 2.2: Characteristics of coordinative bond breaking. Columns 2 and 3 give average
times for one Zn—N (respectively Zn—Im) cleavage per Zn atom.

T (K) | Aty (fs) | At (fs) | Atgeav (fs) | Atlorm (fs) | %(Im flip) in Zn-N cleavages
1,500 336 330 866 894 33%
1,750 303 322 732 768 27%
2,000 393 374 713 720 22%
2,250 418 426 669 675 17%

Table 2.3: Coordinative bond breaking dynamics. The duration of the actual cleavages
and reforming of bonds are rather constant and independent of temperature. | also show
the observed percentage of Zn—N bond cleavages that correspond to a flip of the Im
linker (rather than Zn—Im bond cleavage).

diffusion is a rather common feature for ionic liquids. From these diffusion coefficients, we
estimate the viscosity using the Stokes-Einstein relation (n = kT/67rD): with a Zn?* ionic
radius of 88 pm, the viscosity at 1,500 K is 19 mPa.s, and can be extrapolated by the
Arrhenius law to 2915 mPa.s at 865 K, the experimental melting temperature.

Temperature (K) | Dpy (m?.s71) | Dzy (m®.s71)
1,500 7.710710 6.5 10710
1,750 3.0 107° 2.1107°
2,000 6.5 1079 5.3 1077
2,250 1.210°8 1.1 1078

Table 2.4: Diffusion coefficients extracted from the MD simulations.

In addition to the characterization of translation diffusive behaviour, I found that the
translational diffusion coefficients over temperature follow an Arrhenius law (see Figure 2.11),
compatible with a jump-like diffusion of “partner exchange” events. [209] The activation en-
ergies for Zn and Im respectively are found to be 105 kJ.mol~! and 102 kJ.mol~! respectively.
The rotational diffusion of imidazolate cycles can also be measured, where I chose to follow
rotation around the N-N axis and the associated angle 6. Orientational diffusion happens at
lower temperatures than translational diffusion, starting around 800 K, and can be associated
with an activation energy three times lower (=~ 40 kJ.mol~!). At intermediate temperatures,
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Figure 2.10: Structure and dynamics in the ZIF liquid. (a-b) Mean square displacement
(MSD) as a function of time for (a) zinc cations and (b) the center of mass of the
imidazolate linkers, plotted in logarithmic scale, for temperatures ranging from 300 K
(light blue) to 2,250K (red). Dashed curves represent fits of the MSD (excluding
short times) for lower temperatures, showing the absence of diffusive behaviour. (c)
Temperature evolution of the distribution of the total pore volume, determined for
a standard probe of radius 1.2 A. The average pore volume takes the following values:
52cm3 kg™t at 300K, 49 cm3 kg=! at 2,000 K, and 41 cm3.kg~! at 2,250 K. (d) Atomic
configuration of the ZIF melt, gained from Reverse Monte Carlo modelling of the total
scattering data collected at 856 K (work by David A. Keen). Free volume is represented
in orange, Zn atoms in green, N in blue, and C in grey. Figure reproduced from [60].

before melting, there thus exists a regime of free rotation of the imidazolate linkers.
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Figure 2.11: Left: van 't Hoff plot of Zinc diffusion coefficient. Right: van 't Hoff plot
of Imidazolate diffusion coefficient.

Given the focus on porosity in MOFs, I also investigated the nature of the liquid ZIF from
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a structural point of view. I performed statistical analysis of the instantaneous porosity along
FPMD trajectories at all temperatures using a geometric criterion for the determination of
porosity and a probe diameter of 2.4 A, corresponding to the kinetic diameter of helium.
This computation of the total porous volumes was done with the freely available software
Zeo++. [164,165,210] It uses a geometric decomposition of space to compute the accessible
and non-accessible volume to a sphere of a given radius. I thus computed the distribution of
instantaneous total pore space (sum of the accessible and the non-accessible volume) along
the MD trajectories at each temperature as seen by a helium molecule. I also studied the
evolution of pore volume distribution as a function of probe radius at 1,500 K, as plotted in
the left panel of Figure 2.12.
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Figure 2.12: Left: Distribution of instantaneous pore volume at 1,500 K, for probes
of radius 0.90 A, 1.20 A, 1.40 A, and 1.65 A. Right: Temperature evolution of the
distribution of the accessible pore volume, determined for a standard probe of radius
1.2 A

The evolution of the pore volume distribution is depicted in Figure 2.10c, from 300K to
higher temperatures. As expected for the solid phase (T'" < 1,200 K), a slight broadening
of the distribution is observed, which corresponds to increased thermal motion. However,
at higher temperatures and particularly in the liquid phase, I see that the porosity is main-
tained overall, with only a slight deviation in average to lower pore volumes. This result,
obtained in constant-volume simulations performed at density of 1.25 g.cm~2 inferred from
the experimentally available data, were confirmed by shorter constant-pressure simulations.

Moreover, analysis of the accessible pore volume (i.e. excluding nonconnected void pock-
ets) shows in the right panel of Figure 2.12 that a large fraction of the void space in the ZIF
liquid is accessible porosity (going from 74% in crystalline ZIF-4 at 300 K to 95% in the liquid
at 1,500 K). I thus conclude that, even at very high temperatures, the ZIF forms a hybrid
“porous liquid”, quite different in nature from the organic systems recently reported, [211]
which are formed from cage molecules providing a well-defined pore space in solvents whose
molecules are too bulky to enter the pores. [212,213] This finding is in agreement with the
available experimental data on the free volume of ZIF glasses. [214] This porosity is found to
be larger than that typical of imidazolium ionic liquids (whose ions are roughly of the same
size as the imidazolate anion): those systems feature void space whose size distribution is
typically negligible above 1 A in radius. [215,216]
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To link the predicted liquid structure to experimental information, David A. Keen per-
formed Reverse Monte Carlo (RMC) modelling on the X-ray total scattering data collected
at 856 K (Figure 2.4f). The atomistic configuration derived for the glass in Figure 2.4d was
used as a starting model, with a reduced density to reflect the changes upon melting. The
final configuration is shown in Figure 2.10d. Whereas the internal surface of the glass at
ambient temperature was calculated on the RMC model to be 4.8%, again using standard
probe diameter of 2.4 A, that of the liquid at 856 K increased to 16.2%. Whilst transient in
nature, linked voids appear irregularly distributed throughout the configuration.

2.2.4 Conclusion

In this work, we introduced, with all my coauthors of [60], the general term “MOF liquid”,
for a liquid formed from the melting of a MOF, due to the retention of chemical configuration
and coordinative bonding modes between the solid and liquid phases. Importantly, we show
the retention of porosity in the liquid state, with a pore volume larger than in the glass state,
making liquid ZIF-4 a rare example of an intrinsically porous liquid, enabling a compromise
between the selectivity of crystalline MOFs and diffusivity of amorphous membranes. [217]
The demonstration and rationalization of melting in ZIF-4 provides a prototypical example
in this new area, and a foundation on which further studies can be based, thus opening
the way to the design or identification of other MOFs with accessible liquid or glass phases.
The generality of the phenomenon depends upon a complex balance of melting temperature
T and ligand decomposition temperature Ty. The latter is dependent on a multitude of
factors including atmosphere, heating rate and particle size, with faster heating rates of
larger particles in inert atmospheres observed to prolong degradation temperatures from ca.
473 K to 773 K for ZIF-8. [218,219] It is also however dependent upon chemistry, with species
such as nitroimidazole undergoing early thermal decomposition due to C-NO4 bond cleavage.
This is consistent with the experimental observation that ZIFs containing NOs-functionalized
ligands decompose at ca. 573 K, compared with 773 K for ZIF-4 and ZIF-8. [51]

In the next section I describe the investigation I carried out on the high-temperature
behaviour of ZIF-8, which experimentally does not melt, ZIF-zni, which does melt, and
SALEM-2 for which no experimental result on melting has been published yet. I show how
the retention of chemical configuration, the changes in the coordination network, and the
variation of the porous volume in the liquid phase are influenced by the parent crystalline
framework.
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2.3 Influence of the topology and chemistry on the melting
behaviour

In this section, I first compare ZIF-4, ZIF-8 and ZIF-zni with each other on the structural,
thermodynamic and mechanistic points of view during the melting as well as the obtained
liquids. Then I present the results obtained for the idealized SALEM-2 framework.

2.3.1 Differences in the structural changes upon heating and melting

In order to compare the structural evolution and onset of disorder of the frameworks associ-
ated with an increase of temperature, I first look at the Zn—N radial distribution functions
(RDF) for each system upon heating (left panel of Figure 2.13). In all cases, the overall trend
observed is the same: the peaks around 2 A and 4 A widen, but remain present, while the
other peaks flatten and ultimately disappear at very high temperature. Another common
feature of interest is the fact that, above 800 K, the RDF does not go to zero between the
first two peaks, indicating the presence of nitrogen exchanges between the first and the sec-
ond coordination spheres of the zinc cations. Beyond this, I also observe differences between
the different frameworks, at low and intermediate temperatures. There, ZIF-8 appears more
structured than ZIF-zni, with better defined and narrower peaks; and ZIF-zni itself shows
more structuration than ZIF-4. Moreover, the liquid obtained from ZIF-4 has features that
are closer to its crystalline precursor than the two other frameworks. These trends observed
on the partial Zn—N radial distribution functions are confirmed when I look at the total RDF
(right panel of Figure 2.13), containing all pair of atoms, showing the crucial role of the
zinc—nitrogen coordination bond in monitoring and understanding the process of melting in

ZIFs.

el Q
L L
N N
¥ ¥
w u
N N
= =
N N
w w
N N

Figure 2.13: Left: Radial distribution functions for the pair of zinc and nitrogen atoms
in the three ZIFs as a function of temperature. Right: Total radial distribution functions
for the three ZIFs. The low temperature curves show the different orderings due to the
different topologies, while the high temperature curves converge to a much more similar
behaviour.

To quantify this analysis, I computed the Lindemann ratio for the three ZIFs as a function
of temperature (left panel of Figure 2.14). As written in the previous section, a jump in the
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Lindemann ratio, which is rather linear at low temperature, and the crossing of the threshold
value of 15%, are typically understood to evidence the melting of a solid. This occurs in the
temperature range of 1,200 K to 1,500 K for ZIF-4, in the range of 1,500 K to 1,750 K for ZIF-
zni, and above that value for ZIF-8. I can thus assign an “order” to the melting temperatures
of the three frameworks, with T,,,(ZIF-4) < T,,(ZIF-zni) < T,,(ZIF-8). This may explain
why ZIF-8 is experimentally observed not to melt, because its melting temperature is too
high compared to its decomposition temperature.
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Figure 2.14: Left: Comparison of the evolution of the Lindemann ratios for the 3 ZIFs
showing melting is happening at different temperatures. Right: Global mean square
displacements Mean square displacements per atom of all the atoms of the framework
as a function of temperature for ZIF-8 (red), ZIF-4 (green) and ZIF-zni (blue).

Finally, I computed the average mean square displacement per atom (summed over all
atoms of a framework), over a reference length of time (7 = 75 ps). I observe in the right
panel of Figure 2.14 that diffusion really starts between 1,250 K and 1,500 K for ZIF-4 and
only above 1,500 K for ZIF-8. Diffusion in ZIF-zni seems to be hindered by its very dense
structure, qualitatively different from the porous structures of ZIF-4 and ZIF-8. As a result,
diffusion only appears above 1,750 K in this framework, whereas its Lindemann ratio at this
temperature is higher than the one for ZIF-8. The comparison between the three frameworks
indicates again that ZIF-8 ordering is more affected when melting.

Although the “theoretical” melting temperatures I report are well above experimental
melting temperatures (around 865K for ZIF-4 [50]), I believe my modelling still provides
insights on the underlying mechanism happening at the “real” melting temperatures. Ab
initio methods do not allow long time scales and very large systems, but by going to higher
temperatures and checking the Arrhenian behaviour of the rare events observed, such as bond
cleavages, I am able to compare the real melting behaviour of these three frameworks.

2.3.2 Thermodynamics of melting

As done for ZIF-4 I proceeded to use the Zn—N distance as a reaction coordinate, follow-
ing the breaking and reformation of zinc-imidazolate coordination. From the partial radial
distribution function between Zn and N, gz, n(7), I computed the potential of mean force
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(PMF), F(r) = —kpT'lng(r), at all temperatures for the three frameworks. The resulting
free energy profiles are shown in Figure 2.15, and present similar features: the barrier at
300K is too high to be measured (since no dissociation event is observed during the time of
our simulations), and lower with increasing temperature. The barrier height, when it can be
measured, is the activation free energy AF? associated with the breaking of the Zn-N coor-
dination bond. Its temperature dependence is displayed as a van 't Hoff plot in Figure 2.16,
and a linear approximation (van 't Hoff law, AFH(T) = AU — TAS?) is used in each case
— with a reasonable fit — to obtain values for the activation energy and entropy, AU and
AS* respectively. The values obtained are given in Table 2.5.
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Figure 2.15: Potentials of mean force along the nitrogen-zinc reaction coordinate as
functions of temperature for the three ZIFs.

In all cases the free energy barrier is dominated by the energetic term, while the activation
entropy brings a small stabilization at high temperature. I observe that the free energy bar-
riers encountered at the estimated melting temperatures are of 6 kgT' for ZIF-8 (at 1,500 K),
and 8 kgT for ZIF-4 and ZIF-zni (at 1,200 K), significantly higher than thermal fluctuations.

Thus, I confirm for ZIF-8 and ZIF-zni what I earlier found for ZIF-4, namely that melting
occurs through an activation process leading to rare events of bond breaking. [207] That is,
melting occurs not at the limit of stability of the solid phase, but at a point where it is still
metastable.

Comparing the potential of mean force for the Zn—Im coordinate allows us to distinguish
better between the behaviour of the different frameworks. In fact, as shown in Table 2.5,
the thermodynamic parameters obtained from Zn—N to Zn-Im potential of mean forces are
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AU*(kJ.mol™!) | ASH(J.mol LK) | AF¥(865K)(kJ.mol 1)
ZIF-8 (Zn-N) 145 48 103 (~ 14kT)
ZIF-8 (Zn-Im) 207 7 140 (~ 20kT)
ZIF-4 (Zn-N) 127 37 95 (~ 13kT)
ZIF-4 (Zn-Tm) 123 36 92 (~ 13kT)
ZIF-zni (Zn-N) 126 38 93 (~ 13kT)
ZIF-zni (Zn-Im) 128 39 94 (~ 13kT)

Table 2.5:  The first column shows the activation enthalpy associated with a bond
cleavage, the second column shows the activation entropy and the third column shows
the extrapolated activation free energy at the experimental melting temperature for
ZIF-4 of 865 K.
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Figure 2.16: Activation free energies needed to break the Zn—N bond for the three ZIFs.

not the same for the three frameworks. For ZIF-4, there is almost no variation with less
than 3% difference for the enthalpic and entropic terms. ZIF-zni shows a similar behaviour
with less than 3% difference for both terms too. Although these two frameworks show that
Zn—N bond breaking can almost be identified to Zn—Im bond breaking in terms of tempera-
ture dependence, the story for ZIF-8 is pretty different. In fact, the increase in enthalpy is
43% and even 60% for the entropic term. It explains why ZIF-8 seems to melt at a higher
temperature than ZIF-4 as the resulting activation free energy with this reaction coordinate
is still equivalent 11.5 kg7 at 1,200 K and only goes down to 7 kgT at 1,500 K. Moreover, we

— 117 —



2.8 — Influence of the topology and chemistry on the melting behaviour

observe that there is a large difference between the AU of the Zn-N coordinate and that of
the Zn—Im coordinate in ZIF-8. This shows that the difference in behaviour between ZIF-8
and the two other frameworks does not find its root only in the intrinsic strength of the
Zn-N bond itself (as they are almost chemically equivalent), but rather in the influence of
the environment of the framework.

2.3.3 A similar microscopic mechanism

As I have shown, melting appears through creation of defects in the coordination structure,
where the Zn—N coordination bonds are broken and later re-formed. In my molecular dy-
namics simulations, I can track directly the formation of such defects by computing the Zn
coordination number as a function of framework and temperature. These averaged coordi-
nation numbers are shown in an Arrhenius plot on the left panel of Figure 2.17. This leads
to energies € associated with defect formation, which are 71kJ.mol~! for ZIF-8, 56 kJ.mol !
for ZIF-4, 67kJ.mol~! for ZIF-zni. These values are in the same range of magnitude, but
we note here again that ZIF-4 exhibits the smallest defect formation energy, in line with
thermodynamic and structural properties.
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Figure 2.17: Left: van 't Hoff plot of the number of defects. The formation of defects
follows an Arrhenius law with respective activation energies of 59, 52 and 50 kJ.mol™!
for ZIF-8, ZIF-4 and ZIF-zni. Right: Distribution of discrete zinc-nitrogen coordination
numbers as a function of temperature for ZIF-8, ZIF-4 and ZIF-zni.

Right panel of Figure 2.17 shows the proportion of n-fold zinc atoms (n = 0 to 5) for
the three ZIFs studied, as functions of temperature. For all structures, I see that increase
in temperature leads to undercoordination of the zinc atoms through breaking of the Zn—
N bonds. The trend I see on the four-fold coordination matches the structural quantities
studied before, as the under-coordination comes at lower temperatures for ZIF-4 (35% drop
between 1,200 K and 1,500 K) but is then much larger for ZIF-8 (66% drop between 1,500 K
and 1,750 K), consistently with a greater disorganization due to diffusion. ZIF-zni four-fold
coordination really jumps at higher temperatures, with a 45% drop between 1,750 K and
2,000 K. The microscopic mechanism, which I first unveiled in ZIF-4, is broadly similar in
ZIF-8 and ZIF-zni. The transition into the liquid state involves rapid, activated events of
imidazolate linker switching from a zinc cation. From an initial fourfold coordinated zinc,
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one imidazolate linker moves away and is then replaced by a neighbouring Im group with a
dangling nitrogen lone pair.
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Figure 2.18: Behaviour during an exchange of a nitrogen atom by another nitrogen
atom, in the first coordination sphere of a zinc cation, averaged over all such events (all
exchanges on all zinc cations) in the three ZIFs. The distance between the incoming
nitrogen and the zinc is plotted in red, and that between the outgoing nitrogen and the
zinc in blue. The green curve corresponds to the average coordination number of the
zinc cation involved in the exchange. The flat dashed lines are the average coordination
number over the whole simulation at 300 K (light blue) and 2,000 K (green).

Exactly as in the case of ZIF-4 I analyzed these “linker exchange” events, which are
depicted in Figure 2.18. The resulting average dynamics show that the bond cleavage mech-
anism is similar for the three frameworks. The only small difference is the coordination state
during the exchange for ZIF-8. Although for ZIF-zni, as for ZIF-4, the exchange happens
under slight undercoordination (~ —2%), in the case of ZIF-8 it actually happens under a
small overcoordination (~ 3%). However, this can be explained by the fact that the average
coordination number in ZIF-8 liquid is indeed much lower (=~ 2.3) than it is in ZIF-4 and
ZIF-zni (~ 3.3).

