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Abstract

This project focused on the synthesis, characterization, and sorption performance of
porous ionic packings (PIPs), a new class of compounds made of large cations and/or anions.
The thesis is divided into three experimental parts covering respectively synthesis of
(NMes)2B12H12 (TMAD), extension of the PIP concept through the synthesis of other PIPs, and

investigation of TMAD gas sorption properties using volumetric and diffraction methods.

In the first part, the successful synthesis of face-centered cubic (fcc) porous TMAD was
confirmed, utilizing the ionic exchange in water between NazB12Hz12-4diglyme and NMe4Br.
The synthesis conditions, particularly water temperature, were found to significantly affect the
relative intensities and lattice expansion of the TMAD. Synthesis in hot water revealed an
additional unidentified phase, while synthesis in cold water optimized the yield of the fcc
TMAD.

The second part demonstrated that the PIP concept can be extended by synthesis of
another PIP, (PMes)2B12H12 (TMPD), the latter exhibited an fcc porous phase and a monoclinic
non-porous phase. The fcc phase was obtained in pure form by synthesis in cold water. TMPD
displayed thermal stability up to 420 °C, surpassing TMAD. Attempts to synthesize a
dodecaborate with a lower symmetry cation, (t-BuNHs)2B12H12, resulted in non-porous
(t-BuNHz3)2B12H12:H20  and  (t-BuNH3)3Bi2H12Br.  The  presence of  water in
(t-BuNHz3)2B12H12-H20 is owing to the multiple possibilities to form both hydrogen and
dihydrogen bonds.

In the third part, gas sorption properties of PIPs were investigated. Crystal structures of
TMAD and CszB12H12 reveal empty non-connected pores of similar size. TMAD demonstrated
CO2 and Hy sorption capacities of 5.92 and 0.21 wt% respectively, at room temperature. The
adsorption Kinetics is very slow, we attribute this to slow diffusion between the non-connected
pores. On the other hand, Cs2B12H1> showed no gas sorption, suggesting the role of the
rotational dynamics of cations for gas diffusion and ultimately the gas adsorption. Structural
disorder hindered precise localization of CO- inside the pores. Exposure to air showed TMAD's
ability to sorb water, as confirmed by dynamic vapor sorption (DVS) measurements. Both
TMAD and TMPD exhibited phase transitions under high CO> or Xe pressure, indicating the



high stability of the porous phase. Sequential Rietveld refinement on Xe in TMPD revealed 25
% pore filling at 400 K.

This work shows that large ions can be assembled into close-packed structures
containing relatively large, isolated pores. They are not easily accessible, since they are not
connected, but they demonstrate the ability to adsorb guests, showing slow gas adsorption
kinetics. The latter is likely dominated by the rotational dynamics of cations and/or anions. PIPs
with these unique properties may find applications in gas storage and separation, allowing to

exploit advantages of the large differences with classical porous solids.
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Chapter 1. Introduction

1. Introduction

1.1. Gas sorption

1.1.1. Motivation for energy purposes

To address climate change effectively, it is crucial to minimize the human-caused release of
greenhouse gases, with a particular emphasis on reducing CO2 emissions. Gas capture
technologies holds promise to address this issue, offering potential solutions for environmental
remediation challenges and storage of excess production of renewable energies.' > According
to the International Energy Agency (IEA), carbon capture and storage (CCS) initiatives are
expected to contribute up to 12 % of CO: emission reductions, in the goal of reaching a 60 %
reduction by 2050 compared to 2013 levels.* However, progress in demonstrating and
deploying CCS has been slow, with currently only 30 operational projects in ten countries,
capturing and storing around 40 million tons of COz per year, far away from the target of billions
of tons per year.’ Projects of this nature encounter major challenges, including limited social
acceptance and inadequate policy backing, even though the European Union initiates funding
for such endeavors.®® It is therefore imperative for researchers to explore new, more efficient

and cost-effective methods for capturing and storing greenhouse gases.

In the pursuit of sustainable energy solutions, renewable energy sources like solar, hydro,
and wind power have become essential alternatives to fossil fuels. Yet, their intermittent
availability, heavily relying on weather conditions and time of day, creates a notable obstacle
to ensuring a steady energy supply, despite the fact that electricity consumption follows a steady
and predictable pattern.”!® Hydrogen presents a promising solution as carrier of renewable

energy, although it necessitates efficient storage solutions.!!:!2

Gaseous hydrogen can be generated from diverse sources, labelled in various colors that
represent different production methods and environmental impacts.'? “Grey hydrogen” is the
most common type, created by steam methane reforming, which emits loads of carbon dioxide.
“Blue hydrogen” is produced similarly to grey hydrogen but with CCS technologies to reduce
emissions. “Green hydrogen” is obtained through electrolysis using renewable energy sources,
emitting no greenhouse gases. Other colors like pink, turquoise, and yellow also exist, each

indicating a specific production method. While green hydrogen is the most environmentally
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friendly, blue hydrogen is often more cost-effective due to its production process.'® As countries
aim to reduce reliance on imported fossil fuels, investing industrial and domestic hydrogen
production offers a strategic advantage.'* Hydrogen-based solutions would mitigate
geopolitical risks associated with energy dependence while stimulating local economies

through job creation and innovation.'>!¢

Table 1. Advantages and disadvantages of hydrogen storage methods (adapted from reference 17).

Storage Advantages Disadvantages
method
Compressed e Proven technology, Low to moderate
gas particularly effective on a compression with
small scale approximately 15 % energy
e Pressurized hydrogen storage losses
enables rapid filling and Provides hydrogen at high
discharge pressure
Safety concerns, particularly
regarding leakage
Hydrogen’s low density
necessitates either low-
temperature or high-pressure
storage
Liquid e Effective compression Approximately 30 % energy
hydrogen e Low pressure losses

Cost-effective  low-pressure

Boil-off occurs over several

liquid hydrogen  storage days

system Requires cooling systems
e Reliable liquid  storage

method  requiring  lower

pressure than compressed gas
High liquid density and
storage efficiency

Solid-state

Potential for high hydrogen
density at moderate
temperatures and pressures
Capability to store large
amounts of hydrogen in a
small volume

Consideration of the weight
and volume of the storage
material
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At present, hydrogen storage methods include compressing or liquefying hydrogen, or use
specific storage materials. The strengths and weaknesses of each storage technique are outlined
in Table 1.'7 Overall, compressed hydrogen storage is beneficial for fuel applications because
of its swift charging and discharging capabilities. However, it necessitates compressing and
high-pressure tanks, limiting its applicability. On the other hand, liquid hydrogen offers high
volumetric energy density but is hindered by its energy-intensive liquefaction and storage.
Corrosion can also occur due to ice formation around the tank, leading to boil-off. Metal
hydrides (solid-state) provide a maximum gravimetric capacity of around 14 wt% but require
high pressure and temperature for hydride formation and hydrogen release. Interestingly,
hydrogen can also be stored in porous systems, which have the potency to offer not only high
gravimetric capacity but also good reversibility. However, some challenges still remain,
including addressing the need of low temperatures and/or high pressures, and improving the

interactions with H molecules.'®
1.1.2. Physical principles

Sorption occurs when gases, dissolved substances, or liquids (sorbates) adhere to the surface
of solids (sorbents) through physical and chemical forces, leading to the enrichment of one or
more components in an interfacial layer.!” Those forces can be weak, resulting in physical
adsorption or “physisorption”, or strong, leading to chemisorption, also referred to as
absorption.” Typical chemisorption and physisorption enthalpy ranges are 15-100 and 2-10
kcal/mol, respectively, for simple molecules.?! The weak nature of physisorption, which is
dominated by Van der Waals interactions, allows to easily form and break interactions, resulting
in a reversible system. In this master’s thesis, we intentionally opted to use the term sorption

throughout the manuscript to eliminate any potential confusion, as suggested by Sing et al.?

The rate at which a gas physically adheres to a porous sorbent is typically governed by how
quickly it diffuses into the internal pore structure.>> Moreover, in some cases, viscous flow of
gaseous sorbate or capillary condensation may dominate over actual diffusion.?! The pore size
and shape of a sorbent material therefore play a crucial role in determining its sorption capacity
and efficiency. The optimal pore size is an essential parameter, as maintaining a pore size that

is just right allows for efficient sorption without impeding molecular diffusion.?*%’
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The International Union of Pure and Applied Chemistry (IUPAC) categorizes pores according
to their size into micropore (width of less than 2 nm), mesopore (width of 2 to 50 nm), and a
macropore (width of more than 50 nm).2® While macropores provide large diffusion channels,
they contribute less to sorption compared to mesopores and micropores. Mesopores are
effective at sorbing macromolecules and facilitating the passage of molecules to micropores.
As pore size decreases to the micropore range, and assuming the same pore geometry, the

surface area exposed to sorbates increases, resulting in higher gas sorption capacity.?’” >

Sorption is generally assessed by measuring isotherms, which refer to the relationship between
the amount of gas sorbed by the sorbent and the equilibrium pressure or concentration and the
equilibrium pressure or concentration of that gas a constant temperature. Those isotherms are
influenced by the different pore shapes and sizes, classified by IUPAC in six isotherm types

(Figure 1)* :

I(a) I(b)

- Type I: microporous; = —

\
|
}

- Type II: non-porous or macroporous;

- Type III: non-porous or macroporous with weak ; = /
s

. . x

1nteractions; -

- Type IV: mesoporous;

Amount adsorbed ————m—

- Type V: mesoporous with weak interaction;

- Type VI: layer-by-layer adsorption on a highly non- { -

uniform surface.

Relative pressure ————— jm——

Figure 1. Classification of physisorption isotherms.

The path of the sorption and desorption isotherms are not always the same. The presence of a
hysteresis between both curves indicates the presence of a non-equilibrium process, such as

capillary condensation.*°

10
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1.2. Crystalline porous materials

1.2.1. Zeolites and MOFs

Zeolites and metal-organic frameworks (MOFs) are widely recognized as two of the
most important classes of porous materials, which have been attracting considerable attention
from both the academic and industrial research communities.’’* They both showcase

impressive sorption capabilities, largely owing to their extensive surface area and adjustability.

Zeolites are highly stable microporous aluminosilicates which find applications in
molecular sieving, catalysis, and more.’'*>%*, They are built upon primary SiO4 and AlOs
tetrahedral building units, interconnected by shared oxygen atoms to form secondary building
units. The obtained framework contains a network of channels and cages, resulting in a highly
porous structure with a significant surface area. Zeolites exhibit distinct micropore sizes,
categorized into large-pore, medium-pore, and small-pore zeolites based on the diameter of the
rings within their structure. Large-pore zeolites feature at minimum 12-member rings (with
diameters exceeding 0.70 nm),?” while medium-pore zeolites comprise 10-member rings (with
diameters ranging from 0.50 to 0.60 nm), and small pore zeolites contain 6- or 8-member rings

(with diameters ranging from 0.28 to 0.40 nm).>®

The incorporation of aluminum ions into the tetrahedral positions of the zeolite
framework results in an excess of electrons, leading to a negative charge. This latter is typically
balanced by exchangeable cations such as Na', K', NH4", H", Ca**, Sr**, or Mg*" ¥
Furthermore, the Si/Al ratio in zeolites is variable, offering a supplementary means to tailor
their properties.*” With their large range of topologies, zeolites are able to discriminate between
molecules of high practical interest, such as CO2, ethylene or isobutene with a precision of 0.01
nm (Figure 2).*! Their meticulously structured microporous arrangement, complemented by

precisely defined sites, render zeolites ideal for sorption.

