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Abstract and Structure of the Thesis 

Gas adsorption is a spontaneous interaction that occurs on the 

interface between the gas and a condensed phase. Porous materials, 

having large surface areas, reveal this phenomenon more pronouncedly. 

Porous materials are applied in many fields, such as gas storage, gas 

separation, sensoring, catalysis, drug delivery, etc. With the increase of 

demand, more functional porous frameworks, such as metal-organic 

frameworks, often with tunable porosities were developed in order to 

meet the applications in different fields. Traditionally, volumetric and 

gravimetric methods are widely applied to characterize surface area, 

pore volume and pore size distribution of a porous material, namely by 

analyzing the adsorption isotherms. However, there are some specific 

“adsorption-driven” phenomena that could not be explained from 

macroscopic data only. Therefore, as a complementary tool, an in situ 

diffraction is used, that can reveal and explain the structure evolution 

during gas adsorption. 

In this project, we propose a new methodology based on in situ 

diffraction to obtain simultaneously micro- and macroscopic pictures of 

gas adsorption. As a porous material we use the first porous metal 

borohydride, γ-Mg(BH4)2. It contains a tubular-shaped microporous 

channel running through the volume diagonal of its cubic unit cell. The 

adsorption of a series of noble and fuel gasses is studied using in situ 

diffraction of X-rays and neutrons. The position and quantity of the 

guest molecules are followed using Rietveld refinement at constant 

pressure or temperature, producing experimental isobars and isotherms 

directly from diffraction data. These curves are fitted with relevant 

equations, allowing to extract the thermodynamic parameters of gas 

adsorption, such as isosteric heats of adsorption as a function of gas 

loading. We detect rearrangements of guests and correlate the changes 

with the adsorption properties and intermolecular interactions. 

Following the time evolution of the guest occupancies allow to access 



 

the energy barriers related to gas adsorption and thus to shed light on 

the diffusion mechanisms. We used volumetric measurements as a 

supporting technique to characterize macroscopic properties at 

equilibrium and point out the pros and cons of the diffraction-based 

methodology.  

In Chapter 1, we introduce the material we will work with 

throughout the thesis, the porous magnesium borohydride, γ-Mg(BH4)2. 

We are first discussing hydrides, mostly used for hydrogen storage, and 

then present porous materials in general. After that, synthesis and 

polymorphisms of Mg(BH4)2 are shortly described, with more focus on 

the porous γ-phase. This is followed by introduction into gas 

adsorption, from principles to methods, finishing with objectives of this 

thesis. 

Chapter 2 is dealing with methodologies, those already known 

(bulk methods to characterize gas adsorption, diffraction methods in 

general) and those we are advancing or developing in this thesis (in situ 

diffraction methods to build adsorption isobars and isotherms and to 

study adsorption thermodynamics and kinetics). Chapter 2 gives a 

general overview, while methodologies being advanced are described 

more in detail in the chapters 3-7, containing results. 

Chapter 3 describes the adsorption of Ar. Diffraction studies reveal 

a gradual rearrangement of guests within the pores, allowing twice 

higher Ar loading in the final state. Thermodynamic properties of 

adsorption were characterized by diffraction and volumetric methods. 

This is put in perspective of guest-guest and guest-host interactions. 

In Chapter 4, the adsorption of H2 and N2 using neutron powder 

diffraction, volumetric gas adsorption and inelastic neutron scattering 

was studied. These gases show different adsorption sites and very 

different limiting capacities. H2 packs extremely dense inside the pores, 

twice as dense as liquid hydrogen. Analysis of geometry of 

intermolecular interactions is providing ideas explaining this 

phenomenon.  
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In Chapter 5, we describe adsorption of very light He and Ne at sub-

LN2 temperatures, using neutron and synchrotron X-ray diffraction. 

Guest rearrangements and guest-guest interactions are characterized 

and discussed. Theoretical DFT simulations reveal the stability of 

phases containing different amounts of adsorbed gas, and the related P-

T phase diagrams. 

In Chapter 6, an adsorption of light C1-C4 alkanes is described, 

using a combination of crystallographic techniques and volumetric 

methods. Particular attention is paid to finding thermodynamic 

parameters of gas adsorption from diffraction-based isotherms and 

isobars. -Mg(BH4)2 adsorbs exclusively smaller methane and ethane 

(showing a potential for separation through relatively narrow pore 

apertures) and shows high gravimetric adsorption capacities and heats 

of adsorption. 

In Chapter 7 we address the adsorption kinetics by a novel in situ 

diffraction approach. Arrhenius analysis yields activation barriers, 

which are tentatively attributed to different diffusion mechanisms, 

governing the diffusion of Ar, Kr and Xe in -Mg(BH4)2. 

Chapters 3-7, describing results, are also containing lengthy 

discussions. We shortly summarize them in essence in the following 

Chapter 8, where we also present our vision of perspectives. 
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A Statement on Contributions 

The following five chapters will contain the results on my work, 

integrated in a form of manuscripts, along with contributions of other 

authors. Each chapter is actually a manuscript to be submitted in the 

near future or already submitted/published. Here is the description of 

my contribution to each chapter (article), along with a short description 

of the status of each publication. 

Chapter 3 describes the adsorption of Ar in γ-Mg(BH4)2. This part 

of work will soon be submitted to J. Am. Chem. Soc. (before my private 

defense) when we collect the feedback from the co-authors. I am the 

first author and contributed to the synthesis of the samples, 

interpretation of diffraction data, volumetric data measurement and 

analysis, writing the manuscript and participating in discussions on all 

topics, including phenomenological modeling. 

Chapter 4 describes H2 (D2) adsorption and its striking difference 

with the N2 behavior. This work reveals an ultra-dense hydrogen in the 

pores, characterized by many independent techniques in a large 

collaboration: synchrotron diffraction, neutron powder diffraction, 

inelastic neutron scattering and volumetric measurements (at 

temperatures as low as 20 K, which is not easy to access in a laboratory). 

This chapter will be submitted to Science before my private defense. I 

contributed to the diffraction data analysis, synthesized the samples, 

participated in writing and discussions. 

Chapter 5 describes the adsorption of He and Ne, the lightest gasses 

rarely considered for adsorption using the combination of diffraction 

methods and DFT simulation of adsorption energy of He, Ne and Ar. 

This work is the least complete in the sense of writing/editing and will 

be the last chapter to be submitted for publication, already after my 

public defense. I contributed to the sample synthesis, diffraction data 

analysis, writing the manuscript and will be the first author. 



 

Chapter 6 describes the adsorption of two fuel gases, methane and 

ethane. I have contributed with volumetric measurements with writing 

the manuscript. This chapter will also be submitted before my private 

defense to one of the ACS journals. 

Chapter 7 describes the adsorption kinetics of Kr, Xe, as well as Ar. 

This part has already been published in Angew. Chem. Int. Ed. in 2021 

(doi: 10.1002/anie.202015019). I am the third author and contributed 

with the samples, measurement of diffraction data characterizing Ar 

kinetics, the related data analysis, discussion and writing the 

manuscript. 

I am also a co-author of another work which will not be presented 

in this thesis but it shares a big part of my expertise described in other 

chapters. This is in situ diffraction experiments, yielding both structure 

and properties (such as isotherms) for the gas adsorbed in a porous 

framework, namely CO2 in a flexible Zr-MOF of MIP-203 series. This 

work is the result of a collaboration with the group of Christian Serre, 

it has been published in J. Am. Chem. Soc. in 2019, doi: 

10.1021/jacs.9b07816. 
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Chapter 1. Introduction 

 

 

In this Chapter we will introduce the materials and phenomena we 

will deal with in this thesis. Namely, the porous materials, manifesting 

gas adsorption on their surface. More specifically, we will use a porous 

form of a light metal borohydride, known as γ-phase of Mg(BH4)2. 

Therefore, we will first talk about hydrides, which are often considered 

in the context of hydrogen storage, and then present porous materials 

in general. After that, synthesis and polymorphisms of Mg(BH4)2 will 

be shortly described, with more focus on the porous γ-phase. This is 

followed by introduction into gas adsorption in solids, shortly 

describing principles and methods of characterization. We will 

formulate the objectives of the thesis at the end of this Chapter. 
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 2 

1.1. From Metal Hydrides to Complex Hydrides 

The substance that will be most investigated in this thesis is the 

compound very rich in hydrogen. Therefore we will cover shortly the 

two main classes of hydrogen-rich solids, typically used for hydrogen 

storage and thus discussed in this context. Metal hydrides are defined 

as the products of the chemical reaction between hydrogen and various 

metal systems (intermetallic compounds or alloys in a form of solid 

solutions)[1]. These functional materials are widely studied and applied 

in solid-state hydrogen storage field in the past decades, since they have 

a favorable thermodynamics and kinetics of hydrogen adsorption. 

Metal hydrides are usually evaluated by their gravimetric and 

volumetric capacity, cyclability and more generally reversibility of 

solid-state hydrogen storage, as well as by the commercial value of raw 

materials. 

Metal hydrides were firstly found by Sieverts et al.[2] in 1912 while 

studying hydrogen adsorption of Pt-Au alloys[1]. With a systematic 

expansion of this family, the interstitial metal hydrides formed by the 

heavier d- and f-block metals have received significant attention due to 

their reversible hydrogen storage at near ambient conditions[3]. This 

type of intermetallic metal hydrides is usually expressed as AmBnHx, A 

represents the metal element with a high affinity to hydrogen, and B 

represents the metal element that usually in a pure form has no 

interaction with or low affinity to hydrogen. Some typical and important 

families of intermetallic metal hydrides are listed in Table 1[4].   

Even though the enthalpy of hydrogen uptake for an intermetallic metal 

hydride is moderate, typically ΔH ≈ - 30 kJ/mol[5][6] (providing a fast 

hydrogen uptake and release), the gravimetric density of typically 1 to 

2 wt% of hydrogen storage is low due to the high atomic mass of metals. 

To meet the target for on board hydrogen storage systems for vehicles, 

the Department of Energy of United States (DOE) has pointed out that 

the gravimetric and volumetric hydrogen storage density should reach 
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5.5 wt% and 40 g/L[7] respectively, in 2020; the targets were reviewed 

up and down afterwards. To meet this target, complex hydrides with 

light metal cations, such as Li, Na, K, Al, Mg, Ca and so on, have raised 

a great attention in recent years due to their high gravimetric density of 

hydrogen storage. 

 

Table 1. The most important families of hydride forming intermetallic compounds 

including the prototype and the structure[4]. 

Intermetallic 

compound 
Prototype Hydride Structure 

AB5 LaNi5 LaNiH6 Hexagonal 

AB2 ZrV2, ZrMn2, 

TiMn2 

ZrV2H5.5 Hexagonal or 

cubic 

AB3 CeNi3, YFe3 CeNi3H4 Hexagonal, PuNi3 

type 

A2B7 Y2Ni7, Th2Fe7 Y2Ni7H3 Hexagonal, Ce2Ni7 

type 

A6B23 Y7Fe23 Ho6Fe23H12 Cubic, Th6Mn23 

type 

AB TiFe, ZeNi TiFeH2 Cubic, CsCl or 

CrB type 

A2B Mg2Ni, Ti2Ni Mg2Ni2H4 Cubic, MoSi2 or 

Ti2Ni type 

 

Light metal complex hydrides are compounds similar to inorganic 

salts. The hydrogen atoms form an anion by means of covalent bonds 

with a central atom, counterbalanced by a metal cation to form a 

complex metal hydride. This class is known for heavier transition metal 

hydrides, containing for example NiH4 complexes[8][9], however in the 

context of light weight materials we can outline the following three 

group containing the anions[10]: 
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1) [AlH4]
-, known as alanates. Since Bogdanovic and 

Schwichardi[11] have found in 1996 that Ti-doped NaAlH4 can realize a 

reversible hydrogen uptake and release with about 4 wt% below 473 K, 

there has been an upsurge in research on complex hydride around the 

world. Typical alanates include NaAlH4, LiAlH4, Mg(AlH4)2, and 

Na2LiAlH6, the latter containing the hexacoordinated aluminum. 

Among them, the research on NaAlH4 is the most extensive. The 

obstacle and key point for utilizing alanates is the poor kinetics of 

hydrogen uptake. Some researches investigated Ti-doped, Ce-doped, 

and Zr-doped catalysts which provide a good effect on alanates[12]–[16], 

however, there is still controversy on its catalytic modification 

mechanism. To improve the thermal stability, researchers further 

synthesized bimetallic alanates, Na2LiAlH6, which can absorb and 

release hydrogen reversibly at the temperature range from 463 to 753 

K[17][18]. 

2) [BH4]
-, known as borohydrides. Borohydride is a general name 

for the tetrahydroborate anion. The first metal borohydrides, Al(BH4)3 

Be(BH4)2 and LiBH4 were reported in 1940 by Schlesinger et al.[19]–[21] 

in the context of uranium enrichment program. Much later, due to the 

high hydrogen gravimetric density, borohydrides have attracted wide 

attention and had been developed into a big family with many 

derivatives[22].  However, the disadvantage of borohydrides is that their 

strong covalent bond B-H leads to a high thermal stability and increases 

the temperature of release of hydrogen. Simultaneously, the kinetics is 

poor as well, as well the H-reversibility is often absent. The current 

research work on borohydrides mainly focuses on improving their 

kinetic properties and re-absorbing hydrogen performance. For 

example, this can be reached by forming so called reactive hydride 

composites, as for instance LiBH4-MgH2 system[23]–[25]. This mixture 

gives products containing elements from each component, that are able 

to rehydrogenate under mild conditions, unlike the pure components. 

On the other hand, nano-sized borohydride hydrogen storage systems 

and the use of nano-size effects to improve kinetic and thermodynamic 

properties are also important research directions[26],[27]. In addition, the 
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thermodynamic stability of metal borohydrides is closely related to the 

electronegativity of the center metal cations, and generally decreases 

with the increase of electronegativity[28],[29]. Therefore, modifying the 

electronegativity of metal cation and developing new types of 

bimetallic borohydrides is another way to improve the 

re/dehydrogenation properties of metal borohydrides[30],[31]. 

3) [NH2]
-, known as amides. The first case of reversible hydrogen 

storage by amides (Li-N-H system, in the form of reactive hydrogen 

composite) was reported by Chen et al.[32] in 2002. As LiNH2 has the 

characteristics of a typical ionic compound, the kinetics and 

reversibility of re/dehydrogenation can be significantly improved by 

adding catalysts such as metals, metal salts or oxides[33]. Subsequently, 

based on the theory that a hydron (Hδ+) can be easily combined with 

hydridic hydrogen (Hδ-), new hydrogen storage systems consisting of 

metal amino compounds and metal hydrides or metal borohydrides 

were further developed, such as LiNH2-LiH, Mg(NH2)2-MgH2, 

Ca(NH2)2-CaH2 and LiNH2-LiBH4
[34]. These bi-anionic hydrogen 

storage systems have shown high hydrogen storage capacity and 

excellent hydrogen storage kinetics and thermodynamic properties, but 

the release of hydrogen is also accompanied by the production of 

impurity gases, such as ammonia, during the dehydrogenation, which 

limits their application in combination with fuel cells. 

Some properties of several important complex hydrides are shown 

in Table 2[10]. Unfortunately, despite the effort of the past decades in 

development, none of the materials can have both mild 

re/dehydrogenation condition and high gravimetric hydrogen storage 

density at the same time. 