Presented in Table 2.6 are the activation energies associated with the Zn—N and Zn—
imidazolate cleavage frequencies. ZIF-zni shows the highest value (137 kJ.mol~!) in terms of
activation energy for Zn—N bond breaking which confirms the difficulty to initiate the melting
in this framework. In ZIF-4 the two processes were clearly related as the difference in activa-
tion energy was only 6.5% more for Zn-Im than for Zn—-N. However for ZIF-8 this difference
rises to 58%. This can be understood by looking at Table 2.7. Indeed the proportion of Zn—-N
cleavage corresponding to a Zn—Im/mlm cleavage is slowly growing in ZIF-4 while it goes
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System | EZ2N (kJmol™!) | B2/ mIm (105 mol—1)
ZIF-8 112 177

ZIF-4 76 81
ZIF-zni 137 160

Table 2.6: This table presents the activation energies needed to break a Zn—N bonds
(first column) and Zn—Im/mlIm bonds (second column) in the three ZIFs.

from 18% to 94% between 1,500 K and 2,000 K in ZIF-8. ZIF-zni does show a 28% increase
between the two activation energies, which can be ascribed to the imidazolate diffusion being
hindered due to its denser structure.

T (K) | ZIF-8 | ZIF-4 | ZIF-zni
1,500 | 18% | 67% | 31%
1,750 | 62% | 73% | 58%
2,000 | 94% | 78% | 74%
2,250 | 94% | 83% | 72%

Table 2.7: | show here the observed percentage of Zn—N bond cleavages that corre-
spond to real Zn—Im cleavages in the three ZIFs at different temperatures.

2.3.4 Characterization of the liquid ZIFs

I have characterized the liquids obtained at temperatures above the melting point by com-
puting the translational diffusion coefficients of zinc cations and imidazolate groups (see
Table 2.8). The behaviour observed is qualitatively similar to what I saw with the global
RMSD presented in the right panel of Figure 2.14: diffusion in ZIF-8 starts to be significant
at higher temperature than in ZIF-4. For instance at 1,500 K, DIZIEIFA is equal to 7.7 10710
(m?.s~1) which is more than ten times the diffusion coefficient of methylimidazolate in ZIF-8
(4.7 107) at the same temperature, but this ratio is inverted at 2,000 K where DIZILFA is
about one third of Dg&s. ZIF-zni shows smaller diffusion coefficients all the way as ex-
pected. Nonetheless, the three ZIFs exhibit the same symmetry between the transport of
zinc and imidazolate groups, as their diffusion coefficients are always very close, a behaviour

commonly encountered in classical ionic liquids with strong association.

From the diffusion coefficients at various temperatures, I fitted Arrhenius laws — although
I note that there are clearly uncertainties and fluctuations in the values of diffusion coeffi-
cients, due to the relatively short trajectories allowed on these large systems by first-principles
methods. Characteristic activation energies for all frameworks are presented in Table 2.8. For
example, in the case of Zn I have the following values: 302kJ.mol~! for ZIF-8, 105kJ.mol~*
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Temperature (K) | DZES | DZYFS | pZF-4 | pIlE-4 | pZitmi | [ZIE-mi
1,500 21107 151071 | 7.71071° | 6.5 10710 | 3.8 10712 | 3.5 1012
1,750 43107 [ 3.2107° | 3.0107? | 21107° | 1.1 1070 | 3.5 10711
2,000 1.5107® [ 1.81078 | 6.5107° | 531077 | 42107° | 4.0 107
2,250 21107 | 25107® | 1.2107% | 1.1 1078 | 3.8107° | 5.6 107°

E, (kJmol™') | 258 | 302 102 | 105 304 284

Table 2.8: The diffusion coefficients (in m?.s71) for the zinc atoms and the center of
mass of the imidazolate cycles were extracted from the MD simulations. The last line
contains the associated activation energies extracted from Arrhenius fits.

for ZIF-4 and 284kJ.mol~! for ZIF-zni. The ordering of activation energies associated with
diffusion match the one associated with breaking the Zn—imidazolate /methylimidazolate, thus
confirming a diffusive mechanism. Contrary to fully dissociated ionic liquid though, zinc
atoms and imidazolate ligands stay strongly associated in average as the aforementioned
coordination numbers show.

Finally, I examined the porosity as a function of temperature for all the frameworks
(Figure 2.19). I let aside ZIF-zni as it is almost non-porous, though I note that this very little
porosity is not affected by melting. The ZIF-4 liquid, as already demonstrated in previous
work, retains most of the modest porosity of its parent crystalline phase, with instantaneous
“pockets” or voids in the liquid, even at high temperatures. In stark contrast, ZIF-8 — well
known for high porosity of its crystal structure — sees its pore space suffer a lot from the
melting process. More than half of its porosity is lost, and the distribution of instantaneous
porous volume is rather broad. I note that it is, however, still larger than that of the ZIF-4
liquid.
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Figure 2.19: Comparison of temperature-dependent porosity between ZIF-4 (green) and
ZIF-8 (red). The relative stability of the porous volume in ZIF-4 is striking compared
to the collapse of the one in ZIF-8.
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2.3.5 Conclusion

Here, I have used first-principles molecular simulations in order to investigate the question
of transferability of the melting phenomenon among three different ZIF frameworks, and the
influence of the nature of the parent crystalline ZIF on the physico-chemical properties of the
resulting liquid. I conclude that the phenomenon is general, and also that the mechanism
by which melting occurs is similar in all three frameworks. I also show that there is a clear
impact of the characteristics of the ZIF crystals on both the melting, with ZIF-8 melting
above its experimental temperature of decomposition, and thus not a candidate. I link this
to the high free energy barrier for the detachement of imidazolate linkers from the metal
cations. I hypothesize that this may be due to the high porosity of ZIF-8: while for denser
ZIFs, like ZIF-4 and ZIF-zni, the movement of the ligand allows it to keep good contact
with other ligands and be stabilized by dispersive interactions, in highly porous ZIF-8 the
detachement of the imidazolate group implies that it be very isolated in the intermediate
state, and thus a high energetic barrier.

Thus, framework topology plays an important role in the determination of melting, as well
as in the properties and retention of the porosity in the liquid phase. In the next subsection
I present the study I did on SALEM-2. As it has the same chemical composition as ZIF-4
but the topology of ZIF-8, I will see which one of these two factors influence the most the
melting behaviour of ZIFs.

2.3.6 SALEM-2

The left panel of Figure 2.20 shows the van 't Hoff plot of the number of zinc-nitrogen
coordination defects in SALEM-2 as a function of temperature. The associated activation
energy has a value of 56 kJ/mol which is larger than the one for ZIF-4 (52kJ/mol) but
slighly less than the one for ZIF-8 (59kJ/mol). I note that these differences are small, and
should be taken with caution. However, the right panel of Figure 2.20 seems to confirm the
behaviour of SALEM-2 as being in between the one of ZIF-4 and ZIF-8. Indeed the Zn—-N
coordination number distribution for SALEM-2, compared to the ones for ZIF-4 and ZIF-8
shown in Figure 2.20, indicates that at 1500 K SALEM-2 has 74% of four-fold coordination
zinc atoms while ZIF-4 has 60% and ZIF-8 has 81%. Then, at 1,750 K the framework of ZIF-
8 has collapsed to keep only 16% of four-fold coordinated zinc atoms while SALEM-2 still
has 50% and ZIF-4 39%. These observations confirm that the metastability of the sodalite
topology is high and even higher if associated with non-substituted imidazolate ligands.

As expected because of the same nature of the Zn-N bond in the two frameworks, the
activation free energies needed to break this bond in SALEM-2 is similar as the ones in ZIF-
4. As can be seen in Figure 2.21, where the potential of mean force along this coordinate
(left panel) and the van 't Hoff plot of the resulting activation free energies (right panel) are
displayed, the values of AUY and AS* are very similar to the ones reported for ZIF-4. Indeed
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Figure 2.20: Left: van 't Hoff plot of the number of defects for SALEM-2, following
an Arrhenius law with activation energy of 56 kJ.moll. Right: Distribution of discrete
zinc-nitrogen coordination numbers as a function of temperature for ZIF-8, ZIF-4 and
SALEM-2.

the difference on the activation enthalpy with ZIF-4 is of 1kJ/mol and of 4 Jmol' K™! for
the activation entropy. This could suggest that melting is similarly easy in SALEM-2 as in
ZIF-4. However, as I have shown before with ZIF-8, the most important reaction coordinate
to correctly consider the disorganization of the framework leading to melting is the Zn—-Im
(or mIm in the case of ZIF-8) coordinate.
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Figure 2.21: Left: Potentials of mean force along the Zn-N coordinate at different
temperatures for SALEM-2. Right: van 't Hoff plot of the activation free energies
associated with the breaking of Zn—-N bonds in SALEM-2.

In this case, when looking at the activation free energies associated with the zinc-imidazolate
coordinate (left panel of Figure 2.22), SALEM-2 seems to behave much more like ZIF-8. In-
deed the increases compared to Zn—N are similar as the activation enthalpy goes up by 40%
(43% for ZIF-8) and the activation entropy by 81% (60% for ZIF-8). So, although the chem-
istry of SALEM-2 is exactly the same as ZIF-4 or ZIF-zni, its very open topology generates
supplementary cost for the melting. This is completely confirmed by looking at the Linde-
mann ratio (right panel of Figure 2.22) as SALEM-2 is the framework for which its value
reaches the critical value of 15% at the highest temperature (above 1,750 K).

Finally, looking at the diffusion coefficients of the zinc atoms in the framework and the
associated activation energy confirms the previous finding that it follows the same order as the
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Figure 2.22: Left: van 't Hoff plot of the activation free energies associated with the
breaking of Zn—Im coordination in SALEM-2. Right: Lindemann ratios as a function of
temperature for the three ZIFs and SALEM-2.

activation energy needed to break the Zn-Im/mIm bond, in porous structures. Indeed it is
245kJ/mol for SALEM-2 (with diffusion only beginning at 1,500 K) compared to 105kJ/mol
for ZIF-4 and 302kJ/mol for ZIF-8.

All these observations go in the sense of the claim written in [50] that zeolitic imidazolate
frameworks will have melting points close to their inorganic zeolites equivalent and thus the
topology plays the main role in the capability of a framework to melt or not. Indeed, as
soon as the melting point of the inorganic equivalent is far above the temperature of thermal
decomposition of the organic ligands, like sodalite for ZIF-8 and SALEM-2 with a melting
point of 1,557 K, melting is probably not expected to happen.

2.4 Conclusion on the melting of ZIFs

In this chapter, I presented the study of four different zeolitic imidazolate frameworks. It
is obviously not enough to have a final conclusion on the influence of the chemistry or the
topology on the melting behaviour of a ZIF. However, the comparison of three frameworks
with the same chemistry (ZIF-4, ZIF-zni and SALEM-2) and another one with a slight chem-
ical difference but the same topology (ZIF-8) led me to conclude about the great importance
of the topology over chemistry for the capability of a framework to melt. I also unraveled
the microscopic mechanism underlying this phenomenon: melting happens by rare activated
events of ligand exchanges between the metallic cations.

There is still a great need to study the melting of other ZIF materials, combining ex-
perimental and theoretical forces, in order to confirm this hypothesis and establish general
criteria for low melting temperatures in ZIFs. This will require the study of ZIFs with different
organic ligands, different topologies, but also different metal cations (such as cadmium) [184]
that can influence the strength of the zinc-imidazolate interaction — something that has not
been studied much to date. The goal would be to provide porous MOF liquids with tunable
chemical and physical properties, as is done for crystalline MOF architectures that can be
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designed and tailored for specific applications. Such materials would be of interest for liquid
phase separations, homogeneous catalysis and ion transport. They could also be used as
intermediaries to obtain mechanically and thermally stable porous MOF glasses.
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Chapter 3

Quenching Zeolitic Imidazolate
Frameworks

In this chapter, I present the results obtained from ab initio molecular dynamics simulation
of the quenching of three different Zeolitic Imidazolate Framework liquids: ZIF-8, ZIF-4 and
SALEM-2. I first detail the starting point I chose for these simulations and the thermal pro-
cess I applied. Then, I try to explain how the topology and the chemistry of each framework
influence the links between the crystalline phase and the glass obtained.

3.1 Simulation methods for quenching

3.1.1 Systems considered

Following the simulations I carried out to study the melting of ZIF-4, ZIF-8 and SALEM-
2, I used the trajectories at 1,500 K as initial liquid phases. More precisely, I chose the
lowest temperature at which all the three frameworks exhibited liquid-like behaviour, either
by looking at free diffusion or cleavage frequencies of Zn—-N bonds.

More precisely, for ZIF-4 1 took ten configurations of the liquid phase at 1,500 K corre-
sponding to snapshots of the equilibrated trajectory after 6 ps (11 ps after the beginning with
5 ps of equilibration) and every 15 ps after that up to 141 ps. I took the exact same snapshot
for ZIF-8 on the trajectory at 1,500 K. For SALEM-2, the first configuration is the snapshot
after 55 ps of the equilibrated trajectory and the last one is the one after 190 ps. Figure 3.1
shows a 2x2x2 supercell of a snapshot of ZIF-4 at 1,500 K.

The reason why I took ten different configurations of the liquid before conducting quench-
ing simulations is the small size of the unit cell I can simulate with AIMD. Hence the need
to have several simulations of the quenching to get a representative view of what might be
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Figure 3.1: Supercell of a snapshot of the trajectory of ZIF-4 at 1,500 K. Zinc: green,
Nitrogen: blue, Carbon: gray, Hydrogen: omitted. | show the Zn—N coordination bonds
in red.

the real glass configuration, disordered in nature, by averaging the properties over the ten
different trajectories. Indeed this statistical approach was needed to study static disordered
phases because of the rather small sizes of our systems (~15A linear expansion, about 270
atoms for ZIF-4 and ZIF-8, 204 atoms for SALEM-2). I thus took snapshots as far as possible
in the liquid phase trajectory in order to better sample the configurational space.

As ZIF-8 does not melt experimentally, the quenching simulations I made on this structure
were used to compare the effect of changing the chemistry with SALEM-2, while SALEM-2
compared to ZIF-4 provides a good point of comparison for a change of the topology only.

During my PhD, I also conducted quenching simulations by starting from snapshots at
2,000K for ZIF-4 and ZIF-8. I will not present in detail the results of this study as the
trajectories at 1,500 K were considered closer to what could happen in reality, with regard to
the undercoordination. However, I will sometimes use them as a point of comparison.

3.1.2 Thermal process

For each initial configuration of each framework, I launched consecutive 4 ps constant tem-
perature simulations at 1,300 K, 1,100 K, 900 K, 700 K, 500 K and 300 K. The instantaneous
temperature followed a well-defined ramp as the time constant I chose for the thermostat
is of 1ps. Figure 3.2 shows an example per framework of the look of the instantaneous
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temperature as a function of time. It is clear that this quenching rate is much faster than
anything physically possible in the lab. However, due to the small size and time scales ac-
cessed by ab initio molecular dynamics the resulting glass configurations can be analyzed as
physically sound phases. This procedure has been performed before on silica glass with good
results. [220]
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Instantaneous temperature
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Figure 3.2: Examples of the instantaneous temperatures resulting from the imposed
decrease of temperature. The instantaneous temperature is shown in red and its block-
averaged value (per block of 1 ps) is shown in green.

In the next section I present the results from the analyses done on the 30 glasses config-
urations (10 for each framework). In order to be sure not to analyze any of the trajectory
during the quenching, all the results have been averaged on the part of the trajectory after
25 ps of dynamics.

3.2 Different glasses from different crystals

For each framework, I obtained ten trajectories to analyze to output properties of interest.
In order to have a representative view of the real structure of the glass phase, I averaged
these properties over the different configurations. For every property investigated, whether
it is structural, thermodynamical or porosity-related, I compared the three frameworks to
conclude on the influence of the initial crystalline topology and chemistry on the properties
of the glass. In all the following I will note azZIF-4, a,ZIF-8 and agSALEM-2 the “average”
glass obtained for ZIF-4, ZIF-8 and SALEM-2 respectively.
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3.2.1 Structural characterization
Radial distribution functions

The first property I look at to characterize the structure of the glasses is the total radial
distribution function (RDF, see Figure 3.3). I see that, in average, the glass phase looks a lot
like the crystalline phase. However, the variations between the ten different configurations are
large, as I show by plotting the average behaviour plus or minus the standard deviation (in
light-grey on Figure 3.3). Thus, as expected when looking at all the atoms, the short range
order globally comes back to a similar state than in the crystal. I note that the differences
between the three framework in this regard are quite small, even though ZIF-8 seems to
exhibit a greater difference compared to its crystalline form than the two others.

wr agZIF-8 —— agZIF-4 ——
14 14
Crystal (300K) Crystal (300K)
12 12|
Melt (1500K) —— Melt (1500K) ——

RDFio1(r)
RDFio1(r)

0.0 1.0 20 3.0 4.0 5.0 6.0
r(A)

er [ agSALEM-2 ——
‘\ Crystal (300K)
V \J Melt (1500K) ——

RDFio(r)

0.0 1.0 20 3.0 4.0 5.0 6.0
r(A)
Figure 3.3: Total radial distribution functions (RDF) for the three structures. In light
blue | remind the crystalline RDF obtained from my previous simulations, in purple |
plot the average RDF for the melt at 1,500K and in black the average RDF over all
the glass configurations. To give an idea of the variance exhibited by the ten different
trajectories, | filled curves in light gray correspond to the black curve plus or minus the
standard deviation associated with the ten samples.

To be more precise about the structuration of the networks which are based on the zinc
cations, I show the RDF associated with the pair of zinc atoms for the three systems in Fig-
ure 3.4. The thermal widening of the first peak during melting vanishes as the structures are
cooled down, which is expected and with little difference between the frameworks. However,
ZIF-8 has a peculiar behaviour: although the widening was symmetric, the final peak (for the
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glass) is shifted to higher r values compared to the crystal, as evidenced by the cumulative
curve accounting for the average number of neighbors at a given distance. Looking at the
numbers I see that the first sphere of neighbors for the zinc atoms remains much more af-
fected for ZIF-8 than the other two frameworks. More precisely, Table 3.1 details the average
distances to the first and second neighboring zinc atoms from a zinc atom, in the crystalline
phase, at 1,500 K and in the averaged glass phase. The distance to the three first neighbors
are little affected by the events of melting and quenching, with a very small enlargement at
high temperature that disappears after quenching. Nonetheless, the distance to the fourth
neighbor is much more affected, especially in ZIF-8. In fact, for ZIF-4, even at 1,500 K,
this distance only goes up by 1.5% and goes down by 6% after quenching. For both ZIF-8
and SALEM-2 this distance goes up by more than 15% in the liquid phase, but whereas in
SALEMS-2 it almost goes back to its value of in the crystal, quenching ZIF-8 has the opposite
effect, where the fourth neighbor actually goes to 8 A in average, i.e. 23% further than in
the crystal. This leads me to conclude that the roles of the topology and the chemistry with
regard to the melting and quenching seem to have inverted importances. It seems like the
disorganization during the melting is more influenced by the topology, but that the precise
chemical interactions play a larger role in the partial reconstruction of the framework during

quenching.
ZIF-8 (3rd-4™) | ZIF-4 (3'4-4*h) | SALEM-2 (3rd-4th)
Crystal (300 K) 6.1-6.5 A 6.1-6.5 A 6.1-6.5 A
Melt (1500 K) 6.3-7.6 A 6.2-6.6 A 6.3-7.5 A
Glass (300 K) 6.1-8.0 A 6.1-6.2 A 6.1-6.4 A

Table 3.1: Average distances to the third and fourth neighboring zinc atoms from a
zinc for the three frameworks at different temperatures and in the glass phase.