11
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MFI (ZSM-5) FAU (X,Y) MOR (mordenite) FER (ferrierite)

BEA (beta) GIS (P) HEU (clinoptilolite) LTA (A)

g "

Figure 2. Front view of the main pores of various zeolites. The three letter codes written above each structure
represent the official designations given to each structure by the International Zeolite Association. The common
name of each zeolite is provided between parentheses. Scheme taken from reference 35.

IUPAC defines MOFs as a coordination network with organic ligands containing
potential void.* Although MOFs generally demonstrate a crystalline structure (Figure 3), it is
important to note that there is emerging interest in the study of amorphous and liquid MOFs,**#

which will however not be further developed here.

Figure 3. MIL-160 (Al) MOF structure (without hydrogens for clarity) with the Al polyhedral. The organic linker
is represented in the upper left of the figure. Color code: Al = yellow, C = grey and O = red. Scheme taken from
reference 44.

12
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While most MOFs demonstrate microporosity, (i.e. HKUST-1), there are also instances
of mesoporous structures, such as MIL-100 (Cr). Macroporosity can also be introduced inside
the MOF structure to enhance the overall diffusion of guests within the framework. The goal is
to retain the structure's inherent micro- or mesoporosity while improving the general diffusion
rate by creating additional void spaces within the framework.* " These materials can exhibit
ultrahigh porosity, reaching up to 90 % free volume, and impressive specific surface areas
extending beyond 7000 m%g.** These attributes have propelled MOFs to a position of

increasing significance in the domain of porous solids.>°

The versatility and adjustability of MOFs are remarkable, as they enable precise
manipulation of pore size, shape, functionality, and chemical stability through the selection of
metal and linker components.’>> Customizing specific sites within MOF pores for particular
guests enables targeted host-guest interactions. This involves aligning the sizes and shapes of
pores and guests, as well as adjusting host-guest interactions to improve both physical and
chemical properties.”® These interactions include diverse mechanisms, including hydrogen
bonding, n—m stacking, electrostatic interactions, van der Waals forces, and coordination with

open metal centers.

However, MOFs often face stability issues stemming from thermal, chemical, and
mechanical factors, posing challenges for gas storage.’*> Thermal instability, can lead to
structural degradation of the MOF material, reducing its gas sorption capacity or altering its
pore structure. Similarly, chemical instability may result in reactions with gases or
contaminants, affecting the integrity of the MOF and its gas storage properties. Mechanical
instability, such as structural collapse, may result in the loss of porosity. The degradation of
MOFs typically occurs in two fashions: the rupture of metal-ligand bonds and the formation of
more stable products.’®>’ In recent years, several promising techniques have emerged to

enhance MOF stability, with a particular emphasis on chemical stability.>!
1.2.2. Fullerenes: materials with non-interconnected pores

The fullerene family, the third allotropic form of carbon, is characterized by carbon-
based molecules often forming spheres, tubes, or other shapes.*®>? They can undergo a range
of reactions, including reduction, oxidation, hydrogenation, halogenation, and nucleophilic

reactions, allowing for easy surface modification and therefore tuning their properties.*

13
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Moreover, fullerenes showcase loads of advantages, such as high thermal/chemical stability and
a high specific surface area.’! Their versatility in undergoing various chemical reactions opens
doors to numerous potential applications in diverse fields such as material chemistry,

electronics, medicine, nanotechnology, etc.®? %

Buckminsterfullerene, or Ceo, consists of 60 carbon atoms arranged in a hollow sphere,
resembling a soccer ball. The unique structure of Cso forms a truncated icosahedron, featuring
12 pentagonal faces and 20 hexagonal faces. Each carbon atom within Ceo forms bonds with
three neighboring carbon atoms, creating alternating single and double bonds, enabling
significant resonance stabilization, and leading to outstanding stability.®> The suitable
crystallographic face-centered cubic (fcc) form of Ceo fullerene possesses interstitial voids due
to the specific arrangement of the large and spherical Cso molecules in the crystal lattice (Figure
4). Hence, we here coin this type of structure as “porous molecular packing”. Despite the pores
not being interconnected, in situ XRD studies have demonstrated that Ceo can effectively sorb

gases such as N2, Oz, and Kr.0%¢

Figure 4. Crystal structure of Ceo on the left and the solvent accessible voids on the right, utilizing a 1.5 A probe
radius. Color code: C = grey and voids = yellow.

1.2.3. Porous ionic packing

Building on the “porous molecular packing” concept we just mentioned, we hereby
introduce the concept of “porous ionic packings” (PIP), extending this idea to ions. This strategy

involves the packing of large spherical ions together to yield structures with interstitial voids

14
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(Figure 5). Generally, to enable gas sorption within the framework, the voids must be

interconnected to form continuous pores.

[ ‘Porous molecular packing’ ]

Molecular unit
Ceo

[ ‘Porous ionic packing’ (PIP) }

-

Anion .
Cation

o
- i\
X e =
[BHHIZ]Z_ [PM64]+

L

Figure 5. Illustration of the formation of voids in a “porous molecular packing” induced by assembly of Cso
molecules and of the “porous ionic packing” (PIP) (PMe4)2B12H12. Building blocks are shown on the left, packings
with voids in the middle, and isolated pores on the right. Color code: C = grey, H = white, B = pinkish, P = orange,

voids = yellow.

Closo-dodecaborates [Bi2Hi2]*" are great examples of ions large enough to create
interstitial voids in their crystal lattice. When paired with alkali metal ions, the dodecaborate
anion tends to form a fcc lattice of the antifluorite type, where the anion occupies the positions
of Cu atoms in the Cu-type structure type and the cation are taking the tetrahedral site formed
by the anions, as depicted in Figure 6. The resulting structure appears to contain relatively large
unoccupied voids. The ionic radii were obtained from the Shannon-Prewitt tables of ionic radii,
and the void accessible solvent volume was extracted from the cif files of the corresponding
dodecaborates, using the software Merucry, with a probe radius of 1.2 A.%® These structures,
belonging to the space group Fm3, are observed for alkali metals larger than Na* (NaxB12H1

is monoclinic). By increasing the ionic radius of the cation paired with [B12H2]*, the voids are

15
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logically expanded, as shown in Figure 7 below. Therefore, the porosity can indeed be tuned
by increasing the cation size, while maintaining the same type of lattice (fcc anti-CaF2 type).
To achieve this, it is crucial to conserve the stoichiometry of the ions and to keep the
anion/cation size ratio within an acceptable range of phase stability. Otherwise, the coordination

and packing may change, resulting in a different structure type.

Figure 6. The anti-CaF» crystal structure of Cs;Bi2Hi2 (without hydrogen for clarity) on the left and the solvent
accessible voids on the right, utilizing a probe radius of 1.2 A. Color code : B = pinkish, Cs = purple, voids =

yellow. Scheme realized using the software Mercury.

The dodecaborate anion can participate in rapid rotational motion. This significant
dynamical feature contributes to the entropic part of the free energy, which determines the
thermodynamic stability of the phase. Changes in the rotational motion may lead to structural
transitions, to conductivity of metal ions in the solid-state and to the diffusion of neutral
molecules inside the bulk of the porous structure. Therefore, understanding the anion
reorientation dynamics is crucial for comprehending the fundamental properties of
dodecaborate salts, such as thermal stability and crystal structure symmetry.%’ During rotation,
the anions approach spherical symmetry, averaging out local hydrogen—cation interactions and
more closely following the ideal packing of hard spheres. This results in the stabilization of
higher crystal symmetries.’® This rotational motion also contributes to these compounds being

excellent solid-state ionic conductors.”!"”> Unfortunately, these compounds do not meet the

16
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criteria to be considered PIPs, as they contain voids rather than pores, indicating a lack of

connectivity between the voids.

35 r

1.5

Void accessible solvent (%)

05 F

0 &= T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8

lonic radius (A)

Figure 7. Plot of the ionic radius of alkali metals (M™) and the void accessible solvent of the crystal lattice of
M;[Bi2H12].

By serendipity, a member of our group (Jian Wang) discovered that the cation exchange
between an alkali metal dodecaborate and the organic cation NMes" led to
tetramethylammonium dodecaborate (TMAD), which exhibited a porous anti-CaF> type of
structure. The NMe4" mobility could enable the connection of the voids and result in effective
reversible gas sorption within the framework. Indeed, this tetrahedral cation could promote
guest insertion through a paddle-wheel mechanism, namely the coupling of ion rotation with
guest diffusion. Therefore, the tetramethylammonium dodecaborate (TMAD) was the first PIP

discovered by our group.

17
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1.3. Characterization of porous materials

1.3.1. Structure

Comprehensive characterization is crucial in porous materials to gain a detailed
understanding of the structural, chemical, and physical properties of these materials. Various
analytical techniques are used to evaluate synthesis outcomes, determine crystallinity, analyze,
investigate stability, and assess gas sorption properties. The primary techniques used for these

purposes are explained below.

X-ray diffraction (XRD)

Understanding the spatial arrangement of atoms in PIP is essential for comprehending
their sorption properties, making X-ray diffraction the most important tool in this master’s
thesis. Single-crystal X-ray diffraction (SC-XRD) is the most straightforward method for
determining new structures, but its use is limited by the availability of suitable single crystals.
An effective alternative is powder X-ray diffraction (PXRD), which, although more complex
for solving unknown structures, allows for the easy identification of known phases.
Consequently, PXRD can be used to verify synthesis reproducibility and assess sample purity.
Additionally, PXRD is useful for monitoring structural transformations, evaluating stability and
following pore filling under various conditions (e.g., varying temperature, pressure) through in
situ experiments. These experiments provide insights into sorption mechanisms, host-guest

interactions, and allow for the quantification of sorption through subsequent refinement.

Nuclear magnetic resonance (NMR)

Solution 'H- and '"B-nuclear magnetic resonance (NMR) spectroscopies are valuable
methods for identifying and assessing the purity of PIP compounds. The 'H-NMR spectra of
the dissolved PIP show signals corresponding to the organic cation used, as well as any
remnants of the reaction solvent. The 'B-NMR spectroscopy enables the identification of
reaction intermediates and helps determine when the formation of the [Bi2Hi2]*" anion is
complete. Quantitative analysis of the spectra allows for the determination of the relative
stoichiometry of the ions with the remnants of the reaction solvent. However, quantification is
not always possible. For example, if the relaxation times (T1) of nuclei are not properly

accounted for, some signals may not fully relax between pulses, leading to inaccurate
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integration. Additionally, if the pulse repetition time is too short, signals may become saturated,

causing deviations from true quantitative value.

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR provides insights into the chemical composition of the PIPs and can
qualitatively probe for the presence of guests inside the pores. Additionally, the spectral infrared
absorption bands offer valuable information about bonding interactions and potential guest-host

interactions, such as dihydrogen and hydrogen bonds.

Neutron powder diffraction (NPD)

Neutron diffraction provides unique insights, particularly regarding hydrogen sorption.
It utilizes the large neutron coherent cross section of deuterium (D2) gas to locate the hydrogen
sorption sites. When combined with XRD techniques, it enhances our understanding of the

microscopic picture of chemical interactions.
1.3.2. Stability

Thermogravimetric — differential thermal analyses (TG-DTA)

Thermal stability, guest release, and decomposition behavior of PIPs can be assessed
using TGA. This technique involves subjecting a sample to a controlled temperature program
and recording weight changes. Successive weight losses typically correspond to the release of
solvents or guest molecules, followed by PIP decomposition. The temperatures at which these
losses occur, intensity of the latter, and the shape of the thermograms provide information on
stability and the amount of guests released. This analysis can be complemented by examining

the solid residue with PXRD.