One of the important characterization of metal hydrides is the 

Pressure-Composition-Temperature (PCT) diagram, as shown in Figure 

1[35], left. The α-phase representing the host metal starts to dissolve 

some hydrogen as a solid solution, while the β-phase represents 

hydrides. While the two phases coexist, the isotherms show a flat 

plateau, the length of which determines the amount of hydrogen 
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reversibly stored. According to van’t Hoff equation,  

𝑙𝑛 (
𝑝𝑒𝑞

𝑝𝑒𝑞
0 ) =

𝛥𝐻

𝑅𝑇
−

∆𝑆

𝑅
 

 

Table 2[10]. Selected properties of some complex hydrides. 

material 
density 

(g/cm3) 

H-

density 

(wt%) 

H-

density 

(kg/m3) 

Tm
* (K) 

ΔHf 

(kJ/mol) 

LiAlH4 0.917 10.54  463d -119 

NaAlH4 1.28 7.41  451 -113 

KAlH4  5.71 53.2   

Mg(AlH4)2  9.27 72.3   

Ca(AlH4)2  7.84 70.4 >503d  

LiNH2 1.18 8.78 103.6 645-673 -179.6 

NaNH2 1.39 5.15 71.9 483 -123.8 

KNH2 1.62 3.66 59.3 611 -128.9 

Mg(NH2)2 1.39 7.15 99.4 633  

Ca(NH2)2 1.74 5.59 97.3  -383.4 

LiBH4 0.66 18.36 122.5 541 -194 

NaBH4 1.07 10.57 113.1 778 -191 

KBH4 1.17 7.42 87.1 858 -229 

Mg(BH4)2 0.989 14.82 146.5 593d  

Ca(BH4)2  11.47  533d  

Al(BH4)3 0.7866 16.78 132 
208.5d 

317.5b 
 

* d and b represent decomposition and boiling temperatures, 

respectively. 
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the enthalpy (ΔH) and entropy (ΔS) can be obtained, rationalizing the 

variation of the equilibrium pressure peq as a function of the reciprocal 

temperature, as shown in Figure 1, right. 

 
Figure 1[35]. PCT isotherms for a hypothetical metal hydride (left) and its van’t Hoff 

plot (right). 

 

1.2. Porous Solids 

Porous materials are widely found among many types of materials 

in nature, including active carbon, zeolites, coordination polymers, and 

so on. Due to their high surface area and pore volume, porous materials 

have been applied in many domains, such as catalysis, adsorption, gas 

separation, ion exchange. According to a classification of the 

International Union of Pure and Applied Chemistry (IUPAC)[36], based 

on their pore size, porous materials are divided into micro- (< 2 nm), 

meso- (2 – 50 nm) and macro- (> 50 nm) porous materials.   

In the past 25 years, a new type of porous materials, Metal Organic 

Frameworks (MOFs), has attracted great attention from researchers, 
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and its related research has also shown rapid growth. MOFs, also known 

as Porous Coordination Polymers (PCPs) or Porous Coordination 

Networks (PCNs)[37], are reticular crystalline materials formed by metal 

ions or clusters as the center and organic ligands as the linker. The 

concept of MOFs was first proposed by Yaghi et al.[38] in 1995 and 

furthermore, in 1999, his team obtained one of the most famous MOFs, 

MOF-5 (see Figure 2), by reacting Zn(NO3)2 and 1,4 - 

Benzenedicarboxylic acid (BDC)[39], showing excellent thermal 

stability and gas storage performance. In the meanwhile, with the 

proposal of reticular synthesis and secondary building units[40], a large 

amount of new structures and compositions of MOFs emerge into the 

public. There are now more than 10000 MOF structures that can be 

access from the Cambridge Crystallographic Data Centre (CCDC)[41]. 

Based on different naming methods, some common and famous type of 

MOFs are Zeolitic Imidazolate Frameworks (e.g., ZIF-8)[42], Matériaux 

de l’Institut Lavoisier (e.g., MIL-53)[43], Universitetet i Oslo (e.g., UiO-

66[44]), and so on. 

Due to their tunable structure and the characteristics of both 

inorganic and organic materials, MOFs have potential applications in 

many aspects. So far, the researches on the properties and functions of 

MOFs reported in the literature mainly include catalysis, gas adsorption 

and separation, chemical sensors, luminescent function, drug delivery,  

 
Figure 2[39]. Schematic illustration of the MOF-5 framework structure. The yellow 

sphere represents the void of MOF-5. 
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ion exchange[45]–[51], etc. Material chemists can synthesize a huge 

number of MOFs through design to adjust and optimize certain 

functional properties, and can also make MOFs have a variety of 

functional properties. Computations and simulations can also predict 

the performance of MOFs in terms of gas adsorption and separation, for 

various metal centres/cluster and linkers, which makes the family of 

MOFs have a great advantage in their design compared to other porous 

materials. In the following paragraphs, the application of MOFs in gas 

adsorption and separation will be introduced, as the main content of this 

thesis is about gas adsorption in a MOF-like hydride-based compound. 

Studying the properties of gas adsorption of MOFs not only can 

greatly expand their application fields, but may also solve some key 

problems in separation of similar gases and related disciplines[52]. 

MOFs have a special microporous / mesoporous structures, and it 

usually has a large specific surface area, making it an excellent 

adsorption medium. Due to different pore sizes and shapes and 

chemical properties, different MOFs also exhibit different adsorption 

behaviors. Currently, MOF research on gas adsorption and separation 

mainly include fuel gases (H2, CH4), CO2 capture, as well as light 

hydrocarbon separation (CH4 / C2H6) and noble gases separation (Kr / 

Xe). Gas adsorption and separation are considered to be one of the areas 

where MOFs are most likely to achieve industrial applications[52]. 

Below we shortly cite some key points in these developments. 

1. Gas storage 

Hydrogen storage in MOFs was studied by Yaghi et al. and they 

found that MOF-5 has a high capacity of hydrogen sorption[53]. 

Furthermore, they studied the influence of synthesis routes of MOF-5 

on its hydrogen storage capacity, and the adsorption binding sites of 

hydrogen by inelastic neutron diffraction[54][55]. These sites are not 

specific and show moderate adsorption enthalpy. However, molecular 

simulation reveals that hydrogen storage characterized by higher 

adsorption enthalpy can be attributed to the open metal sites, for 

example in Cu-BTC[56]. Subsequently, Zhou et al., Hupp et al., Schroder 
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et al. and some other groups synthesized a series of Cu-MOFs with open 

metal site and high porosity and found that these types of MOFs 

showing a high hydrogen storage capacity[57]–[63]. Recently, Hischer et 

al.[64] have collected experimental data on hydrogen uptake at 77 K and 

2.0-2.5 MPa of many different MOFs. They concluded that the 

volumetric absolute hydrogen uptake, obtained from the packing 

density of powder samples and from the single-crystal density, 

increases linearly with the volumetric surface. 

Another major application of MOFs in the field of gas storage is 

methane (CH4) storage. Kitagawa et al.[65] and Yaghi et al.[66] firstly 

applied MOFs in methane storage and they found that the capacity of 

CH4 in the porous channel of IRMOF-6 can reach 155 cc/cm3 at 

ambient environment. Snurr et al.[67] used molecular design to simulate 

and predict that the CH4 adsorption capacity of IRMOF-993 can be as 

high as 188 cc/cm3. Further studies showed that the ideal MOFs 

structure for the storage of CH4 not only requires a larger specific 

surface area, but also a larger pore volume. The researchers virtually 

studied more than 130,000 MOF structures through computer 

simulations, and conducted a large-scale screening of the storage 

capacity of CH4. The results showed that the CH4 adsorption capacity 

of more than 300 kinds of MOFs exceeded the DOE standard (180 

cc/cm3). MOFs modified with methyl or ethyl groups usually show 

better CH4 adsorption capacity. 

2. Separation of gases 

From the perspective of separation, the most extensive research of 

MOFs is carbon-capture related gas adsorption and separation, 

including natural gas purification (CO2 / CH4), synthesis gas separation 

(CO2 / H2) and noble gases separation (Kr / Xe). It is difficult to do 

directly use experimental measurements to determine the gas 

adsorption selectivity of porous materials. At present, people mainly 

use the single-component gas adsorption isotherm data of MOFs to 

estimate, using the Henry law selectivity and IAST (Ideal Adsorbed 

Solution Theory) prediction selectivity. With the rapid innovation of 
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computational chemistry theory, such as molecular simulation and DFT 

(Density Functional Theory) calculations, it has been increasingly 

applied to the prediction of the adsorption and separation performance 

of gas mixtures in MOFs and to the study of microscopic 

mechanisms[67]–[70]. Most of the gas adsorption and separation for 

MOFs focuses on the influence of material’s structure on its properties, 

including pore size, functional group polarity, open metal sites, 

topological type, framework flexibility, guest molecule doping and so 

on. 

MOFs with unsaturated (open) metal sites are not only excellent in 

gas storage, but also in multi-component gas separation[71]–[73]. And 

some large polar molecules or strong electrostatic guest molecules will 

cause a reversible transformation of the MOFs due to their flexible 

structures responding differently to different gas molecules. For 

example, in the classic MIL-53 series, there is a unique "step" 

phenomenon in the adsorption of CO2 molecules, which has higher 

adsorption and separation performance[74]. More researches in this area 

were done by Suh et al., who developed a series of flexible structural 

MOFs called SNU and used them for gas adsorption and 

separation[75],[76]. Another way to improve the separation performance 

of MOFs is to modify the chemical environment of the surface of their 

pores, including directly using ligands with functional group or post-

synthetic modification after the synthesis. For example, the amine-

functionalized flexible MIL-53 shows higher CO2 / CH4 separation 

performance[77]. 

1.3. Porous Magnesium Borohydride 

Magnesium borohydride, i.e., Mg(BH4)2, has intriguing features 

from both a fundamental and practical point of view. Among the 

borohydrides, it has the most complex crystal structures and the most 

polymorphs[78]. Mg(BH4)2 was firstly synthesized by Wiberg et al.[79] in 

1950 and studied rapidly in the 21st century due to its high hydrogen 
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content[80]–[82]. It has a high gravimetric hydrogen storage density of 

14.9 wt%, and a lower thermal stability, which can allow the 

dehydrogenation happening around 523 K (compared to LiBH4 with the 

gravimetric density of 18.5 wt%, with dehydrogenation according at 

nearly 673 K). At present, a lot of progress has been made in 

understanding Mg(BH4)2 as a material for hydrogen storage, in 

particular its thermodynamic and kinetic properties, its 

nanoconfinement, catalytical dehydrogenation and formation of 

reactive hydride composites. It also has the potential as an ionic 

electrolyte[83]. 

1.3.1 Strategies of Mg(BH4)2 Synthesis 

The first attempt to synthesize Mg(BH4)2 is in 1950, by Wiberg et 

al.[79]. They found that the Mg(C4H9)2 and diborane B2H6 will slowly 

react under room temperature according to the following reaction 

formula: 

3𝑀𝑔(𝐶4𝐻9)2 + 𝐵2𝐻6 → 3𝑀𝑔𝐻2 + 2𝐵(𝐶2𝐻5)3 

3𝑀𝑔𝐻2 + 3𝐵2𝐻6 → 3𝑀𝑔(𝐵𝐻4)2 

However, due to the high toxicity and flammability of diborane and 

its derivatives, and to the fact that the actual product is a solvate of 

Mg(BH4)2, this method is not suitable for applications. Thus, 

subsequentially two synthesis strategies towards Mg(BH4)2 have been 

developed: solvent-based synthesis and solvent-free synthesis (solid 

phase synthesis). 

1. Solvent-based synthesis 

In 1954, Kollonitsch et al.[84] first proposed a new idea for preparing 

Mg(BH4)2: a mixture of NaBH4 and MgCl2 were reacted in cold ethanol 

to obtain an ethanol solution of Mg(BH4)2, and then the product was 

dried in vacuum. In 1955, Brown et al.[85] used solvent-based synthesis 

method to prepare Mg(BH4)2 with MgCl2 and NaBH4 as the reactants 

and diglyme as the solvent. In 1957, Koster et al.[86] added pre-milled 
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MgH2 to triethylamine-borane under an argon atmosphere and heated it 

at 373 K. Then, the product was dissolved in n-hexane at room 

temperature, followed by filtration and washing, finally obtained the 

triethylamine adduct of magnesium borohydride. After the adduct is 

subjected to a vacuum treatment at 373-443 K, the low-temperature 

phase Mg(BH4)2 can be obtained with high yield. Plesek et al.[87] used 

ether as a solvent to react MgH2 with diborane under high pressure, and 

finally heated the product to 423-453 K under vacuum to remove ether 

to obtain Mg(BH4)2 with a yield of 91%. In 1980, Konoplev et al.[88] 

used ether as a solvent to synthesize Mg(BH4)2·2Et2O using a method 

similar to the one by Brown et al. The elemental analysis showed that 

the ratio of Mg and B in the composition was consistent with Mg(BH4)2, 

but the author did not analyze the remaining C content.  The solvate 

released the solvent at temperatures exceeding the phase transition 

temperature for what we know now as α- to β-Mg(BH4)2 transition, 

therefore yielding the high temperature β-phase of Mg(BH4)2. 

In 2007, an easy solvent-based synthesis strategy was proposed by 

Zanella et al.[89] as showed in the following: 

3𝑀𝑔(𝐶4𝐻9)2 + 8𝐵𝐻3 ∙ 𝑆(𝐶𝐻3)2

→ 3𝑀𝑔(𝐵𝐻4)2 ∙ 2𝑆(𝐶𝐻3)2 + 2𝐵(𝐶4𝐻9)3 ∙ 𝑆(𝐶𝐻3)2 

The authors use toluene as the solvent. Since Mg(BH4)2 is not 

soluble in toluene, after washing and drying steps, the product can be 

separated and pure Mg(BH4)2 can be obtained after removing the 

solvent. This synthesis method involves the insertion reaction of the 

BH3 group on the dimethyl sulfide borane complex into the Mg-C bond 

in Mg(C4H9)2. At the same time, the C4H9 group was completely 

replaced by the BH4 group. In order to make the reaction complete, an 

excess of BH3·2S(CH3)2 is often used to avoid formation of the partial 

substitution product Mg[BH4-n(C4H9)n]. Since S(CH3)2 is a weak Lewis 

base, it does not need a high temperature to destroy the chemical bond 

between it and Mg. Therefore, in this study, the solvent can be removed 

already at 348 K for 13h. 

Selection of solvents is a key point in solvent-based method to 
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synthesize Mg(BH4)2
[80]. Some solvents, such as tetrahydrofuran (THF) 

and tetramethyl ethylenediamine (TMEDA), have a strong bond to Mg, 

so it needs a high temperature to remove the adducts. Furthermore, high 

temperature could lead to the decomposition or transformation of 

Mg(BH4)2. While some other solvents, such as trimethylamine (TMA) 

and triethylamine (TEA), have a weak bond to Mg and leading to no 

stable adducts with Mg(BH4)2. 

Industrially speaking, reactants should also be optimized and 

screened. Soloveichik et al.[90] pointed out that diborane is highly toxic, 

flammable, and unstable, so it is not suitable as a raw material for the 

preparation of Mg(BH4)2. From the perspective of safety and economy, 

the use of NaBH4 and MgCl2 as reactants, ether as the solvent, ion 

exchange as the method and the subsequent solvent removal, are 

currently more suitable synthetic methods. In 2012, Bateni et al.[91] 

replaced MgCl2 with MgBr2 and found that the later is easier to bind to 

NaBH4 than MgCl2, the reaction time is shorter, and excess MgBr2 can 

be used as an additive to effectively reduce the dehydrogenation 

temperature of Mg(BH4)2. 

2. Solvent-free synthesis 

The solvent-free synthesis is environmental friendly, and shows 

high safety and economical perspective. Therefore, in addition to the 

above-mentioned solvent-based synthesis methods, some researchers 

have used solvent-free methods to directly synthesize Mg(BH4)2. The 

initial proposal is to synthesize Mg(BH4)2 from elements under a high 

hydrogen pressure. However, it requires high temperature and long 

reaction time, as well as the low yield. Zhang et al.[92] tried to prepare 

Mg(BH4)2 by hydrogenation using Mg powder and element B as 

precursors. They first mechanically ball-milled Mg and B under Ar 

atmosphere for 12 hours, and then hydrogenated them at 573 K. They 

found that only a small amount of Mg-B-H compounds were formed, 

and the product after hydrogenation was mainly MgH2. The strong force 

of the B-B bond and the higher diffusion barrier of the B atom are the 

main reasons why it is difficult to transform the borane into Mg(BH4)2. 
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Another solvent-free synthesis strategy is to ball mill MgCl2 with 

LiBH4 or NaBH4 under N2 atmosphere[92]. The as-synthesized product 

is a mixture of amorphous Mg(BH4)2 with impurities such as LiCl or 

NaCl. Further steps of purification are needed to get pure Mg(BH4)2. In 

addition to ball milling, direct heat treatment of LiBH4 and MgCl2 at 

high temperature can also generate Mg(BH4)2 mixed with LiCl[92]. 