The tetrahedral angle: a measure of the local order

As a measure of the very local order around the zinc atoms, I present here the result of the
analysis of the N-Zn—N angle, usually called the tetrahedral angle in coordination chemistry.
[221] Figure 3.5 presents the distributions of this angle for the three frameworks at 300 K in the
crystalline phase, at 1,500 K in the melt and at 300 K in the glass phase. The distributions are
all pseudo-gaussians, the thermal widening in the melt is visible and is partially conserved in
the glass phase. With the undercoordination of the zinc atoms happening during the melting,
this angle can only go up in average. And it seems indeed to be linked to the percentage of
four-fold coordination present in the system.

I give in Table 3.2 the average values and the associated standard deviations corresponding
to these distributions. At 1,500 K there are 60% of four-fold coordinated zincs accompanying
an increase of 4.5% of the tetrahedral angle, whereas the 74% of four-fold coordination in
SALEM-2 gives an increase of 3.9% and the 81% in ZIF-8 an increase of 3.5%. Despite these
differences during melting, the average values obtained in the glass phase present surprisingly
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Figure 3.4: Radial distribution functions (RDF) for the Zn—Zn pair for the three struc-
tures. In light blue | remind the crystalline RDF obtained from my previous simulations,
in purple | plot the average RDF for the melt at 1,500 K and in black the average RDF
over all the glass configurations. As previously described the light gray areas correspond
to the standard deviation between the ten trajectories. Cumulative functions corre-
sponding to the number of neighbors are shown (in green for the glass, in blue for the

crystal).

Z1F-8 Z1F-4 SALEM-2

Crystal (300 K)

111.3(£ 1.4)°

112.2(+ 1.6)°

111.6(% 1.6)°

Melt (1500 K)

115.2(£4.0)°

117.3(£3.7)°

116.0(+4.1)°

Glass (300K)

112.5(+2.4/0.3)°/1.0°

113.3(£2.2/0.2)°/0.8°

112.7(£2.4/0.5)°/1.0°

similar deviations from the crystal value. Actually, ZIF-4 has, by a small amount, the smallest
positive deviation of 0.98% (0.99% and 1.1% for SALEM-2 and ZIF-8 respectively) indicating
a greater reconstruction of the coordination network. Another hint is given by the value of
the standard deviation: it is 71% higher in a,ZIF-8 than in ZIF-8, 50% higher in SALEM-2

Table 3.2:
three frameworks in the crystal, the melt and the glass. For the glass phase, the standard

Average value of the tetrahedral angle and its standard deviation for the

deviation indicated after 4 is the average of the standard deviations observed for the
ten initial configurations. The first value after (after a /) is the statistical standard
deviation on this first value over the ten initial configurations. Finally, the last number
is the statistical standard deviation associated with the average of the ten mean values.

and only 38% higher in ZIF-4, indicating a smaller structural disorder for ZIF-4.
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Figure 3.5: Distributions of the N-Zn—N angle for the three frameworks in the three

phases (crystalline (light blue), molten (purple) and glass (black)). The light gray curves
correspond to the ten different initial configurations for each framework.

Zinc-nitrogen coordination

Figure 3.6 shows the distributions of discrete coordination numbers for zinc atoms coordinated
to nitrogen atoms. This is a firm confirmation of the reconstruction mechanism happening
in ZIF-4, as already suggested in [50]. The proportion of four-fold coordinated zincs in ZIF-4
goes from 60% to 93% through quenching, regaining an average coordination number of 3.93
(compared to the crystalline value of 4). This increase of 33% is lower in SALEM-2, with
22%, or in ZIF-8, where it is of 17% with the same thermal process. Actually, the similar
simulations I conducted starting from snapshots of the trajectories at 2000 K for ZIF-4 and
ZIF-8 confirms that the reconstruction happens much more easily in ZIF-4: from 28% of
four-fold coordinated zincs at 2,000 K, ZIF-4 recovers to 65%, whereas ZIF-8, starting from
3%, recovers “only” to 18% of four-fold coordination.

Zinc-imidazolate rings

Figure 3.7 shows the distributions of ring sizes for the three frameworks at different temper-
atures and in the melt-quenched glass. Here by ring size, I mean the size of the topological
rings formed by following alternate zinc-imidazolate bonds (ABAB type rings with A=Zn
and B=Im). For this reason, all the ring sizes I report are even. I note that the small size of
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Figure 3.6: Distribution of the zinc-nitrogen discrete coordination number. The thresh-
old of 2.5 A used for the study of the melting is still employed.

the systems I studied prevent me from seeing the formation of very large rings. However, this
constitutes a topological characterization useful to characterize the difference between ZIF-4
and the two other frameworks. If one wishes to compare the sizes I present with zeolites, the
values have to be divided by 2, as usually only the metals are taken into account.

On Figure 3.7, the relative stabilization of ZIF-4 during melting and quenching compared
to ZIF-8 or SALEM-2 appears clearly. Indeed the increase in temperature in ZIF-4 leads to
the formation of other ring structures with size 6 and 8 respectively, while the number of
8-member rings decreases by a quarter at 1,500 K. On the contrary, in ZIF-8, and also in
SALEM-2, the destroying of the 8-member rings do not lead to the formation of any other
structures (a little in SALEM-2). The reconstruction mechanism in ZIF-4 is even visible
as the number of 8-member rings grows again during the quenching, while it dramatically
decreases for ZIF-8 and SALEM-2. I note here that the larger 6-zinc windows in SALEM-2
and ZIF-8 are not considered as it would correspond to 12-member rings. Therefore, this
analysis confirms that the local topology is at the same time less affected in ZIF-4 during
melting and better recovered during quenching compared to ZIF-8 and SALEM-2.

These structural observations seem to put the focus on the topology rather than the
chemistry of the frameworks to explain the quenching behaviour as SALEM-2 resembles ZI1F-
8 much more than ZIF-4. Indeed, except in the case of the zinc-zinc distance, where the size
of the methylimidazolate compared to the imidazolate seems to be the major factor, all the
properties linked to metal-ligand coordination point to the crucial character of the topology.
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Figure 3.7: Distributions of the sizes of zinc-imidazolate alternate rings for the three
frameworks in the three phases (crystalline (light blue), liquid (purple, red and dark
red) and glass (black)). The light gray curves correspond to the ten different initial
configurations for each framework. At 2000 K SALEM-2 shows no rings at all, hence
the absence of dark red bar in the bottom panel.
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3.2.2 Thermodynamics

Figure 3.8 presents the potentials of mean force along the zinc-nitrogen coordinates in unit
of kT, where k is the Boltzmann constant. This allows to see that, even though the barrier
obtained in the glass is small in absolute value, if it were at high temperatures, for ZIF-4
and SALEM-2 with 22 and 27kJ/mol respectively, at 300 K this barrier of about 10 T will
be only rarely overcome. I note here that I see absolutely no bond cleavage happening in
the trajectory of the glasses at 300 K. Here the force of the chemical interaction between the
ligand and the zinc seems to play a large role. Indeed, while ZIF-4 and SALEM-2 conserve
configurations where an imidazolate cycle is perpendicular to a zinc (in the sense that the
normal vector to the plan of the imidazolate goes towards the zinc) and thus exhibit Zn-N
distances between 2.7 and 3.7, ZIF-8 seems to rearrange enough to avoid this behaviour.
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Figure 3.8: Potentials of mean force (PMF) along the Zn-N coordinate for the three
structures in unit of kT. In red colors the evolution with the elevation of temperature are
reminded and in black the average PMF over all the glass configurations. As previously
described the light gray areas correspond to the standard deviation between the ten

trajectories.

3.2.3 Porosity

Finally, as in the case of the melting, I studied the total porosity left in the frameworks
after quenching. Figure 3.9 presents the distributions of total porous volumes for the three
frameworks in the crystalline phase, in the melt and in the glass phase. These graphs reinforce
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even more the idea that the topology governs the disorganization and the reconstruction of
the frameworks. Indeed, although the average porous volumes of ZIF-8 and SALEM-2 in
the glass are 249 and 377 cm3 /g respectively compared to 67 cm?/g for the ZIF-4 glass, the
comparison with the crystal is largely in favour of ZIF-4.
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Figure 3.9: Total porous volumes for the three frameworks in all phases: crystalline
(light blue), melt (purple) and glass (black). The light gray curves correspond to the
ten different initial configurations.
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The first remarkable difference is that this average porous volume is 29% higher for ZIF-4
than it was in the crystalline phase, whereas for ZIF-8 it is 3.5% lower and almost unchanged
(1% higher) in SALEM-2. Moreover, the values observed in ZIF-8 and SALEM-2, although
close to their crystalline equivalent, are tempered by the large proportion of configurations
with no porosity at all, accounting for about 20% in ZIF-8 and 30% in SALEM-2. When
looking at the average accessible volumes, the difference is even more pronounced between
ZIF-4 and the other two frameworks (Table 3.3). For ZIF-8 and SALEM-2, the accessible
volume and the total porous volume coincide for a helium probe, so the decrease in ZIF-
8 and the small increase in SALEM-2 are unchanged. However, for ZIF-4, the melting
process seems to open larger channels than in the crystal, leading to an increase in accessible
volume of 64%. Actually, in the crystal the average accessible volume was only 74% of the
total porous volume, while it represents 96% in the glass. This result is in line with the
experimental findings on the porosity of the ZIF-4 glass analyzed by positron annihilation
lifetime spectroscopy (PALS). [214] I note that the large magnitude of the increase I see here
is probably exacerbated by the fact that I do not take into account the densification as ZIF-4
is melted and quenched. Nonetheless, the opening of larger voids is confirmed by the PALS
analyses which provides another validation of the methods I used.

ZIF-8 | ZIF-4 | SALEM-2
Crystal | 258 39 372
Glass 249 64 377

Table 3.3: Average accessible volumes (in cm3/kg) for the three frameworks in the
crystalline and the glass phase.

3.3 Conclusion on the quenching of ZIFs

In this chapter, I presented the study of the quenching of ZIF-4, ZIF-8 and SALEM-2 liquids.
These quenching simulations were realized by taking snapshots of the trajectories at 1,500 K
and cooling them down to 300K in about 25ps. The unrealistic quenching rate employed
here made the analysis of the process itself impossible, and will not be accessible by this
type of methods. However, I could characterize the resulting glass configurations. The
comparison between the frameworks indicates that the substitution of the imidazolate cycle
and the topology of the frameworks both have roles in the quenching behaviour. However,
the topology of ZIF-4, allowing rearrangement of the ring structures during melting and
partial recovery during quenching, seems to play a large role in the stabilization of this
framework with regard to melting and quenching. In fact, SALEM-2, though it has the
same non-substituted imidazolate ligand, sees a collapse of its topology which, far from being
countered by quenching, seems to be reinforced by it. However, when looking only at the
average distance between the nodes of the framework, the zinc cations, SALEM-2 behaves
more like ZIF-4 than ZIF-8 in the sense that the quenching makes it look more like the
crystal. Similarly, the proportion of four-fold coordinated zincs increases more in SALEM-2
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than in ZIF-8.

This leaves a lot of open questions about the influence of the initial properties of the
frameworks on their melting and quenching behaviour, or even if it is possible to melt them.
These will have to be addressed experimentally and theoretically. A possible theoretical de-
velopment would be to directly simulate with classical molecular mechanics methods the glass
structures obtained by reverse Monte-Carlo modelling. This would allow to get informations
on the structure and dynamics of the glass at larger scale in order to have a better view of
the statistical disorder and the thermodynamics of these new exciting materials. Another
idea would be to try to simulate the melting and quenching processes with classical methods
relying on reactive force-fields, where coordination bonds can be broken, although it probably
requires further force-field development before.
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Chapter 4

Filling ZIF-4 with CO, before
melting it

In this chapter, I present the work I did on the melting of ZIF-4 loaded with CO,. The idea
was to simulate the forced filling of ZIF-4 with carbon dioxide and melting it in a confined
environment such that CO, cannot escape. This is an exploratory study on both the influence
of such conditions on the melting of ZIF-4 and on the way CO, could be trapped afterwards
in the amorphous phase. This study is in the same vein as the one published by Corradini
et al. in 2016 on the solvation and the transport mechanism of carbon dioxide in molten
carbonates investigated by ab initio molecular dynamics methods. [90] It is also consistent
with the previous use of amorphous MOFs to trap species. [179]

I briefly present the numerical methods I used and then I show how the carbon dioxide
gets along with the ZIF-4 framework, by coordinating itself to the zinc cations and thus
influencing the melting.

4.1 Numerical methods

4.1.1 Grand Canonical Monte Carlo simulations

In order to know from which configuration to start to simulate a ZIF-4 unit cell filled with
CO4 molecules, I used Grand Canonical Monte Carlo (GCMC) adsorption simulations as
described in chapter 2 of Part I. For that matter, I used the Gibbs software, [222] which is
the result of a joint development of the IFP Energies Nouvelles, the CNRS, and Université
Paris Sud. [223]

Starting from the aforementioned optimized configuration of ZIF-4 at 0K, I thus con-
ducted GCMC simulations at increasing partial pressures of carbon dioxide to find the maxi-
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mum number of CO, molecules I could fill per cell. I considered the ZIF-4 framework as rigid
and used the parameters given in [224] for the fixed charges of the framework and the charges
and radii of the atoms of CO,. In Figure 4.1 I present the average number of molecules per
cell as a function of the CO, partial pressure, as it converges with the number of Monte Carlo

steps.
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o 60F 1000 bars —
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Number of Monte Carlo steps

Figure 4.1: Average number of molecules per cell at different pressures. At 1 bar, it con-
verges to about 0.5 molecule/unit cell, 34 molecules/cell at 100 bars, 46 molecules/cell
at 500 bars and 49 molecules/cell at 1,000 bars.

I considered the already very high pressure of 1000 bars of carbon dioxide to provide a
configuration of ZIF-4 loaded with a maximum number of molecules. Finally, the configura-
tion I took has 52 molecules per unit cell.

4.1.2 Ab initio molecular dynamics simulations for melting

I then optimized the geometry of this initial configuration with CP2K at 0 K with the same
parameters as the ones used for the optimization before melting the empty frameworks. This
yielded the structure shown in Figure 4.2.

Starting from this structure I then carried out 8 simulations at different temperatures
with the same methods employed for the empty frameworks. The temperatures considered
are: 300K, 600K, 900K, 1,000K, 1,200K, 1,350K, 1,500K and 1,750 K.
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4.1 — Numerical methods

Figure 4.2: Configuration of the loaded ZIF-4 after DFT optimization. CO, molecules
are shown in black, zinc atoms in green, nitrogen atoms in blue, carbon atoms from the
framework in gray and zinc-nitrogen coordination bonds in red.
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4.2 — Influence of the carbon dioxide in melting

4.2 Influence of the carbon dioxide in melting

4.2.1 Zinc-nitrogen and zinc-oxygen coordinations

The left panel of Figure 4.3 shows a complete view of the zinc coordination during melting.
In green only the Zn-N coordination is taken into account, in red I added the coordination
with oxygen atoms from the carbon dioxide molecules. It means that a four-fold coordination
for the red histogram can correspond to 3 nitrogens and 1 oxygen coordinated to a zinc. In
blue, I remind the situation with no COs,.
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Figure 4.3: Left: green: Zn—N coordination only, red: coordination with oxygen atoms
is added (four-fold coordination for the red histogram can correspond to 3 nitrogens and
1 oxygen coordinated to a zinc), blue: situation without CO,. Right: van 't Hoff plot of
the formation of Zn-N coordination defects (E$z is the associated activation energy).
The linear fit, taking into account the temperatures where four-fold coordination is still
the most represented (to talk about defects) is in green.

Before melting and up to 1,350 K, oxygen coordination is extremely weak with about 0.09
oxygen per zinc at 1,350K (and 3.9 nitrogens). However, in the liquid phase at 1,500 K,
this number goes to about 0.85 oxygen per zinc while there is almost 1 nitrogen less per
zinc in average (3.0 against 3.9). As a result, carbon dioxide seems to form quite strong
interactions with the exposed cations during melting. On the other hand, the activation
energy associated with the Zn—N coordination defects goes up compared to the empty ZIF-4.
Indeed, from 52kJ/mol, it increases to 66.5kJ/mol, representing a 28% increase, which can
be interpreted as a higher difficulty to create defects at low temperature. I note that this does
not mean that during melting less Zn—N coordination defects are created, but rather that the
transition from the defects regime to a majority of non four-fold coordination is happening
at lower temperature (between 1,350 K and 1,500 K with CO, and above 1,500 K without).

4.2.2 Deformation of carbon dioxide

As melting happens, some carbon dioxide molecules get coordinated to the zinc cations which
results in the bending of the O—-C—O angle as presented in Figure 4.4. At low temperatures,
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4.2 — Influence of the carbon dioxide in melting

the angle is close to 180°. Then it progressively shifts to lower values in average with the
thermal widening. Finally, at 1,000 K there is already a trace of the deformation linked to the
small oxygen-zinc coordination, which becomes important at 1,500 K and higher. Whether
this is physically realistic remains to be confirmed by experimental evidence.
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Figure 4.4: Distribution of the O—C-O angle in the carbon dioxide molecules as a
function of temperature.

4.2.3 Thermodynamics
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Figure 4.5: Left: Potential of mean force along the zinc-nitrogen coordinate at different
temperatures (green) with the ones for the empty framework at 300K and 1,500 K
(blue). Right: van 't Hoff plot of the activation free energy necessary to break a Zn-N

coordination bond.

Looking at the free energy profiles along the Zn—N coordinate, I see an interesting be-
haviour (see Figure 4.5). The associated activation free enthalpy of 105 kJ/mol is significantly
lower than the one observed with the melting of the empty ZIF-4 (127kJ/mol). This seems
to point to a facilitating role of the carbon dioxide in the melting process, as I have shown
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before that it depends very much on this value of activation enthalpy.

4.2.4 Dynamics of the liquid phase

To characterize the dynamics of the liquid phase, I looked at the diffusion coefficients of the
oxygen atoms and the zinc atoms (see Figure 4.6). As expected, carbon dioxide diffusion
is present in my simulations at temperature as low as 900 K, despite the small time scales
achieved (about 50ps). The associated activation energy is relatively small, although not
negligible compared to kT with 24 kJ/mol corresponding to about 10kT at room temperature.
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Figure 4.6: Left: van 't Hoff plot of the diffusion coefficient for the zinc atoms. Right:
van 't Hoff plot of the diffusion coefficient for the oxygen atoms.

On the other hand, the zinc diffusion starts also at relatively low temperatures. In the
empty framework, free diffusion was starting only at 1,500 K, whereas here it starts at 1,200 K.
Again, this goes in the sense that carbon dioxide has a facilitating role in the disorganization
of the framework leading to melting.