Coupling TGA with DTA helps differentiate between endothermic events accompanied
by mass loss (guest release) and exothermic events accompanied by mass loss (PIP

decomposition). Additionally, DTA can detect temperature-induced phase transitions.
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1.3.3. Sorption properties

Volumetric gas sorption

Volumetric gas sorption allows the determination of the amount of gas sorbed by a
material as a function of pressure and/or temperature. In this method, the sample is exposed to
a known gas pressure. There are two volumes: one containing the sample and the other with gas
at a specified pressure. Opening the valve between these volumes allows the determination of
the sorbed gas quantity by measuring the equilibrium pressure. This technique provides
valuable information about the sorption capacity, and storage performance of PIP for gases such
as H> and CO». Volumetric gas sorption experiments can be conducted over a wide range of
temperatures and pressures, enabling studies of gas sorption kinetics and thermodynamics, the
impact of temperature on sorption behavior, and whether the voids are interconnected based on

the type of isotherm observed.”

Dynamic vapor sorption (DVS)

To analyze the vapor sorption properties of PIPs, DVS is a powerful technique. It involves
recording the mass change associated with gas or vapor molecules sorbed or desorbed by the
sample as a function of time or relative humidity. This technique provides insights into the
sorption mechanisms and kinetics, enhancing our understanding of PIPs' sorption behavior.
Factors such as pore size significantly influence vapor sorption in porous materials. DVS data
for PIPs is collected as mass changes relative to humidity at a fixed temperature, yielding a
water sorption isotherm. Hysteresis curves, often observed, can be attributed to slow desorption
kinetics due to restricted diffusion, which hinders the efficient release of water molecules from

the material's pores.

1.4. Dodecaborates

1.4.1. Boron chemistry and synthesis

Boron has three valence electrons and a ground state electron configuration of 1s22s%2p".
Typically, boron forms trivalent neutral compounds such as boron trifluoride (BF3), in which

boron has six valence electrons. In these compounds, boron is sp> hybridized, possesses an
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empty p-orbital, and exhibits a trigonal planar geometry. These compounds are electron-
deficient due to the empty p-orbital on boron and are isoelectronic with carbocations.
Additionally, boron can form negatively charged tetravalent compounds, such as BH4", which
adopt a tetrahedral geometry. Unlike boranes, which are strong Lewis acids, borohydrides are

nucleophilic.

Borohydrides have garnered significant attention as potential solid-state hydrogen
storage materials.”*’> Recently, our group discovered the porous y-Mg(BHa4)., which can sorb
up twice the density of liquid H2 (144 g/L compared to 71 g/L).” The hydridic hydrogens in
this compound seem to stabilize the Hz guests within its framework, leading to the development
of other promising compounds. However, the low stability of BH4 ions, both electronically and
upon exposure to water, poses challenges for gas sorption and other applications.”” Listed below

are the decomposition reactions of borohydrides (equations 1-3):

BH4 + 8 OH — BO, + 6H,0 + 8¢ (E" = - 1.24 V vs SHE) (1)
BH4 + H,0 — BH3(OH) + Hz (2)
BH3(OH) + H.O — BO* + 3 Ha 3)

We aimed to retain the hydridic nature of the B-H bond while seeking more stable
compounds. This led us to focus on boron clusters, here taking [B¢Hs]*" as an example to
showcase the extraordinary stability of those compounds. To understand this phenomenon, it is
essential to first examine the valence orbitals of boron, which consist of one s orbital and three
p orbitals. The s and p, orbitals of boron lead to the formation of two sp hybrid orbitals.’”® In the
[BeHs]* anion, there are a total of 24 valence orbitals (1s + 3p per boron), divided into 12 sp, 6
Px, and 6 py orbitals. The sp orbitals possess the appropriate symmetry to bond with the s orbitals
of hydrogen, resulting in six o-bonds with hydrogen atoms. The remaining six sp orbitals point
towards the center of the octahedron, leading to significant overlap and forming a bonding
orbital with A1z symmetry, which greatly stabilizes the core structure. Additional stabilization
arises from the interactions between the six sp orbitals and the 12 p orbitals (T 14 symmetry),
and further from the overlap of the p orbitals (T2 symmetry).”” Figure 8§ summarizes these

stabilizing interactions.”®

21



Chapter 1. Introduction

I

Figure 8. Bonding in [BsHs]*". Scheme taken from reference 74.

Counting the bonding orbitals, we obtain six orbitals bonded to hydrogens, three bonding
orbitals from sp, px, and py overlaps (T1u), three from px and py interactions (T2g), and one
directed towards the center with A symmetry, totaling 13 bonding orbitals out of 24. The
remaining orbitals are either non-bonding or anti-bonding. Boron’s electronic configuration is
[He] 25> 2p', and hydrogen’s is 1s!, giving four valence electrons for each B-H pair. This results
in 24 electrons for 13 bonding orbitals. Following Pauli's exclusion principle, two electrons per
orbital leave one empty bonding orbital, explaining the two excess negative charges in closo-
borates. This logic, applied to [BsHe]*", holds for all closo-borates up to 12 boron atoms. Using
the general formula [BnHx]*, there are 2n+1 bonding orbitals: n+1 supporting the structure and

n bonded with hydrogens (Figure 9).
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Figure 9. Scheme of the molecular orbital (MO) of the [ByH, > compounds for n between 6 to 12.

It is noteworthy that the closer the B-H cage symmetry is to spherical, the greater the
compound's stability.*” The icosahedral [Bi2Hi2]* is thus the most stable among closo-borate
structures.®! This high stability (thermal, electronic and with respect to hydrolysis) makes it

particularly relevant for study in the context of gas sorption.

However, closo-dodecaborates are tricky to synthesize in pure form due to the numerous
intermediates involved. The reaction proceeds through a sequence of boron fusion and
dehydrogenation steps, gradually increasing the boron content, starting with the borohydride,
and ending with the dodecaborate. The primary mechanism for buildup involves the addition
of BH4 /BH3 species followed by the loss of H2 or H™. Once the cluster reaches 3-5 boron atoms,
larger fusion reactions predominate, again followed by the loss of H2 or H™, and subsequent
structural rearrangements.®> The known intermediates in the synthesis of [B1oH1o]*~ are shown
in Figure 10, with those experimentally observed circled in red.®* Consequently, synthesizing

pure [B12H12]* in sufficient yield can be challenging.
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Figure 10. Intermediates involved in the formation of [BjoHjo]* starting from BH4". The encircled intermediates
have been isolated experimentally. Scheme taken from reference 77.

1.4.2. Alkali metal dodecaborates

There are numerous reported methods for synthesizing M2[B12Hi2] (M = Li, K, Na), each
with its own advantages and disadvantages. One constant is the use of glymes as solvents, as
this solvent family uniquely solubilizes the borohydride and all the reaction intermediates
described in the previous section, except for the final product [Bi2Hi2*~.3*#° The main methods

for synthesizing dodecaborates are summed up in Figure 11.5¢
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Figure 11. Scheme depicting the main methods for synthesizing [B12H2]*". The methods developed by our
research group are encircled in red. DME = monoglyme. This scheme is adapted from reference 87.

The first method involves the reaction of borohydrides with neutral boranes (B2H¢ or
BioHi4). Given the increasing emphasis on green chemistry, the use of toxic and expensive
compounds such as B2Hs and BioHi4 should be avoided whenever possible.” The second
method is a two-step synthesis that relies on the oxidation of borohydrides by iodine. This route
can be made cost-effective and specific, but the yield is not high (around 50 %).%® The third
method, developed by our group, offers two new and convenient one-pot synthesis of sodium
and alkali metal dodecaborates (Li", Na*, and K") from their respective borohydrides and the
borane dimethyl sulfide complex (DMS-BH3) in an autoclave or a three-necked round bottom
flask.®>° This method appears to be the most straightforward and has been refined in our

laboratory.
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1.4.3. Organic dodecaborates

The ion exchange reaction in water between NaxB12Hi2 and tetramethylammonium bromide
(NMes)2B12Hi12 led to the synthesis of an organic dodecaborate salt, tetramethylammonium
dodecaborate (TMAD), marking our group’s first PIP discovery. SC-XRD revealed large,
interstitial voids in a crystal lattice of the fcc anti-CaF» type mentioned in section /.2.3, between
the [NMes]" and [B12H12]* ions (Figure 12). The voids have a volume of 129 A®, accounting
for 5.4 % of the total unit cell volume, a 69 % increase compared to Cs2B12Hi12. Although the
voids in this compound appear isolated, the rotational dynamics of the [NMe4]" and [Bi2H12*

ions in the solid state may enable guest molecule diffusion.

QAW QRNRRW QW

Figure 12. Crystal structure of TMAD (without hydrogens for clarity) on the left and the solvent accessible voids
on the right. Color code: B = pinkish, N = blue, C = grey, voids = yellow.

1.5. Research objectives

This master’s thesis will focus on three distinct main objectives:

1) Understanding the formation of TMAD and optimizing its synthesis.
2) Exploring the versatility of the PIP concept by modifying the ions to synthesize
additional PIPs with different properties.

3) Investigating gas sorption in the PIPs using volumetric and diffraction methods.
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Each of these objectives is described in more detail below.

The first objective is to further investigate the formation of TMAD, the first PIP
synthesized by our group. A key focus will be optimizing the synthesis, as this reaction
originates from our group and has not been extensively performed. To achieve this, we will first
optimize the synthesis of Na;B12Hi2 from the reaction of NaBH4 with DMS-BH3, by varying
the reaction conditions. Following this, we will attempt the ion exchange in water, between the
synthesized Na>Bi12Hi2 and the NMesBr, under various conditions to determine if the yield
varies and if different phases are obtained. Moreover, TMAD will be fully characterized by the

techniques described in the characterization section.

The second objective is to determine whether the PIP concept is broadly applicable or if
TMAD is unique. To test this, we will replace the cation NMes" with its larger phosphorus-
containing analog, PMes". Various reaction conditions will be evaluated to identify the optimal
synthesis parameters for this new PIP, since we found an additional polymorph. This compound
will be thoroughly characterized using the techniques described in the methodology section.
Given the similarity between the cations, we expect this new compound to form a similar fcc

crystal lattice as TMAD, but with larger pores, and to be capable of gas sorption.

Additionally, we will attempt to synthesize a PIP using a less symmetrical cation,
-BuNH3". Structurally similar to NMes", this cation differs by exchanging one of the methyl
group carbons with the nitrogen. This change has two main effects: (i) it localizes the charge
more on the nitrogen, whereas in NMes4" the charge is delocalized over the entire tetrahedron,
and (ii) it reduces steric hindrance around the nitrogen, as --BuNH3" has one #-butyl group and
three hydrogens instead of four methyl groups. These differences could lead to unique

interactions and potentially novel properties.

We will also attempt to replace the [Bi2Hi2]*" anion with a less symmetrical anion,
[SnCl4Br2]*, while retaining the NMes" cation. We are aware that [NMes]>SnCls forms a fec-
type structure similar to TMAD, and we anticipate that [NMe4]2SnClsBr, would be
isostructural. We will investigate how the reduced symmetry of the anion affects sorption

kinetics, expecting it to yield interesting properties.

The third objective will aim to assess the gas sorption properties of all the PIPs

synthesized, utilizing the volumetric and diffraction methods described in the characterization
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section. We will analyze the results of each PIP to understand the impact of ion symmetry.
Additionally, we will compare these outcomes with the gas sorption results from the non-
interconnected voids of Cs2Bi2Hi2. This will allow us to determine the most promising PIP

materials for further development and potential applications.