The preparing of Mg(BH4)2 by direct hydrogenation of MgB2 (it is 

a dehydrogenation product of Mg(BH4)2) is the key to its future research 

on reversible hydrogen storage. In recent years, researchers have begun 

to try to directly react MgB2 and H2 to produce Mg(BH4)2, as shown in 

the following formula: 

𝑀𝑔𝐵2 + 4𝐻2  → 𝑀𝑔(𝐵𝐻4)2 

For example, Severa et al.[92] heated up the pre-ball-milled MgB2 

under hydrogen pressure (400 bar) at 673 K, subsequently the pressure 

was increased up to 950 bar and kept the system for 108 hours to obtain 

Mg(BH4)2. More and more reports[93]–[96] have verified the feasibility of 

this method to produce Mg(BH4)2 and furthermore, with more moderate 

conditions and high yields. Currently, this method still require high 

pressure-temperature conditions, even in presence of catalysts. 

Moreover, the formation of stable amorphous intermediates, like 

MgB12H12, known as “boron sinks”, is an obstacle for the this synthetic 

route. 

1.3.2 Polymorphism of Mg(BH4)2 

Besides the potential attractiveness for hydrogen storage, another 

interesting property of Mg(BH4)2 is its polymorphism, which appears 

to be richer than that of any other Group I and II borohydrides. Solvent-

based synthesis may produce hexagonal (P6122) α-, cubic (Id-3a) γ-, 

orthorhombic (Fddd) β-, trigonal (P3112) ζ-, and amorphous Mg(BH4)2 

with high yields. Their crystallographic parameters are summarized in 

Table 3[78]. And the atomic coordinates can be found in the related 
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references. Some phases can be directly synthesized by solvent-based 

methods while some phases can be observed after a phase transition. 

For example, the α-phase transforms to the β-phase upon heating[81],[84]. 

Therefore, α-Mg(BH4)2 is also referred as low-temperature phase while 

β-Mg(BH4)2 as high-temperature phase. γ- and α-Mg(BH4)2 can 

transform to δ phase, which gives a high volumetric hydrogen storage 

density as 147 g/L (ranking second among all the known hydrides), by 

compression[97][98] to pressures above 1.1-1.6 GPa. Remarkably, this 

phase remains stable at ambient conditions (when the pressure is 

relieved).  

Table 3. Polymorphs of Mg(BH4)2 by experimentally observed. 

Phase 
Space 

group 

cell parameters, 

Å 
cell volume, Å3 ρ, g/cm3 Ref. 

α-Mg(BH4)2 P6122 a=b=10.33555 

c=37.08910 

α=β=90° 

γ=120° 

3431.21 0.783 [99] 

β-Mg(BH4)2 Fddd a=37.04892 

b=18.49186 

c=10.85945 

α=β=γ=90° 

7439.82 0.76 [100] 

γ-Mg(BH4)2 Ia-3d a=b=c=15.7575 

α=β=γ=90° 

3912.57 0.55 [97] 

δ-Mg(BH4)2 P42nm a=b=5.4361 

c=6.1468 

α=β=γ=90° 

181.65 0.987 [97] 

ζ-Mg(BH4)2 P3112 a=b=10.424 

c=10.729 

α=β=90° 

γ=120° 

1009.7  [101] 
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The large number of Mg(BH4)2 polymorphs and their 

(meta)stability in a wide P-T range suggests that the structural 

reorganization is linked to breaking significant barriers related to Mg-

BH4 bonding. This interaction is not seen as entirely ionic, but more 

like a bonding between metal and ligand in the MOF family[97]. As a 

consequence, we can consider Mg(BH4)2 polymorphs as different 

topologies of linking nodes by linkers. Indeed, in all known Mg(BH4)2 

structures, Mg atom has a tetrahedral coordination by 4 BH4 groups, 

moreover often with only one specific MgH8 coordination known as 

snub disphenoid, while the BH4 group is always linearly coordinated by 

two Mg, via it opposite tetrahedral edges. With such a fixed local 

geometry of the constituents, only the topology of the framework 

varies. The next sub-chapter will illustrate the point of using the word 

“framework” clearly, for now we show below several crystal structures 

of Mg(BH4)2 polymorphs, presented as ionic structures assembled by 

packing cations and anions, see Figure 3[102]. 

 
Figure 3. Reported crystal structures of different phases of Mg(BH4)2. Mg atoms are 

shown as orange spheres, BH4 groups as green tetrahedra, and unit cells are defined 

by black lines[102]. 

1.3.3 The First Porous Borohydride: γ-Mg(BH4)2 

γ-Mg(BH4)2 was reported as the first functional porous metal 

borohydride, and hydride in general[97]. The α-Mg(BH4)2 was pointed 
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out to be porous in 2008[99], but was not shown to possess a functional 

porosity (i.e., guest uptake). The 3D framework structure is assembled 

already in the precursor, Mg(BH4)2·0.5S(CH3)2, from which the solvent 

is subsequently removed under mild conditions, retaining the 

framework. In its crystal structure, each Mg ion is coordinated to four 

BH4 groups in the form of a distorted tetrahedron, the resulting 

symmetry of the assembly is characterized by the space group Ia-3d 

(Figure 4). There are non-crossing porous channels in the structure, and 

the pore ratio is about 33%. The narrowest distance (aperture) within a 

pore is about 5.8 Å. This framework topology is similar to one of the 

predicted zeolitic SiO2 and to the porous zinc imidazolate framework 

structure ZIF-72. In this kind of system, hydrogen will be stored in two 

ways, one in a form of the BH4 group bound by covalent bonds, and the 

other in a form of hydrogen molecules physically adsorbed into 

nanopores. In terms of composition, it belongs to metal borohydride, 

while structurally speaking, it can be considered as a metal “inorganic” 

framework. This makes γ-Mg(BH4)2 a compound that has both the 

hydrogen storage properties of light metal hydrides and of metal 

organic frameworks. 

 
Figure 4. Crystal structures of nanoporous Mg(BH4)2 and its precursor. a) 

Monoclinic Mg(BH4)2·0.5S(CH3)2 precursor. Unit cell parameters: a = 7.6325(4) Å, 

b = 13.8411(8) Å, c = 12.4290(8) Å, α=γ=90°, β = 103.833(3)°. Atomic coordinates 

can be found in ref. 97. b) Nanoporous cubic γ-Mg(BH4)2. Unit cell parameters can 

be seen in Table 3. Mg atoms are shown as green spheres, BH4 groups as blue 

tetrahedra, S atoms in a) are shown as yellow spheres, and unit cells are defined by 

red lines[97].  
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In this project, we will mainly focus on the physisorption of 

different gases in γ-Mg(BH4)2 and study their adsorption behavior, 

including thermodynamics, kinetics, interaction and so on by in situ 

diffraction. Chemical hydrogen storage or the potential use as solid state 

electrolyte (which are thought as main application domains of 

magnesium borohydride), will not be further discussed in this section 

as it is not strongly related to this project. 

1.4. Gas Adsorption by Solids 

1.4.1 Introduction to Adsorption 

Adsorption is the phenomenon of interaction of gas molecules with 

a solid surface. The reverse process of adsorption is named desorption, 

as shown in Figure 5. Under lower temperatures, higher pressures, or at 

high affinity to the solid, the adsorbed gas can almost entirely saturate 

the surface of the interface. Therefore, to increase the amount of the 

interacting gas, all industrial adsorbents have a large specific surface 

areas (usually well over 100 m2/g ), so they are highly porous or consist 

of very fine particles.  

  
Figure 5. Schematic pictures of adsorption and desorption. 

The difference between adsorption and absorption should be 

mentioned here because of their similarity of spelling they are often 
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interchanged. However, there are substantial distinctions between them. 

Absorption is a physical or chemical phenomena or a process that 

occurs when atoms, molecules or ions enter the bulk phase, such as 

liquid or solid material. So it is a bulk phenomenon. In contrast, 

adsorption is a surface phenomenon. Generally speaking, sorption is a 

more general word that encompasses absorption, adsorption, and ion 

exchange. A cartoonist’s version of the difference between adsorption 

and absorption is shown in Figure 6[103]. For porous materials, one can 

consider the gas is adsorbed on the surface of the pores. However, since 

for crystalline materials containing nanopores (of the size of the 

molecules), the gas sorption is occurring in the bulk, sometimes even 

altering the structure of the host matrix by relatively strong guest-host 

interactions. Indeed, this justifies the use of absorption as a proper term, 

however adsorption is still commonly used in this context. 

 
Figure 6. Cartoonist’s illustration of the difference between absorption and 

adsorption[103]. 

The applications of adsorption can be traced back to ancient times 

as described by Weber et al.[104]: “It is good to keep water in copper 

vessels to expose it to sunlight and to filter it through charcoal”.  

Contemporary, adsorption techniques become more and more 

important, as often stressed in the field of surface science[105]. Some 

adsorbents are used on large scale as desiccants, catalysts, and catalyst 
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support, while some others are used for gas storage, gas separation, 

liquid purification, drug delivery and so on. With the development of 

diverse porous solids as functional adsorbents, adsorption phenomena 

are especially vital to nearly all the applications involving MOFs, as 

described in sub-Chapter 1.3. 

1.4.2 Classification of Isotherms 

An adsorption isotherm is a set of data points that shows the 

connection between the adsorbate's pressure and the quantity adsorbed 

at a certain temperature, usually expressed in terms of mass of 

adsorbent. When it comes to characterizing the adsorption capacity of 

MOFs, isotherms are the most often used data set. 

According to Brunauer et al.[106], they observed and classified five 

different types of isotherms in 1940, and subsequentially, the results 

have been applied by IUPAC in 1985, with an update in 2015[107]. The 

classification of different types of physisorption isotherms concluded 

from IUPAC is shown in Figure 7.  

Microporous materials, such as activated carbon, molecular sieve 

zeolite, some MOFs, with relatively small exterior surfaces produce 

reversible Type I isotherms. A Type I isotherm reveals a monolayer 

adsorption and the amount adsorbed approaches a limiting value as the 

uptake is governed by the reachable micropore volume instead of the 

internal surface area. Type I(a) isotherms have a sharper increase of 

uptake at low pressure compared to that of Type I(b) isotherms. This is 

because adsorbents, which show a Type I(b) isotherm, often have a 

large range of pore size distribution and the pore sizes are larger than 

the adsorbate gases, whereas Type I(a) isotherm are found with 

materials providing micropores that are near the dimensions of the 

adsorbate gases. 

Reversible Type II and Type III isotherms are given by the 

adsorbents in which multilayer physisorption becomes dominant. Type 
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II exhibits a significant adsorption with a knee (labeled B) 

corresponding to monolayer creation, and the isotherm diverges when 

the saturation pressure is approached due to the infinite layers of 

stacking allowed. In opposite, Type III shows a convex with no 

discernable inflection point, demonstrating weak adsorption to the 

surface. 

 
Figure 7. Classification of physisorption isotherms[107]. 

Type IV isotherms are usually produced by mesoporous adsorbents. 

The adsorption interactions, as well as the interactions between the 

molecules in the condensed form, control the adsorption behavior in 
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mesopores. In this case, the initial adsorption behavior on the mesopore 

walls takes the same path as the corresponding part of a Type II 

isotherm. In the case of the Type IV(a) isotherm, hysteresis is associated 

with capillary condensation while it is not present in a Type IV(b) 

isotherm. This occurs when the pore width exceeds a certain critical 

width, which is dependent on the adsorption system and temperature. 

With adsorbents having mesopores of smaller width, completely 

reversible Type IV(b) isotherms are observed.  

Type V isotherms can be described by the adsorbents which have a 

weak interaction between adsorbents and adsorbates. In the low p / p0 

range, the Type V isotherm shape is very similar to that of Type III, and 

at higher p / p0, the interaction becomes significant and gives the 

isotherm shape in the figure. A similar hysteresis loop can be observed 

for systems showing slow kinetics of gas adsorption or most typically 

desorprtion, but the Figure above illustrates a truly equilibrium 

diagram. 

The reversible stepwise Type VI isotherm is usually representative 

of layer-by-layer adsorption on a highly uniform nonporous surface.  

1.4.3 Isobars 

Likewise, plotting isobars where the equilibrium capacity is related 

to temperature at a constant pressure is also possible. However, isobars 

are not commonly used by researchers in the domain of physisorption. 

In general, the most common source of adsorption capacity data for 

MOFs are isotherms. 

In this work, on the contrary, isobars data of gases adsorbed in γ-

Mg(BH4)2 are widely measured by diffraction. Detailed information 

and methods will be introduced in the next chapter (Methodology). 

1.4.4 XRD for Analysis of Adsorption 
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With the explosive growth of different kinds of porous solids, there 

are more and more “adsorption driven” phenomena, especially 

appearing in flexible MOFs. Flexible MOFs are also called soft porous 

crystals, which exhibit the structural transformability in the process of 

adsorption, responding to external stimulus, such as varied temperature, 

pressures, and types of adsorbates[108][109]. However, traditional 

adsorption measurements, such as volumetric and gravimetric 

measurements (these measurements will be introduced in chapter 2), 

cannot meet the demand to understand the guest-host systems 

microscopically for structural flexibility. To enable such investigations, 

a wide range of in situ characterizations were explored in recent years, 

including XRD and NMR. In this section, several examples of 

“adsorption driven” phenomena studied by in situ diffraction will be 

introduced. 

1. Breathing behavior 

Breathing behavior is the reversible transition of MOFs structure, 

including the change of unit cell and sometimes the space group. Serre 

et al.[110] have reported the first flexible nanoporous MOF, Cr-MIL-53 

in 2002. They found this material exhibits a fully reversible transition  

 

 
Figure 8. Crystal structures of pore systems of a) MIL-53as, b) MIL-53ht, c) MIL-

53lt[110]. 
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between its low-temperature form (MIL-53lt) and high-temperature 

form (MIL-53ht), followed by a large breathing effect of over 5 Å. The 

free acid can be removed from the as-synthesized form (MIL-53as) so 

that MIL-53ht can be obtained with a surface area over 1500 m2/g. Their 

crystal structures are shown in Figure 8. Later in 2010, their group also 

investigated CO2 and CH4 adsorption in this flexible framework MIL-

53(Al)[111]. The isotherms of both gases are shown in Figure 9, 

combined with the changes between a large-pore (lp) and narrow-pore 

(np) configuration as a function of pressure, temperature and the nature 

of gas. 

 

Figure 9. Adsorption isotherms of CH4 and CO2 in MIL-53(Al) and its pore 

transition configuration. top left, isotherms of adsorption and desorption of CH4 

from 0 – 6 bar at varies temperatures; top right, isotherms of adsorption and 

desorption of CO2 from 0 – 10 bar at various temperatures, open symbols: 

adsorption; full symbols, desorption. bottom middle, schematic phase diagram 

showing different temperatures, pressures, and gases dependence on np and lp 

phases[111]. 
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2. Negative gas adsorption 

Negative gas adsorption (NGA) has been reported by Krause et 

al.[112] in 2016 as an adsorption transition in DUT-49. Commonly the 

amount of gases uptake increases with increasing pressure at constant 

temperature in an isothermal measurement. On contrast, in their 

research, they found a spontaneous desorption of gas (methane and n-

butane) occurs during pressure increase in a defined temperature as 

shown in Figure 10. In situ PXRD (powder X-ray diffraction) data of 

methane adsorption at 111 K has been applied to demonstrate a 

structure transformation between open-pore structure DUT-49op and 

contracted-pore structure DUT-49cp, which leads to this NGA 

phenomena. Detailed crystalline structure parameters are shown in 

Figure 11. As a supplement, diffraction methods can investigate this 

unusual adsorption phenomenon from a microscopic point of view, 

inaccessible to standard isotherm measurements. 

 

Figure 10. Adsorption isotherms of methane and n-butane in DUT-49 showing an 

NGA phenomena[112]. 

3. Linker rotation (gate-opening / closing) 

Linker rotation usually happens in a flexible MOF giving rise to a 

structure transition from a close-pore system to an open-pore system, 

with the increase of specific surface area, namely in an open-pore form. 