4.3 Perspectives

This last chapter is a report on a work that is still ongoing. A lot of analyses can still
be carried on these already ran simulations to investigate further the mechanism by which
carbon dioxide coordinates to zinc cations in ZIF-4 during melting. I showed here that it
appears to have a role in the reduction of the melting temperature by enhancing the diffusion
of the zinc atoms and the breakage of the Zn—N coordination bond. The topological analysis
of the modification of the framework would be interesting to see the change in the melting
behaviour.

This study being purely theoretical, it calls for associated experiments to be performed.
I note here that the values used for the pressure are unreachable in practice but were used in
the simulations to observe rare activated events, namely CO,—Zn coordination, in short time
scales.
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Main conclusion

Using quantum level calculations I was able to show that the mechanical properties of hypo-
thetical zeolite structures are very sensitive properties, which have to be taken with caution
when computed by force-field level calculations. I have shown that machine learning tech-
niques can offer a way to build fast and more reliable predictive models, as I did for the
Poisson’s ratio and its extreme values.

The study of the melting and quenching of ZIFs shed light on the crucial importance of the
topology over chemistry for the capability of a ZIF framework to melt. During this study, I
also uncovered the microscopic mechanism behind the melting of ZIFs. Combining theoretical
and experimental studies will be essential to further confirm my hypotheses by comparing
frameworks with different ligands, different cations and different topologies. The goal would
be to have a way to tune porous MOF liquids and glasses, as is done for crystalline MOFs.
The liquids would be of interest for liquid phase separations, homogeneous catalysis and ion
transport and could also be used as intermediaries to obtain mechanically and thermally stable
porous MOF glasses. The glasses could serve as new materials to trap harmful or polluting
substances and as optically or electronically active glasses through the incorporation of such
functionalities in the crystalline MOF structure.

Overall, the questions opened by this thesis relate to how structures and properties are
connected in microporous materials. A lot of perspectives are now open, whether it is about
zeolites or MOFSs, and amorphous MOFs in particular.

The main question for the study of mechanical properties of zeolites and their link to
structural descriptors is the interaction of this link with the changes in chemistry. Indeed, by
studying zeolitic structures with different chemical elements, not only limited to aluminium,
but also gallium or germanium, and different extra-framework cations, one could uncover
what is inherent to the topology of the framework and what lies in the details of the chemical
interactions for the determination of the mechanical properties of zeolites. I focused a lot on
auxeticity, but other anomalous properties can also be investigated such as negative linear
compressibility, or a mixed thermal-mechanical property like negative thermal expansion.

Beyond the screening of interesting zeolitic structures with regard to a particular property,
the question of their feasibility remains. The zeolite conundrum has resisted many theoretical
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and experimental studies, though there have been recent experimental advances, with the
creation of the ADOR process to synthesize “unfeasible” zeolites. [225,226] Some of these
new structures have even been investigated in a theoretical study. [227] A way that still has
to be explored and could give more theoretical insights on the feasibility of these frameworks
would be to model the synthesis process itself to understand the driving forces and be able
to really design zeolites for specific applications, that would have been predicted earlier.

In the realm of amorphous MOFs, as written before, a lot remains to be understood. One
of the perspective of my work is to determine criteria for the capability of a framework to
melt based on the nature of the metal, the composition of the ligand and the topology. In
order to tackle this interrogation, an idea would be to train reactive force-fields on ab initio
molecular dynamics simulations of the melting of different MOFs to be able to simulate and
understand the capability of melting for these materials in a less computationally expensive
way. Even beyond standard conditions, the study of the influence of physical parameters
on the melting, such as increase of pressure, could widen the possibilities, for example by
making melting possible in a framework for which it was unreachable at ambient pressure. In
a second time, simpler physical models could be proposed to reduce further the dimensionality
of the problem and identify the key factors leading to a particular melting behaviour. For
instance as we have seen that the topology plays a role, a question that could be addressed
would be: which particular topological properties (symmetry, connectivity, topology of the
metal-ligand coordination) matter the most? With such criteria and a better knowledge of
the experimental feasibility of the frameworks considered a real rational design of new porous
liquids and glasses could be achieved.
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Résumé

Pendant ma these, j’ai mené des études basées sur les méthodes de simulation moléculaire
pour des matériaux de deux familles différentes : les zéolithes d’une part, utilisées industriel-
lement et dans de nombreux usages quotidiens et les Metal-Organic Frameworks (ou MOFs),
qui présentent un potentiel applicatif important avec des développements commerciaux en
cours de développement.

Les zéolithes sont des aluminosilicates poreux a la fois naturels et artificiels, connus depuis
1756 et synthétisés depuis les années 1940. Elles ont été étudiées en profondeur pour leurs
propriétés liées a 'adsorption et a la catalyse depuis plus de 50 ans. Cependant, leur comporte-
ment mécanique n’a commencé a étre vraiment considéré, en particulier sur le plan théorique,
il y a seulement une quinzaine d’années. Pourtant, grace a leurs structures complexes, cer-
tains de ces aluminosilicates poreux présentent des propriétés mécaniques fascinantes, appelés
propriétés anomales, comme la compressibilité linéaire négative ou 'auxéticité (i.e. le ratio de
Poisson négatif). En utilisant une grande base de données structurales de zéolithes hypothé-
tiques et a 'aide de calculs quantiques, je me suis intéressé aux liens entre les caractéristiques
structurales et les propriétés mécaniques des zéolithes totalement silicées. Grace aux données
générées par ces calculs quantiques, j’ai utilisé des techniques d’apprentissage statistique (ou
machine learning) pour développer une méthodologie & méme de prédire 'auxéticité dans ce
type de matériaux et capable de calculer précisément et pour un cotit numérique faible leur
ratio de Poisson.

Les MOFs constituent une nouvelle classe de matériaux poreux tres étudiée depuis 25 ans
et en croissance exponentielle, notamment vis-a-vis du nombre de structures synthétisées et
consignées dans la littérature. Jusqu’a tres récemment, ils ont été appréhendés essentielle-
ment en tant que matériaux cristallins. Pourtant leur amorphisation, par augmentation de
température, de pression ou encore par broyage mécanique présente un grand intérét tant
sur le plan des mécanismes a l’ocuvre que des applications potentielles des phases amorphes
obtenues. Je me suis en particulier intéressé a la compréhension des phénomenes de fonte
et de trempe de certains de ces matériaux appartenant & la famille des zeolitic imidazolate
frameworks (ZIFs). Les ZIFs sont un sous-groupe des MOFs, topologiquement isomorphes aux
zéolithes, et posseédent une stabilité thermique particulierement bonne, ce qui en fait des bons
candidats a 'amorphisation sous I'effet de 'augmentation de la température. Ainsi, a I'aide de
simulations de dynamique moléculaire quantique (ou ab initio), j’ai pu expliqué le mécanisme
moléculaire sous-jacent au phénomene de fusion et caractérisé la nature du liquide obtenu.
J’ai également éclairé les liens existant entre la topologie initiale du cristal, le comportement
lors de la fusion et la structure de la phase vitreuse résultant de la trempe. J’ai aussi modélisé
une situation qui n’a pas encore été abordée expérimentalement : le remplissage forcé d’une
de ces structures par du dioxyde de carbone avant et pendant la fusion. J’ai ainsi pu inférer
I'influence qu'un tel ajout pourrait avoir sur la fusion de cette ZIF et proposé un moyen de
piéger le gaz initialement adsorbé dans la phase amorphe.

Dans une premiére partie je vais décrire rapidement ce que sont les matériaux micropo-
reux en général, et les zéolithes et les MOFs en particulier. J’évoquerai ensuite les méthodes
numériques que j’ai utilisé. Le troisieme volet sera consacré au résumé de mes travaux sur
les propriétés mécaniques des zéolithes. Enfin, j’aborderai mon étude de la fusion et de la
trempe des MOFs.
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Matériaux et méthodes

Matériaux étudiés

Les matériaux poreux

Les matériaux poreux sont des matériaux possédant des cavités de différentes formes, tailles et
régularités dans leur structure tridimensionnelle. [1] Il en existe de nombreux exemples, aussi
bien naturels que synthétiques. [2] Leur nature chimique est variable, allant de matériaux
purement inorganiques, comme les zéolithes, a des matériaux purement organiques, comme
les polymeres, en passant par des hybrides organiques-inorganiques, comme les MOFs. Leur
porosité est souvent caractérisé par leur surface spécifique, c’est-a-dire la surface par unité
de masse ou peut se former une interface liquide-solide ou gaz-solide.

Leurs grandes surfaces spécifiques les rendent intéressants pour des applications indus-
trielles exploitant ’adsorption ou la catalyse. Ils peuvent par exemple étre utilisés comme
matériaux isolants, avec un fluide, comme ’air, piégé dans leurs pores. Les matériaux poreux
sont aussi tres utilisés pour la séparation, la purification et le stockage de gaz, le raffinage de
produits pétroliers, la catalyse hétérogene, comme substrat pour échangeurs d’ions, comme re-
vétement diélectrique et pour piéger des substances dangereuses ou radioactives. [3-5] Comme
la taille des pores influence les propriétés de ces matériaux, ils sont classés en trois catégories
par I’'Union internationale de chimie pure et appliquée (UICPA ou International Union of
Pure and Applied Chemistry, IUPAC en anglais) :

e les solides microporeux avec des pores dont les dimensions sont inférieures & 2 nm
e les solides mésoporeux avec des pores dont les dimensions se situent entre 2 nm et 50 nm

e les solides macroporeux avec des pores dont les dimensions sont supérieures a 50 nm

Les matériaux microporeux et mésoporeux sont regroupés sous ’appellation matériaux
nanoporeux avec des pores dont la taille est inférieure a 50 nm. Sur la Figure 1 je montre
trois exemples de matériaux nanoporeux.

Il y a beaucoup plus de matériaux poreux inorganiques que de matériaux poreux orga-
niques. Les matériaux purement organiques sont composés de structures carbonées comme les
polymeres, les charbons actifs ou les Covalent-Organic Frameworks (COFs). Au sein des maté-
riaux inorganiques poreux, on dénombre de nombreux oxydes (de silicium, titane, zirconium)
comme les zéolithes, ou des composés binaires comme les sulfates ou les aluminophosphates
(basés sur AIPO,).

La régularité des structures permet aussi de classer ces matériaux. Il y a les matériaux
cristallins, comme les zéolithes et les MOFs, dans lesquels les atomes forment un motif tridi-
mensionnel répété périodiquement construisant ainsi un réseau périodique (cf. Figure 1 avec
Iexemple de la maille unitaire d’une zéolithe). Par symétrie le réseau poreux d’un matériau
cristallin est aussi régulier et périodique. D’autres matériaux sont réguliers mais ne sont pas
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Figure 1 : Trois exemples de différents matériaux poreux. A gauche on voit une image
de microscopie électronique a balayage d'un charbon actif [10] (ordonné, mais non cris-
tallin), au milieu la structure moléculaire cristalline de la zéolithe faujasite (figure réalisée
avec VESTA [11]) et a droite un verre de vycor amorphe est représenté (désordonné). [12]

cristallins, comme les argiles ou les nanotubes de carbones. Ces derniers ont des pores avec
des caractéristiques tres bien définies, mais il n’y a pas d’arrangement périodique tridimen-
sionnel. Le troisieme type de matériaux, qui représente la majorité des matériaux, est celui
des solides amorphes. Il en existe de nombreux exemples, des charbons actifs aux verres de
Vycor en passant par les aérogels ou la silice amorphe. Leurs pores ont souvent une grande
polydispersité avec des formes irrégulieres (cf. Figure 1 avec 'exemple d’un verre de Vycor).

Les zéolithes : des aluminosilicates poreux

Le terme zéolithe vient des mots grecs (ew, qui signifie « bouillir » et Atdoo, qui signifie
« pierre ». Ce terme a été proposé par Axel Frederik Cronstedt en 1756 alors qu’il observait
que beaucoup de vapeur d’eau (précédemment adsorbée dans le matériau) s’échappait du ma-
tériau lorsque celui-ci était échauffé. [17] Les zéolithes font partie des matériaux nanoporeux
(et essentiellement microporeux) et sont composés d’oxygene, de silicium et d’aluminium,
d’ott leur appartenance & la famille des aluminosilicates. A ’échelle moléculaire elles sont
constituées d’assemblages de tétraedres liés par leurs sommets avec un atome central appelé
atome T (T = Al ou Si) et quatre atomes d’oxygene (cf. Figure 2). Il est mathématique-
ment possible de créer une infinité de tels assemblages cristallins et il existe des bases de
données de zéolithes hypothétiques contenant jusqu’a 2 millions de structures différentes. [18]
Cependant, aujourd’hui seulement 228 structures ont été consignées dans la littérature expé-
rimentale, parmi lesquelles 67 sont des zéolithes naturelles (selon I’association internationale
pour les zéolithes ou International Zeolite Association). Chaque zéolithe est identifiée par un
code & 3 lettres comme FAU pour la faujasite ou LTA pour Linde Type A (cf. Figure 2).

Les zéolithes ont pour formule générique M, /,,, AL, Si; ,O,. Le ratio entre le nombre d’atomes
de silicium et le nombre d’atomes d’aluminium (£X) appelé le ratio Si/Al est un paramétre
important qui varie entre 1 (autant d’Al que de Si) et l'infini (aucun Al). La plupart des
zéolithes n’existent que pour un rapport Si/Al dans une gamme bien définie. Dans le cas ou
il n’y a pas d’aluminium, on dit que la zéolithe est totalement silicée. Dans tous les autres
cas, lorsque certains atomes de silicium sont remplacés par des atomes d’aluminium, la dif-
férence entre le degré d’oxydation (+IV pour Si, +III pour Al) crée un défaut de charge
délocalisé dans la structure. Ces défauts sont compensés par des cations extra-charpentes
qui n’appartiennent pas a I’arrangement cristallin, d’ou le terme extra-charpente. Le cation
le plus communément utilisé est Nat, mais Lit, Kt, Ba?t, Ca?T et d’autres sont aussi uti-
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lisés. Ces cations délocalisés créent des gradients électrostatiques locaux qui améliorent les
propriétés d’adsorption des zéolithes vis-a-vis des molécules avec des moments dipolaires ou
quadrupolaires. Leur accessibilité par des adsorbats est aussi utile pour 'usage des zéolithes
en catalyse car ils peuvent servir de sites catalytiques actifs (par exemple avec des protons
pour de la catalyse acide hétérogene).

Figure 2 : A gauche, deux tétraddres de coordination sont représentés et a droite on
peut voir la structure moléculaire de la zéolithe LTA (Linde Type A) (figure réalisée avec
VESTA [11]). Si, jaune; O, rouge.

La dénomination de zéolithe est souvent étendue pour décrire les réseaux tétraédriques de
structures poreuses avec d’autres éléments comme les aluminophosphates ou encore les oxydes
de germanium et de gallium. Ces matériaux sont massivement utilisés dans I'industrie. Par
exemple, la zéolithe A (LTA) substituée avec différents cations est utilisée pour retirer le
dioxyde de carbone du gaz naturel, comme déshydratant ou pour extraire sélectivement les
alcanes linéaires dans les procédés de raffinage. D’autres zéolithes sont utilisées pour la pro-
duction d’oxygene médical, la capture du dioxyde de carbone lors de la production de ciment
ou la décontamination de sites radioactifs. Elles sont aussi utilisées dans des applications
domestiques, par exemple pour I’adoucissement de I’eau ou dans les lessives en remplacement
des phosphates.

Les MOFs : une versatilité source de richesse

Le concept de MOFs est apparu il y a presque 30 ans dans la littérature [19] pour désigner
une classe de matériaux composés de nceuds inorganiques liés par des ligands organiques.
Dans cet article, Hoskins et Robson utilisent le terme « Infinite Polymeric Frameworks »
et ils insistent sur les grandes cavités créées par de tels assemblages tridimensionnels pro-
metteurs pour des applications comme « molecular sieve » (tamis moléculaire), pour « ion
exchange » (échange ionique) ou en « heterogeneous catalysis » (catalyse hétérogene). Dix
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ans plus tard, le premier usage du terme « MOF » est fait par I’équipe d’Omar Yaghi &
UCLA pour la synthése d’un matériau appelé MOF-5. [20] Deés lors le champ des MOFs a crii
exponentiellement que ce soit en terme de publications ou de nombre de structures consignées
dans la littérature. Pour donner un ordre de grandeur de cette croissance ’article de Yaghi et
al. est cité plus de 5000 fois avec plus de 400 citations par an sur les 5 dernieres années. La Fi-
gure 3 montre la croissance du nombre de structures rapportées dans la Cambridge Structural
Database avec un doublement de ce nombre tous les 3,9 ans pour les MOFs tridimensionnels.
Ces études académiques sont également soutenues par un intérét industriel grandissant pour
les MOFs. De fait leur grande versatilité et les surfaces spécifiques tres importantes atteintes
par ces matériaux en font de bons candidats pour une nouvelle génération de matériaux,
suivant les zéolithes, pour les applications reposant sur la catalyse ou 'adsorption.
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Figure 3 : Cette figure montre la croissance du nombre de structures de type MOF
rapportées dans la Cambridge Structural Datadabase ou CSD (figure reproduite de [21]).

Cependant, la présence de ligands organiques et de liaisons plus faibles que la liaison co-
valente Si-O font que ces matériaux ne sont généralement stables thermiquement que jusqu’a
des températures situées entre 300°C et 500 °C, tandis que les zéolithes peuvent supporter
des températures dépassant les 1000 °C. Les MOFs sont également difficiles & incorporer dans
des procédés industriels du fait d’une robustesse mécanique inférieure a celle des zéolithes in-
organiques. [22] Néanmoins des MOFs ont été produits a 1’échelle de la tonne par des sociétés
industrielles, essentiellement BASF et MOF Technologies. Cette derniére a présenté la pre-
miere application commerciale d'un MOF en 2016, intégré dans un systéme dont 'usage est
de garder les fruits et les légumes frais par une délivrance controlée de 1-methylcyclepropene,
contenu initialement dans le MOF. [23]

Un des principaux avantages des MOFs par rapport aux zéolithes ou aux charbons ac-
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tifs est la diversité de structures qui peuvent étre construites a partir des différents unités
inorganiques et des ligands organiques existants. La Figure 4 montre une partie des unités
inorganiques (appelés secondary building units ou SBU en anglais) et des ligands organiques
a disposition pour créer ces structures. Grace a la diversité apportée par la chimie de co-
ordination et la chimie organique, le nombre de structures n’est limité que par la stabilité
thermodynamique des phases obtenues. Le défi de synthese consiste aussi a obtenir un poly-
morphe poreux lorsque qu’une phase dense avec la méme composition existe et a une meilleure

stabilité thermodynamique.
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Figure 4 : Cette figure montre quelques exemples d'unités inorganiques (A) et de
ligands organiques (B) (figure tirée de [21]).

Cette diversité de structures a donné naissance a une approche de type design to applica-
tions ou le but est de trouver la meilleure structure pour une application donnée. Par exemple,
le MOF ayant la plus grande capacité d’adsorption du méthane & ce jour a été rapporté [28]
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tout comme celui ayant la plus grande capacité connue pour ’adsorption d’hydrogene. [29]
Parfois les contraintes sont multiples, comme dans ’étude rapportée dans [30] ou la capacité
d’adsorption d’hydrogene, la sélectivité entre le dioxyde de carbone et ’hydrogene et le cotit
économique sont pris en compte.