Furthermore, we will investigate the relationship between the structural features of the
PIPs, such as pore size, shape, and connectivity, and their gas sorption performance. We will
employ advanced characterization techniques like in situ XRD and neutron powder diffraction
to elucidate the dynamic behavior of guest molecules within the PIP frameworks during
sorption and desorption processes. We will employ Rietveld refinement to locate guest

molecules inside the PIP pores.
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2. Experimental methodology

2.1. Chemicals

Solid reagents:

- NaBHj4: >98.0 %, Sigma-Aldrich

- NaBi2Hiz : > 98.0 %, Katchem

- NMesBr : 98 %, Thermo Fisher Scientific

- PMe4Br : 98.0 %, Thermo Fisher Scientific

- Cs2Bi2Hi2 : > 98.0 %, Katchem

- SnCls-5H20 : =98 %, Thermo Scientific Chemicals

Liquid reagents:

- C7H7Cl : 99 %, Sigma-Aldrich
- DMS-BHj3 : 10-10.2M MilliporeSigma

Solvents:
- CeHi140s5 : 99.5 %, anhydrous, Sigma-Aldrich
NMR Solvents
- Dimethylsulfoxide-ds : 99.8 % D, Eurisotop
Gases:

- CO2:ALPHAGAZ 1, Air Liquide
- Ar: ALPHAGAZ 1, Air Liquide
- Xe:ALPHAGAZ 1, Air Liquide

Note: For some experiments, diglyme underwent purification before use, through the addition
of solid sodium into the bottle containing the solvent, followed by the extraction of the
supernatant by simple decantation. All other reagents were used as received, without prior

purification.
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2.2. Synthesis

2.2.1. Na;B12Hi12

The following procedure to obtain sodium dodecahydrododecaborate (Na2B12Hi12) is

adapted from Wang et al.®’

First, it should be emphasized that this reaction poses a serious
hazard, requiring utmost caution to ensure safety. Specifically, the involvement of B2Hs as an
intermediate makes it particularly dangerous, as B2Hg 1s a pyrophoric gas. Simultaneously, H>

is produced, rendering the reaction potentially explosive.

NaBHj4 (0.380 g, 10 mmol) was weighed and added to a 100 mL three-neck round-
bottom flask within an argon filled glovebox. The flask was then sealed with rubber septa before
being removed from the glovebox. The septum on the middle neck of the flask was quickly
exchanged by a condenser and three cycles of vacuum and argon flushes were performed
immediately, ensuring that the system remained airtight during the process. Subsequently, 20
mL of diglyme were added to the solid. An empty balloon was placed on top of the condenser,
to account for volume expansion during the reaction. The solution was then heated to 80°C and
5.2 mL (52 mmol) of borane dimethyl sulfide complex (DMS-BH3) was added to the solution
under vigorous stirring (500 rpm). Bubbles started appearing immediately and the initially
colorless solution turned yellow after approximately 10 minutes. The temperature was then
further increased to 160 °C. During the first hour of reaction, the balloon fitted on top of the
condenser was emptied about every 10 minutes to avoid excessive pressure buildup (from DMS
and H», which are both gases under the reaction conditions). The reaction mixture was then left
to stir further at 160 °C for 24 hours and was subsequently cooled down to room temperature.
The solution was then placed in the fridge (4°C) for an additional 12 hours. The solid product
was filtered using a P3 sintered glass filtration funnel and washed with diglyme (3x5 mL). The
solid was finally dried for one day at RT, yielding a white powder. Yield of Na:Bi2Hi2'4
diglyme: 3.36 g (93 %) = 4.6 mmol.

2.2.2. (NMe4):B12H1:2

The following procedure to obtain tetramethylammonium dodecahydrododecaborate
(TMAD) is adapted from a protocol developed in our group.®” NMesBr (0.68 g, 4.4 mmol) and
Na;B12Hi2-4diglyme (1.58 g, 2.2 mmol) were separately dissolved in the least possible amount
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of cold demineralized water (stored in a fridge at 4°C) to achieve
complete solubilization, making solutions of about 2 mL and 7 mL
respectively. The two solutions were subsequently mixed together,
which led to the immediate formation of a white precipitate. After
10 minutes, two phases could be observed: a small phase consisting
of mainly diglyme on top and an aqueous phase with TMAD
suspended within in the bottom, with the precipitate being lighter
than water (Figure 13). The mixture was then filtered using P3

sintered glass filtration funnel and washed using 3x5 mL of

deionized water (RT). The obtained fine white powder was dried

under vacuum for about 6 hours. Yield of TMAD: 0.39 g (61 %).  Figure 13. Vial containing the
suspension of TMAD in water.

The same procedure was applied using commercial Na;Bi2Hi2, or alternatively
Na:B12Hi12:4H20 (0.08 g, 0.3 mmol) instead of Na:B12Hi2-4diglyme. Na;B12Hi2 (0.06 g, 0.3
mmol) and NMesBr (0.09 g, 0.6 mmol) were separately dissolved in 0.5 mL of deionized water.
The two solutions were subsequently mixed, and a white precipitate was obtained. The mixture
was put to the fridge (4°C) for an hour, leading to the formation of a biphasic mixture consisting
of diglyme on top and TMAD suspended in water at the bottom. The precipitate was then
washed with 3x5 mL of deionized water, and the resulting powder was dried under vacuum for

4 hours. Yield of TMAD: 0.05 g (58 %) = 0.17 mmol.

2.2.3. (PMe4):B12H12

The following procedure to obtain tetramethylphosphonium dodecahydrododecaborate
(TMPD) is adapted from the protocol described in section /. PMe4Br (0.47 g, 2.7 mmol) and
NazB12Hi2-4diglyme (0.99 g, 1.4 mmol) were separately dissolved in the least possible volume
of cold water (at about 4°C) to achieve complete solubilization; roughly 2.5 mL and 7 mL,
respectively. The two solutions were then mixed together, and a white precipitate appeared
instantly. After 10 minutes in the fridge, the same two phases described in the Figure 13 could
be observed. Subsequently, the precipitate was filtered using a P3 sintered glass filtration funnel
and washed using 3x5 mL of deionized water. The resulting powder was then left to dry under

vacuum for about 6 hours. Yield of TMPD: 0.29 g (66 %) = 0.9 mmol.
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The same method was applied with commercial NaxBi2Hi2 (0.02 g, 0.1 mmol), instead
of NaxB12H12-4diglyme, and PMesBr (0.03 g, 0.2 mmol), separately dissolved in 0.5 mL of cold
deionized water (4°C). The solutions were subsequently mixed, and immediately, a white
precipitate formed. The same two phases described in section 2.2.2 appeared. The mixture was
cooled to the fridge (4°C) for about an hour. The solid was filtered using a P3 sintered glass
filtration funnel and subsequently washed with deionized water (3 x 5 mL) and dried for 4

hours. Yield of TMPD: 0.02 g (61 %) = 0.06 mmol.

2.24. Crystals of (~-BuNH3)3:B12Hi2-H20 for XRD

The following procedure to obtain tert-butylammonium dodecahydrododecaborate
monohydrated is adapted from the protocol described in section /. The reagent, --BuNH3Br,
obtained from the reaction between #-butylamine and z-butylbromide, was readily available in
the lab (synthesized by a coworker). Na;B12Hi2-4diglyme (0.51 g, 0.7 mmol) and ~-BuNH3Br
(0.21 g, 1.4 mmol) were separately dissolved in 1 mL and 7 mL of cold deionized water (about
4°C), respectively. The two solutions were subsequently mixed and heated to 100 °C until the
evaporation of 7 mL of water. The solution was then placed in the fridge (4 °C) for 10 days. A

few white single crystals suitable for single crystal XRD analysis were recovered.

2.2.5. (NMe4)2SnCly.7Br1.3

NMesBr (3.82 g, 25 mmol) and SnCls-5H20 (4.35 g, 12 mmol) were separately
dissolved in water (previously cooled in the fridge at 4°C). The solutions were subsequently
mixed, leading to a slow formation of big white crystals. Those were recovered for subsequent
SC-XRD measurement. The solution was then put back to the fridge for an additional 14 days.
The white solid was then filtered and washed using 3x5 mL of deionized water. The white flakes
were then left to dry for about one day, under air. Yield of (NMe4)2SnCl4.7Br13: 4.00 g (62 %)

= 7.4 mmol.
2.3. Instruments for characterization

Powder X-Ray diffraction (PXRD) analyses were performed using a MAR345
diffractometer with X-rays generated by an Incoatec Microfocus Source (IpuSHigh Brillancey \fq
ELM47 operating at 50 kV and 1000 pA (A = 0.71073 A). Powdered samples were loaded in

glass capillaries (0.7 mm, Hilgenberg GmbH). For in situ analyses, the samples were placed in
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a capillary and pressurized using a home-made gas dosing system made from Swagelok parts
(Figure 14) equipped with a Keller Control center Serie 30 interface for monitoring the pressure
up to 10 bar (higher pressures might result in explosion of the capillary). Temperature control
was achieved using a Cryostream 700 temperature regulator (Oxford Cryosystems). For the in
situ measurements involving temperature variation during the scans, we employed the
following method: initially, the temperature was set to 300 K and maintained for approximately
10 minutes before the measurements began. Subsequently, a ramp rate of 42 K per hour was
applied, gradually increasing the temperature from 300 K to 400 K. Data collection involved
20 scans, each lasting 5 minutes, with an acquisition time of approximately 2 minutes per scan
(one pattern every 7 minutes, meaning every 5 K). Diffraction data were integrated using the
Fit2D software (a 0.3 mm diameter capillary filled with LaBs was used as a calibrant) and
analyzed using the FullProf suite.”>*® It underwent further processing with the addsigma
software, enabling the conversion from .chi to .dat format. The resulting files were then
visualized using the Medved software.”* Rietveld refinement was performed using the FullProf
suite. The visual representation of the crystal structures was generated using the software

Mercury 4.0.%°

Gas bottle

Pressure sensor

51- Manual valve
B @ s @ ni’

Exhaust l Exhaust

:
To capillary A

Vacuum pump

Figure 14. Gas dosing system used for in situ PXRD experiments under gas pressure (realized using the website
Biorender). A picture of the system made from Swagelok parts is shown in the upper right corner.

Single crystal X-Ray diffraction (SC-XRD) data was acquired on a MAR345 image plate
detector using Mo K, radiation (A = 0.71073 A), generated by an Incoatec iSG250 source,
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operating at 50 kV and 600 pA, equipped with Montel mirrors. Crystals were measured at
ambient temperature or flash cooled to 150 K in a nitrogen gas stream (using a 800 Series
Cryostream cooler). Data indexation, integration and reduction was done with CrysAlis*RO,
incorporating an empirical absorption correction. Structures were solved by dual space direct
methods (SHELXT), followed by refinement using full-matrix least squares based on |F?| with
SHELXL 2014/7.%¢ Non-hydrogen atoms were anisotropically refined, while hydrogen atoms
were positioned at calculated positions and refined in riding mode, with temperature factors

constrained to 1.2 times Ueq of the parent atoms (1.5 times Ueq for methyl hydrogens).

Neutron diffraction experiments were performed at the Institut Laue-Langevin (ILL) in
Grenoble at the D20 instrument, a medium to high resolution two-axis diffractometer capable
of producing a neutron flux of 10 s™! cm™ at the sample position.”” A wavelength of 1.54 A
was used for the experiment, using a germanium monochromator (115) for higher take-off
angles. Measurements were carried out at 0.05° intervals within the detector range of 9° to 6°,
resulting in a 20-minute exposure for the sample. The probed range of 20 extended from 5° to
150°. The sample was inserted between two sheets of aluminum foil, subsequently rolled in a
cylindrical shape before being introduced into a sample container of 8 mm of diameter made in
aluminum. The sample contained was then affixed to a sample stick specifically designed to
allow measurements under gas pressure. The stick was then placed inside an Orange Cryostat.”
Activation of the sample was performed at 400 K, followed by the introduction of 9.6 bar of D>
into the setup by using an IMI-HTP Sievert’s apparatus from Hiden Isochema dosage system.
Subsequently, the system was gradually cooled down to 77 K, while regularly adding D> gas to

maintain a pressure around 10 bar.