Different from breathing behavior, linker rotation does not change the 

unit cell parameters of the crystals. Fairen-Jimenez et al.[113] has studied 
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Figure 11. a) e), structure of DUT-49op and DUT-49cp, respectively; b) f), view of 

crystal structure along [110]. C is shown as dark grey, N as blue,  O as red, Cu as 

cyan, and H as light grey; c) g), Representation of pore transformation from DUT-

49op to DUT-49cp; d), Evolution of pore sizes and free pore volume during 

contraction from DUT- 49op to DUT-49cp; h), Evolution of density and accessible 

geometric surface area[112]. 
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and simulated the existence of structural flexibility of ZIF-8 by 

adsorption of large molecules under high pressure. A new phase was 

observed at 14700 bar, ZIF-8HP, showing the same space-group 

symmetry (I4-3m) as ZIF-8, while a reorientation of the imidazolate 

linker, gives access to more porosity. J. W. Brown et al.[114] reported the 

ability to release a guest in a controllable manner from IRMOF-74-III 

in response to an external stimulus. IRMOF-74-III has an identical 

structure as MOF-74. However, each organic unit in azo-IRMOF-74-

III is adorned with a photoswitchable azobenzene unit that can be 

switched between its cis and trans conformation using a 408 nm 

wavelength light (two conformations are shown in Figure 12).  

As a short conclusion, XRD is a common technique to characterize 

crystalline porous MOFs, such as their stability, flexibility, and 

adsorption mechanisms. Furthermore, in situ XRD is also widely 

applied by researchers to understand the “adsorption-driven” 

phenomena. Commonly, diffraction is used to find a microscopic 

picture (explanation) of the unexplained phenomena (anomalies) found 

from macroscopic measurements, typically these are adsorption 

isotherms from volumetric and gravimetric techniques. 

 

Figure 12. A view on two conformations of the ligand in IRMOF-74-III along the 

channel[114]. 
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1.5. Objectives of this project 

The first objective of this project is to study the adsorption 

properties of γ-Mg(BH4)2, the first hydride with functional porosity. 

The surface of its pores is made of hydrogen atoms bearing partially 

negative charge. It was shown in 2011[97] to adsorb small molecules like 

H2, N2 and dichloromethane, and in 2014[115] to show a very unusual 

reversible transition from the crystalline to the amorphous phase. Our 

laboratory has extensive experience working with this material. We 

decided to use a series of similar gases having different diameter, such 

as noble gases (He, Ne, Ar, Kr, Xe), fuel gases (C1 to C4 alkanes), as 

well as N2 and H2. The use of similar probes will allow us to understand 

the nature of the guest-host interactions, reveal and point out the role of 

guest-guest interaction, understand the size factors and so on. We are 

interested to find new or unusual adsorption properties of this materials 

that may lead to improved gas storage or separation. We want to 

understand if the nature of this framework gives added value, namely 

analyzing whether the unique hydridic character of its surface plays an 

important role or it is the size and geometry of its 1D channels defining 

adsorption properties; or we may have both effects. 

The second objective is to develop a new methodology to study 

adsorption by diffraction methods. Indeed, diffraction yields not only 

information on the position of guests inside pores, but also their 

quantity, thus allowing to follow it as a function of pressure and 

temperature. As a result, both micro- and macroscopic pictures of 

interaction can be built, respectively from the point of view of structure 

and properties. Ideally, this should be done from the same experiment, 

coupling every point along the isobars or isotherms with the structural 

information. This should allow to detect and explain unusual 

phenomena, such as consecutive or competitive filling of several 

adsorption sites, evolution of interactions leading to transitions etc. The 

macroscopic properties studied at different P-T conditions yield 

information on adsorption thermodynamics, such as isosteric heats of 
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adsorption, thus these data can also be potentially obtained from 

diffraction. It is also tempting to explore the time coordinate to study 

kinetics of gas adsorption. Ideally, this should allow to plot time-

dependent occupancies yielding activation barriers, and put together 

with structure, to identify the underlying mechanisms of gas adsorption. 

Despite these aims are very ambitious, we will show them being 

achieved in the following chapters. 

1.6. Strategy and Motivation 

As described in the objectives, we want to determine the factors 

influencing the adsorption behavior of different gases. It is either the 

geometry of the porous framework, such as size and shape of its inner 

surface, or the chemical nature of the inner surface defining the guest-

host interactions. We study adsorption of noble gases consisting of 

chemically neutral non-polarized molecules, having different size along 

the series from He to Xe, later moving to gasses capable for more 

specific interactions, such as methane/ethane or diatomic hydrogen and 

nitrogen. Each system is studied by in situ diffraction, to access both 

structure and thermodynamics of gas adsorption, advancing 

progressively this new approach. 

First we start with the simple, neutral and “standard” gas, studying 

argon adsorption in γ-Mg(BH4)2 and surprisingly finding the guest 

rearrangement upon gas loading. The next chapter deals with more 

complex diatomic H2 and N2, having significantly different size and 

thus showing drastically different adsorption behavior. Then we study 

adsorption of small noble gasses, He and Ne, two rarely studied 

adsorbates due to their low adsorption energy, thus the experiments 

must be done at sub-LN2 temperatures. As a result, these systems reveal 

guest re-arrangements similar to both Ar and H2, all defined by guest-

guest repulsion within the pore pocket. Then we move to the largest 

molecules, the fuel gasses methane and ethane, probing the guest-host 
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interactions, since only one large molecule can be hosted in each pore 

pocket. We end up with the chapter on physisorption of heavy noble 

gasses, with the focus on adsorption kinetics. All along these lines we 

use diffraction techniques, combined with more classical volumetric 

methods. We progressively discover the role of probe size and the 

specific guest-host interactions offered by the porous hydridic 

framework studied in this work. 

Regarding motivation, we want to notice that with the emergence 

of new kinds of porous materials, such as different classes of metal-

organic frameworks (MOFs), during the last twenty years, volumetric 

and gravimetric methods are not sufficient to reveal and explain the 

adsorption behavior. There are some unique “adsorption-driven” 

phenomena happening especially in flexible MOFs, such as breathing 

effect, negative gas adsorption and gate opening. In the rigid porous 

frameworks, one can have several sites occupied by a guest, 

consequently or in parallel, involving a guest rearrangement. Powder 

diffraction under specific pressure-temperature conditions is an 

efficient way to determine the structure of a crystalline material, and it 

has been applied to get understanding of adsorption in such complex 

systems. Thus, in each chapter of results in this thesis we are developing 

and validating methodologies offering a complete evaluation of gas 

adsorption (from structure to thermodynamic and kinetic properties of 

adsorption) based on diffraction methods. We use both Laboratory X-

ray, synchrotron and neutron powder diffraction, from helium 

temperatures and up to above ambient T. Thus, this work is addressing 

the properties of the selected interesting system and the advancement 

of the new methodologies, as stated in the objectives above. 
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Chapter 2. Methodology 

 

Abstract 

The volumetric and gravimetric methods are the most common and 

well-developed techniques to characterize the gas adsorption 

properties and the porosity of porous materials. Diffraction methods 

are usually applied to determine the crystal structure or understand the 

structure evolution by in situ measurements, in order to give an 

explanation of properties. In this chapter, firstly the methodology of 

volumetric, gravimetric and diffraction methods will be presented in 

detail to understand the principles. Afterwards, we will introduce 

Rietveld refinement to process diffraction data collected upon gas 

adsorption, allowing to extract atom positions and occupancies of the 

guests, thus accessing adsorption phenomena both from micro- and 

macroscopic levels. Also, the synthesis of the material which we use in 

this work, γ-Mg(BH4)2, will be presented. 

 

 

  



Chapter 2 

42 

2.1. Gas Adsorption Measurements 

Adsorption measurements are necessary to obtain the surface 

properties of porous materials. As described in the previous chapter, 

adsorption isotherms (isobars) are especially important results to 

investigate the adsorption-related phenomena and properties, such as 

surface area, porosity, pore volume, adsorbate capacity, adsorption 

entropy and enthalpy. To measure gas adsorption isotherms, there are 

usually two laboratory techniques: volumetric methods and gravimetric 

methods. These two methods have been developed and improved over 

many years, exhibiting the advantages of relatively uncomplex 

experiment, controllable errors and easy analysis of results. 

2.1.1. Volumetric Methods 

Volumetric methods can be easily implemented using a gas dosing-

evacuating-system of known volume in which the temperature and 

pressure can be measured accurately. The theory on which the 

volumetric methods is based is the ideal / real gas law: 

𝑃𝑉 = (𝑍)𝑛𝑅𝑇 

where the P represents the pressure, V is the volume, n is the 

number of gas particles, R is universal gas constant, T is the temperature. 

Z represents the gas compressibility, of which Z = 1 when the gas is 

considered as ideal. However, in a real case, the gas compressibility is 

related to temperature and pressure conditions. So, to measure 

adsorption isotherms, the value of gas compressibility cannot be 

ignored. Usually, the tabulated compressibility or vey complex real 

equations of state are used for each gas, in a wide P-T range. 

Volumetric methods can be performed in a numbers of way but 

both the varied and measured parameter that determines the amount of 

adsorbed gas is principally the pressure. Therefore, volumetric methods 
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should be better termed as manometric methods[1]–[3]. In this work, all 

gas adsorption isotherms that are done by volumetric methods refer to 

manometric methods. 

A schematic diagram of a basic manometric system is shown in 

Figure 1[4]. V1 and V2 (in this figure, V2 represents the volume of the 

chamber excluding the sample volume) represent two known volumes, 

and valves A, B and C control the gas inlet and outlet. Samples are 

loaded in the volume V2 and under the circumstance of an accurate 

temperature controlling system. First, the whole system is evacuated 

under vacuum. And subsequently valve A is open while the valves B 

and C are closed to let the gas fill volume V1 with a certain pressure Pi. 

Afterwards, the valve A is closed and C is open to fill both volume V1 

and V2.  The loss in pressure (when the system reaches equilibrium, the 

final pressure is Pf) beyond which is caused by the volume change from 

V1 to (V1 + V2) will be assumed to be the result of gas uptake by samples 

in volume V2. 

  
Figure 1. A schematic diagram of a basic manometric system of adsorption / 

desorption measurement[4]. 

So assuming all the system temperature, T is constant during the 

single-step measurement, the amount of gas adsorbed Δn can be express 

as the following: 
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∆𝑛 =
𝑃𝑖𝑉1

𝑍𝑖,𝑇𝑅𝑇
−

𝑃𝑓(𝑉1 + 𝑉2)

𝑍𝑓,𝑇𝑅𝑇
 

In this equation, Zi,T and Zf,T are the gas compressibilities at initial 

pressure and final pressure under temperature T, respectively. To 

continuously measure an adsorption isotherm, the subsequent step will 

use Pf and Δn as a starting point. As a conclusion, the total amount of 

gas uptake after m steps, nm, is given by[4]: 

𝑛𝑚 = ∑ [
𝑃𝑓,𝑗−1,𝑇𝑉2

𝑍𝑓,𝑗−1,𝑇𝑅𝑇
+

𝑃𝑖,𝑗,𝑇𝑉2

𝑍𝑖,𝑗,𝑇𝑅𝑇
−

𝑃𝑓,𝑗,𝑇(𝑉1 + 𝑉2)

𝑍𝑓,𝑗,𝑇𝑅𝑇
]

𝑚

𝑗=1

 

Several steps are required in order to measure adsorption isotherms: 

1) Sample pre-treatment 

Some porous materials could possibly pre-adsorb H2O or CO2 from 

air at ambient condition and these molecules occupy the pore space, 

leading to inaccurate measurements of adsorption isotherms[5]. 

Therefore, an activation is necessary to “clean” the pore space. Usually 

the samples should be exposed to vacuum at a high temperature to 

desorb the molecules which are pre-adsorbed in the porous materials. 

2) Determination of the sample volume 

Since the volumes V1 and V2 are known in the system (shown in 

Figure 1), it is necessary to determine the sample volume by a 

pycnometry method. This method involves the measurement of the free 

volume of V2 chamber, using a gas that is usually known to have no 

interaction with samples at given conditions, typically helium, to 

indirectly obtain the volume of the sample.  

3) Adsorption isotherms measurements 

After the steps 1) and 2), the isotherm measurements can be 

programmed based on the principle described above. At each pressure 

point, a time dependence of pressure is measured and fitted with a 

kinetic law in order to determine the (asymptotic) equilibrium pressure. 

The fitting is done regularly and automatically. Once the confidence 
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level for the determination of the equilibrium pressure is attained, a 

point is fixed on the equilibrium pressure-composition diagram and the 

system injects a new portion of gas. 

All the gas adsorption isotherms in this work that are done by 

manometric methods were performed on an IMI-HTP analyzer from 

Hiden Isochema (UK). It is designed to characterize hydrogen storage 

materials using manometric method up to pressures 200 bar, at a wide 

temperature range. Other gas physisorption, such as noble gases, N2, 

CH4 and C2H6 are also available to be measured on this analyzer. 

 

Figure 2. Adsorption device, Hidden IMI-HTP analyzer that used in this work, 

picture taken from: https://hidenisochema.com/hiden-products/imi-htp/ 

2.1.2. Gravimetric Methods 

In this thesis, the gravimetric method was not used, however, it is 

worth to mention this technique as it is another well-accepted method 

to measure gas adsorption isotherms. A gravimetric system is composed 

of a gas supply, a microbalance, vacuum pumps and adsorption vessel 

placed inside a thermostat, as shown in Figure 3[2]. Similarly to the 

manometric method, once the sample is pre-treated, the gas can be 

introduced at a certain pressure and the adsorption process can be 

monitored on the balance due to the adsorption of the gas, as well as the 
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buoyancy of the sample in the environment of the surrounding gas. 

Stepwise increase of pressure can be carried out for the determination 

of isotherms. 

Compared to the manometric method, the gravimetric one has 

larger errors when measuring light gases such as H2. On the opposite, it 

is more sensitive and accurate on measuring gases or vapors with high 

molecular weight. Gravimetric method is less prone to errors of volume 

calibration, done by pycnometry for the volumetric techniques, and 

offers some complementarity given the very different nature of the 

measured parameter (weight compared to pressure for pycnometry). 

For example, gravimetry can use the difference between the mass of 

hydrogen and deuterium to make sure the weight gains are related as 

exactly double, to exclude the other sources of errors. On the other 

hand, gravimetric methods are prone to errors related to the strong 

interaction with impurities, for example residual water, becoming the 

main problem of this technique. 

 
Figure 3. A schematic picture of a gravimetric system[2]. 

2.1.3. Modeling of Adsorption Isotherms 

Adsorption isotherms are important characteristics of porous 

materials. They should be well understood and interpreted in order to 
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optimize the overall adsorption mechanism and to develop an effective 

system[6]. Analytical approaches are numerous and well developed. For 

examples, Ayawei et al.[7] have applied linear and non-linear regression 

analysis for a number of adsorption isotherms, based on different 

numbers of parameters in one isotherm function. In our work, gas 

adsorption in γ-Mg(BH4)2 will be described with a simple Langmuir 

adsorption model. 

Irving Langmuir presented his theory about adsorption onto a 

simple surface in 1918[8].  Due to his contribution to surface chemistry, 

he won the Nobel Prize in 1932. As described in his model, adsorption 

and desorption are reversible reactions: 

𝐴(𝑔𝑎𝑠) + 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 ⇌ 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 ∙ 𝜃𝐴𝐴 

where A represents a gas, θA (0≤ θA ≤1) is the proportion (occupancy) 

of the gas A in the adsorbent, i.e., the ratio of volume of gas adsorbed 

(V) to the volume of the surface of the adsorbent (Vm). Considering the 

equilibrium pressure of gas A is pA, and the reaction equilibrium 

constant is Keq, the Langmuir equation can be expressed: 

𝜃𝐴 =
𝑉

𝑉𝑚
=

𝐾𝑒𝑞𝑝𝐴

1 + 𝐾𝑒𝑞𝑝𝐴
 

This formula is suitable to describe type I isotherms classified by 

IUPAC. When the pressure is very low, the gas uptake is proportional  

 
Figure 4. Graphical illustration of the Langmuir equation with different Keq. 
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to the equilibrium pressure (Henry's law), θA = KeqpA. While the 

pressure is very high (θA ≈ 1), the gas uptake is the single-layer 

adsorption capacity, which is independent of the pressure. 