Afin de rationaliser le procédé de design des structures, les nceuds inorganiques et les
ligands organiques sont représentés par des polyedres avec des géométries plus ou moins
complexes. [33] 131 SBUs ont été identifiées, allant du simple tétraedre a des configurations
géométriques avec 66 points d’extension en passant par le cuboctaedre, 'icosaedre ou de
simples cubes. [34]

Les ZIFs, que j’ai particulierement étudiées pendant ma theése, sont constituées de ligands
imidazolate, fonctionnalisés ou non (cf. Figure 5). Leur ressemblance topologique avec les
zéolithes vient du fait que I'angle métal-imidazolate—métal a la méme valeur de 145° que
I'angle Si—O-Si dans les zéolithes. [37] Le centre métallique est souvent un Zn(II) ou un Co(II)
avec une coordination tétraédrique. Cette famille de MOFs est particuliérement étudiée pour
leurs stabilités chimique et thermique meilleures que la plupart des autres MOFs.

ZIF-2 crb

ZIF-3 dft

ZIF-4 cag

ZIF-5 gar

Figure 5 : Exemples de ZIFs (construite a partir de la Figure 1 de [37]).

Comme la majorité des MOFs sont cristallins, la technique de caractérisation principale
utilisée pour déterminer leur cristallinité et leur structure est la diffraction aux rayons X.
Elle peut étre réalisée sur un monocristal si la synthese produit des cristaux suffisamment
grands ou sur poudre. La microscopie électronique & balayage est utilisée pour étudier la taille
et la régularité des particules obtenues. [44] La microscopie électronique a transmission, la
diffraction d’électrons et la microscopie électronique haute résolution peuvent étre combinées
pour imager directement des grands pores de MOFs, comme ceux de la structure MIL-101. [45]
Afin de déterminer les surfaces spécifiques, ’adsorption de diazote a 77 K est une technique de
routine. Les propriétés d’adsorption de gaz importants pour les applications, comme CO,, H,
ou CH,, sont aussi fréquemment étudiées a basse pression. [46] Les isothermes d’adsorption
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a pression plus élevées ou la caractérisation par diffusion de neutrons sont moins fréquentes
du fait des moyens nécessaires. [47] Enfin, des méthodes de spectroscopie avancée comme
PEXAFS ou le XPS peuvent étre utiles pour déterminer I’environnement chimique des centres
métalliques, mais les spectroscopies classiques, que ce soit IR, UV ou Raman sont aussi
utilisées, en partie pour appréhender les propriétés des molécules adsorbées dans les pores. [48]

Méthodes numériques

La simulation numérique, et en particulier la simulation moléculaire, a commencé dans les
années 1950 apres la deuxiéme guerre mondiale, pour une grande part dans le champ de
la neutronique pour la compréhension des réactions nucléaires. La présentation de ’algo-
rithme de Monte Carlo par Metropolis et al. en 1953 [61], a été suivie par la simulation
d’un cristal anharmonique unidimensionnel par Fermi et al. en 1955 [62] et une simulation
de dynamique moléculaire d’'un systéme de sphéeres dures par Alder et Wainwright publiée en
1957. [63] Depuis ces études fondatrices, avec amélioration des algorithmes et 'augmenta-
tion exponentielle de la puissance de calcul, les simulations numériques utilisées pour 1’étude
de systemes chimiques et physiques constituent aujourd’hui un champ de recherche a part
entiere. Ces simulations sont complémentaires des expériences et des théories analytiques et
sont parfois appelées expériences in silico. [64—66] En fait, les mesures expérimentales donnent
souvent une vue globale du systeme ou des phénomenes et ne peuvent parfois que peu éclairer
les mécanismes microscopiques a l'ceuvre. D’un autre c6té, les théories analytiques, bien que
tres élégantes, représentent le systéme étudié avec des simplifications, pour rendre les calculs
faisables, qui peuvent altérer leur capacité a prédire le comportement d’un systéme réel.

Ces expériences in silico permettent aussi d’étudier des conditions inaccessibles expéri-
mentalement. Par exemple, elles sont tres utiles pour étudier des systémes dans des conditions
extrémes, comme des radionucléides en cas d’incident nucléaire majeur [67] ou des systemes
sous trés hautes pression ou température ou tres hauts champs électriques. [68] Elles per-
mettent aussi d’amener des éléments de compréhension pour des phénomeénes temporellement
trés courts ou tres longs, inobservables en temps réel. Les simulations moléculaires en parti-
culier donnent une vision microscopique du systéme qui nous aide a proposer des explications
mécanistiques a des phénomeénes macroscopiques.

Il existe deux grandes classes de simulations moléculaires que je vais briévement décrire :
celles reposant sur une description quantique de tout ou partie du systéme, et celles reposant
sur une description classique du systéme.

Calculs quantiques

Parmi les nombreuses méthodes au niveau quantique, la théorie de la fonctionnelle de la
densité (density functional theory ou DFT en anglais) est la plus utilisée et la seule qui
soit numériquement tractable pour des systéemes avec plusieurs centaines d’atomes et des
conditions aux limites périodiques. [69]

Dans les simulations quantiques de propriétés de I’état fondamental, le but est de trouver
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la fonction d’onde (1) qui satisfasse ’équation de Schrodinger pour obtenir 1’énergie (E) du
systeme. L’équation 1 donne un exemple d’équation de Schrodinger pour un systéeme d’élec-
trons interagissant avec des noyaux fixes. Dans cette équation, m est la masse de 1’électron,
V est ’énergie d’interaction entre les noyaux atomiques et chaque électron et U est ’énergie
d’interaction entre les électrons.

hg N N N
o Y Vi Y V) + Y Y Ulrry)| ¢ = By (1)
i=1 i=1

i=1 j<1

La fonction d’onde est une fonction mathématique tres complexe de 3NN variables, ou N
est le nombre d’électrons. Par exemple, la fonction d’onde complete de H,O est une fonc-
tion a 30 variables. D’autre part, le terme de répulsion interélectronique de I’hamiltonien
(=N, > j<i U(ri,mj)) est crucial et requiert de considérer la corrélation entre chaque élec-
tron et tous les autres. Ainsi, sauf pour des systémes a moins de 3 électrons, il est vain de
traiter I’équation de Schrodinger analytiquement. La théorie de la fonctionnelle de la densité
s’intéresse donc a chercher plutot la densité électronique (cf. équation 2) qui peut étre calculée
a partir des fonctions d’ondes monoélectroniques ;.

nlr) =23 wf (r)ui(r) 2)

Les méthodes de DFT reposent sur deux théoremes démontrés par Hohenberg et Kohn
qui permettent de réduire beaucoup la dimension du probléeme. [70] Le premier théoréme
est qu’il existe une unique densité électronique pour laquelle I'énergie est 1’énergie de 1’état
fondamental. Ainsi, la connaissance de la densité électronique — un scalaire a 3 variables —
suffit & déterminer une solution a I’équation de Schrodinger. Le deuxiéme théoreme est que la
densité électronique de 1’état fondamental minimise 1’énergie et correspond donc a la solution
de I'équation de Schrodinger. Kohn et Sham ont appliqués ces théorémes pour construire un
systeme d’équations monoélectroniques, illustré par 1’équation 3, qui permettent de trouver la
densité électronique de 1’état fondamental. [71] Les solutions de ces équations sont de simples
fonctions d’onde monoélectroniques, qui n’ont pas de sens physique.

2
VR V() + Valr) + Vi(r)| () = 2t g

Les équations de Kohn-Sham comportent trois potentiels V', Vi1 et Vxc. V décrit I'in-
teraction entre un électron et les noyaux atomiques de fagon analytique. Le deuxieme, Vi,
décrit la répulsion entre un électron et la densité électronique totale. Il s’agit du potentiel de
Hartree définie par ’équation 4, ou n est la densité électronique.

Vi) = [ 2L 0 (@

|r

— 177 —



Résumé

VH contient une interaction non-physique d’un électron avec lui-méme, corrigée par Vxc.
Vxc caractérise les interactions d’échange et corrélations. Il s’agit d’une dérivée fonction-
nelle de I’énergie d’échange-corrélation (Exc) qui n’est pas connue exactement, sauf pour un
gaz d’électrons libres. Néanmoins, de nombreuses approximations existent et permettent de
calculer précisément des quantités physiques relatives au systeme.

Vi dépend de n, qui dépend des 1;, qui sont les solutions de I’équation de Kohn-Sham,
dépendant donc de Vg. On utilise donc un procédé itératif pour obtenir une solution. [72]
La méthode est une méthode de champ auto-cohérent (self-consistent field en anglais). Une
version simplifiée de 'algorithme employé est donnée ci-dessous :

1. Définir une densité initiale, n(r)

2. Calculer les potentiels correspondant, V', Vi et Vxc, pour la densité électronique consi-
dérée.

3. Résoudre les équation de Kohn-Sham pour obtenir les ;.
4. Calculer la densité électronique, nkgs, a partir des 1); obtenues a 1’étape 3.

5. Comparer nkg(r) avec n(r). Si les deux densités sont identiques, alors il s’agit de la
densité de 'état fondamental et elle peut étre utilisée pour calculer I’énergie totale. Si
les deux densités different on revient a I’étape 2 avec la nouvelle densité.

Les fonctions d’onde monoélectroniques sont représentés par une superposition de fonc-
tions de base, rassemblées en bases de différentes tailles. La taille de la base doit étre choisie
pour avoir le meilleur compromis en colit numérique et précision. J’ai essentiellement utilisé
des bases de type DZVP (double-C valence polarized) ou TZVP (triple-¢ valence polarized)
lorsque la précision exigeait. Le choix de la fonctionnelle d’échange-corrélation (Exc) est
également crucial. Pendant toute ma these, j’ai utilisé des fonctionnelles de type GGA (gene-
ralized gradient approximation) qui prennent en compte I’échange non-local et la corrélation.
En particulier, j’ai utilisé les fonctionnelles PBE et sa version adaptée pour les solides (PBE-
SOL). L’échantillonnage de 1’espace réciproque est également un facteur important, notam-
ment pour le calcul des propriétés mécaniques. Dans le code CRYSTAL14 cet échantillonnage
est contrélé par un facteur de shrink pour construire une grille de points k£ dans ’espace
réciproque. En premiére approximation ce parametre doit étre tel que son produit avec la
valeur du plus petit vecteur de la maille cristalline soit supérieur & 20 A.

La dynamique & température finie de systemes peut étre étudiée au niveau quantique
en utilisant la dynamique moléculaire ab initio (ab initio molecular dynamics ou AIMD en
anglais). La dynamique moléculaire ab initio est un outil essentiel pour sonder les propriétés
dynamiques sub-nanosecondes. J utilise la dynamique moléculaire ab initio telle qu'implémen-
tée dans le logiciel CP2K — un logiciel open source de simulation pour la chimie quantique et
la physique du solide, disponible sur https://www.cp2k.org. Plusieurs méthodes de dyna-
mique moléculaire ab initio existent : la dynamique d’Ehrenfest, la dynamique Car-Parinello
et la dynamique Born-Oppenheimer. Pendant ma these, j’ai utilisé uniquement la méthode
de dynamique Born-Oppenheimer.
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L’idée sous-jacente a la dynamique Born-Oppenheimer est de considérer la dynamique des
électrons indépendamment de celle des noyaux, de par la grande différence de masse entre
I’électron et le noyau. Ceci permet d’explorer la dynamique des molécules par la résolution
de I'équation de Newton pour les noyaux :

F(r") = ~ViU(rY) = mi g (5)

La force, F; ressentie par un atome ¢ de masse m; et a la position 7; est égal a 'opposé du
gradient, V;, de ’énergie potentielle du systéme définie par la densité électronique, U(rV). En
dynamique moléculaire ab initio, les forces sont calculées au niveau quantique, typiquement
par DFT. Le caractére quantique de ces simulations reposent uniquement sur la description
des électrons, le noyaux sont considérés comme des objets massifs classiques.

L’équation de Newton pour les noyaux est ainsi intégrée numériquement avec un pas de
temps fini At de 'ordre de la femtoseconde, correspondant & la dynamique des noyaux. A
chaque pas de temps, la fonction d’onde est optimisée par DFT. Cette méthode est donc
bien plus cotiteuse que des calculs statiques (calcul de I’énergie ou des modes de vibration
par exemple), mais elle permet d’étudier des phénomenes ou les ruptures de liaisons sont
essentielles ou bien des systémes qu’aucune approximation classique (de type champ de force,
voir section suivante) ne permet d’appréhender. Ces simulations peuvent étre faites dans
différents ensembles thermodynamiques : nombre constant de particules, volume constant
et température constante (N,V,T) ou nombre constant de particules, pression constante et
température constante (N, P,T).

Un certain nombre de propriétés peuvent étre calculées par l’analyse des trajectoires.
Tout d’abord, les fonctions de distribution de paires (PDF) qui peuvent étre comparées a des
données expérimentales quand tous les atomes sont pris en compte. L’examen des fonctions de
distribution de paires par type d’atomes permet de comprendre quelles sont les interactions
pertinentes, ce qui est compliqué a partir de PDFs expérimentales. Il est par exemple ainsi
possible d’extraire des profils d’énergie libre par I'identification de potentiels de force moyenne
ou par des approches plus sophistiquées comme la dynamique moléculaire sous contrainte ou
I'approche de l'ensemble Blue Moon. [101,102] Ces méthodes sont puissantes et ont par
exemple permis d’expliquer le mécanisme par lequel le dioxyde de carbone peut rentrer dans
une zéolithe ou les cations bloquent les pores aux autres gaz. [97]

Calculs classiques

Pour simuler des systéemes plus grands pendant des durées plus longues les méthodes em-
ployées sont appelées méthodes classiques. Typiquement ces méthodes permettent de simuler
plusieurs milliers d’atomes, et jusqu’a 100000 atomes. [104] Les temps de simulation vont
de quelques nanosecondes a quelques centaines de nanosecondes. Cela permet d’étudier au
niveau moléculaire des phénomeénes tels que l'adsorption, la diffusion ou la dynamique du
matériau. [105-107]

L’énergie potentielle (U(r")), dans les simulations classiques, est calculée & partir de
fonctions de ’énergie interatomique décrite par des parameétres qui viennent de ce qui est
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appelé le champ de force. Celui-ci est un ensemble d’expressions analytiques des interactions
entre atomes et des parameétres correspondant. Le choix et I'implémentation des champs de
force est crucial pour 'obtention d’une bonne précision.

,
«—>

Figure 6 : Exemples de paramétres structuraux décrits explicitement dans les modeles
champ de force utilisés en simulations moléculaires classiques. Cette figure est tirée

de [108].

Les champs de force sont paramétrés pour reproduire la géométrie moléculaire ou des
propriétés thermodynamiques expérimentales ou décrites au niveau quantique. La forme gé-
nérale de I’énergie potentielle inclue des termes liants pour les liaisons covalentes (ou les
liaisons métal-ligand), et des termes non-liants qui décrivent les interactions a plus longues
portées comme 1'électrostatique ou les forces de van der Waals (cf. Figure 6). La décompo-
sition spécifique des termes dépend du champ de force choisi, mais une forme générique est
donnée dans les équations 6, 7 et 8.

Utotal = Uliés + Unon—liés (6)
Uliés == Uliaison + Uangle + Udiédre (7)
Unon-liés == Uélectrostatique + Uvan der Waals (8)

La dynamique moléculaire est simulée grace au méme procédé itératif que dans le cas
quantique. Cependant, le cofiit plus faible des simulations classiques permet de suivre des
processus & des échelles plus larges comme la dynamique de molécules d’eau confinées dans
des zéolithes. [117]

Outre la dynamique moléculaire, un autre type de simulations tres utilisées sont les simula-
tions de type Monte Carlo. En particulier, cette méthode est utilisée pour simuler I'adsorption
par déplacement, insertions et délétions de molécules de gaz dans la structure. [124] La diffé-
rence entre la fagon dont la dynamique moléculaire et le Monte Carlo en terme d’exploration
de l'espace des phases est illustrée en Figure 7. Pour 'acceptation d’un pas Monte Carlo,
lalgorithme souvent utilisé est celui de Metropolis. [125] L’application des étapes suivantes
constitue la base de cet algorithme :
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Figure 7 : Représentation de la facon dont la surface d'énergie potentielle est explorée
par les simulations de dynamique moléculaire et de Monte Carlo.

1. Calculer ’énergie potentielle de I’état initial (U;).
2. Choisir un déplacement d’une molécule aléatoire & partir d’une distribution uniforme.
3. Calculer I'énergie potentielle du nouvel état (Uy).

4. Si Uy < U;, accepter le pas.

5. Si Uy > Uj, sélectionner un nombre aléatoire, w, avec w € [0, 1] & partir d’une distribu-
tion uniforme et si exp[—3(Uy — U;)] > w, accepter le pas.

6. Répéter les étapes 2 a 5.

Liens entre structure et propriétés mécaniques dans les zéo-
lithes : exemple de auxéticité

Les propriétés mécaniques des tamis moléculaires, en particulier des zéolithes, ont beaucoup
été étudiés dans un contexte d’ingénierie de procédés. [135,136] . En 2013, F-X. Coudert a
publié la premiére étude systématique sur les propriétés mécaniques des zéolithes connues
avec des calculs quantiques. [142]

Au-dela de la confirmation de corrélations connues, comme celle existant entre I’énergie
de réseau et le volume spécifique, il a suggéré un critere de faisabilité basé sur ’anisotropie
élastique (cf. Figure 8) comme définie dans 1’équation 9 :

Emax Gmaa:
). ©

n = max (

Emin ’ Gmin
ol Epyin/mar SO0t les modules d”Young minimal et maximal et G,y /mqq sont les modules
de cisaillement minimal et maximal. Le critére proposé est que la faisabilité des structures
correspond & un double critére : AE < 20kJ/mol et n < 4, en vertu du fait que presque toutes
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Figure 8 : L'énergie relative au a-quartz est représentée en fonction de I'anisotropie
élastique ; les points rouges correspondent aux zéolithes synthétisées sous forme pure-
ment silicée. La zone grise correspond au critére de faisabilité proposé dans [142]. Cette
figure est extraite de [142].

les structures déja synthétisées respecte ces conditions. Cette étude est I'une des premieres a
mentionner les propriétés mécaniques anomales des zéolithes avec la compressibilité linéaire
négative qui est le fait qu'un matériau s’étende linéairement dans une direction alors qu’il est
soumis & une pression isotrope. [143]

Une autre étude, publiée en 2015 par Siddorn et al., s’intéresse a une autre propriété
anomale dans les zéolithes silicées : auxéticité. [144] L’auxéticité est un phénomene, existant
surtout dans des mousses isotropes, qui correspond & un allongement linéaire dans une direc-
tion alors qu’une autre direction est soumise a une élongation. Ce phénomeéne est caractérisé
par un ratio de Poisson négatif.

Afin d’étudier les liens existant entre la structure et les propriétés mécaniques anomales
des zéolithes, j’ai utilisé une base de données de zéolithes hypothétiques générée par Pophale
et al. . [145] Cette base de données contient 590811 structures avec leurs propriétés mécaniques
calculées par des méthodes classiques. J’ai réalisé une analyse des propriétés mécaniques des
structures contenues dans cette base de données. J’ai ensuite utilisé des méthodes de chimie
quantique sur un sous-ensemble de cette base de données pour tenter d’expliquer le mécanisme
sous-jacent a l'auxéticité.