Nuclear magnetic resonance (NMR) spectra were acquired using a Bruker Avance 500 or
a Jeol INM-ECZL G series spectrometer. The Bruker Avance 500 spectrometer (‘H: 500.13
MHz, ''B: 160.46 MHz) was equipped with a BBO {'H, X} probe head and a z-gradient coil,
operating at room temperature. The experiments were controlled using the TopSpin 1.3 software
(Bruker). The JEOL INM-ECZL G series spectrometer operates at 600.09 MHz for 'H and
192.56 MHz for ''B. Experiments were conducted using a 5 mm HFX probe equipped with a
z-gradient coil and data was acquired using the Delta 6.2 software (JEOL). Solid samples were
dissolved in deuterated DMSO-ds, and filtrates were diluted in the same solvent. Quartz NMR
tubes (Norell, S600 QTZ) with a 5 mm internal diameter were used for sample containment.

The spectra were treated using the MestReNova (version 14.1.0-24037) software.”® 'H chemical
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shifts were referenced to the residual peaks of the deuterated solvent (6 = 2.50 ppm for DMSO-
ds). The splitting patterns in the NMR spectra were reported as s = singlet, d = doublet, 1 =

triplet, and m = multiplet.

Thermogravimetric — differential thermal analyses (TG-DTA) under nitrogen were
performed on a Mettler Toledo TGA/DSC 3+ STAR® System. Samples were placed in a 70 pL
alumina crucibles, nitrogen gas flow of 100 mL/min and heating rates of 5°C/min were used up

to 400 or 500°C for the analyses.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were obtained
using a Bruker Alpha spectrometer equipped with a Platinum ATR module (Bruker, diamond
crystal, single bounce) housed in an argon-filled glovebox. Each spectrum was recorded within

the 370-4000 cm ™! range at a resolution of 4 cm™!, averaged over 96 scans.

Dynamic vapor sorption (DVS) measurements were performed on a TA Instruments
Q5000SA. The samples were pretreated at 25°C under a relative humidity of 10 % until
equilibrium was attained. Equilibrium conditions were set as a rate of weight change inferior to
0.1 wt.%/5 min; alternatively, the next step was initiated if those conditions were not attained
after 60 min. The weight change was then recorded isothermally at 25°C in steps of 2.5 % RH,
up to 90 % RH for sorption, and then back to 10 % for desorption.

X-Ray fluorescence (XRF) analysis was performed using a SPECTRO XEPOS C
(SPECTRO Analytical Instruments) spectrometer operating at 50 kV with a direct excitation
and a HAPG polarizer. The samples were prepared using Ultra High Precision model XRS-24-

32 cups which were then introduced in the spectrometer with no further treatment.

Volumetric gas sorption experiments were performed on an IMI-HTP Sievert’s apparatus
from Hiden Isochema. For the experiments, 100 to 200 mg of sample were used. Approximately
0.02 cm? of carefully weighed displacer (Thermal Ceramics Cerafiber type 520 quartz wool)
was added on top of the sample to secure it into the pre-weighed reactor. The sample was then
activated under vacuum at 100°C (heating rate of 10°C/min) for 10 hours before prior to the
sorption measurement. The excess uptake values (originally in pmol) were subsequently
converted to pmol/g of dry sample, based on the sample’s weight after activation (determined

by weighing the filled reactor immediately after the experiment).
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3.Results and discussion

3.1. Inorganic dodecaborates

3.1.1. Na;B12H12

Sodium dodecaborate was obtained through the following reaction (4):

2 NaBH4 + 10 DMS-BH3 — NaxBi2Hi2 + 10 DMS + 13 H» 4)

It is important to highlight that a significant amount of H> and DMS-BH3 gases were generated
during the first step of the reaction, which is leading to the intermediate [B11Hi4]", following

this equation (5):

NaBH4 + 10 DMS-BH3 — NaBi1His + 10 DMS + 10 Hz (5)

This claim is further supported by the ''"B-NMR spectrum of the reaction solution (471). The
NaB11H14 subsequently reacts with NaBHa, leading to the formation of NaxB12Hi2 (6):

NaBHs + NaB11Hi4 = Na:Bi2Hi2 + 3 Ho (6)

A series of experimental conditions were explored in pursuit of achieving the highest

feasible yield, the parameters that were varied during those trials are reported in Table 2.

Table 2. Experimental conditions used for the optimization of the synthesis of NaxB12H12-4diglyme.

Entry  Excess DMS-BH3 Volume of the flask Temperature Yield
(%) (mL) O (%)
A 10 100 160 0
B 10 100 170 0
C 10 100 180 0
D 10 100 150 0
E 0 100 160 43
F 2 100 160 67
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G 4 100 160 93
H 4 100 160 91
I 4 250 160 14

Initially, the reaction was conducted according to the methodology previously
developed in our lab,”® employing a 10 % excess of DMS-BH3 (5.5 mL, 55 mmol). These
attempts were unsuccessful, resulting in the absence of precipitate and the generation of
degradation products that are soluble in diglyme. Subsequent adjustments involved variations
in reaction temperature while maintaining the 10 % excess, all of which yielded negative
outcomes. The DMS-BH3 excess has been modified, keeping the temperature constant,
improving the yield to 43 %, 67 % and 93 % using 0 %, 2 % and 4 % excess, respectively.
Additionally, it was observed that utilizing identical conditions in either 100 mL or 250 mL
flasks yielded a consistent yield around 91-93 % in the former case and only 14 % yield in the
latter case. This underscores the importance of the flask volume, relative to the volume of the

reaction mixture, on the outcome of the synthesis.

The resulting optimized parameters for the synthesis of Na2B12H12 are: the use of a 100
mL three-necked flask containing 20 mL of diglyme, 0.38 g of NaBH4 (10 mmol), and 5.2 mL
of DMS-BH3 (52 mmol) at a reaction temperature of 160°C for a duration of 24 hours. The
results furthermore demonstrate that the synthesis process to obtain NaxBi2Hiz is highly
responsive to various parameters, such as minor changes in temperature, stoichiometry and even

the volume of the three-neck round-bottom flask.

Due to the use of diglyme, and considering its coordinating nature, unsolvated
NazxB12H12 is not obtained directly from the synthesis as shown by powder X-ray diffraction in
Figure 15. However, the experimental powder pattern bears no resemblance to the theoretical
pattern of Na:Bi2Hi2-4diglyme. It must be emphasized that the crystal structure used to
calculate the theoretical pattern was solved from a single crystal measured at 150K while the
powder was measured at RT. This may result in a change in the crystal lattice between the two
samples and consequently alter the diffraction pattern significantly. Additionally, this analysis

also demonstrated the absence of unsolvated Na;B12Hi2 in the obtained sample.

'H- and "'B-NMR were performed to confirm the purity of the compound. The spectra
are depicted in Figure 16 and A2, respectively. Analysis of the 'H-NMR spectrum of the

synthesized NaxBi2Hi2 further confirms the incorporation of diglyme in the compound,
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indicated by signals at 3.38 (¢), 3.42 () and 3.20 (s) ppm (3.33 ppm is the water peak).

Integrating the signals gives a ratio of 5.96 diglyme to Na;B12Hi2. As NMR spectra can pose

quantification problems (see section 1.3.1), a TGA was carried out to check the solvation rate

of the sample. The signal at -16.5 ppm (s) on the !B-NMR spectrum (42) serves as further

evidence for the successful formation of [Bi2Hi2]*", with however some trace impurities of

[B11H14] and [B3Hs] indicated by signals at -18.5 (d) and -29.5 (s) ppm, respectively.
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Figure 15. X-ray powder diffraction patterns of the as-synthesized sample and simulated theoretical patterns of

AN

NayB12H12 and Na;Bi2H12-4diglyme (entry G).
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Figure 16. "H-NMR spectrum of Na;Bi2Hj2-4diglyme (sample G).
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To accurately determine the quantity of diglyme within the synthesized Na;B12Hi2, a TG-
DTA was conducted (Figure 17). The total mass loss at 193° C was approximately 74 %. Given
that the final product is known to be unsolvated Na;Bi2H2,% the amount of diglyme in the

sample (x) could be calculated using the following formula (7):

( 100'MNa2312H12 M )
Residual weight (%) = Na2Pi2Hiz (7)

M diglyme

The initial endothermic mass loss, approximately 35 %, was attributed to the synchronized
release of two diglyme molecules at 60 °C, while the subsequent two endothermic mass losses
(15 % and 20 %) at 130 °C and 150 °C respectively were presumably associated with the
release of approximately one molecule of diglyme each. The calculations utilizing equation 7
resulted in an estimate of 3.98 diglyme molecules per Na>Bi2Hi2, which agrees with the

aforementioned claim.
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90 N 1
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— 70 1 —
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Figure 17. TG-DTA of the as-synthesized Na;Bi2H12-4diglyme (sample G). Color code: blue = TGA, green =
DTA.
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3.1.2. Cs:B12H12

The potential for CO2 sorption in porous ionic packing composed of uniformly spherical
cations was investigated using commercial Cs2B12Hi2 as model compound. Prior to gas
sorption, the sample purity was assessed by !'B- and 'H-NMR spectroscopy, ATR-IR and
PXRD. The sample shows no impurities detectable by these analyses, the XRD shows that it is
the right phase (43-45).

ATG-DTA (Figure 18) was conducted to evaluate whether the compound contained any
adsorbed substances and to detect any phase transitions induced by temperature changes. The
results showed virtually no mass loss, meaning the compound did not adsorb any guest, even
when exposed to air during the sample preparation for analysis. The DTA however revealed a
minor endothermic peak at approximately 55°C, without any associated mass loss, which could
indicate a possible phase transition. As no such phase transitions are reported in existing
literature, to the best of our knowledge, PXRD measurements were conducted at 300 K and 400

K, experimentally confirming the absence of any discernible phase transitions, as shown in

Figure 19.
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Figure 18. TG-DTA measurement of the commercial Cs2B12Hi2. Color code : blue = TGA, green = DTA.

After confirming the purity and the phase of the sample, we investigated the sorption of
CO2 by conducting an in situ PXRD measurement, following the procedure described in section

2.3, under a pressure of 10.3 bar of CO2 gas between 300 and 400 K (Figure 20). The
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experiment shows no appreciable modification of the PXRD pattern, due either to the absence
of gas sorption, or to the poor electron density of CO> compared to that of Cs:B12Hi2, not

enabling to witness any changes in relative intensities upon CO; incorporation.

=
2 400 K
2 JJ
-TE 300 K
5 Ju\ o
k Theoretical
0 5 10 15 20 25

26 (°)

Figure 19. Theoretical and experimental powder patterns of Cs2Bi2H 12 measured at 300 K and at 400 K.
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Figure 20. Powder patterns of Cs2Bi2H12 under vacuum (300 K) and under a pressure of 10.3 bar of CO-, at 300,
340,380 and 400 K.
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To test these two hypotheses, volumetric measurements were carried out at RT up to an
equilibrium pressure of 12.5 bar COz. As depicted in the Appendix (46-47), there was little to
no uptake of CO:z (uptake is in the error-range of the machine), despite the pores being large
enough to accommodate guest CO: (the kinetic diameter of CO: is 3.30 A).'% The
measurements therefore confirm that, in these conditions, a spherical cation such as Cs™ does
not induce COz sorption in c/loso-dodecaborates, despite the presence of voids within the crystal
structure. This led us to further investigate other cations with different symmetries, such as
tetrahedral, in order to evaluate the impact of cation symmetry variation on the gas sorption

properties of dodecaborates, in the same conditions.