Experimentally, θA is also the ratio of gas uptake (y) to theoretical 

gas capacity, a, of an adsorbent. So the Langmuir equation can be 

transferred and applied in the following formula: 

𝑦 = 𝑎 ∙
𝐾𝑒𝑞𝑝𝐴

1 + 𝐾𝑒𝑞𝑝𝐴
 

 

2.2. Diffraction Studies 

2.2.1. Principles of X-ray Diffraction 

Diffraction is one of physical phenomena occurring when an X-ray 

electromagnetic wave irradiates the crystal. The electrons around the 

atoms in the crystal are vibrated by the X-rays periodically changing 

electric field, so that each electron becomes a secondary wave source 

that emits spherical electromagnetic waves. The frequency of the 

emitted spherical wave is consistent with that of incident X-rays. Based 

on the periodicity of the crystal structure, the scattered waves of 

individual electrons in the crystal can interfere with each other and be 

superimposed, giving rise to discrete diffraction images. 

1. Diffraction conditions (geometry) 

The first expression historically developed is Bragg’s law, a simple 

mathematical formula that gives a relation between the crystal plane 

spacing d, the wavelength of X-rays λ, and the angle θ between X-ray 

and crystal lattice planes, as shown in the following equation and in 

Figure 5[9]: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 
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where n is the diffraction order (n = 1, 2, 3…). It was first proposed 

in 1913 by Lawrence Bragg and his father William Henry Bragg[10] who 

were awarded Nobel Prize in 1915. This equation gives access to the 

interplanar distance, i.e., a microscopic information on the scale of 

atomic size. The three-dimensional version of the Bragg’s equation is 

known as Laue’s conditions, which have a graphical representation 

given by Ewald. The diffraction data are presented in so-called 

reciprocal space, and given the dimensionality of the space, requires the 

use of three indices (instead of only one, n, in Bragg’s law), named h, k 

and l. 

 

Figure 5. A schematic diagram of Bragg diffraction[9]. 

 

2. Diffraction intensity 

The X-ray diffraction intensity of a crystal is determined by the type, 

number and arrangement of atoms in a unit cell of the crystal. To start, 

the electron at position A shown in Figure 6, scatters X-ray with the 

intensity at position P expressed as: 

𝐼𝑒 =
𝑒4𝐼0

2𝑅2𝑚2𝑐2
(1 + 𝑐𝑜𝑠22𝜃) 

where e and m are the charge and mass of an electron, respectively, 

c is the speed of light, I0 is the incident X-ray intensity, 2θ is the 

diffraction angle, and R is the distance. 

Assuming that all electrons in an atom (atomic number Z) are 

concentrated on one point, the scattering intensity of X-rays by such an 
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Figure 6. An electron is scattered under X-ray. 

atom can be expressed as: 

𝐼𝑎
′ = 𝑍2𝐼𝑒 

However, in actual situations, the scattering phase of each electron 

to X-ray is different, thus its intensity is reduced compared to that of all 

electrons concentrated at one point. Therefore, the scattering intensity 

of X-rays by actual atoms can be corrected by the scattering factor f, 

which decreases with increasing θ: 

𝐼𝑎 = 𝑓2𝐼𝑒 

For a unit cell composed of x atoms, the diffraction intensity (I(h k l)) 

produced in the (h k l) diffraction direction is not equal to the simple 

sum of the intensities produced by the x atoms.  

𝐼(ℎ 𝑘 𝑙) ≠ ∑ 𝐼𝑒𝑓𝑗
2 = 𝐼𝑒|𝐹(ℎ 𝑘 𝑙)|2 

The structure factor, a complex number (or a vector) F(h k l), is 

related to the distribution of atoms in the unit cell, namely the crystal 

structure, via a Fourier transformation. The intensity of the reflection 

can be expressed as a square of the structure factor and is related to the 

atomic coordinates as: 

|𝐹(ℎ 𝑘 𝑙)|2 = [∑ 𝑓𝑗𝑐𝑜𝑠2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]2

+ [∑ 𝑓𝑗𝑠𝑖𝑛2𝜋(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]2 

where (xj, yj, zj) are the fractional coordinates of atoms present within 

the unit cell. This equation reveals the connection between diffraction 
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intensity and the atomic positions. Thus, the measurement of intensities 

of diffraction, allows to access the information about the distribution of 

atoms in the unit cell. 

The inverse transformation is much more complex, though, since 

the intensities do not reveal the orientation (phase) of the F(h k l) vector, 

but only its magnitude. This prohibits a direct use of the inverse Fourier 

transformation, and thus a direct experimental access to the atomic 

coordinates (structure). This is known as a phase problem in 

crystallography, which has no exact solution. However, today there is a 

number of efficient methods allowing to either find the missing phase 

information (such as direct methods, but also Patterson method, 

isomorphous substitution, resonant methods etc.) and do the inverse 

Fourier transformation to visualize the structure; or to solve the 

structure by global optimization in direct space (Monte Carlo methods) 

or by charge flipping. The latter methods are computationally 

consuming but allow to focus directly on structure solution in direct 

space, drawing help from empirical information about molecular 

structure that is commonly available to the chemist. 

In our work, the step that can be considered as structure solution 

was limited only to the location of a guest inside the pores of the 

crystalline material, having already a known crystal structure. This was 

done using program FOX[11], implementing global optimization in 

direct space. 

 

2.2.2. X-ray Powder Diffraction 

Crystalline powders can be considered as an ensemble of many fine 

single crystals in various orientations. Therefore, instead of obtaining 

diffraction spots, the powder diffraction yields rings which can be 

observed on the area detector, and each ring corresponds to a certain 

diffraction angle. A schematic diagram[12] and an example of an 
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experimental results are shown in Figure 7. 

  

Figure 7. A schematic picture of powder diffraction[12] (up) with cones in red and 

green representing diffraction peaks having different h k l indices; and an example of 

powder diffraction rings for γ-Mg(BH4)2 and its integrated intensities observed in 

our lab, Data reduction was done using software FIT2D[13] (bottom). 

2.2.3. X-ray Sources 

X-rays were firstly discovered by Röntgen in 1895 while 

investigating the effects of high voltage electrical discharges in 

evacuated glass tubes[14]. In this work, we used two sources of X-rays: 

X-ray tubes (lab technique) and synchrotron radiation (done at the 

Swiss-Norwegian Beamlines, SNBL at the European Synchrotron 

Radiation Facility, ESRF). 
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1. X-ray tubes 

In X-ray tubes, X-rays are generated by high-speed cathode 

electrons continuously bombarding the anode target materials, which is 

usually metallic Cu, Mo, W, or, Cr and so on. After the electron is 

accelerated in the electric field (usually ≥ 30 kV) and has enough energy, 

when it collides with the anode material, the electronic configuration of 

atoms will be excited and the de-excitation will produce characteristic 

radiation, among which are high-energy lines known as Kα and Kβ. We 

use Kα band, that is separated using a focusing mirror, serving also as a 

monochromator. In addition, at high resolution, the Kα line can be seen 

to be a doublet, containing Kα1 and Kα2. They have very similar 

wavelength and can not be separated using a filter or a mirror. The 

mixed wavelength complicates the visual examination of data and of 

the refinement process, but can easily be taken account of in the 

structure refinement. The Table 1 shows the characteristic radiation 

wavelength of common target materials. 

Table 1. the characteristic radiation wavelength of common anode materials. 

Anode materials Mo Cu Cr Fe Ag Co W 

λ (Kα), Å 0.71 1.54 2.29 1.94 0.56 1.79 0.21 

The basic X-ray diffraction data in this work were measured with 

our lab X-ray diffractometers consisting of two Incoatec X-ray 

generators (mixed Mo Kα radiation, weighted average λ = 0.71073 Å) 

with MAR345 image plate detectors. A microfocus beam setup 

consisting of an Incoatec source is used to measure single crystals. A 

high-brilliance Incoatec source with a larger beam is used to measure 

powder samples in capillaries (transmission mode). In the earlier stage 

of this work, we used rotating anode generator, with two exists 

equipped with focusing optics, producing similar beams to the ones 

from the Incoatec sources. The old setup required though expensive 

maintenance and regular repair. An Oxford Cryosystem is available for 

low temperature measurements (80 - 400 K) as well as a heat blower 
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for high temperature conditions (RT - 800 K). 

2. Synchrotron radiation 

Compared to X-ray tubes, synchrotron radiation has several 

advantages for high resolution diffraction measurements, such as much 

more intense, highly collimated beam, tunable wavelengths and so on. 

It is the electromagnetic radiation emitted by electrons or positrons 

moving close to the speed of light when they change the direction of 

movement. This radiation was found on circular accelerators in 1947[15], 

which later were evolved specifically to the accelerators dedicated to 

X-ray production, named synchrotron sources. 

Currently, the most widely used synchrotron radiation is its third 

generation. After the major upgrade (EBS), the ESRF is now the forth 

generation source. A schematic diagram of the installation is shown in 

Figure 8. The electron is accelerated first in linear accelerator, than in a 

booster ring and emitted into the storage ring. Undulators and wigglers 

allow to oscillate relativistic electrons to produce a strong X-ray beam. 

Subsequently, the radiation is modified by optical elements, hitting the 

sample to get the scattering registered. Several famous high-energy 

third generation synchrotron radiation facilities are ESRF in Europe (6 

GeV), APS in the USA (7 GeV), and Spring-8 in Japan (8 GeV). 

 
Figure 8. A schematic representation of a synchrotron (counter clockwise direction 

corresponds to the Spring-8 synchrotron, using positrons). 
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In this work, all the diffraction data collected upon gas adsorption 

were measured by X-ray diffraction at the SNBL beamline (BM01) at 

the ESRF, Grenoble (France). It is equipped with a pixel detector 

PILATUS2M detector (from Dectris, Switzerland), combing the 

advantages of pixel detector technology (low noise, fast readout, no 

correlation between pixels) with flexible goniometry and easy re-

positioning of the detector and of the goniometer in vertical and 

horizontal directions. 

2.2.4. Neutron Diffraction 

Neutron diffraction is complementary to X-ray diffraction. It relies 

on the sample principles, namely the diffraction and interferences of 

waves (thanks to the particle – wave dualism) with the periodical 

materials such as crystals. Neutrons particularly interact with nuclei, 

which makes it very useful to determine the localization of light 

elements, or distinguish elements with similar number of protons, as 

each nucleus have a specific scattering length[16]. Due to the different 

states of spin of some nuclei, there is a very large incoherent scattering 

cross section, leading to a very high background noise in the measured 

neutron diffraction pattern. This is especially problematic for hydrogen 

atom (1H). Therefore, deuterated materials are often used in neutron 

diffraction measurements. 

In our case, we used γ-Mg(11BD4)2 with double isotopic 

substitution, when the neutron powder diffraction (NPD) was 

performed both on the high resolution powder diffractometer BT1 at 

the NIST Center for Neutron Research (NCNR), and on the high 

resolution powder diffractometer E9 at the BER-II research reactor at 

the Helmholtz-Zentrum Berlin (HZB). 

2.2.5. In situ Diffraction Measurements 
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In situ can be simply understood as “during the reaction procedure” 

in the chemistry field. Therefore, an in situ diffraction measurement 

contains a third parameter besides intensities and 2θ positions of peaks. 

The results show the evolution of diffraction patterns along this third 

parameter, such as temperature (T) or pressure (P) but can also be a 

function of time (t) at given P-T conditions. 

Figure 9 is the schematic diagram of experimental setup of an in-

situ synchrotron radiation X-ray powder diffraction (in-situ SR-XPD) 

of the experiment when we measured adsorption properties of γ-

Mg(BH4)2 at the ESRF. A temperature control is usually a blower to 

heat up, as well as cold N2 stream (sometimes cold He to reach 

extremely low temperature such as ~10 K) to get to low temperatures. 

A gas dosing system is connected to the sample in a capillary to easily 

dose different gases or apply vacuum on the sample. In situ T-dependent 

or P-dependent diffraction measurements can be performed to produce 

diffraction data, what in turn can reveal to the structure of the material 

at each P-T condition, as well as the amount of the adsorbed gas. The 

latter can be plotted as adsorption isobars or isotherms respectively, 

which in turn give access to adsorption thermodynamics. 

An in situ t-dependent diffraction can be used to characterize the 

adsorption kinetics. This is a new methodology proposed in a 

collaboration between our group and the team at the SNBL/ESRF[17]. A 

sample is loaded in the capillary and pressurized with the adsorbate gas, 

which is not adsorbed by the sample at room temperature. The capillary 

is first staying out of the beam, while the blower is fixed on the desired 

temperature. At time zero, the capillary is quickly moved into the set 

position (exposed to the X-ray beam) which also provides a temperature 

necessary for an adsorption experiment. At the same time, the 

diffractometer starts to record approximately 10 000 diffraction powder 

patterns every 0.2 to 0.5 seconds. This amount of data allows to reach 

dynamic range necessary for detecting faster and slower processes, 

characterized by different activation energies. Thus data have to be 

collected both at short time scales (with high time resolution) and long 
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time scales. Detailed analysis of thermodynamics and kinetics using the 

in situ data will be introduced in sub-Chapter 2.4. 

 
Figure 9. Schematic diagram of experimental setup of in situ diffraction 

measurements in ESRF. The temperature, data acquisition and the goniometer 

position are controlled automatically as a part of the experimental protocol. 

2.3. Rietveld Refinement 

Rietveld refinement can be considered as a very complex curve 

fitting, since a diffraction pattern can be thought of as a set of peaks 

having their positions and intensities. These are linked to a number of 

variables characterizing the structure (such as atomic positions, cell 

parameters) and the experimental profile (such as profile and 

background information). This refinement method was first proposed 

the group later joined by H. M. Rietveld who implemented this method 

in his code for structure refinement applied to NPD data[18]. The 

Rietveld refinement is based on the assumption of the crystal structure 

model expressed via structural parameters, combined with a certain 

peak shape function to calculate the diffraction pattern, and 

subsequently adjust the structural parameters and peak shape 

parameters to make the calculated diffraction pattern coincide with the 
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experimental diffraction pattern. The method is a modification of the 

least square method used for single crystal diffraction, taking care of 

the peak overlap in the powder diffraction. It is aiming to determine to 

the best possible, using the experimental data and the approximate 

model, all the structural information, i.e., unit cell parameters, atomic 

positions and occupancies, temperature factors and so on. In this work, 

we refine and extract mostly the occupancies of gas molecules in pores, 

using diffraction powder patterns measured under variable P or T to 

subsequently obtain adsorption isotherms or isobars, as well as to get 

adsorption kinetics curves, from time dependences. Also, we are 

analyzing the changes of the guest positions, revealing in some cases 

quite unexpected reorganizations. 

To evaluate the quality of the refinement results, the least squares 

method is usually used, i.e. a minimization of M, a difference between 

calculated powder profile intensity, Yc and observed powder pattern 

intensity, Yo, given by the following equation: 

𝑀 = ∑ 𝑤𝑖(𝑌𝑜 − 𝑌𝑐)2 

where wi is the specific weight. And Yc is the result of convolution 

of various factors that affect peak intensity. At any 2θ, Yc can be simply 

expressed as: 

𝑌𝑐 = 𝑌𝑏 + ∑ 𝐺ℎ 𝑘 𝑙 ∗ 𝐼ℎ 𝑘 𝑙

ℎ 𝑘 𝑙

 

where Yb is the intensity of background, Gk h l is the peak shape 

function, for example, Gauss, Lorentz, Viogt, Pearson-VII, or Pseudo-

Voigt, Ih k l is integrated intensity of diffraction peak from (h k l). 