Calcul des propriétés mécaniques

Le but de la mécanique des matériaux est d’étudier le comportement des matériaux soumis
a des contraintes mécaniques extérieures, caractérisées par le tenseur des contraintes(o). Le
matériau réagit en changeant sa forme et sa taille et ces déformations sont caractérisées par
le tenseur des déformations (). Ces tenseurs de rang 2 sont représentés par des matrices
symétriques 3 x 3 (équations 10 et 11).
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La relation entre o et € peut étre résumée par la Figure 9 : pour des petites déformations,
la réponse est appelée élastique, réversible (et souvent linéaire), et pour des déformations plus
grandes la réponse est dite plastique, irréversible et non-linéaire, jusqu’au point de fracture.

A

Elastic region Plastic region
9 J Fracture

point

Stress (0)

Strain (g)

Figure 9 : Représentation schématique de la relation contrainte-déformation dans les
matériaux.

Selon le matériau, cette région élastique va d’une fraction de pourcent (par exemple
pour lacier) et jusqu’a 700% pour certains élastomeres. Dans la partie élastique linéaire,
les contraintes et les déformations sont reliés par le tenseur élastique du second ordre, ou
les constantes élastiques. Le calcul des propriétés mécaniques usuelles (module d’élasticité
isostatique, module d’Young, module de cisaillement, ratio de Poisson) se fait de maniere
analytique a partir de ce tenseur, représenté par une matrice symétrique 6 x 6.

Durant ma these, j’ai développé une application nommée ELATE, disponible en ligne
(www.progs.coudert .name/elate), qui permet de calculer les propriétés mécaniques usuelles
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a partir du tenseur élastique et de représenter graphiquement les variations spatiales de ces
propriétés, en 2D et en 3D.

Propriétés mécaniques d’une base de donnée structurale
Principes de construction et analyses initiales

En 2011, Pophale et al. ont rapporté la création d’une base de données basée sur le champ de
force BKS (Beest—Kramer—van Santen). [161] La génération de la base de données a impliqué
plusieurs étapes incluant du Monte Carlo, des recuits simulés et des optimisations de géomé-
tries. Sur 590811 structures uniques, 590465 tenseurs élastiques convergés ont été obtenus.
Ceux-ci ont été publiés en ligne a part, mais n’ont jamais été analysés.

Les premieres analyses que j’ai faites sur cette base de données ont porté sur la prévalence
d’instabilités mécaniques et les propriétés mécaniques anomales. Les résultats sont les suivants
pour 'entiereté de la base de données :

o 128563 structures sont mécaniquement instables (soit ~ 22% de la base) : ces structures
correspondent a des minima trés locaux qui deviennent instables suite a une petite
perturbation (~ 1% d’élongation).

o 148974 structures présentent de la compressibilité linéaire négative, soit 32% des struc-
tures stables.

o 368508 structures appartiennent a la classe d’auxéticité 1A avec vpyin < 0 (~ 80% des
structures stables), i.e. au moins une direction présente de auxéticité sur au moins un
axe d’élongation.

e 30342 structures appartiennent a la classe d’auxéticité 2B avec un ratio de Poisson
moyen négatif (~ 6.6% des structures stables).

o 578 structures sont totalement auxétiques (classe 3C) avec un ratio de Poisson maximal
négatif (~ 0.1% des structures stables).

La proportion de structures présentant de la compressibilité linéaire négative ou de 'auxé-
ticité semble élevée selon les données basées sur les calculs classiques. Pour voir a quel point
cette base de données est proche du champ des zéolithes connus, je compare ces résultats a
ceux obtenus en ne gardant que les 134 structures connus au sein de la base. Les résultats
sont les suivants :

o 14 structures mécaniquement instable (~ 10% des structures connus).

o 24 structures présentant de la compressibilité linéaire négative, soit 20% des structures
connus mécaniquement stables.

o 78 structures appartenant a la classe d’auxéticité 1A (~ 65% des structures connus
mécaniquement stables).
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o 13 structures appartiennent a la classe d’auxéticité 2B (~ 11% des structures connus
mécaniquement stables).

1 structure est totalement auxétiques (classe 3C) (~ 0,8% des structures connus méca-
niquement stables).

Pour référence, les données calculées au niveau quantique par Coudert [142] sur 121 struc-
tures connues donnent : 1 structure instable, 13% de structures présentant de la compressi-
bilité linéaire négative, 26% de structures appartenant a la classe d’auxéticité 1A, 0,8% des
structures appartenant a la fois a la classe 2B et 3C.

Le champ de force donne I'impression de surestimer la prévalence de propriétés mécaniques
anomales. Cependant, pour des propriétés mécaniques plus simples comme le module d’élas-
ticité isostatique ou le module de cisaillement, ses prédictions sont meilleures (voir Figure 10
tirée de [163]). La corrélation entre les données BKS et DFT est correcte, méme si I’analyse
quantitative révele que la racine carrée de 'erreur quadratique moyenne est de 23 GPa et
36 GPa pour le module d’élasticité isostatique et le module de cisaillement respectivement.
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Figure 10 : A gauche : modules d’élasticité isostatique obtenus par DFT comparés 3
ceux obtenus grace au champ de force BKS. A droite : modules de cisaillement obtenus
par DFT comparés a ceux obtenus grace au champ de force BKS. Figures tirées de [163)].

Comparaison avec les structures connues

Je montre a présent a quel point les structures de la base de données sont statistiquement
proches des structures connues, qui représentent une fraction infime de celle-ci (environ
0.02%). Globalement, les structures hypothétiques ont des propriétés similaires, en excluant
les extrémes manifestes (moins de 1% de la base) en restreignant les gammes de valeurs a
des bornes raisonnables (comme noté dans [163], les modules d’élasticité isostatiques varient
entre -27000 et 20500 GPa, valeurs évidemment inaccessibles pour des zéolithes). Il semble
difficile de trouver une propriété structurale ou mécanique pour laquelle les zéolithes connues
se différencient vraiment du reste de la base de données

Par exemple, le module d’élasticité isostatique a une valeur moyenne de 54 GPa, une
médiane de 50 GPa et un écart-type de 33 GPa pour les zéolithes connues inclues dans la
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base de données, tandis que ces valeurs sont de 46, 44 et 18 GPa pour la base de données
entiére. La seule différence est la prédiction de structures hypothétiques avec des modules tres
bas (<1 GPa) alors que la zéolithe connue avec le plus petit module d’élasticité isostatique
est la structure BOF avec 9 GPa. Que ce soit pour les compressibilités linéaires minimale et
maximale, les modules d’Young et de cisaillement et leurs extrema, le ratio de Poisson et ses
extrema, les zéolithes connues présentent des caractéristiques similaires a toutes les structures
de la base de données.

Une des propriétés fondamentales utilisée pour décrire les zéolithes est I’énergie par atome
de silicium relative au quartz « qui est le polymorphe le plus stable des zéolithes totalement
silicée car elle est reliée directement & I’enthalpie de formation. La valeur moyenne de cette
énergie pour les zéolithes connues est de 46 kJ/mol tandis qu’elle est de 52kJ/mol pour la
base de données entiere. Néanmoins, contrairement au cas du module d’élasticité isostatique,
il ne semble pas y avoir de seuil au-dela duquel on ne trouve aucune zéolithe connue. Par
exemple, plus de 15% des structures connues ont une énergie supérieure a 60kJ/mol par
rapport au quartz.

Sur le plan des propriétés purement géométriques, ’analyse du milieu poreux montre
des différences significatives entre les structures connues et la base de données complete.
Les structures contenues dans la base de données sont en moyenne moins poreuses que les
structures connues avec des tailles de pores environ 45% plus importantes dans les structures
connues. De méme la surface accessible, & une sonde hélium, est 2,5 fois plus grande pour les
structures connues, et le volume accessible relatif 3,6 fois plus important.

Une derniére propriété fréquemment étudiée dans les zéolithes est la distribution des tailles
d’anneaux formés par les atomes de silicium au sein d’une maille élémentaire. En comparant
pour chaque taille d’anneau les moyennes et les écart-types entre la base de donnée complete
et les zéolithes connues, j'observe que la base de données contient des zéolithes avec des
caractéristiques structurales assez différentes des zéolithes déja connues.

En conclusion, cette trés grande base de données construite par Pophale et al. [145]
explore de fagon relativement exhaustive I’espace conformationnel des zéolithes. En effet, les
propriétés mécaniques et énergétiques calculées avec des méthodes de type champ de force
montrent une probable faisabilité d’un certain nombre de structures hypothétiques, tandis
que l'analyse des propriétés structurales pointent de véritables différences avec les structures
connues.

Corrélations notables

L’analyse de la corrélation entre la densité et 1’énergie par silicium relative au quartz confirme
la corrélation négative existante démontrée sur les zéolithes connues au niveau quantique par
Coudert. [142] D’autre part, le champ de force semble défavoriser thermodynamiquement
les structures avec des anisotropies mécaniques élevées, également comme dans le cas des
zéolithes connues au niveau quantique, bien que la corrélation soit moindre avec les données
champ de force. La corrélation positive entre le module d’Young et le module de cisaillement
est aussi tres bien reproduite.

— 186 —



Liens entre structure et propriétés mécaniques dans les zéolithes

Etude de ’auxéticité dans les zéolithes

J’ai étudié au niveau quantique les propriétés mécaniques d’un sous-ensemble de la base de
données contenant les 578 structures qui présentent une auxéticité totale (un ratio de Poisson
toujours négatif). J’ai obtenu 500 tenseurs élastiques du second ordre convergés, dont 392
correspondant a des structures mécaniquement stables. Je nomme cet ensemble ’ensemble
auxétique.

Pour comparaison et afin de créer un ensemble sur lequel utiliser des méthodes d’appren-
tissage statistique, j’ai également calculé 742 tenseurs élastiques du second ordre au niveau
quantique sur des structures choisies au hasard dans la base de données, en vérifiant la re-
présentativité de cet ensemble vis-a-vis de la base de données entiere. Ce second ensemble a
produit 599 structures mécaniquement stables. Je nomme cet ensemble I’ensemble aléatoire.
J’ai analysé les résultats uniquement pour les structures dont les calculs quantiques prédisent
une stabilité mécanique.

Comparaison entre propriétés calculées par champ de force et par DFT

Les parametres de maille cristalline sont quasiment identiques par calcul quantique a ceux
obtenus avec le champ de force, et de méme pour les volumes de la maille. Néanmoins, pour
ce qui est de la densité, bien que ’accord global soit bon, dans le sous-ensemble aléatoire la
déviation maximale est de 12% et elle monte & 35% pour une des structures de ’ensemble
auxétique. La comparaison entre les énergies données par le champ de force et celles obtenues
par DFT montre que celui-ci est peu fiable pour ce qui est de la stabilité thermodynamique
relative des zéolithes silicées (cf. Figure 11). Les valeurs du champ de force sont non seulement
éloignées, mais également tres peu corrélées avec celles données par les calculs quantiques.

Les constantes élastiques dépendant des variations de I’énergie vis-a-vis de déformations
du matériau, la performance du champ de force s’avere également piétre sur le plan des
propriétés mécaniques. Le tableau 1 montre trois estimateurs de l'erreur commise par le
champ de force : la racine carrée de 'erreur quadratique moyenne divisée par la gamme des
valeurs observées (rRMSE), 'erreur absolue moyenne et le coefficient de corrélation. Quelque
soit 'estimateur choisi, on voit que le champ de force est inutilisable pour un criblage de
matériaux pour des propriétés mécaniques précises.

Enfin, si le but est de s’intéresser a l'auxéticité dans ces matériaux, la prédiction des
extrema du ratio de Poisson joue un grand réle. Or, les valeurs données par le champ de force
sont extrémement peu fiables.

Par exemple, la racine carrée de ’erreur quadratique moyenne est de 1,5 pour le maximum
du ratio de Poisson sur le sous-ensemble auxétique et s’envole & 13 sur le sous-ensemble
aléatoire.
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Figure 11 : En haut : énergies obtenues par les calculs quantiques en fonction des éner-
gies obtenues par calcul avec le champ de force BKS pour les sous-ensemble auxétique.
Les points verts correspondent aux structures prédites comme totalement auxétiques par
les calculs quantiques. En bas : comme a gauche, mais pour le sous-ensemble aléatoire.
La ligne noire correspond a I'identité.

Prédire 'auxéticité

Le principe de Papprentissage statistique ou machine learning est de créer un prédicteur (P)
en entrainant un algorithme sur deux ensembles de variables (multidimensionnelles a priori)
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En (kJ/mol) | K E G v
rRMSE(3C) 39% 2% | 19% | 174% | 47%
rRMSE(random) 55% 21% | 85% | 8% | 46%
MAE(3C) 26 7,9 11 10 0,29
MAE(random) 27 10 19 7,6 0,07
r(3C) 0,46 0,29 | 0,43 | -0,01 | 0,002
r(random) 0,38 0,60 | 0,25 | 0,22 0,21

Tableau 1 : Je donne ici, pour les deux sous-ensembles, la racine carrée de I'erreur
quadratique moyenne relative (rRMSE, RMSE divisée par la gamme des valeurs obser-
vées), |'erreur absolue moyenne (MAE) et le coefficient de corrélation de Pearson (r)
pour I'énergie (En), le module d'élasticité isostatique (K, en GPa), le module d"Young
(E, en GPa), le module de cisaillement (G, en GPa) et le ratio de Poisson (v).

X, appelé 'ensemble des descripteurs et Y, le résultat désiré. P est alors tel que P(X)=Y.
Subséquemment, & partir d'un ensemble X', P est testé en comparant P(X’) & Y’ le résultat
réel correspondant a X’

J’ai utilisé un algorithme d’apprentissage statistique appelé gradient boosting regressor
(GBR) tel qu'implémenté dans la bibliothéque python scikit-learn pour créer trois prédic-
teurs : un pour la prédiction du minimum du ratio de Poisson, un pour la prédiction de son
maximum et un pour la prédiction de sa valeur moyenne, uniquement a partir de descripteurs
structuraux, tres peu cofiteux a calculer. J’ai utilisé quasiment les mémes descripteurs que
Evans et Coudert dans [163]. Ceux-ci sont classés en trois catégories : locaux, concernant les
longueurs de liaisons, les angles de torsion, les angles diedres, globaux, comme la densité ou
la distribution des tailles d’anneaux de silicium et en lien avec la porosité, comme la surface
accessible ou le volume poreux accessible.

Le résultat obtenu pour le ratio de Poisson est montré dans la Figure 12. Globalement,
le prédicteur obtenu par apprentissage statistique est bien meilleur que le champ de force.
Le champ de force a une performance similaire sur le sous-ensemble des zéolithes connues,
mais ne tient pas la comparaison sur aucun des deux autres sous-ensembles (auxétique et
aléatoire). Cet algorithme permet en outre de savoir quels sont les descripteurs qui comptent
le plus pour expliquer le résultat : ici, les descripteurs locaux jouent un réle important, tout
comme les tailles de pores et la proportion des anneaux de taille 4, 5, 6 et 8.

De méme pour les extrema du ratio de Poisson : les prédicteurs générés par apprentissage
statistique sont non seulement meilleurs, mais tout simplement utilisables pour rechercher de
I’auxéticité dans ces matériaux. En effet, quelque soit le sous-ensemble considéré, ou sur la
totalité des zéolithes considérées, les erreurs absolues et quadratiques sont inférieures a 0.5
pour ces propriétés, tandis que le champ de force ne présente une telle performance (moins
bonne que GBR) que pour le ratio de Poisson maximum des zéolithes connues.

Conclusion

En utilisant des calculs quantiques sur deux ensembles de structures extraites d’une base de
données d’environ 600000 structures hypothétiques, j’ai pu montrer que le champ de force
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Figure 12 : A gauche : ratios de Poisson donnés par BKS en fonction des valeurs
calculées en DFT. A droite : ratios de Poisson donnés par le prédicteur construit en
utilisant I'algorithme GBR en fonction des valeurs calculées en DFT. Les structures du
sous-ensemble auxétique sont indiquées en bleu, celles du sous-ensemble aléatoire en
rouge et les structures connues, en vert.

BKS peut étre utilisé pour déterminer les propriétés structurales des zéolithes. Cependant,
en ce qui concerne les propriétés mécaniques, et en particulier le ratio de Poisson, et plus
précisément ces extrema, ce champ de force ne peut étre utilisé pour explorer les propriétés
d’auxéticité des zéolithes. J’ai montré que les techniques d’apprentissage statistique offrent
une maniere de construire des modeles prédictifs rapides et peu coliteux, comme je I’ai fait
pour le ratio de Poisson et ces extrema. L’importance des descripteurs structuraux dans la
détermination d’une propriété donnée peut en outre étre extraite du processus d’apprentis-
sage. Enfin, mon étude porte uniquement sur les zéolithes totalement silicées, mais les mémes
méthodes pourraient étre appliquées a d’autres matériaux poreux, étant donnée une base de
données suffisamment large de données expérimentales ou provenant de calculs quantiques.

Fondre des MOFs pour créer de nouveaux matériaux

La plupart des études sur les MOFs ont été menées sur leurs phases cristallines. Cepen-
dant, leurs phases amorphes présentent un intérét, notamment pour aller au-dela des appli-
cation traditionnelles des MOFs reposant sur de tres grandes surfaces spécifiques. Ces phases
amorphes peuvent en effet profiter de la versatilité inhérente a ces structures pour des appli-
cations comme la délivrance controlée de gaz ou de médicaments, ou encore le piégeage de
substances toxiques ou radioactives.

Etat de I’art de ’amorphisation des MOFs

Des travaux récents ont montré la possibilité de synthétiser directement des MOFs amorphes
[49], mais je vais décrire ici uniquement les processus d’amorphisation partant d’une struc-
ture cristalline pour obtenir une structure amorphe apres altération. Il y a trois manieres
d’amorphiser un MOF : le soumettre & des pressions de 'ordre de quelques mégapascals a
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quelques gigapascals dans une cellule & enclume diamant (amorphisation sous pression), [174]
induire des contraintes de cisaillement par broyage mécanique (ball-milling en anglais) [175]
ou en le chauffant dans un four a des températures entre 300 et 700 °C (amorphisation sous
température).

Amorphisation sous pression

La premiere étude rapportant I’amorphisation d’'un MOF a été publié en 2009 par Chapman
et al. [174]. Les auteurs observent ’amorphisation irréversible de la structure ZIF-8 a une
pression de 0.34 GPa et le déclin de la capacité d’adsorption résultant. En 2010, Hu et al. ont
rapporté l'amorphisation irréversible de MOF-5 & une pression trés basse de 3.5 MPa. [176]
L’amorphisation est due & une destruction d’une partie des groupes carboxylates des ligands.
Tandis que dans le cas de ZIF-8 la surface spécifique se maintenait & 84% de celle du cristal
a 0.6 GPa, MOF-5 perd quasiment toute sa surface spécifique interne (Figure 13).
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Figure 13 : A gauche : isothermes d'adsorption de N, pour ZIF-8 sous pression (figure
prise de [174]). A droite : surfaces spécifiques de MOF-5 soumis & des compressions a
température ambiante (figure prise de [176]).