3.2. Dodecaborates with T4 organic cations

3.2.1. (NMes4):B12H12

As previously mentioned (in section 2.2.2), the synthesis of TMAD involves the ion
exchange between NMesBr and Na;Bi2Hi2-4diglyme, Na;Bi2Hi2:4H2O or unsolvated
NazB12H12 in cold water (8):

NaBi2Hi2 + 2 NMesBr — [NMes2B12Hi2 + 2 NaBr ®)

The purity of TMAD was assessed with 'H- and ''B-NMR spectroscopy (Figure 21) and
ATR-IR (Figure 22). The "B-NMR shows the characteristic [B12Hi2]* peak at -16.5 ppm, while
the 'TH-NMR spectrum demonstrates the signal of [NMes]" at 3.1 ppm (s) and residual water in
the pores at 3.3 ppm (s) or in the DMSO. The integration of the [Bi2Hi2]*" indicates 2.65
[NMe4]" per dodecaborate, further demonstrating the quantification problems raised previously
in section 3.1.1. The peaks in the IR spectrum of TMAD indicated the presence of water at 3600
cm™!, which appeared at an unusually high wavenumber. We hypothesize it is due to an
interaction between the proton of the water and the hydridic hydrogen of the borate, leading to

the shift.'”! Additionally, we observe the C-H stretching of the methyl groups at 3000 cm™,

B-H stretching at 2480 cm™ and the B-B breathing modes of the dodecaborate around 1050 cm”
1
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Figure 21. ''B- (left) and 'H- (right) NMR spectra of TMAD.
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Figure 22. Infrared spectra of TMAD synthesized in cold water before (blue) and after air exposure for three
weeks (green).

The X-ray diffraction powder pattern of TMAD synthesized in cold water is illustrated in
Figure 23, exhibiting phase purity, with however some minor alterations in the 20 values,
indicative of lattice expansion. This phenomenon can be attributed to the sorption of guest

molecules, supposedly water from the synthesis process, into the lattice voids.
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Subsequently, the powder was subjected to vacuum at 400 K for three hours, before being
re-analyzed by PXRD, revealing changes in the relative intensities of the peaks. This
observation further supports the presence of guest molecules within the pores, that can be

removed through vacuum and heat treatment.

Surprisingly, conducting the exchange reaction in hot water (close to the boiling point)
instead of cold water, and letting the solution cool down to RT resulted in the appearance of
additional peaks (5.5 and 9 °) and in a substantial change in relative intensities in the powder
patterns (Figure 23). This alteration of relative peak intensities strongly suggests that there is a
significantly higher amount of water present in the pores when synthesized in hot water
compared to cold water. The appearance of new peaks strongly suggests the existence of another
polymorph, for which the structure remains unsolved at the moment. For clarity, we will
designate the porous phase of interest as fcc. Interestingly, when subjected to vacuum at 400 K
for three hours, the peak related to the secondary phase disappear, while observing the loss of

the guests from the porous phase, leading to the restauration of unsolvated TMAD.

+ + + + As-synthesized (hot)
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Figure 23. Theoretical fcc and experimental powder patterns of TMAD as-synthesized in cold water, left under
air for 3 weeks, put under vacuum at 400 K for 3 hours and as-synthesized in hot water. The peak marked by a
black star belong to an unknown phase of TMAD.
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When unsolvated TMAD is exposed to air for approximately three weeks, its powder
pattern changes to closely resemble that of TMAD synthesized in hot water. The relative
intensities and 20 shifts are nearly identical, though slightly higher, and it lacks the additional
phase observed in the hot water synthesis. This indicates that TMAD is capable of effectively
sorbing moisture, though slowly, from the surrounding air. The lattice parameter a is reported
in Table 3 “or various samples. Since the fcc TMAD is cubic, the lattice constant can be
determined from the first Bragg reflection corresponding to the (100) plane. By applying
Bragg’s law, we can convert the 20 angle into an interplanar distance (d), where the (100)
reflection directly provides the lattice parameter a. We observe a gradual expansion of the unit

cell corresponding to the increasing amount of water sorbed by the TMAD.

Table 3. Lattice parameter for the fcc TMAD for samples shown in Figure 11.

Sample Lattice parameter a (A)
Theoretical fcc 13.39
As-synthesized (cold) 13.27
After 3 weeks on air 13.09
After vacuum @ 400 K 13.32
As-synthesized (hot) 13.17

TG-DTA was carried out on the TMAD sample exposed to air for three weeks. This
helped us to find the temperature at which guest molecules are released, assessing the quantity
of the guest present, and to determine the temperature range within which TMAD remains stable
prior to the decomposition. The results are shown in Figure 24. The initial mass loss of 19 %
begins directly from the onset temperature of 25°C and continues until 65°C. This mass loss
coincides with the endothermic peak, suggesting the release of guests, presumed to be 4
molecules of water. The compound maintains stability up to approximately 310°C, beyond
which a further mass loss of 10 % occurs, accompanied by an exothermic peak, indicating the

decomposition of our compound.

45



Weight (%)

100

95

90

85

80

75

70

65

60

55

Chapter 3. Results and discussion

- 4 H20 =19 wt%

DTA (Wg'?)

-14

T T T T T T T -15

25

75 125 175 225 275 325 375
Temperature (°C)

Figure 24. TG-DTA measurement of the TMAD sample exposed to air for three weeks. Color code: blue = TGA

and green = DTA.

To assess the maximum amount of water the TMAD can sorb, we conducted a DVS

experiment. The results are illustrated in Figure 25, revealing an approximately 15 % increase

in mass over the measurement period. This indicates the compound's capability to effectively

adsorb water, under certain relative humidity. Additionally, a notable consideration in this

measurement is the incomplete desorption of water. Upon restoring the relative humidity (RH)

to 10 %, the mass remains approximately 2 % higher than in the initial measurement, thereby

illustrating the slow process of desorption.
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Figure 25. DVS measurement of the unsolvated TMAD.

The main objective of this master’s thesis was to demonstrate that the large organic cation
counterbalancing the dodecaborates allowed for a gas sorption in the resulting compounds. To
validate this hypothesis, in situ PXRD measurements were conducted. In Figure 26, the
evolution of TMAD powder patterns under isotherm and isobar conditions of 10.3 bar CO;and
300 K is depicted. A remarkable difference in peak relative intensity is observed while
maintaining consistent 20 values. This suggests that the porous cubic phase of TMAD remains
unchanged, while modifications in the electronic density within the crystal lattice occurred,
revealing substantial CO> adsorption. Specifically, attention must be drawn to the two most
prominent peaks, at 5.2° and 8.5°. The significant variation in relative intensity between these
two peaks after five minutes of exposure to the gas and to the vacuum allows to confirm this
claim. The pattern of the two first peaks shrinking and the third one amplifying persists until
the final measurement conducted after two hours of exposure, indicating a rather slow but
continuous CO: uptake. It's worth noting that this alteration in peak intensity mirrors that
observed in fully hydrated TMAD. The powder pattern on top of the Figure 26 illustrates that
similar behavior is observed, though at an accelerated rate when the in sifu diffraction
measurement is conducted at higher temperatures. This suggests that the kinetics of gas sorption
may be enhanced by elevating the temperature (as it is often the case). Our hypothesis is that
sorption is governed by the coupling of the rotational motion of ions and the diffusion of the

guest inside the lattice. Therefore, we attempted to increase gas sorption capacity/kinetics by
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enhancing the rotational motion by ultrasound but did not get successful results. Future efforts
will focus on identifying external stimuli capable of enhancing sorption kinetics. Our endeavors
to determine the precise position and occupancy of CO2 were unsuccessful, attributed to the
complexity in the disorder of CO; within the pores. However, from these trials, we could deduce
that under conditions of full CO: saturation, each pore likely contains two CO2 molecules

positioned along the pore surface.
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Figure 26. Evolution of the PXRD pattern of TMAD under the pressure of 10.3 bar of CO; at 300 K. In orange is
shown the PXRD pattern of TMAD after 30 minutes at 343 K at 10.3 bar of CO».

To better characterize the amount of CO2 adsorbed by TMAD, volumetric measurements
were conducted (Figure 27). We initially started the measurement with CO2, gradually going
up to 12.5 bar, and recording the uptake at each equilibrium pressure point, followed by a
desorption measurement. First, we observed CO; uptake, indicating that the replacement of Cs"
with [NMes]" indeed facilitated the sorption. Second, we did not reach the saturation at the last
sorption point, suggesting that the maximum CO; sorption capacity is far from being attained.
Third, during the desorption process, the compound continued to adsorb CO», reinforcing the
conclusion that the sorption kinetics is slow. This is also illustrated in Figure A8, which shows
that the equilibrium pressure is never reached at any point. This implies that a much longer
measurement would be necessary to reach the CO> saturation plateau, or higher temperatures

should be used to improve the kinetics. We can then calculate the percentage weight of CO>
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sorbed by multiplying the highest uptake by 10 (to account for the change in units) and the
molar mass of CO2, resulting in 5.92 wt%. For comparison, MIL-101 (Cr, Mg) sorbs 14.4 wt%
of CO2.!% Let's however keep in mind that we haven't yet reached the maximum amount of

COz that can be sorbed, making direct comparisons challenging.
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Figure 27. CO; sorption isotherm of TMAD measured at RT. Sorption is depicted by the full circles, the empty

circles picturing the desorption.

Following the measurements, we recovered the sample and conducted PXRD analysis to
assess potential reactions with COz. Figure 28 illustrates that the TMAD remains unchanged,

although there are noticeable shifts in relative intensities, indicating incomplete desorption.
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Figure 28. Comparison of the powder patterns of the TMAD after the volumetric measurement under CO» and

the unsolvated TMAD.
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We also conducted volumetric measurement with hydrogen at 20°C, to probe the TMAD
H> storage capacity (Figure 29). We initially started the measurement going gradually up to an
equilibrium pressure of 93 bar. We recorded the uptake at each stable equilibrium pressure point,
followed by a desorption measurement. The results indicate effective H» sorption with a
maximum uptake of 1064 pumol/g at 93 bar. However, we did not reach the maximum H>
sorption, although kinetics are way better this time around (A49), equilibrium pressure being
reached, as demonstrated by the plateaus obtained. An interesting aspect of the data is the faster
desorption rate compared to CO; sorption, and the observation that the uptake was negative
during desorption. This could suggest: 1) the compound began decomposing under H» pressure,
11) the pores were not empty at the start of the measurement, or iii) there was an issue with the
equipment. To investigate, we performed a subsequent PXRD analysis of the compound (A410).
The results showed no decomposition of the TMAD, although there were differences in relative
intensities compared to the guest-free TMAD. This indicates that despite the negative uptake in
the volumetric measurement, H> remained in the pores, implying that desorption was not
complete. Therefore, the amount of H> sorbed is most likely underestimated. The methodology
employed for CO2 sorption can be similarly applied to assess the amount of Hz into the pores,
leading to 0.21 wt% (for comparison, HKUST-1 can store up to 0.47 wt.% of H> at 303 K and
35 bar).*
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Figure 29. H, sorption isotherm of TMAD measured at 20°C. Sorption is depicted by the full circles, the empty
circles picturing the desorption.
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To complement the data obtained in volumetry, we had the privilege to conduct neutron
diffraction experiments in Grenoble, at the ILL. This sample was one of the three selected for
this remarkable technique. Therefore, prior to the sample preparation, we conducted X-ray
fluorescence to ensure that there was no bromide contamination from the synthesis. Indeed,
bromine has a relatively high neutron absorption cross-section, meaning that it tends to absorb
neutrons rather than scatter them. This can lead to attenuation of the neutron beam and distortion
of the diffraction pattern, making it more difficult to accurately interpret the results. 7able 4
shows the results obtained, displaying only the three elements with the highest concentrations.
The sample exhibited slight bromine contamination, .. . <pr clemental analysis of TMAD.
certainly stemming from the synthesis conditions, likely
in the form of NaBr. This contamination is insufficient to Element Concentration (%)
justify any concern. It is noteworthy that the sodium and
magnesium concentrations may be subject to some By 7 14%
inaccuracies, owing to their limited X-ray absorption
capabilities. Since the natural mixture of boron isotopes 11Ng L65%
also adsorbs neutrons, we used a thin-walled cylinder to
contain the sample, reducing the adsorption of neutrons
substantially. Mg 0.27%

We conducted NPD experiment at 77 K, loading D> up to the maximum pressure of 60 bar.
Unfortunately, the relative peak intensities did not change significantly, indicating that
hydrogen adsorption in the pores was too slow at the given pressure-temperature conditions.
This suggests that the gas adsorption kinetics by fcc TMAD is exceptionally slow, and we need

to do a detailed preparation of the gas loading protocol for the NPD measurements which are

very limited in time.