Several factors can be used to evaluate the refinement results: 

1.  Profile Factor:  

𝑅𝑝 =
∑ |𝑌𝑜 − 𝑌𝑐|

∑ 𝑌𝑜
 

2.  Weighted Profile Factor: 
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𝑅𝑤𝑝 = [
∑ 𝑤𝑖(𝑌𝑜 − 𝑌𝑐)2

∑ 𝑤𝑖𝑌𝑜
2

]1/2 

3.  Expected Weighted Profile Factor: 

𝑅𝑒𝑥𝑝 = [
𝑁 − 𝑃

∑ 𝑤𝑖𝑌𝑜
2

]1/2 

4.  Reduced chi-square: 

𝜒2 =
∑ 𝑤𝑖(𝑌𝑜 − 𝑌𝑐)2

𝑁 − 𝑃
= (

𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)2 

(N – P) is the number of degrees of freedom. The value of Rwp and 

Rp should be as low as possible (acceptable when < 15 %), and the value 

of χ2 should be close to 1. 

To obtain accurate refinement results, high quality diffraction data 

is required. For example, NPD can help to precisely localize the 

position and synchrotron radiation can provide a high signal-to-noise 

ratio. And measuring diffraction information at high angles can also 

help to improve the precision of refinement. 

In this work, all Rietveld refinements were performed by the 

Fullprof Suite[19], which is developed for Rietveld analysis of neutron 

and X-ray powder diffraction data. It is formed by a set of various 

crystallographic programs, including WinPLOTR, Fullprof, EdPCR, 

etc. It also allows a sequential refinement to run automatic refinement 

against a batch of in situ diffraction data and to plot the results. 

2.4. Thermodynamics and Kinetics of Gas 

Adsorption 

2.4.1. Thermodynamic Properties 
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In the adsorption field, thermodynamic properties mainly refer to 

the enthalpy of adsorption (or an isosteric heat of adsorption), ΔHads. It 

is a parameter to indicate the strength of interaction between adsorbates 

and adsorbents, but indirectly taking into account the other interactions, 

like guest-guest repulsion. The value of the adsorption enthalpy is equal 

to the heat released during the adsorption. There is a number of ways to 

determine the enthalpy of adsorption, while the most common way, 

which is called isosteric method, is to calculate the enthalpy by two 

adsorption isotherms (isobars) at two different temperatures (pressures), 

using a Clausius - Clapeyron equation: 

𝑑(𝑙𝑛𝑃)

𝑑(1/𝑇)
=

Δ𝐻𝑎𝑑𝑠

𝑅
 

where R is the ideal universal gas constant. Using the conditions 

for the equal loading with a gas, (T1 and P1) and (T2 and P2), this 

equation can be practically transformed into: 

Δ𝐻𝑎𝑑𝑠 =
𝑅𝑇1𝑇2

𝑇2 − 𝑇1
ln (

𝑃2

𝑃1
) 

This expression applies for a given loading, equal in two 

experiments, done either along two isotherms or two isobars. For each 

loading the heat should be determined, finally plotting the ΔH as a 

function of composition (loading). 

Another way is using van’t Hoff equation to calculate enthalpy of 

adsorption when a series of different-temperature isotherms is 

measured: 

𝑙𝑛 𝐾𝑒𝑞 = −
𝛥𝐻𝑎𝑑𝑠

𝑅𝑇
+

𝛥𝑆

𝑅
 

where Keq is the reaction equilibrium constant. Drawing the linear 

curve of lnKeq versus 1/T, and -ΔHads/R is expressed as the slope. 

For isobars we use Logistic function to fit the loading as a function 

of temperature: 
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𝑦 = 𝐴2 +
𝐴1 − 𝐴2

1 + (
𝑇
𝑥0

)𝑝
 

The physically meaning of logistic function for an isobar, A1 is the final 

value of the maximum uptake. A2 is an initial value for correction where 

y(∞) should be 0. x0 represents the half-filled temperature. 

The obtained analytical expression allows to interpolate the data 

points smoothly, calculating for each small loading step the T 

conditions that for two experimental isobars. This interpolation is fed 

into the Clausius-Clapeyron equation, providing ΔHads versus loading, 

you can see the example in the two Chapters describing Ar and 

CH4/C2H6 adsorption respectively. The numerical interpolation 

provides similar values but is affected by noise, the latter is smoothened 

when using the analytical function. 

Another approach to obtain thermodynamics of adsorption from 

diffraction method has been reported by Dovgaliuk et al in 2017[20]. 

They studied N2 and C2H6 adsorption isobars by γ-Mg(BH4)2 and water 

uptake by MIL-91(Ti), and derived a thermodynamic description, based 

on Gorsky-Bragg-Williams approach for the lattice-gas Ising model, 

allowing to determine the thermodynamic parameters such as enthalpy, 

entropy and adsorption cooperativity from only one isobar. The 

expression used is following: 

𝑇 =
∆𝐻𝑖 − Γ𝑖(1 − 2𝛾𝑖)

Δ𝑆𝑖 − 𝑅𝑙𝑛(
1 − 𝛾𝑖

𝛾𝑖
)
 

The subscript i is associated with guest adsorption by the site I, Γ is 

cooperativity, γ is a fraction of the adsorbed guest molecules. By fitting 

one single isobar with this expression, one can obtain ΔH, ΔS and Γ. In 

particular, the temperature of a half-filled (when γi =0.5) states gives an 

estimate of the ratio of enthalpy to entropy: 

𝑇1
2⁄ =

Δ𝐻𝑖

Δ𝑆𝑖
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In another publication by Dovgaliuk et al[21], quasi-equilibrium and 

non-equilibrium Kr adsorption isobars by γ-Mg(BH4)2 were studied by 

diffraction method. The equilibrium isobars yielded thermodynamics 

parameters rationalized with the noncooperative lattice gas model, 

ln (
𝛾

1 − 𝛾
) = −

𝛥𝐻

𝑅𝑇
+

𝛥𝑆

𝑅
 

while the non-equilibrium isobars were used to estimate kinetics 

parameters (such as activation energy) analyzing the kinetic hysteresis, 

using a modified mean-field model adopted for the Arrhenius kinetics: 

𝛼(𝑇) = 𝛾𝑒𝑞(𝑇) − (𝛾𝑒𝑞(𝑇) − 𝛾0)exp (−
𝐴

𝛽
𝐼(𝑇, 𝑇0, 𝐸𝑎)) 

where β is temperature ramp rate, in K/min, the integral function in the 

exponent is: 

𝐼(𝑇, 𝑇0, 𝐸𝑎) = ∫ 𝑒−𝐸𝑎/𝑅𝑥𝑑𝑥
𝑇

𝑇0

 

This work exhibits a transition from the study of thermodynamics 

using equilibrium isotherms and isobars, to understanding that kinetics 

may influence these data to the point the kinetic hysteresis appears. This 

opens a door to estimate the activation barriers, but it should be more 

considered as a preliminary step. The dedicated study of kinetics must 

be done and fixed P-T conditions, but following the time coordinate. 

This is described in detail in the next sub-Chapter. 

2.4.2. Kinetic Properties 

The kinetic properties determine the rate of adsorption. From in situ 

t-dependent diffraction measurements (detailed measurements can be 

seen in Chapter 2.2.5), we can clearly observe different times of 

adsorption to the saturation for different P-T conditions. Measurement 

of kinetic data at different temperatures allow to attempt applying the 

Arrhenius equation, giving access to the activation energies[17]. This 
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requires fitting the time resolved diffraction data with one or several 

exponents to describe the asymptotic behavior of the saturation. One 

has to take into account a possible diffraction damage, which is also 

affecting the capacity at saturation, showing time dependence 

(proportional to the exposure dose). 

One way to approach the data analysis of t-dependent gas 

occupancies is the use a modified Kolmagorov-Avrami model[22],[23], 

which can be used to describe the kinetics of different chemical 

reactions[24]: 

𝑞(𝑡) = 𝑞𝑚𝑎𝑥(1 − 𝑒(−𝑘𝑡)𝑛
) 

where qmax is the saturated occupancy under given (P, T) condition, 

k in this expression represents the reaction kinetic constant, n is the 

order of the reaction. The value of k and n can be obtained by curve 

fitting.  

To acquire the activation energy, the linear transformed Arrhenius 

equation is applied: 

𝑙𝑛 𝑘 =
−𝐸𝑎

𝑅𝑇
+ 𝑙𝑛 𝐴 

According to several kinetics measurements at different 

temperatures, the activation energy Ea can be calculated from the slope 

of the linear Arrhenius expression. 

The key point to get correct activation energy is to find the best 

mathematical model q(t) that represents the dynamics adsorption data. 

Landaverde-Alvarado et al[25] studied the kinetics of CO2 sorption in a 

Zn-MOF that can be well described by linear driving force model (LDF), 

which considers the differences in concentration between empty and 

gas-loaded phases are the driving force for adsorption: 

𝜕𝑞

𝜕𝑡
= 𝑘𝑡(𝑞∗ − 𝑞) 

q* is the equilibrium concentration. They also fit the kinetic data to 

a micropore diffusion model (kt = 15Ds/Rp
2) to confirm that diffusion 
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inside the pores is the rate limiting step for adsorption. 

Sometimes a multiple exponents model is needed to fit the kinetic 

data because there may be more than one diffusion barrier. Fletcher et 

al[26] studied adsorption kinetics by a Ni-MOF templated with methanol 

and ethanol (denoted as M and E respectively) and they found that 

neither methanol nor ethanol kinetic data on M followed the LDF model. 

So they proposed a double exponential (DE) model for M, assuming 

that there are two diffusion barriers which are thought to be through the 

pore window and along the pore cavities. The DE model is given below 

and the difference of LDF model and DE model is given in Figure 10. 

𝑞(𝑡) = 𝑞𝑚𝑎𝑥[𝐴1(1 − 𝑒𝑥𝑝(−𝑘1𝑡)) + 𝐴2(1 − 𝑒𝑥𝑝(−𝑘2𝑡))] 

A1 and A2 are related contributions for two diffusion barriers, with A1 + 

A2 = 1. 

 

Figure 10. A comparison of adsorption kinetics fitting for adsorption of ethanol on 

porous structure M with two different models, double exponential model and linear 

driving force model[26]. 
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2.5. Synthesis of γ-Mg(BH4)2 

In this work, the main material we use is γ-Mg(BH4)2. As 

introduced in Chapter 1.4, magnesium borohydride has more rich 

polymorphism than any other metal hydrides, however, only its gamma 

phase shows a porous structure. The synthesis of γ-Mg(BH4)2 was 

performed using a modified procedure from reference[27]. The dimethyl 

sulfide complex of borane (BH3·DMS) and di-n-butyl-magnesium (1M 

in heptane, 10 ml, 10 mmol) were taken from Sigma-Aldrich without 

further purification. Excess of BH3·DMS (3 ml, 31 mmol) was loaded 

in a modified 150 ml Schlenk flask (with a filter allowing easy vacuum 

filtration under inert atmosphere) equipped with a magnetic stirrer and 

dissolved in 15 ml toluene. The flask was filled with argon by several 

short vacuum/argon cycles before the BH3·DMS is added to the flask. 

Stoichiometric amounts of di-n-butyl-magnesium (1M in heptane, 10 

ml, 10 mmol) was added dropwise to the solution. The reaction was 

stirred for two hours before filtrating the white precipitate and rinsing 

away the solvent with toluene 3×8 ml. The precipitate was dried under 

vacuum in the Schlenk line for 16 hours to get Mg(BH4)2·½DMS. Then 

the flask was placed in a silicon oil bath and heated to 343 K for drying 

under vacuum by a turbomolecular pump reaching residual pressures 

down to 10-5 mbar for over 60 hours to get γ-Mg(BH4)2. The quality 

check by diffraction of Mg(BH4)2·½DMS and γ-Mg(BH4)2 is shown in 

Figure 11 up and bottom, respectively. The isotopic enriched γ-

Mg(11BD4)2 for NPD measurements was synthesized in the same 

strategy by using a 11BD3·DMS complex. The usual yield of each batch 

of γ-Mg(BH4)2 is about 50% to 60%, all samples are diffraction-pure. 

It is worth mentioning that for every batch of γ-Mg(BH4)2, there is 

a proportion of non-porous amorphous phase of Mg(BH4)2 existing. 

This phase is invisible under diffraction and has no contribution to gas 

adsorption. A N2 adsorption isotherm will be performed by manometric 

method to calibrate the proportion of gamma phase, as the capacity of 

N2 adsorbed in γ-Mg(BH4)2 is known as γ-Mg(BH4)2·⅔N2
[27], namely 
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every mole of γ-Mg(BH4)2 could maximumly adsorbs 2/3 mole of N2. 

 

 

Figure 11. Diffraction powder patterns of Mg(BH4)2·½DMS (up) and γ-Mg(BH4)2 

(bottom), data collected by MAR345 with a wavelength λ = 0.71073 Å and shown 

in WinPLOTR[28]. 
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Abstract 

The rational design of porous framework materials is of high 

demand for potential applications in storage, separation and delivery 

of guest molecules. The progress often depends on finding relationships 

between the crystal structure and the energetics of guest interactions 

within the pores. Here we show that argon adsorption in a porous 

γ-Mg(BH4)2 demonstrates an isobar suggesting a consecutive 

occupation of two sites, while synchrotron X-ray and neutron powder 

diffraction reveal a gradual rearrangement of guests within the pores. 

At low loadings, the Ar atoms take the center of the pocket, while at 

higher loadings they move to the aperture, allowing 2 Ar atoms per 

pocket. This behavior is governed by short guest-guest contacts forming 

within the quasi-1D porous channel; a phenomenological description 

based on Ising-like lattice gas approach is given, reproducing well the 

Ar site redistribution. Adsorption isobars and isotherms are obtained 

directly from in situ diffraction, via refinement of guest occupancies. 

They are fitted analytically, yielding various thermodynamic 

parameters of adsorption. Thus, we obtain both micro- and 

macroscopic pictures of gas-solid interaction in a complex system from 

the same crystallographic experiments. 
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3.1. Introduction 

Material science of porous coordination polymers became state-of-

the-art research field in the structural chemistry during the last three 

decades[1][2]. Particularly, metal organic frameworks (MOFs) and other 

porous frameworks attract much attention for potential applications in 

storage, separation and delivery of the guest molecules of interest[3][4]. 

The rationalization of the relationships between their crystal structure 

and guest uptake is critical for the design of such porous materials[5]. In 

this respect, the most essential characterization of their properties relies 

on gas adsorption isotherms studies[6]. This classical method gives an 

overall picture of the framework properties, which can be problematic 

for interpretation without complementary structural investigation upon 

guest uptake[7]. In particular, this can be the case when adsorption is 

accompanied by large framework flexibility[8][9] or negative gas 

adsorption[10]. The recent development of X-ray and neutron diffraction 

methods allows to probe the porous materials during gas adsorption at 

fixed temperature and pressure by taking snapshots of the crystal 

structure at certain points of an isotherm with monitoring the phase 

transitions during gas adsorption[11]. Such crystallographic studies have 

another important advantage to characterize the behavior of the guest 

uptake within the individual pores of the crystal structure[12][13], while 

the isotherm studies by bulk methods (volumetric or gravimetric) give 

access to a total gas uptake. Our recent investigations also show the 

possibility to estimate the thermodynamics parameters of such 

individual adsorption sites from variable temperature in situ powder X-

ray synchrotron diffraction (PXRSD) combining it with appropriate 

phenomenological models[14]. Also, diffraction is specific to a particular 

crystalline phase, while data from bulk methods have to be corrected 

for a difficult-to-estimate amorphous phase fraction[15]. 

In this work we illustrate the application of variable-temperature 

PXRSD and neutron powder diffraction (NPD) to describe both 

structure and properties of a system where a complex (gradual) 
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rearrangement of guest molecules occurs, with a focus on 

thermodynamics and guest-guest interactions. This was done for Ar 

adsorption in γ-Mg(BH4)2
[16], a porous hydridic framework possessing 

quasi-1D channels. Due to the comparable atomic scattering powers of 

the guest molecules (Ar with Z = 18) and the host framework (Mg with 

Z = 12), X-ray diffraction yields very reliable data on the guest uptake, 

but most importantly, simultaneously providing the position of guests 

along the adsorption isobars and isotherms. This reveals guest-guest 

repulsion driven phenomena, which we characterized 

thermodynamically, and also using a phenomenological theory based 

on Ising-like approach. Complementary volumetric experiments were 

also done to validate the diffraction-based methodology and to point out 

the advantages. 