D’autres comportements peuvent étre observés : par exemple ZAG-4 ne s’amorphise pas
avec des pressions jusqu'a 10 GPa, [177] ou encore I'exemple de "amorphisation réversible de
ZIF-4 rapportée par Bennett et al. en 2011. [178]

Des 2011, Chapman et al. ont présenté une application a I’amorphisation sous pression de
ZIF-8. [179] Ils ont utilisé ce processus d’amorphisation pour piéger cinétiquement le diiode
dans la phase amorphe de ZIF-8. Or I, est un sous-produit dangereux de la production
d’énergie nucléaire et qui peut étre rejeté en grande quantité en cas d’accident nucléaire.

Amorphisation par broyage mécanique

Le broyage mécanique est de plus en plus utilisé pour la synthese des MOFs, méthode qui
est appelée mécanochimie, [58,180] mais il est encore rarement utilisé pour 'amorphisation
de structures cristallines. On peut néanmoins citer quelques exemples intéressants : en 2012,
Cao, Bennett et al. ont rapporté 'amorphisation par broyage mécanique de ZIF-8; [181] en
2013, Bennett et al. ont publié un article détaillant I’amorphisation par broyage mécanique

— 191 —



Résumé

de ZIF-4, ZIF-8, ZIF-69 et ZIF-mnlm. [51] Pour ZIF-8 et ZIF-mnlm, ’amorphisation permet
d’augmenter la température jusqu’a laquelle I, est adsorbé de 200°C, montrant le potentiel
de ce processus pour le piégeage de substances dangereuses.

Amorphisation sous température

Im = Imidazole
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Figure 14 : a) Les liaisons similaires Si-O-Si et Zn-Im-Zn des zéolithes et des ZIFs
respectivement. b) Une configuration instantanée de la topologie de type modele continu
aléatoire (continuous random network ou CRN en anglais) de ZIF amorphe obtenue par
modélisation de type reverse Monte-Carlo (RMC). c) Mailles unitaires étendues de ZIF-1
(a gauche), ZIF-3 (au centre), et ZIF-4 (a droite). Cette figure est tirée de [55].

Comme rapporté depuis 15 ans, les zéolithes inorganiques peuvent s’amorphiser grace a
une élévation de la température. [185-187] Les ZIFs, formées par assemblage de tétraedres ba-
sés sur un ion métallique et quatre ligands imidazolates (substitués ou non), ont naturellement
été étudiées sur le plan de leur altération structurale suite a une élévation de température. En
2010 la premiere étude décrivant une structure amorphe de ZIF-4(Zn) obtenue par amorphi-
sation sous température de la structure cristalline fut publiée. [188] Ensuite il a été montré
que ZIF-1(Zn), ZIF-3(Zn) et ZIF-4(Co) (cf. Figure 14) peuvent s’amorphiser sous tempé-
rature, tandis que ZIF-8, ZIF-9, ZIF-11, ZIF-14 and ZIF-Bqtz se décomposent avant toute
transition structurale. [55] Le seul point commun entre ces derniéres structures est le fait que
leurs ligands sont substitués alors que les précédentes sont basées sur des imidazolates non
substitués.

Plus précisément, ZIF-4, ZIF-1 and ZIF-3, qui ont pour formule Zn(Im), (Im=C3;N,H;),
s’amorphise atour de 300°C. La structure résultante est appelée a-ZIF et est structurellement
similaire aux verres de silice. En élevant encore la température, au-dela de 400°C, elles re-
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Figure 15 : Mailles unitaires selon I'axe b pour (a) ZIF-4, (b) Zn(Im)2(GIS), (c) TIF-4 et
(d) ZIF-62. N : bleu foncé, Zn : bleu clair, C : noir, H : non visible. (e) Vue schématique
des événements thermiques pendant le chauffage. Cette figure est prise de [54].

cristallisent dans une phase similaire & zni, le polymorphe le plus stable de la famille des ZIFs
avec des ligands imidazolates non substitués. [189] En 2015, Bennett et al. ont publié une
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étude montrant que ZIF-4 peut atteindre un état liquide autour de 565°C, contrairement a
ZIF-8 qui se décompose. Cette possibilité de fondre des ZIFs puis de faire subir une trempe
aux liquides obtenus offre une nouvelle maniere de créer des verres hybrides. Par exemple,
le piégeage de lanthanides avant amorphisation est une voie prometteuse pour synthétiser
des verres avec des propriétés optiques et luminescentes. Cependant, cette capacité pour un
MOF de fondre a pour l'instant été peu observée.

En 2016, Bennett et al. ont étudié des structures similaires & ZIF-4 : Zn(Ims)(GIS) avec
la méme composition, TTF-4, avec la méme topologie, mais avec un quart des imidazolates
transformés en méthylimidazolates et ZIF-62 avec la méme topologie, mais avec un huitieme
des imidazolates remplacés par des benzylimidazolates (cf Figure 15). [54] Zn(Imy)(GIS) a
une température de fusion similaire a celle de ZIF-4 (857K contre 863 K), mais ne montre
pas de recristallisation préalable vers une phase zni. TIF-4 et ZIF-62 permettent d’étudier
I'influence du changement de ligand sur la température de fusion. Elles montrent toutes les
deux des températures de fusion plus basses que celle de ZIF-4. Les auteurs concluent ainsi
que 'augmentation de la taille des ligands diminuent la température de fusion.

Etude de la fusion de différentes ZIFs
Systémes étudiés

J’ai étudié le comportement de fusion de quatre ZIFs : ZIF-8, ZIF-4, ZIF-zni et SALEM-2.
ZIF-8 est composée de tétraedres Zn(mlm)s (mIm = méthylimidazolate = C,;NyH;) et a la
méme topologie que la zéolithe sodalite (SOD). [97] Son groupe d’espace est le groupe [ —43m
et sa maille unitaire, comportant 276 atomes, a un paramétre de maille unique de 16,993A.
Le panneau de gauche de la Figure 16 montre 8 mailles élémentaires. Cette structure est tres
ouverte et poreuse avec une densité de 0,965 g/ cm?.

% DAY L
3 o
, X ) RN
] s ’ . ) >
«"1 Cﬁ:“
N iy
bY
\
:- ; x! Jg;‘ “ © KEQ
3% 1R A ¢
Te R & ¢ ¢ Ten & ¢ BK. A

Figure 16 : A gauche : ZIF-8. A droite : SALEM-2. Zn : vert, N : bleu, C : gris, H :
non visible. Les liaisons de coordination entre les atomes de zinc et les atomes d'azote
sont indiqués en rouge et les tétraedres de coordination sont représentés en vert autour
de chaque zinc.
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SALEM-2 a la méme topologie que ZIF-8, mais les méthylimidazolates sont remplacés par
des imidazolates (panneau de droite, Figure 16). La densité résultante est de 0,831 g/cm?. En
réalité, ce systeme est une version idéalisée de son équivalent expérimental, dans lequel seuls
85% des méthylimidazolates sont remplacés. [43]

ZIF-4 est chimiquement tres similaire a ZIF-8, avec pour formule Zn(Im)y au lieu de
Zn(mlm)s. Cette structure est poreuse, mais moins que ZIF-8 (la surface BET est nulle par
exemple), et a la méme topologie cag que le minéral variscite (CaGay0,4). [197] Sa maille
orthorhombique (groupe d’espace Pbca) contient 272 atomes avec les parametres suivants :
a = 15,423A, b = 15,404 A et ¢ = 18,438A et o = B = v = 90°. Sa densité est de
1,247¢g/cm?. Enfin, ZIF-zni est chimiquement identique & ZIF-4. Il s’agit d’une structure
dense non poreuse qui a la méme topologie que 'aluminosilicate banalsite (BaSiyAl,Oyg).
[189] Sa maille primitive (groupe d’espace P1) contient 272 atomes et a pour parametres :
a=17,570A, b = ¢ = 17.613A et o = 138,433°, 8 = 97,256°and ~ = 97, 257°. Sa densité
est de 1,616 g/cm?3.

J’ai utilisé des simulations de dynamique moléculaire ab initio dans ’ensemble canonique
(& volume constant) & une dizaine de températures différentes pour chaque structure afin
d’obtenir des informations thermodynamiques sur la fusion, son mécanisme microscopique
et d’explorer la nature du liquide obtenu. Toutes les données expérimentales auxquelles je
compare la fusion de ZIF-4 sont le fruit du travail réalisé par Kevin A. Beyer, Karena W.
Chapman, David A. Keen et Thomas D. Bennett. [60]

La fusion de ZIF-4 : comparaison avec les données expérimentales

Expérimentalement les données de diffraction aux rayons X obtenues au synchrotron ont
été utilisées pour évaluer les changements structuraux survenant pendant le chauffage du
verre formé par fusion puis trempe de ZIF-4 (cf. Figure 17f). Les simulations de dynamique
moléculaire ab initio ne peuvent étre menées a partir du verre dont la maille unitaire est
trop volumineuse pour étre tractable numériquement. J’ai donc utilisé la maille unitaire de
la phase cristalline de la ZIF-4 comme point de départ, observant des changements dans le
facteur de structure en ligne avec les variations expérimentales (cf. Figure 17f).

Comme la fusion de ce réseau supramoléculaire dépend essentiellement de la dissociation
partielle et de la reconstruction des liaisons de coordination Zn—N, j’ai utilisé cette distance
comme coordonnée de réaction. Concretement, a partir de la fonction de distribution radiale
Zn-N, gz, n(r), j’ai calculé le potentiel de force moyenne (potential of mean force ou PMF
en anglais) entre ces deux atomes a toutes les températures simulées par la relation F(r) =

—kgT'Ing(r).

A partir des profils d’énergie libre (panneau de gauche de la Figure 18) j’ai pu extraire la
dépendance en température de 1’énergie libre d’activation (AF?) nécessaire pour casser une
liaison Zn—N. Celle-ci suit une loi de van 't Hoff (cf. panneau de droite de la Figure 18) de la
forme AFH(T) = AHY — TASE, avec AH* ~ 127 kJ.mol™! et AS* ~ 37 J.mol"".K~! dans
cette gamme de température.

Pour appréhender le phénomene de fusion a I’échelle moléculaire, je montre dans les Fi-
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Figure 17 : Structure de la ZIF-4 sous forme cristalline, vitreuse et évolution structu-
relle pendant le chauffage.a) Tétraédre Zn(Im),. (b) Topologie cag de la ZIF-4. (c)
Structure cristalline, avec le volume libre en orange. (d) Configuration du verre obtenue
par reverse Monte Carlo (par David A. Keen). (e) Facteur de structure expérimental
F(Q) et le fit venant de la configuration montrée en (d). (f) Facteurs de structures
(rayons X) expérimentaux (en haut) et obtenus par simulation (en bas) en fonction de

la température. Figure tirée de [60].
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Figure 18 : A gauche : Potentiels de force moyenne le long de la coordonnée Zn-N
différentes températures. A droite : graphe de van 't Hoff des énergies libres extraites
partir du potentiel de force moyenne.

[O%

gures 19a et b la distribution du nombre de coordination du zinc en fonction de la tempéra-
ture. Jusqu’a 1200 K la coordination tétraédrique est majoritaire et les défauts de coordination
peuvent étre considérés comme des défauts. La concentration de ces défauts se trouve étre de
la forme nq oc exp(—¢e/kpT), ol € ~ 56 kJ.mol~! est I'énergie d’activation de formation de
défaut. Ces défauts agissent alors comme des sites de nucléation pour la fusion. La Figure 19d
montre des configurations pendant un échange de ligand autour d’un zinc & 1500 K. A partir
d’un zinc initialement coordonné quatre fois, un ligand s’éloigne et est remplacé par un autre
imidazolate. La Figure 19c montre le comportement moyen des distances entre le zinc et les
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Figure 19 : (a) Distribution des nombres de coordination du zinc en fonction de la
température. (b) Evolution thermique de chaque degré de coordination du zinc de 300 K
(bleu clair) a 2250 K (rouge). (c) Comportement moyen durant un échange d'un atome
d'azote par un autre dans la premiére sphére de coordination d'un zinc. (d) Visualisation
d'un événement d'échange représentatif. N (initialement coordonné) : bleu clair, N : bleu,
N (coordonné apres échange) : orange.

deux azotes concernés : on remarque un mécanisme concerté pour un échange durant moins
de 2ps. On retrouve un comportement similaire a celui de 'eau liquide avec des échanges
de liaisons hydrogéne : dans les deux cas il s’agit de liquides fortement associés formant des
réseaux dynamiques avec des associations tétraédriques préférentielles.

Les Figures 20a et b montrent les déplacements carrés moyens des atomes de zinc et des
centres de masse des imidazolates. Au-dela de 1200 K, j’observe une diffusion libre pour les
deux especes avec des coefficients de diffusion similaires, comme dans les liquides ioniques
classiques. L’évolution du volume poreux total (calculé avec une sonde sphérique de rayon
1,2A) en fonction de la température est montrée sur la Figure 20c. Malgré un élargissement
thermique attendu, le volume poreux total moyen reste globalement constant, en ne baissant
que de 10% & la plus haute température comparée & 300 K. De plus, I'analyse du volume
poreux accessible (i.e. excluant les cavités non connectées) montre qu’une grande partie de
la porosité de la ZIF liquide est de la porosité accessible (allant de 74% dans le cristal a
300 K a 95% dans le liquide a 1500 K). Ainsi, a haute température la ZIF-4 forme un « li-
quide poreux » hybride. Cette observation est en adéquation avec les données expérimentales
rapportées sur le volume poreux des verres de ZIFs. [214]

Dans cette étude, mes coauteurs et moi-méme, [60] avons introduit le terme « MOF

liquide », pour un liquide formé par la fusion d’'un MOF dont la configuration chimique
reste inchangée et dont les modes de coordination sont maintenus dans la phase liquide.
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Figure 20 : Structure et dynamique de la ZIF liquide. Figure tirée de [60].

La généralisation de ce phénomene dépend d’un équilibre complexe entre la température de
fusion et la température de décomposition. Cette derniere est dépendante d’une multitude de
facteurs tels que 'atmosphere de travail, la vitesse de chauffe et la taille des particules. Cela
dépend également de la chimie, avec des espéces comme les nitroimidazoles qui se décomposent
du fait de la rupture des liaisons C-NO,.

Dans la sous-partie suivante, je résume ’étude que j’ai mené sur ZIF-8, ZIF-zni et SALEM-
2 pour étudier 'influence de la topologie et de la chimie sur la capacité de fusion d’'un MOF
et son comportement lors de celle-ci.

Influence de la topologie et de la chimie sur la fusion

Je résume tout d’abord la comparaison entre les trois structures existantes, ZIF-8, ZIF-4 et
ZIF-zni, avant d’énoncer les résultats pour SALEM-2. Le ratio de Lindemann, qui caractérise
la fusion lorsque sa valeur dépasse 15%, est représenté sur le panneau gauche de la Figure 21
en fonction de la température pour les trois ZIFs. La fusion a lieu entre 1200 K et 1500 K
pour ZIF-4, entre 1500 K et 1750 K pour ZIF-zni, et au-dela pour ZIF-8. Ainsi je peux définir
un ordre des températures de fusion : T,,(ZIF-4) < T,,,(ZIF-zni) < T,,,(ZIF-8).

De méme, lorsqu’on s’intéresse au déplacement carré moyen par atome par rapport a la
structure initiale et sur une durée de référence (7 = 75 ps) (cf. panneau droit de la Figure 21),
on voit que la diffusion ne commence qu’entre 1250 K et 1500 K pour ZIF-4 et seulement au-
dessus de 1500 K pour ZIF-8. La diffusion au sein de la ZIF-zni semble étre empéchée par sa
structure dense, qualitativement différente des structures poreuses de ZIF-4 et ZIF-8.
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Figure 21 : A gauche : Comparaison de I'évolution du ratio de Lindemann pour les 3
ZIFs. A droite : Déplacement carré moyen global en fonction de la température pour
ZIF-8 (en rouge), ZIF-4 (en vert) et ZIF-zni (en bleu).

Tout comme pour ZIF-4, la fusion dans ZIF-8 et ZIF-zni a lieu grace a un processus activé
menant a des événements rares de rupture de liaisons de coordination. [207] C’est-a-dire que
la fusion se passe & la limite de stabilité de la phase solide, mais & un point ou elle est encore

métastable. Le tableau 2 montre les enthalpies et entropies libres d’activation pour les liaisons
Zn—N et Zn—Im.

AU | AST| AF*(865K)
ZIF-8 (Zn-N) | 145 | 48 [103 (~ 14kT)
ZIF-8 (Zn-Tm) | 207 | 77 | 140 (~ 20kT)
ZIF-4 (Zn-N) | 127 | 37 | 95 (~ 13kT)
ZIF-4 (Zn-Tm) | 123 | 36 | 92 (~ 13kT)

93 ( )

94 ( )

ZIF-zni (Zn-N) | 126 | 38 ~ 13kT
ZIF-zni (Zn-Im) | 128 | 39 ~ 13kT

Tableau 2 : Premiére colonne : enthalpie d’'activation (en kJ/mol), deuxiéme colonne :
entropie d'activation (en J-mol™1-K™1), troisitme colonne : énergie libre d'activation 2 la
température de fusion expérimentale de ZIF-4 (865K) (en kJ/mol).

La comparaison entre les potentiels de force moyenne pour la coordonnée Zn—Im permet
de distinguer les différences entre les trois structures. De fait, la ou pour ZIF-4 et ZIF-zni
la différence des thermes enthalpiques et entropiques pour les coordonnées Zn—N et Zn-Im
sont négligeables, ZIF-8 montre un comportement bien différent. Les deux termes sont effet
bien plus élevés pour ZIF-8 (+43% pour lenthalpie et +60% pour 'entropie entre Zn—N et
Zn—Im). Les valeurs plus élevées pour ZIF-8 selon les deux coordonnées de réaction vont
bien dans le sens d’une difficulté accrue de provoquer la fusion. De plus, la différence de
comportement entre ZIF-8 et les deux autres structures vis-a-vis de I’équivalence entre Zn—N
et Zn—-Im comme coordonnées de réaction ne peut trouver sa source uniquement dans la force
des liaisons Zn—N, mais plutét dans la topologie du réseau de coordination.

En terme de porosité, laissant de c6té ZIF-zni qui est non poreuse, le comportement

thermique de ZIF-8 est tres différent de celui de ZIF-4 (cf. Figure 22). Contrairement au cas
de ZIF-4, ou la porosité du cristal est en grande partie maintenue dans la phase liquide, ZIF-8
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Figure 22 : Comparaison de I'évolution thermique du volume poreux total entre la ZIF-4
(vert) et la ZIF-8 (rouge).

perd plus de la moitié de sa porosité au cours de la fusion.

J’ai montré que le mécanisme de fusion est similaire dans les trois structures, mais que
la ZIF-8 ne pourrait fondre qu’au-dela de sa température de décomposition, I’excluant des
candidats a la fusion. Je formule 'hypothése que cela est dii a la grande porosité de ZIF-8 :
tandis que pour des ZIFs plus denses, comme ZIF-4 et ZIF-zni, le mouvement des ligands les
laisse proche des autres ligands et se stabilisent par interactions de dispersion, dans ZIF-8 le
détachement d’un ligand le laisse tres isolé dans ’état intermédiaire, impliquant une barriere
énergétique plus élevée.