3.2.2. (PMe4):B12H12

Next, we decided to substitute [NMes]" by its phosphorated homologue, [PMes]", resulting
in the synthesis of TMPD. The same process used for TMAD is employed here, which involved
the cation exchange in cold water between the Na:Bi2Hiz2-4diglyme, NaxBi2Hi2:4H20 or
unsolvated NaxB12Hi2 and PMe4Br (9):
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Na;Bi2Hi2 + 2 PMesBr — [PMes:Bi2Hi2 + 2 NaBr 9)

Obtaining a single crystal of the compound enabled the identification and structure
determination of the two distinct phases. One phase closely resembles the porous structure of
TMAD, with the nitrogen atom being replaced by phosphorus in the same anti-CaF2 fcc type
of lattice (411). The other phase, however, shows no similarity with the fcc type. The lattice
parameters of the porous cubic TMAD and TMPD are highly similar (a = 13.3887 and 13.3695
A, respectively). The volume of the solvent-accessible surface in TMPD is 67.79 A*, accounting
for 2.8 % of the total lattice volume (smaller than in TMAD). The second phase TMPD phase
exhibits monoclinic symmetry and is characterized by twinning, complicating the process of
structure determination. The structure is shown in Figure 30, with a significant disorder
remaining, possibly stemming from not fully modelled twinning. Furthermore, this phase does

not display porosity.

Figure 30. Monoclinic phase of TMPD shown without hydrogens for clarity. Color code: B = pinkish, C = grey
and P = orange.
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Figure 31. Powder patterns of the theoretical cubic, theoretical monoclinic, as-synthesized in hot water cold

water TMPD. The black dashed line represents theoretical cubic TMAD.

The powder patterns of the as-synthesized TMPD in both cold and hot water are depicted
alongside theoretical (simulated) cubic and monoclinic TMPD in Figure 31. From this data, it
was apparent that TMPD, much like TMAD, manifested different behaviors depending on
whether the ionic exchange occurred in hot or cold water. The TMPD that arose from cold water
was single phased pure (fcc), while the TMPD that came from hot water contained the two
aforementioned phases. The comparison of peak intensities between the two phases in hot water
clearly indicated that the cubic phase is more stable. Moreover, we found a difference in peak
intensities between the TMPD synthesized under hot and cold conditions, much like we
observed for TMAD. This suggests that the TMPD synthesized in hot conditions has adsorbed
more water compared to its counterpart synthesized under cold conditions. It is also worth
mentioning the near perfect similarity observed in the powder patterns of both fcc TMAD and
TMPD.

The purity was further assessed with 'H- and '"B-NMR spectroscopy (Figure 32) and ATR-
IR (S18-S19). The 'B-NMR shows the characteristic [B12Hi2]*" peak at -16.5 ppm (s) and a
bump between 25 and -10 ppm caused by the glass NMR tube (not made of quartz). The 'H
NMR spectrum demonstrates the presence of [PMes]" at 1.8 ppm (d) and water at 3.3 ppm (s).
An expansion on the 0.4-1.1 ppm region is shown on the top left of the '"H NMR, revealing the

distinctive pattern of hydrogen coupling in the [B12Hi2]*” molecule. The infrared spectrum of
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TMPD is compared to the spectrum of TMAD in Figure 33. The characteristic peaks in the
spectra of both compounds align at nearly identical wavenumbers, again showcasing the
similarity between the two compounds. The water peak at 3600 cm™ is absent from the TMPD

spectrum, indicating the emptiness of the pores.
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Figure 32. ''B- (left) and 'H- (right) NMR spectra of TMPD. In the upper left corner, there is an enlargement
focusing on the characteristic region of the [Bi2Hi2]*, between 0.4 and 1.2 ppm.
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Figure 33. Infrared spectra of TMPD (blue) and TMAD (green).
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A TG-DTA was carried out on TMPD and displayed in Figure 34. The first mass loss is
negligible, about 1 %, meaning the sample may have adsorbed water during the sample
preparation. The mass remained constant up to about 400°C, showcasing the stability of TMPD,
surpassing that of TMAD by 100°C. The exothermic peak at 420°C accompanied by a variation
in mass of about 5 % is attributable to the decomposition of the TMPD.
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Figure 34. TG-DTA measurement of the TMPD. Color code: blue = TGA and green = DTA.

In the following measurements, we led an investigation to better understand the behavior
of TMPD concerning phase transitions and compare the results to TMAD. A comparative
analysis was facilitated by the prior elucidation of the structures of both initial TMPD phases.
Initially, the compound was put under vacuum at 300 K for ten minutes, followed by exposure
to 10 bar of CO» for one hour, maintaining the temperature at 300 K throughout the experiment.
XRD measurements were performed at intervals of five minutes of exposure to the X-ray beam.
The resulting data, presented in Figure 35, indicated a distinct transition from the monoclinic
phase to the porous cubic TMPD upon CO: exposure. Additionally, it is noted that at 300 K,
there is only a modest change in peaks relative intensity following an hour of CO2 exposure,

further indicating the slow sorption kinetics under these specific conditions.
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Figure 35. Powder patterns of the TMPD under vacuum and under 10 bar of CO; at 300 K for five minutes and

an hour. The black stars indicate the peaks related to the non-porous TMPD phase.

In situ PXRD experiments were performed to validate the gas sorption capability of
TMPD, with initial focus on CO>. The measurements were conducted under a CO; pressure of
7.2 bar, utilizing the temperature protocol described in the section 2.3. The compound was
initially subjected to ten minutes of vacuum exposure at 300 K to ensure thermal stabilization.
The resulting data, depicted in Figure 36, revealed variations in peak intensities, indicative of

effective CO; sorption, though with minimal changes observed.
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Figure 36. In situ powder patterns of TMPD measured under 11 bar of CO», starting at 300 K and gradually
heating to end at 400 K.

Therefore, we attempted similar in sifu measurements between 300 and 400 K, using an
inert gas xenon abundant in electrons (i.e. X-ray scattering power), offering two key advantages.
Firstly, its abundance of electrons makes it easily detectable in XRD and therefore the
alterations in electronic densities are more pronounced, and secondly, being a single atom
simplifies modeling in FOX for subsequent refinement. We implemented the temperature ramp
protocol, as previously described, for conducting in sifu measurements, under 11 bar of xenon.
The resulting powder patterns are illustrated in Figure 37. Initially, the TMPD sample consisted
of the two phases, including a small amount of the second polymorph. Surprisingly, upon the
application of pressure, the simultaneous disappearance of the peaks related to the non-porous
phase (at 7.3°, 8.0°, 9.3°, and 9.7°) was observed, suggesting a phase transition of the
monoclinic TMPD towards the porous TMPD structure. Indeed, this behavior was not observed
when heated without applying pressure. Moreover, a progressive modification in the relative
intensities of the initial peaks at 5.2° and 6.1° with increasing time implies effective xenon

sorption.
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Figure 37. In situ powder patterns of TMPD, measured under 11 bar of Xe, starting at 300 K and gradually
heating to end at 400 K.

Subsequent sequential refinement was performed on the occupancy of the Xe atom,
revealing the increase of occupancy by 100 % between 320 and 400 K, further confirming
sorption (Figure 38). TMPD crystallizes in the space group 205 (P a 3), whose special sites are
depicted in the Appendix A12. The multiplicity of a general site of this space group is 24, while
the refined position of the Xe atom in the lattice is at coordinates 0, /2, 0 with a corresponding
site multiplicity of 4. In FullProf, the maximum occupancy of a special site is determined by
dividing the multiplicity of the special site by the multiplicity of the general site. Therefore, to

find the amount of Xe atom per unit cell, the following formula was employed (10):

. Z .multiplicity of general site. Xe occupancy
Xe per unit cell =

(10)

multiplicity of special site

Where Z is the number of formula unit present in the unit cell, which in our case is equal to 4
(refer to S16). We find 1.02 Xe per unit cell, meaning it has an occupancy of approximately 25

% of the available pores. This reveals a particularly interesting characteristic of the PIP
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compound studied here: the amount of Xe sorbed increases with temperature, which goes
against the typical behavior of most of the porous materials. Furthermore, the sorption plateau
was never reached, indicating that the sorption process was not complete. This supports our
conclusion that the adsorption kinetics is very slow, and that higher temperature is needed to
improve it. The heavier Xe adsorbs well at higher temperatures, unlike lighter H> and COz,
allowing to complete the experimental picture, validating our understanding of this unique

system.
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Figure 38. Sequential refinement of the Xenon occupancy between 320 and 400 K, under a constant 11 bar

pressure of Xe. The saturation is not reached even at the highest temperature.

3.3. Dodecaborates with lower symmetry cations

3.3.1. (+BuNH3)3:B12Hi2-H20

We aimed to investigate the impact of lowering the symmetry of the cation on sorption
kinetics, trying (+-BuNH3)" as a cation. Regrettably, insufficient sample retrieval prevented us
from conducting in situ PXRD measurements under gas pressure. However, we successfully
solved the structure of the white single crystals mentioned in the synthesis section. The
(+-BuNH3)2B12Hi» crystallizes in a tetragonal cell, with a=10.6 A and c = 18.8 A. As illustrated

in the Figure 39, water becomes integrated into the crystal lattice, impeding pore formation.
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The separation of 1.99 A between the H®" atoms of the two -BuNH3 cations and the O of water
molecule indicates the presence of a hydrogen bond. Additionally, the distance of 1.88 A
between the H® of the dodecaborate and the H®* of H>O implies the existence of dihydrogen
bonds, further confirming the highly stabilized inclusion of water within this crystal structure.
This knowledge of the hydrogen bonds has shed light on the significant solubility contrast
between TMAD/TMPD and (-BuNH3)2Bi2Hi».

Figure 39. Crystal structure of (~-BuNH3)2B12H12. The hydrogen bonds are depicted in green. Color code: B =
pinkish, C = dark grey, N = blue, O =red and H = light grey.