3.2. Experimental Details 

Synthesis of γ-Mg(BH4)2. The synthesis of γ-Mg(BH4)2 was 

performed using a modified procedure from the Reference[16]. Dimethyl 

sulfide complex of borane (BH3·DMS) and di-n-butyl-magnesium (1M 

in heptane, 10 ml, 10 mmol) were used from Sigma-Aldrich without 

further purification. Excess of BH3·DMS (3 ml, 31 mmol) was loaded 

in a 150 ml Schlenk flask (modified with a filter allowing easy vacuum 

filtration under inert atmosphere) equipped with a magnetic stirrer and 

dissolved in 15 ml toluene. The flask was filled with argon by several 

short vacuum/argon cycles before the BH3·DMS is added to the flask. 

Stoichiometric amounts of di-n-butyl-magnesium (1M in heptane, 10 

ml, 10 mmol) was added dropwise to the solution. The reaction mixture 

was stirred for two hours before filtrating the white precipitate and 

rinsing away the solvent with toluene, 3×8 ml. The precipitate was dried 

under vacuum on a Schlenk line for 16 hours to get Mg(BH4)2·½DMS. 

Then the flask was placed in a silicon oil bath and heated to 343 K. 

Solvent removal was done by using a turbomolecular pump reaching 

residual pressures down to 10-5 mbar for 60 hours, yielding crystalline 
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γ-Mg(BH4)2 containing some amorphous fraction. 

A sample with double isotopic substitution, γ-Mg(11BD4)2, 

containing 11B and deuterium, was prepared for NPD experiments, 

starting from 11BD3·DMS. 

In situ powder X-ray synchrotron diffraction (PXRSD) studies. 

All the synchrotron powder diffraction data were collected with 

PILATUS@SNBL diffractometer[17] located at BM01 station from the 

Swiss-Norwegian Beamlines (SNBL) in the European Synchrotron 

Radiation Facility (ESRF, France). The 2D images were azimuthally 

integrated using PILATUS@SNBL software, calibrated with pyFAI on 

LaB6 standard[18]. The capillaries with the samples were fixed to a gas 

dosing system, equipped with an electronic manometer (0.01 bar 

accuracy). For structural and thermodynamic characterization the series 

of isobar and isotherm experiments have been performed. The isobar 

experiments at p(Ar) = 1 and 10.5 bar were done using synchrotron 

radiation with λ = 0.74580 Å from 90 to 300 K and from 130 to 350 K, 

respectively. The temperature was linearly increased at the 5 K/min rate 

(heating and/or cooling) using Oxford Cryostream 700+. 

The isotherm experiments were done at T = 150 K and 200 K, using 

synchrotron radiation with λ = 0.68660 Å. Several pressures of working 

gas, p(Ar), were stepwise applied to the sample in the capillary. At each 

pressure point, the adsorption/desorption diffraction data were 

measured every five minutes until equilibrium was reached (no changes 

of diffraction intensities observed). 

Neutron Powder Diffraction (NPD) studies. NPD data were 

collected at the instrument HB-2C Wide Angle Neutron Diffractometer 

Squared (WAND2), which is a neutron diffractometer with a position 

sensitive detector and oscillating collimator at the High-Flux-Isotope 

Reactor (HFIR) at Oak Ridge National Laboratory (ORNL), Oak 

Ridge, TN, USA[19]. The take-off angle is fixed at 51.5° and in 

combination with the Ge-monochromator (113) reflection a wavelength 

of λ = 1.482 Å was used. The use of sample with double isotopic 

substitution, γ-Mg(11BD4)2, allowed to avoid difficulties related to 
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adsorption and incoherent scattering. The sample holder was a 

cylindrically shaped Al sample holder (Al Bragg peaks were omitted in 

the refinements). A custom-made high-pressure rig was employed for 

Ar pressure fixed at 1 bar. The sample holder was inserted in a standard 

orange cryostat and the exposure time was fixed at 30 min at each of 

the 24 discrete temperatures between 292 K and 88.9 K. All (sequential) 

Rietveld refinement were made with the Fullprof software[20]. Further 

neutron powder diffraction measurements are planned with other small 

gas molecules within the frame of the “Energy research with Neutrons 

(ErwiN)” instrument at the MLZ, Germany[21]. 

Crystal structure determination and refinement. To localize Ar 

atoms inside the pores of γ-Mg(BH4)2, the atomic positions of the empty 

framework have been placed and fixed. The PXRSD data characterizing 

the state of the highest loading (1 bar and 90 K) was used to determine 

two positions of Ar atoms, see Figure. S1 and Tab. S1. The variable 

occupancies of guests were retained during the global optimization in 

FOX[22]. The calculations consistently resulted in two independent Ar 

atoms, located at the crystallographic positions 32e with (x x x) 

coordinates, one is close to the center of the pore pocket, the other – 

closer to the aperture. The sequential variable-temperature refinement 

of the Ar atoms occupancies was performed using Fullprof[23], with the 

refinement of overall isotropic atomic displacement parameters and 

occupancies of Ar atoms. The same models were used for the isobaric 

and isothermal diffraction experiments, as well as for NPD data. 

Volumetric physisorption measurements. The isotherms 

adsorption of nitrogen and argon were carried out with IMI-HTP 

analyzer from Hiden Isochema (UK), which ensures a high thermal 

stability and accurate pressure measurement. 1.92 mmol of γ-Mg(BH4)2 

sample was loaded in the sample holder and 190 K adsorption isotherm 

of nitrogen was carried out to calibrate the proportion of the crystalline 

phase which contributes to adsorption in the sample of γ-Mg(BH4)2. We 

used the maximal adsorption capacity of N2 (⅔ mol per mol of 

crystalline γ-Mg(BH4)2) from the previous diffraction studies[16] as a 
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reference in order to calibrate the fraction of crystalline γ-Mg(BH4)2 in 

the sample. This calibration is necessary because the volumetric and 

gravimetric gas uptake by γ-Mg(BH4)2 in a bulk sample is affected by 

an inherent presence of a dense amorphous phase, its weight fraction 

varies from one batch to other[24]. As shown in Figure. S2 the saturation 

amount of N2 was obtained determined to be 892.7 μmol, by means of 

fitting with the Langmuir equation. The fraction of the porous 

crystalline phase is defined as the ratio between experimental total 

amount of adsorption (nexp) and theoretical total amount of adsorption 

(nthe), which is calculated from the following equation: 

𝜎 =
𝑛𝑒𝑥𝑝

𝑛𝑡ℎ𝑒
=

892.7

1920×2
3⁄

= 0.7     (1) 

Subsequently 200 K sorption isotherm of argon was performed 

without changing the sample. In order to compare directly the results 

with those from diffraction data (characterizing only the crystalline 

phase), the amount of argon atoms per unit cell was re-calculated from 

200 K the volumetric isotherm as following: 

𝑁𝐴𝑟 =
𝑛𝑢𝑝𝑡𝑎𝑘𝑒

𝜎⋅𝑛𝛾
× 𝑂𝑐𝑐𝑀𝑔      (2) 

where NAr is the Ar atoms adsorbed per unit cell, nuptake (mol) is the 

uptake of argon measured volumetrically, σ is the fraction of the 

crystalline phase, nγ (mol) is the amount of γ-Mg(BH4)2 loaded, OccMg 

(=24) is the occupancy of Mg atoms per unit cell. 

3.3. Results and Discussion 

Variable-temperature and pressure in situ powder X-ray 

synchrotron diffraction (PXRSD). Powder diffraction studies of γ-

Mg(BH4)2 have been performed at constant Ar pressures of 1 and 10.5 

bar upon cooling from 300 to 90 K and from 350 to 130 K, respectively. 

Within these temperature ranges, Ar uptake by γ-Mg(BH4)2 does not 

induce any phase transition, while a significant continuous change of 
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the relative intensities is taking place, see Figure. 1. Similar behavior 

was observed for Ar isotherms measured at 150 and 200 K, see Figure. 

S3. The continuous evolution of the diffraction patterns allows us to 

perform the refinement of a single model of Ar-loaded γ-Mg(BH4)2, 

which is described below. 

 
Figure 1. Variable-temperature powder X-ray diffraction patterns (λ = 0.74580 Å) 

of γ-Mg(BH4)2 loaded with Ar at 1 and 10.5 bar, upon cooling from 300 to 90 K and 

from 350 to 130 K, respectively. 

Crystal structure of Ar-loaded γ-Mg(BH4)2. The pristine γ-

Mg(BH4)2 (space group Id-3a) contains a 3D network of non-crossing 

1D tubular channels, see Figure. 2[16]. The latter are built of BH4
– units 

coordinated to Mg atoms. The narrowest part of the channel (aperture) 

is defined by a 5.8 Å distance between hydrogen atoms, while the size 

of the pocket between those apertures (i.e., the widest part) is about 7 

Å. A pore pocket of these dimensions accommodate one N2 or C2H6 

molecule (16 per unit cell)[14], while for Ar atoms this space can be 

occupied by one of the two distinct adsorption sites. These two 32e 

crystallographic sites are located along the body diagonal [1 1 1] of the 

cubic structure, see Figure. 2a, b. At lower loadings, the adsorption site 

near the center of the pocket is filled. This site is denoted Ar(2) and is 

located close to the 16b crystallographic site 1/8 1/8/ 1/8 right in the 

center of the pocket. The other site, Ar(1), becomes dominant at higher 

loadings, while Ar(2) site gradually depopulates, see Figure. 2c (data 

points of occupancy versus temperature are listed in Table S2). Analysis 

of distances indicates that the Ar(2) site allows only one argon atom per 

pocket, forming mutually exclusive contacts with Ar(1) within the same 
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pore. On the contrary, the depopulation of the Ar(2) site and the 

simultaneous filling of Ar(1) allows to host two Ar atoms per pore (as 

seen at lower temperatures at 1 bar), showing inter- and intrapore 

distances close to the sum of the Van der Waals radii of Ar (1.94 Å)[25], 

see Figure. 2a. 

Interestingly, the total Ar uptake, obtained as a sum of Ar(1) and 

Ar(2) occupancies (Figure 2c, right), looks like a consequent filling of 

the first site and then the other at lower temperatures. The partial 

occupancies though clearly show a continuous structural change 

(redistribution) behind this macroscopic property. 

 
Figure 2. a) The representation of γ-Mg(BH4)2 framework’s 1D channel filled with 

Ar atoms in two crystallographic positions; b) filling of the 1D channels upon 

cooling shown along [1 1 1] direction and c) variation of Ar occupancies indicating 

a redistribution of Ar between the two crystallographic sites. The right-hand side 

shows the total Ar uptake obtained as a sum of Ar(1) and Ar(2). Mg atoms shown as 

orange sphere, BH4
- groups shown as light blue tetrahedral, Ar atoms in the pore 

center shown as red sphere and in the aperture shown as green sphere. 

The same phenomenon was observed by neutron powder 

diffraction, see the comparison of Ar(2)/Ar(1) occupancy ratio from 

synchrotron and NPD data in Figure 3a. Due to the limited amount of 

NPD data, the Ar positions were fixed in the sequential refinement, 

while the occupancies were refined. To further reduce uncertainties, the 
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isotropic displacement factors were also kept constant during the 

refinement at the values obtained from 90 K / 1 bar synchrotron data. 

The occupancy ratio Ar(2)/Ar(1) clearly shows a maximum at around 

150 K, both from PXRSD and NPD data, with the  Rietveld refinements 

at the lowest temperatures of the corresponding experiments given in 

Figure 3b. 

 

 
Figure 3. a) Occupancy ratio Ar(2)/Ar(1) obtained from sequential refinement to 

PXRSD (left) and NPD (right) data. b) Rietveld refinement of Ar-loaded γ-

Mg(BH4)2 (left, λ = 0.74580 Å, p (Ar) = 1 bar, T = 90 K; a = 15.7824(2) Å; RBragg = 

4.35 %; RF = 7.82 %) and Ar-loaded γ-Mg(11BD4)2 (right, λ = 1.48700 Å, p (Ar) = 1 

bar, T = 88.9 K, a = 15.7341(46) Å; RBragg = 3.88 %; RF = 8.14 %). The angular 

ranges containing contributions from the Al sample holder (from 2θ = 35° to 50°) 

were excluded from the refinement on NPD data. 

Adsorption isotherms from diffraction data: fitting to 

Langmuir equation and finding thermodynamic parameters. We 

took two synchrotron diffraction based isotherms at 150 and 200 K for 
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calculation of the enthalpy of adsorption. At these temperatures, Ar(1) 

occupancy is not becoming significant, therefore the total over Ar(1) 

and Ar(2) sites does not exceed 1 atom per pocket or 16 atoms per unit 

cell. The isotherms are of perfect type I (see Figure 4a), with the 

excellent reversibility (no hysteresis see Figure S4) at both 

temperatures. To our great satisfaction, diffraction-derived isotherms at 

200 K are very similar to those obtained by the volumetric method 

(amounts are corrected for the amorphous fraction, see above), Figure 

4b. 

 
Figure 4. a) Langmuir fitting to the crystallographic isotherms measured upon 

adsorption at 150 K (qmax = 16.49(2), Keq = 4.59(5)×10-3) and 200 K (qmax = 

17.13(23), Keq = 3.10(11)×10–4); b) The comparison of crystallographic and 

volumetric Ar adsorption and desorption isotherms at 200 K. 

The adsorption isotherms were fitted using a Langmuir adsorption 

model, Figure 4a. This model is defined by the following expression: 

𝑞 =
𝑞𝑚𝑎𝑥𝐾𝑒𝑞𝑝

1+𝐾𝑒𝑞𝑝
       (3) 

where q is the uptake at different pressures, qmax is the saturation uptake, 

Keq is the reaction equilibrium constant, and p is the gas pressure. The 

resulting fit enables to access the thermodynamic parameters 

characterizing gas adsorption, using the van’t Hoff equation: 

𝑙𝑛 𝐾𝑒𝑞 = −
𝛥𝐻

𝑅𝑇
+

𝛥𝑆

𝑅
      (4) 
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The reaction equilibrium constant Keq in equation (3) can be 

expressed with ΔH and ΔS as a function of 1/T. As a result, both 

enthalpy and entropy of adsorption can be extracted from two 

isotherms. The results are shown in Table 1. Since only one volumetric 

isotherm is available, only the Gibbs energy can be calculated from Keq 

using the equation (4), it compares very well with the value obtained 

from diffraction. 

Table 1. Thermodynamics of Ar adsorption obtained from Langmuir equations 

fitted to diffraction-based and volumetric isotherms. 

Method 
ΔG 

(kJ/mol) 

ΔH 

(kJ/mol) 

ΔS 

(J/(K·mol)) 

crystallographic 

150 K 
6.7 

-13.4 -134.4 
crystallographic 

200 K 
13.4 

volumetric 

200 K 
13.0 - - 

 

Isosteric heats of adsorption derived from adsorption 

isotherms and isobars via Clausius-Clapeyron equation. The 

Clausius-Clapeyron equation is another classical relation, which can be 

used for the determination of the heat of gas adsorption. It assumes the 

adsorption as a phase transition, where the specific volume of the gas 

phase exceeds that of the condensed phase at the temperatures much 

lower than the critical temperature of the adsorbate. This assumption 

describes the adsorbate gas by the ideal gas law, giving the following 

equation: 

𝑙𝑛
𝑃1

𝑃2
= −

𝑄𝑠𝑡

𝑅
(

1

𝑇1
−

1

𝑇2
)      (5) 

where pi are equilibrium gas pressures, Ti – the temperatures at which 

the amount of adsorbed gas at pi is equal and Qst – the isosteric heat of 

absorption. It should be pointed out, that this model neglects the 
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variations in the heat of vaporization versus temperature and pressure 

and keeps them dependent on the guest loading only. Knowing that the 

isotherms and isobars are in equilibrium conditions (we examined the 

isobars especially at low temperatures, allowing more time to 

equilibrate), the isosteric heats of absorption as a function of loading 

can be obtained, as shown Figure 5. We used Logistic function to fit the 

isobars (see Figure S5). One can see that the resulting isosteric heats 

obtained from two crystallographic isotherms are close to the enthalpy 

of adsorption derived from the eq. (4), at least within the range of 2–14 

Ar atoms per unit cell where the accuracy on the occupancies are high 

for both temperatures. The isosteric heats derived from the 

crystallographic isobars are slightly lower. Such difference can be 

related to a wide temperature range covered by isobars (300 K to 90 K 

at 1 bar and 350 K to 130 K at 10.5 bar) compared to the isotherms (150 

and 200 K), keeping in mind the temperature and pressure variations of 

the adsorption enthalpy[26]. 