La comparaison avec la structure SALEM-2 peut étre résumée par la Figure 23. Le pan-
neau gauche présente 1’énergie libre d’activation nécessaire pour casser une liaison Zn—N et
sa décomposition en partie enthalpique et entropique par la loi de van ’t Hoff. Les valeurs
obtenues sont nettement plus proches de celles de ZIF-8 que de celles de ZIF-4. De plus,
le panneau de droite montre 1’évolution du ratio de Lindemann pour les quatre ZIFs et on
observe bien que SALEM-2 ne fond qu’a une température au moins aussi élevée que ZIF-8.
04

SALEM-2 ZIF-8 —e—

120 0.35 ZIF-4 —e—
° Simulations @ ZIF-zni —e—
110 Linear regression 03} SALEM-2 —e—
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Figure 23 : A gauche : graphe de van 't Hoff plot des énergies libres d’activation
associées a la rupture de la liaison de coordination Zn—Im pour SALEM-2. A droite :
ratios de Lindemann en fonction de la température.

Ces comparaisons semblent en ligne avec la conclusion de [50] selon laquelle les ZIFs ont
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un point de fusion proche de leur équivalent inorganique et donc que la topologie joue un
role prépondérant dans la capacité d’une structure a fondre ou non. Dans le cas de ZIF-8 et
SALEM-2, la température de fusion de la sodalite étant de 1557 K, leur fusion est tres peu
probable (impossible pour ZIF-8).

Il est encore nécessaire d’étudier d’autres ZIFs, en combinant des méthodes expérimentales
et théoriques, afin de confirmer cette hypothese sur le role prépondérant de la topologie et
tenter d’établir un critere général sur la capacité de fusion & température relativement basse
de ces matériaux. Pour cela, il sera nécessaire d’étudier des ZIFs avec des ligands organiques
et des topologies différents, mais aussi des cations différents (comme le cadmium) [184] qui
peuvent influencer la force de l'interaction métal-imidazolate. Le but serait de créer des
MOFs liquides poreux avec des propriétés chimiques et physiques ajustables, comme c’est
déja le cas pour les structures cristallines de MOFs qui peuvent étre construites en vue
d’applications spécifiques. De tels matériaux pourraient étre intéressants pour des séparations
en phase liquide, de la catalyse homogéne et du transport ionique. Ils pourraient aussi servir
d’intermédiaires a ’obtention de verres de MOFs mécaniquement et thermiquement stables.

Caractérisation des verres obtenus par trempe
Systémes et méthodes

Afin de réaliser des simulations de trempe des liquides obtenus par simulation de ZIF-4,
ZIF-8 et SALEM-2 & 1500 K j’ai pris comme point de départ 10 configurations de chaque
trajectoire a 1500K. En effet, la petite taille de la maille élémentaire que j’ai considérée
m’oblige a multiplier les simulations pour avoir une vue représentative de ce que serait la
structure moyenne du verre résultant de la trempe. ZIF-8 ne fondant pas expérimentalement,
les simulations de trempe pour cette structure ont servi a comparer les effets respectifs de
changements de ligands (entre SALEM-2 et ZIF-8) et de topologies (entre ZIF-4 et SALEM-
2).

Pour chaque configuration de chaque structure, j’ai donc lancé des simulations de dyna-
mique moléculaire ab initio consécutives d’'une durée de 4 ps aux températures de 1300 K,
1100 K, 900K, 700 K, 500K et 300 K. La Figure 24 montre un exemple de température ins-
tantanée au cours du temps pour une des 10 simulations de trempe de ZIF-4 liquide. Malgré
un taux de refroidissement inaccessible expérimentalement les configurations vitreuses résul-
tantes peuvent étre analysées comme physiquement sensées de par la petite taille et 1’échelle
de temps considérées. Cette procédure a notamment été utilisée dans le passé sur des verres
de silice avec de bons résultats. [220]

Des verres différents a partir de cristaux différents

Les propriétés que j’ai calculées pour les configurations vitreuses ont été moyennées sur les 10
trajectoires pour chaque structure. Dans la suite je dénote agZIF-4, a,ZIF-8 et agSALEM-2
le verre « moyen » obtenu pour ZIF-4, ZIF-8 et SALEM-2 respectivement.
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Figure 24 : Exemple de température instantanée résultant du déclin de température
imposé. La température instantanée est en rouge et sa valeur moyennée par blocs de
1 ps (constante de temps du thermostat) est en vert.

La Figure 25 montre les distributions de nombres de coordination pour les atomes de zinc
coordonnés aux atomes d’azote. On y voit une confirmation du mécanisme de reconstruction
présent pour la ZIF-4, comme suggéré dans [50]. En effet, la proportion de zincs tétracoor-
donnés passe de 60% a 93% durant la trempe, revenant & un nombre moyen de coordination
de 3,93 (comparé a la valeur de 4 dans le cristal). Cette augmentation est plus faible pour
SALEM-2 et encore plus pour ZIF-8, avec des comportements treés similaires entre ZIF-8 et
SALEM-2 comparés a ZIF-4.

w 80%
E 50%
20%

ZIF-4

50%
20%

g 80%
Y 50%
<

@B 20%

80% [

Liquid (1500K)
Glass (average) I

Glass (all)

|
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Coordination number

Figure 25 : Distributions des nombres de coordination zinc-azote.

Comme pour la fusion, j’ai étudié la porosité de ces structures apres trempe. Ici encore, la
topologie semble jouer le réle prépondérant. En effet, pour ZIF-4 le volume poreux moyen est
29% supérieur dans le verre comparé a la phase cristalline alors qu’il est quasiment inchangé
pour ZIF-8 (-3.5%) et pour SALEM-2 (4+1%). De plus, les valeurs obtenues pour SALEM-2
et ZIF-8, bien que proches des valeurs dans les cristaux, sont tempérées par une proportion
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importante de configurations ne présentant aucune porosité (20% pour ZIF-8 et 30% pour
SALEM-2). La différence est encore plus prononcée pour les volumes poreux accessibles & une
sonde de type hélium (cf. tableau 3). Pour ZIF-8 et SALEM-2, le volume poreux accessible
est le méme que le volume poreux, donc quasiment inchangé. Cependant, pour ZIF-4, la
fusion semble ouvrir des canaux plus grands que dans le cristal en moyenne, menant a une
augmentation de 64% du volume poreux accessible. Le fait de ne pas prendre en compte la
densification de ZIF-4 durant la fusion et la trempe exacerbe stirement cet effet, mais cela est
cohérent avec les mesures de spectroscopie par annihilation de positron (Positron annihilation
lifetime spectroscopy ou PALS en anglais) qui confirment I'ouverture de cavités dans le verre
plus grandes que dans le cristal. [214]

ZIF-8 | ZIF-4 | SALEM-2
Cristal | 258 39 372
Verre 249 64 377

Tableau 3 : Volume poreux accessibles moyens (en cm?/kg) pour les trois structures
dans la phase cristalline et la phase vitreuse.

La comparaison entre les structures vis-a-vis des caractéristiques des verres obtenus par
trempe indique que la substitution des cycles imidazolates et la topologie initiale jouent toutes
deux un role. Néanmoins, la topologie de ZIF-4, permettant un réarrangement structural
pendant la fusion et une reconstruction pendant la trempe, semble jouer un grand réle dans
la stabilisation de cette structure lors de ces deux processus. En effet, bien que SALEM-2
soit chimiquement identique & ZIF-4, son réseau de coordination s’effondre lors de la fusion
et reste tres altéré apres trempe.

Un développement théorique possible serait de simuler directement, a ’aide de méthodes
classiques, les structures vitreuses obtenues par modélisation de type reverse Monte Carlo.
Cela permettrait d’avoir plus d’informations sur la structure et la dynamique des verres a
plus grande échelle pour avoir une meilleure vision sur le désordre statistique et la thermody-
namique de ces nouveaux matériaux. La simulation avec des méthodes classiques de la fusion
et de la trempe serait aussi envisageable, mais avec un effort important de développement
d’un champ de force adapté au préalable.

Remplissage de ZIF-4 par du CO, : influence sur la fusion

Je résume ici une étude exploratoire en cours sur la fusion de ZIF-4 dans laquelle j’ai introduit
précédemment des molécules de CO, par simulations de type Monte Carlo dans ’ensemble
grand canonique. Cette étude s’inscrit dans la méme veine que celle publiée par Corradini
et al. en 2016 sur la solvatation et le mécanisme de transport du CO, dans les carbonates
fondus. [90] Elle est aussi cohérente avec 1'usage des MOFs amorphes pour le piégeage de
substances. [179]
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Figure 26 : A gauche : en vert : coordination Zn—N, en rouge : coordination Zn-N +
Zn—0 (une tétracoordination pour |'histogramme rouge peut par exemple étre le résultat
de trois azotes et un oxygeéne coordonnés au méme zinc), en bleu : situation sans CO,.
A droite : graphe de van 't Hoff de la formation de défauts de coordination Zn-N (E$zn
étant I'énergie d’activation associée).

Coordination du dioxyde de carbone au zinc

Comme le montre le panneau gauche de la Figure 26, avant la fusion et jusqu’a 1350K, la
coordination de 'oxygene au zinc est extrémement faible avec 0,09 oxygene par zinc a 1350 K
(et 3,9 azotes). Cependant, dans la phase liquide a 1500 K, ce nombre croit & 0,85 oxygene
par zinc tandis que la coordination zinc-azote décroit a 3,0 azotes par zinc. D’autre part,
I’énergie d’activation associée a la création de défaut de coordination Zn-N grimpe de 28%
comparé a la situation sans CO,, ce qui peut étre interprété comme une plus grande difficulté
a créer des défauts a basse température. Ceci signifie en fait que la transition d’un régime
ou la tétracoordination Zn—N est majoritaire & un régime dans lequel elle représente moins
de 50% arrive a une température plus basse avec du CO, (entre 1350 K et 1500 K) que sans
(au-dela de 1500 K).

90 L | 300k.co, AF2000, =60 kljmol CO,@ZIF-4
1000K,CO, AFY500,c0, = 52 kJ/mol 90
80 | |1500K,CO; . . )
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Figure 27 : A gauche : potentiel de force moyenne le long de la coordonnée zinc—azote
(en vert) (situation sans CO, a 300K et 1500K en bleu). A droite : graphe de van 't
Hoff montrant |'énergie libre d’activation nécessaire a la rupture d'une liaison Zn-N a
différentes températures.

La considération des potentiels de force moyenne selon la coordonnée zinc-azote est ins-
tructive (cf. Figure 27). En effet, I’enthalpie d’activation associée & la rupture de cette liaison
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Conclusion

est de 105 kJ/mol, soit nettement moins que dans le cas sans CO4 (127 kJ/mol). Ceci semble
indiquer que le dioxyde de carbone a un role de facilitateur dans le processus de fusion, qui
dépend beaucoup de cette enthalpie d’activation.

Un certain nombre d’analyses peuvent encore étre menées sur ces simulations pour étu-
dier la coordination du CO, a la structure et son role dans la réduction éventuelle de la
température de fusion. J’ai déja pu voir que la présence de CO, abaisse I’énergie nécessaire a
la rupture de liaisons Zn—-N et augmente la diffusion des ions zinc. Une analyse topologique
plus avancée serait intéressante pour comprendre la différence de comportement de fusion.
De plus, cette étude étant purement théorique, des expériences devraient étre menées pour
épauler mes conclusions théoriques.

Conclusion

Gréce a des simulations au niveau quantique j’ai pu montrer que les propriétés mécaniques
des zéolithes sont des propriétés tres sensibles, qui sont difficilement appréhendées par des
méthodes classiques. J’ai également montré que les méthodes d’apprentissage statistique of-
fraient une maniere de créer des prédicteurs rapides et fiables, comme je I’ai fait pour le ratio
de Poisson et ses extrema.

L’étude de la fusion et de la trempe des ZIFs a mis en lumiere I'influence cruciale de
la topologie par rapport aux caractéristiques chimiques du ligand sur la capacité d’une ZIF
a fondre. Grace a cette étude, j'ai également découvert le mécanisme microscopique sous-
jacent de la fusion des ZIFs. De nombreux efforts, a la fois expérimentaux et théoriques,
sont encore nécessaires pour confirmer mes hypothéses en comparant des structures avec
différents ligands, cations et topologies. Les nouveaux verres ainsi générés pourraient servir
a piéger des substances dangereuses ou polluantes ou comme des verres actifs optiquement
ou électroniquement par 'incorporation de telles fonctionnalités dans le MOF cristallin.

En définitive, les questions ouvertes par cette theése sont toutes reliées aux liens entre les
caractéristiques structurales et les propriétés physico-chimiques des matériaux microporeux.
De nombreuses perspectives sont a présent ouvertes, que ce soit pour les zéolithes ou les
MOFs, et en particulier les MOFs amorphes.

La principale question pour I’étude des propriétés mécaniques des zéolithes et les liens
avec les caractéristiques structurales est I'influence des changements chimiques sur ces liens.
De fait, en étudiant des structures zéolithiques avec différents éléments chimiques, non seule-
ment 'aluminium, mais aussi le gallium ou le germanium par exemple, et différents cations
extra-charpentes, il serait possible de dégager ce qui est inhérent a la topologie du réseau
et ce qui dépend intimement de ses détails chimiques dans la détermination des propriétés
mécaniques. Je me suis intéressé essentiellement a l'auxéticité, mais d’autres propriétés ano-
males demandent a étre étudiées plus avant comme la compressibilité linéaire négative ou,
pour prendre une propriété reliant thermique et mécanique, 'expansion thermique négative.

Au-dela du criblage de zéolithes possédant des structures intéressantes vis-a-vis d’une
propriété particuliére, la question de leur faisabilité reste non résolue. Ce probleme, appelé le
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zeolite conundrum en anglais, a résisté a de nombreuses études théoriques et expérimentales,
malgré de récentes avancées expérimentales, avec la création du processus de synthése de
zéolithes « infaisables » ADOR. [225,226] Certaines de ces nouvelles structures ont été
étudiées sur le plan théorique. [227] Une voie qui reste largement & explorer et qui pourrait
amener une meilleure compréhension théorique sur la faisabilité de ces structures serait de
modéliser le processus de synthese lui-méme pour comprendre quelles sont les forces a I’ceuvre.
Cela pourrait permettre de concevoir des zéolithes pour des applications spécifiques, dont les
propriétés auraient été prédites au préalable.

Dans le royaume des MOFs amorphes, comme je l’ai précédemment écrit, beaucoup de
choses sont encore a éclaircir. Une des perspectives ouvertes par mon travail de these est de
déterminer des criteres précis pour la capacité d’une structure & fondre en se basant sur la
nature du métal, la composition du ligand et les caractéristiques de la topologie. Une idée
intéressante pour répondre a cette interrogation serait d’entrainer des champs de force réactifs
sur des données de dynamiques moléculaires ab initio de la fusion de différents MOFs pour étre
ensuite capable de simuler et de comprendre le processus de fusion de fagon moins cofiteuse
numériquement. Pour aller plus loin que les conditions standards, 1’étude de l'influence de
parametres physiques sur la fusion, comme 'augmentation de pression, pourrait ouvrir de
nouvelles possibilités, par exemple en rendant possible la fusion d’une structure ne fondant pas
a pression ambiante. Dans un second temps, des modeles physiques plus simples pourraient
étre proposés pour réduire encore la dimensionnalité du probleme et identifier les facteurs
clés amenant & un comportement particulier lors de la fusion. Par exemple, comme j’ai vu
que la topologie jouait un réle important, une question intéressante serait : quels éléments
de la topologie (symétrie, connectivité, topologie de I'interaction métal-ligand) importent le
plus ? Avec de tels critéres et une meilleure connaissance de la faisabilité expérimentale des
structures considérées nous pourrions arriver a une véritable démarche de design rationnel
de nouveaux liquides et verres poreux.
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Durant ma thése jai réalisé des
études en utilisant les méthodes de
simulation moléculaire pour étudier
des matériaux déja utilisés indus-
triellement, comme les zéolithes, ou
qui pourraient I'étre dans le futur,
tels que les matériaux poreux a
charpente organométallique appelés
Metal-Organic Frameworks (MOFs).
Les zéolithes, connues depuis 1756
et synthétisées depuis les années
40, n’ont vu leur comportement mé-
canique étudié sur le plan théorique
que récemment. Or certains de
ces aluminosilicates poreux présen-
tent des propriétés mecaniques dites
anomales, tel que lauxéticité. A
I'aide d’'une base de données struc-
turales, jai relié les propriétés struc-
turales de ces matériaux a leurs pro-
priétés mécaniques et jai développé
une méthodologie permettant de
prédire I'auxéticité dans ces matéri-
aux.

Les MOFs ont essentiellement été
étudiés sous leur forme cristalline. Or
leur amorphisation présente un in-
térét tant sur le plan des processus
que de part le potentiel d’applications
des phases amorphes obtenues. Je
me suis intéressé a la fusion et a la
trempe de certains de ces matériaux.
A l'aide de simulations moléculaires
quantiques, j'ai montré quel était le
mécanisme a l'ceuvre lors de la fu-
sion, caractérisé la nature du liquide
et les liens existant entre la topologie
initiale du matériau, son comporte-
ment lors de la fusion et le verre. J'ai
aussi modeélisé le remplissage d’un
de ces matériaux par du dioxyde de
carbone, son influence sur la fusion
et la fagcon dont il pourrait étre piégé
dans la phase amorphe.

Mots Clés

Simulation moléculaire, Zéolithes,
Metal-organic Frameworks, Matéri-
aux poreux, Design rationnel.

Abstract

During my PhD | conducted studies
based on molecular simulation meth-
ods to study two types of materi-
als: zeolites, already used industri-
ally and Metal-Organic Frameworks
(MOFs), which present a lot of poten-
tial for applications, though their com-
mercial use is still to be developed.
Zeolites, known since 1756 and syn-
thesized since the 40s, have not
been much studied in terms of their
mechanical behaviour until less than
15 years ago. Yet some of these
porous aluminosilicates have fasci-
nating mechanical properties called
anomalous properties, such as neg-
ative linear compressibility or aux-
eticity. Using a large structural
database of hypothetical zeolites,
| linked their structural descriptors
and mechanical properties and de-
veloped a methodology allowing to
screen this type of materials looking
for auxeticity.

MOFs have essentially been stud-
ied as crystalline materials.  Yet
their amorphization is very interest-
ing whether to study its mechanism
or for potential applications of the
amorphous phases obtained. | have
been interested in characterizing the
melting and quenching of some of
these materials. In particular, using
quantum molecular simulations, | un-
raveled the mechanism behind the
melting, characterized the nature of
the liquid phase and showed the links
between the initial topology, the melt-
ing behaviour and the resulting glass-
like phase. | also modelled the filling
of one of these materials with carbon
dioxide, its influence on the melting
and the way it could be trapped in-
side the amorphous phase.

Keywords
Molecular  simulation, Zeolites,

Metal-organic Frameworks, Porous
materials, Rational design.
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