It is important to highlight that, following the full evaporation of the water solvent
during synthesis, whitish single crystals were produced. The structure of these single crystals
was also elucidated, revealing (--BuNH3)3:B12H12Br, whose structure is depicted in Figure 40.
This structure adopts the P 2i/c monoclinic space group and is characterized by lattice
parameters a=10.4 A, b=11.6 A, c =22.6 A, and B = 93.5°. The bromide ions are impeding
pore formation, making gas sorption impossible. Currently, attempts are ongoing to design a

method for removing this bromine from the structure.
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Figure 40. Crystal structure of (~BuNH3);:B12H12Br (hydrogens were removed for clarity). Color code: B =
pinkish, C = grey, N = blue and Br = brown.

34. Other porous ionic packings

3.4.1. (NMe4):SnCLBr;

We conducted searches within crystallographic databases to explore the potential extension
of the PIPs among non-boron compounds. Subsequently, we sought an isomorphous structure
to TMAD and found (NMe4)2SnClg (413). The voids within this structure constitute roughly 2
% of the unit cell volume. Given the availability of NMe4Br among our reagents (for the other

syntheses), we proceeded with the synthesis according to the following equation (11):

SnCls-5H20 + 2 NMesBr — (NMe4)2SnCls 7Bri 3 (11)

We anticipated that the structure would resemble that of (NMes)2SnCls. Following
SC-XRD analysis on the single crystal obtained, our hypothesis was confirmed, the structure
matching precisely, with 22 % of Br™ substituting Cl. The powder patterns are presented
alongside a comparison of the diffractogram with the cubic TMAD and TMPD structures, in

Figure 41. We could indeed notice that the powder patterns are close to identical.
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Figure 41. Comparison of the powder pattern of the synthesized (NMe4)2SnCly 3Br; 7 with the theoretical powder
patterns of TMAD, TMPD and (NMe4)>SnCle.
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Figure 42. Evolution of the powder pattern of (NMe4)>SnCls3Bri 7 at 30 °C under a 7.1 bar of CO» pressure. One

measurement was conducted every ten minutes, for an hour. The black stars indicate the formation of a new phase.
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Following this, CO2 sorption experiments were conducted on the (NMe4)2SnCls7Br 3
under specific conditions: 30 °C at 7.1 bar of CO2 pressure, with one measurement every ten
minutes, for an hour. The results of the PXRD experiment are shown in Figure 42. Although
there was no noticeable change in the relative intensity of peaks, the emergence of additional
peaks at 5.7, 6.5, 8.7, 11.5 and 13.2 ° were observed, indicating a pressure-induced phase
transition once again. Given the absence of the gas sorption by the main phase, we stopped

further studies of this system.
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4. Conclusion and perspectives

4.1. Summary of findings

The focus of this master's thesis revolved around three primary objectives related to PIP
synthesis, characterization, and sorption performance: (1) understanding the formation of
TMAD and optimizing its synthesis, (2) exploring the versatility of the PIP concept by
modifying ions to synthesize additional PIPs, and (3) investigating gas sorption in the PIPs

using volumetric and diffraction methods.

Concerning the first objective, characterization techniques (XRD, NMR, IR) confirmed
the successful synthesis of fcc TMAD. We observed that synthesis conditions play a crucial
role. Specifically, variations in water temperature during synthesis resulted in different relative
intensities of fcc TMAD peaks, accompanied by a shift of the first peak to lower 26 values,
indicating lattice expansion attributed to water present within the pores. Notably, TMAD
synthesized in hot water revealed an additional phase whose structure remains unidentified.
Hence, this study revealed that to maximize the yield of fcc TMAD, the synthesis should be
conducted in cold water, using the minimum amount necessary to dissolve Na;B12Hi2-4diglyme

and NMe4Br, followed by the mixing of these cold solutions.

Concerning the second objective, demonstration of the robustness of the PIP concept was
evidenced by the successful synthesis of another PIP, (PMe4),B12H12 (TMPD). This compound
exhibited two distinct phases, both solved through SC-XRD: an fcc porous phase, akin to
TMAD, and a monoclinic non-porous phase, characterized by twinning. Remarkably, the fcc
porous phase proved more stable than the non-porous one. Similar to TMAD, this compound
displayed varying relative peak intensities depending on whether it was synthesized in hot or
cold water, meaning they possessed different water contents within their respective pores.
Furthermore, synthesis in hot water resulted in the appearance of the second phase, whereas
synthesis in cold water exclusively yielded the fcc TMPD. The TG-DTA reveals that TMPD
remains stable up to 420°C, surpassing the stability of TMAD by approximately 100°C. Very
similar unit cell volumes for the fcc TMAD and TMPD seen along the smaller pores in TMPD
suggest that the unit cell volume is defined by the repulsive packing of anions and the larger

PMes" cations are taking more remaining space, leaving smaller voids.
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We also conducted the synthesis using the lower symmetry cation #-BuNH;3".
Unfortunately, we were unable to synthesize (-BuNH3)2Bi2Hi2; however, we successfully
obtained tetragonal (#~BuNH3):Bi2Hi2H2O and monoclinic (-BuNH3);Bi2Hi2Br. We
demonstrated that water 1is significantly stabilized within the framework of
(z-BuNH3)2B12H12-H20 due to the presence of both hydrogen and dihydrogen bonds, facilitated
by the availability of the charge of the nitrogen of --BuNH3", compared to NMes". In the absence
of methyl groups, there is reduced steric hindrance, allowing the charge to be more accessible
on the nitrogen atom. Additionally, the charge is less delocalized compared to NMes ", where it
is spread throughout the entire tetrahedron. Therefore, in -BuNH3", the charge is more localized
on the nitrogen atom, facilitating such hydrogen interactions. Both structures are non-porous,
the former contains H2O while the latter contains Br", hindering the formation of pores within
the crystal lattice. Upon exposure to air for three weeks, TMAD effectively sorbed water. DVS
measurements further demonstrated TMAD's ability to sorb water under specific relative

humidities, albeit exhibiting slow desorption.

Concerning the third objective, we confirmed the gas sorption in PIPs. The process is much
slower than for classical porous materials, well in accord with the fact that the pores are not
interconnected in PIPs, creating great obstacles for gas diffusion. Despite the presence of
similarly sized voids, no effective sorption was observed on Cs2Bi2H12, validating the theory
that the nature of the cation is crucial for gas sorption. We hypothesize that the paddle-and-
wheel mechanism involving the organic cation allows for the slow gas diffusion and thus
adsorption in the title PIPs. Cesium atoms has a spherical symmetry and is not allowing for this

mechanism.

We conducted CO2 and H2 PXRD and sorption measurements on TMAD at room
temperature, demonstrating its ability to sorb 5.92 and 0.21 wt%, respectively. However,
refinement of the data to determine the exact amount and location of COz inside the pores was
hindered by structural disorder. Neutron diffraction at 77 K was unfortunately too slow to get
any notable D, adsorption. The kinetics for CO sorption was very slow, failing to reach a
plateau during measurement; thus, we plan to restart the measurement with extended
equilibrium pressure times or elevating the temperature, to increase the sorption rate, at the
expense of the amounts adsorbed. Conversely, H> sorption kinetics at room temperature was

satisfactory, reaching equilibrium pressure for each measurement point.
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Both TMAD and TMPD exhibit a phase transition when subjected to 10 bar of CO2 or Xe
pressure, transitioning from a non-porous to the fcc porous phase. XRD measurements on
TMPD to probe CO2 and Xe sorption revealed a change in relative intensities, indicating
effective sorption of both gases. Although CO: refinement was hindered by disorder similarly
to TMAD, sequential refinement on Xe was possible, providing valuable insights: sorption
reached 25 % of pore availability when TMPD was subjected to 11 bar of Xe for one hour at
temperatures increasing from 300 K to 400 K, with sorption increasing as temperature rose - a

behavior not commonly observed for porous materials.

As the crystal structures of (~-BuNH3)2B12H12-H20 and (+~-BuNH3)3:B12H12Br lacked pores,
conducting gas sorption on these compounds was not feasible. Current endeavors are focused
on removing the H>O and Br from the crystal structure of these compounds to yield
(--BuNH3)2B12Hi2. Consequently, we were unable to evaluate the impact of lowering the cation

symmetry on the gas sorption of the PIPs.

Finally, we attempted to exchange the anion to investigate the impact of the lower
symmetry anion [SnCls 7Bri3]*" on gas sorption. The structure obtained corresponded to a fcc
anti-CaF»-type lattice with voids, as solved by SC-XRD. Upon attempting CO2 sorption on this
new compound at 7.1 bar, instead of observing gas sorption as anticipated, we encountered a

phase transition, the structure of which remains unidentified to date.

4.2, Future directions

The possibilities are vast for this emerging class of compounds. By adjusting the size ratio
between ions, for instance, substituting Bi2Hi2 with B12X12 or Bi2(OR)12, we could customize
pore size, envisioning a diverse series of porous ionic packings (Figure 43). Varying ion sizes
should enable not only pore size adjustment but also modulation of the chemical properties of

the inner pore surface, enhancing interaction with guest molecules in the PIPs.
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Figure 43. Selection of ions for building future porous ionic packings.

Furthermore, the slow kinetics observed could be leveraged as an advantage. If we identify
an external stimulus capable of controlling PIPs' sorption kinetics, such as electromagnetic
irradiation or vibrational energy, we could foresee their application in separation processes or
for storage of gasses in a “trapped” state. Study of structural dynamics, such as reorientational
motion by spin-lattice relaxation with solid-state NMR or by quasi-elastic neutron scattering
can answer if the paddle-and-wheel mechanism is driving gas diffusion and adsorption in the
title Pips. We are on the brink of an exciting, unknown realm, and it is undeniable that the

discussion surrounding PIPs is just getting started.
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A2. "B-NMR spectrum of the solid retrieved after synthesis.
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A3. ""B-NMR spectrum of the Cs;B12Hj2.
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A4. ATR-IR spectrum of Cs,Bi2Hj».
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Experimental Cs2B12Hi2
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A5. Powder patterns of the theoretical and experimental Cs;Bi2Hi».
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A6. CO; sorption isotherm of Cs2Bi2H 2 measured at RT. Sorption is depicted by the full circles, the empty

circles picturing the desorption.
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Appendix

All. Fcc anti CaF; kind of structure of porous TMPD.

CONTINUED No. 205 Pa3

Generators selected  (1): 7(1,0,0): £(0,1,0); 1(0,0,1): (2): (3); (5); (13)

Positions
Multiplicity, Coordinates Reflection conditions
‘Wyckoff letter,
Site symmetry Ik, cyclically permutable
General:
24 4 1 (1) x.y.z (2) ¥+ 1.9.2+1 (3) X y+1.7+1 @) x+45,§+3.2 Okl : k=2n
(5) z,x,y (6) z+ 3, X+ 4,¥ (M I+.5y+3 (8)Zx+ 1,y +1 h00: h=2n
9 y.z.x (10) 7,2+ 5. ¥+ 1 () y+1.2+3.% (12) y+1.20+1
(13) %,7.2 (14) x+35.y,2+1 (15) x, 7+ 3.2+ 5 (16) T+ 3, y+4.2
(17) 2,53 (18) Z+.x+1.y (19) z+ 5.0+ 1 (20) 2.8+ 1,y +1
2D y,z,x 22) y.2+4x+4 (23) y+4.2+4.x (24) y+4.2.5+1
Special: as above, plus
8 ¢ .3 X,0,X I+i,Ex+1 Tx+1.8+1 X+1.8+1.% no extra conditions
XK X+ixi+4 X i+i.x0+3 I+ix+ix
4 b .3 11,1 0,%,0 £0.0 0,0,% hkl : h+kh+1k+1=2n
4 a 3 0,0,0 +.0.1 0,1,1 1.1,0 hkl : h+kh+1k+1=2n

AI2. Fec Wyckoff sites of space group 205 (TMPD).
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Al13. Crystal structure of (NMes4)2SnCls.
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