 
Figure 5. The comparison of the isosteric heats of adsorption and the enthalpy of 

adsorption obtained from the Clausius-Clapeyron and van’t Hoff equations (5) and 

(4). The confidence limits are fixed to 2-14 Ar per cell, as defined by the accuracy of 

Ar occupancies at both low and high temperatures. 

The estimates of enthalpy from van’t Hoff equation (using 

Langmuir-fitted isotherms) are done neglecting interactions between 
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the guest molecules. Such interactions, direct of mediated by the host 

structure, do manifest themselves in the shape of isobars, but are visible 

to a smaller extent in isotherms. The slope of the Qst in Figure 5 reflects 

the repulsive interactions developing upon gas loading, well in 

agreement with the microscopic picture seen by diffraction. 

Microscopic Ising-like lattice gas model. Considering the crystal 

structure containing short inter- and intrapore distances between Ar 

atoms we propose a model based on Ising-like lattice gas approach and 

present a mean-field solution that is able to catch the most essential 

feature of the uptake process documented in the experiment: the re-

distribution of Ar atoms over the two sites inside the pore. 

We consider a crystal that can exchange guest molecules with a 

reservoir; the system is governed by thermodynamics for a grand 

canonical ensemble. A site available for the guest molecule in a pore 

can be empty or occupied, for every such site we assign an occupation 

number σ that is set to –1 for the empty site and +1 if the site is 

occupied.  Guest uptake locally corresponds to a transition from σ = –1 

to σ = +1 at a given site. Every site can be seen as a two-level system 

with energies: 

𝐸1(−1) = −
∆

2
, 𝐸2(+1) =

∆

2
 

∆= 𝑢 − 𝑇𝑙𝑛𝑟 = 𝑢 − 𝑇𝑠      (6) 

where u stands for the energy difference and r indicates a degeneracy 

of the gas occupied site, or, more generally, accounts for the entropy 

associated with a single event of one guest uptake.  

The above consideration assumes that a porous crystal stays in 

thermodynamic equilibrium with a surrounding bath implying that at 

given P, T a chemical potential in the crystal is homogeneous. This, in 

turn, assumes that we consider adsorption by the surface, diffusion from 

the surface to the bulk, and establishing equilibrium as “fast”; in other 

words, we assume that any relaxation processes are much faster than a 

change of external conditions. Whether these conditions are fulfilled 
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with experiment has to be checked with a time-dependent 

measurement[27][28], for the data presented here we know that the 

equilibrium is reached at each point, producing full reversibility of gas 

loading. 

Here we focus on the static properties for such a model system in 

equilibrium. Moreover, we restrict ourselves to the mean field approach 

thus neglecting correlation and fluctuation effects. For two sites A and 

B in a pore, the following mean-field Hamiltonian can be constructed: 

𝐻 = −𝐽∑∑𝜎𝑖𝜎𝑗 +
Δ

2
∑𝜎𝑖      (7) 

where we keep only nearest-neighbor interactions and assign an 

occupation number σ = –1 for the empty site and +1 if the site is 

occupied. The guest-guest interactions are expected to be stronger for 

closely spaced guest molecules and can therefore, at least 

approximately, be taken into account with effective nearest-neighbor 

interactions. 

Here we account for both, intra-pore (JAB) and inter-pore (J1, J2) 

interactions. Every pore with two sites is considered as a four-level 

system with the following energy levels: 

𝐸1(−1, −1) = −
Δ𝐴

2
−

Δ𝐵

2
− 𝐽𝐴𝐵 + 𝐽1〈𝜎𝐵〉 + 𝐽2〈𝜎𝐴〉  

𝐸2(−1, +1) = −
Δ𝐴

2
+

Δ𝐵

2
+ 𝐽𝐴𝐵 + 𝐽1〈𝜎𝐵〉 − 𝐽2〈𝜎𝐴〉  

𝐸3(+1, −1) =
Δ𝐴

2
−

Δ𝐵

2
+ 𝐽𝐴𝐵 − 𝐽1〈𝜎𝐵〉 + 𝐽2〈𝜎𝐴〉  

𝐸4(+1, +1) =
Δ𝐴

2
+

Δ𝐵

2
− 𝐽𝐴𝐵 − 𝐽1〈𝜎𝐵〉 − 𝐽2〈𝜎𝐴〉  (8) 

A mean-field expectation value of the occupation number reads: 
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      (9) 

The above equations may reproduce many different adsorption 

scenarios. An important feature of the model is that it allows for 

different uptake by sites A and B. Among those scenarios, there is a 

generic solution for two sites with small difference in the heat of 

adsorption, and negative intrapore interaction JAB (“repulsion”), 

corresponding model isobars are shown in Figure 6. 

 
Figure 6. The simulated a) and experimental b) occupancies of two Ar adsorption 

sites in γ-Mg(BH4)2. 

Here one can see that the adsorption starts at one site and this 

process suppresses or slows down the uptake at the second site. At 

certain temperature the second site is filling while the first one even 

loose part of the occupying guests – they migrate to the neighboring 

site, thanks to the interaction terms in the Hamiltonian. Experimental 

diffraction isobars show very similar behavior; however, the agreement 
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is rather qualitative due to an oversimplified model and mean-field 

approximation. Further cooling should result in the filling of the 

remaining space at both positions, this scenario has not been observed 

in the experiment, and is actually impossible due to the too short Ar(1)-

Ar(2) distance. However, this may be possible for smaller guests and/or 

larger pores. A somewhat similar behavior has been observed for CO2 

three site uptake by the porous Metal–Organic Frameworks CPO-27-

M[29]; a variety of possible new scenarios reflecting guest-host, guest-

guest intrapore and interpore interactions is still to be discovered. 

Isobars probed by diffraction together with Ising-like 

phenomenological models might serve as a powerful tool to uncover 

new collective phenomena associated with guest uptake and release by 

porous media. 

3.4. Conclusions 

Modern in situ X-ray and neutron diffraction analysis stands not 

only on the monitoring of adsorbate’s crystal structure response upon 

guest uptake, but becomes a new tool for the evaluation of the 

thermodynamic parameters of such processes. Remarkably, an example 

of the guests redistribution upon Ar uptake in γ-Mg(BH4)2 demonstrates 

two extra strong points of this method: capability to characterize 

exclusively the crystalline part of the porous solid and to describe the 

guest-guest interactions within their pores. Another great advantage of 

the gas adsorption crystallography is the access to adsorption isobars, 

which are hardly obtainable by volumetric methods, as the non-

isothermal calibration is overwhelmingly complicated. Adsorption 

isobars are more informative, as they cover wider range of chemical 

potential and thus are better suited to visualize directly specific features 

of guest-host and guest-guest interactions. 

Further development of the experimental setup and application of 

the appropriate phenomenological models opens much room for 
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characterization of either thermodynamics and/or kinetics[27] of guest 

uptake for individual adsorption sites. We believe that this approach is 

useful to a large variety of porous materials with various pore’s types, 

such as MOFs, zeolites and mesoporous silica, with hierarchically 

arranged pores. The capability to elucidate thermodynamics of gas 

adsorption at the individual pore level is of great interest for 

computation and modelling as well as for the rational design of porous 

materials. 

. 

  



Chapter 3 

87 

3.5. References 

[1] Li H., Eddaoudi M., O’Keeffe M., Yaghi O. M. Design and synthesis of an 

exceptionally stable and highly porous metal-organic framework. Nature. 

1999, 402(6759): 276-279. 

[2] Férey G. Hybrid porous solids: Past, present, future. Chem. Soc. Rev. 2008, 

37(1): 191-214. 

[3] Furukawa H., Cordova K. E., O’Keeffe M., Yaghi O. M. The chemistry and 

applications of metal-organic frameworks. Science. 2013, 341(6149). 

[4] Adil K., Belmabkhout Y., Pillai R. S., et al. Gas/vapour separation using ultra-

microporous metal-organic frameworks: Insights into the structure/separation 

relationship. Chem. Soc. Rev. 2017, 46(11): 3402-3430. 

[5] He Y., Li B., O’Keeffe M., Chen B. Multifunctional metal-organic 

frameworks constructed from meta-benzenedicarboxylate units. Chem. Soc. 

Rev. 2014, 43(16): 5618-5656. 

[6] Kerry F. G. Industrial Gas Handbook Gas Separation. Gas Separation and 

Purification. CRS press. 2007. 

[7] Zhang J. P., Liao P. Q., Zhou H. L., Lin R. B., Chen X. M. Single-crystal X-

ray diffraction studies on structural transformations of porous coordination 

polymers. Chem Soc Rev. 2014, 43(16): 5789-5814. 

[8] Sarkisov L., Martin R. L., Haranczyk M., Smit B. On the Flexibility of Metal 

− Organic Frameworks. J. Am. Chem. Soc. 2014, 136(6): 2228-2231. 

[9] Férey G. Structural flexibility in crystallized matter: From history to 

applications. Dalt. Trans. 2016, 45(10): 4073-4089. 

[10] Krause S., Bon V., Senkovska I., et al. A pressure-amplifying framework 

material with negative gas adsorption transitions. Nature. 2016, 532(7599): 

348-352. 

[11] Carrington E. J., Vitórica-Yrezábal I. J., Brammer L. Crystallographic studies 

of gas sorption in metal-organic frameworks. Acta Crystallogr. Sect. B Struct. 

Sci. Cryst. Eng. Mater. 2014, 70(3): 404-422. 

[12] Cho H.S., Yang J., Gong X., et al. Isotherms of individual pores by gas 

adsorption crystallography. Nat. Chem. 2019, 11(6): 562-570. 

[13] Gładysiak A., Deeg K. S., Dovgaliuk I., et al. Biporous metal-organic 

framework with tunable CO2/CH4 separation performance facilitated by 

intrinsic flexibility. ACS Appl. Mater. Interfaces. 2018, 10(42): 36144-36156. 

[14] Dovgaliuk I., Nouar F., Serre C., Filinchuk Y., Chernyshov D. Cooperative 

adsorption by porous frameworks: Diffraction experiment and 

phenomenological theory. Chem. - A Eur. J. 2017, 23(70):17714-17720. 

[15] Heere M., Hansen A. L., Payandeh S., et al. Dynamics of porous and 



Chapter 3 

88 

amorphous magnesium borohydride to understand solid state Mg-ion-

conductors. Sci. Rep. 2020, 10, 9080. 

[16] Filinchuk Y., Richter B., Jensen T. R., Dmitriev V., Chernyshov D., 

Hagemann H. Porous and dense magnesium borohydride frameworks: 

Synthesis, stability, and reversible absorption of guest species. Angew. Chem. 

Int. Ed. 2011, 50(47): 11162-11166. 

[17] Dyadkin V., Pattison P., Dmitriev V., Chernyshov D. A new multipurpose 

diffractometer PILATUS@SNBL. J. Synchrotron Radiat. 2016, 23(3): 825-

829. 

[18] Ashiotis G., Deschildre A., Nawaz Z., et al. The fast azimuthal integration 

Python library: PyFAI. J. Appl. Crystallogr. 2015, 48(2):510-519. 

[19] Frontzek M. D., Whitfield R., Andrews K. M., et al. WAND2 - A versatile 

wide angle neutron powder/single crystal diffractometer. Rev. Sci. Instrum. 

2018, 89(9): 092801. 

[20] Rodriguez-Carvajal J. FULLPROF: a program for Rietveld refinement and 

pattern matching analysis. In: Satellite Meeting on Powder Diffraction of the 

XV Congress of the IUCr. 1990, 127. 

[21] Heere M., Mühlbauer M. J., Schökel A. Knapp M., Ehrenberg H., Senyshyn 

A. Energy research with neutrons ( ErwiN ) and installation of a fast neutron 

powder diffraction option at the MLZ, Germany. J. appl. crystallogr. 2018, 

51(3): 591-595. 

[22] Favre-Nicolin V., Černý R. FOX, “free objects for crystallography”: A 

modular approach to ab initio structure determination from powder 

diffraction. J. Appl. Crystallogr. 2002, 35(6): 734-743. 

[23] Rodríguez-Carvajal J. Recent advances in magnetic structure determination 

by neutron powder diffraction. Phys. B Phys. Condens. Matter. 1993, 

192(1):55-69. 

[24] Stadie N. P., Callini E., Mauron P., Borgschulte A., Züttel A. Supercritical 

nitrogen processing for the purification of reactive porous materials. J. Vis. 

Exp. 2015, (99): 52817. 

[25] Vogt J., Alvarez S. Van der Waals Radii of noble gases. Inorg. Chem. 2014, 

53(17): 9260-9266. 

[26] Koutsoyiannis D. Clausius-Clapeyron equation and saturation vapour 

pressure: Simple theory reconciled with practice. Eur. J. Phys. 2012, 33(2): 

295-305. 

[27] Dovgaliuk I., Senkovska I., Li X., Dyadkin V., Filinchuk Y.,  Chernyshov D. 

Kinetic barriers and microscopic mechanisms of noble gas adsorption by 

nanoporous γ-Mg(BH4)2 obtained by means of sub-second X-ray 

diffraction. Angew. Chem. Int. Ed. 2010, 60(10), 5250-5256. 



Chapter 3 

89 

[28] Dovgaliuk I., Dyadkin V., Donckt M. V., Filinchuk Y., Chernyshov, D. Non-

Isothermal kinetics of Kr adsorption by nanoporous γ-Mg(BH4)2 from in situ 

synchrotron powder diffraction. ACS Appl. Mater. Interfaces. 2020, 12(6), 

7710-7716. 

[29] Pato‐Doldán B., Rosnes M. H., Dietzel P. D. An In‐depth structural study of 

the carbon dioxide adsorption process in the porous metal–organic 

frameworks CPO‐27‐M. ChemSusChem. 2017, 10(8), 1710-1719. 

 

  



Chapter 3 

90 

  



Chapter 4 

91 

Chapter 4. Ultra-dense Hydrogen in 

Small Pore Hydridic Framework 

 

Hyunchul Oh1,10, Nikolay Tumanov2, Voraksmy Ban2, Xiao Li2, Bo 

Richter3, Matthew R. Hudson4, Craig M. Brown4, Gail N. Iles5,6, Dirk 

Wallacher5, Scott W. Jorgensen7, Luke Daemen8, Rafael Balderas-

Xicohténcatl8, Yongqian Cheng8, Anibal J. Ramirez-Cuesta8, Michael 

Heere9, Michael Hirscher1*, Torben R. Jensen3*, Yaroslav 

Filinchuk2* 

 

1Max Planck Institute for Intelligent Systems; Heisenbergstrasse 3, D-70569 

Stuttgart, Germany. 

2Institute of Condensed Matter and Nanosciences, Université Catolique de 

Louvain; Place L. Pasteur 1, 1348 Louvain-la-Neuve, Belgium. 

3Department of Chemistry and Interdisciplinary Nanoscience Center, Aarhus 

University, Langelandsgade 140, 8000 Aarhus C, Denmark. 

4Center for Neutron Research, National Institute of Standards and 

Technology; Gaithersburg, MD 20899, USA. 

5Department of Crystallography, Helmholtz-Zentrum Berlin; 14109 Berlin, 

Germany. 

6School of Science, RMIT University; Melbourne, VIC 3000, Australia. 

7Chemical and Environmental Sciences Lab General Motors R&D Center; 

30500 Mount Rd, Warren, MI 48090, USA. 

8Spallation Neutron Source, Oak Ridge National Laboratory; Oak Ridge, 

Tennessee 37831, United States. 

9Institute for Applied Materials (IAM), Karlsruhe Institute of Technology 

(KIT); 76344 Eggenstein-Leopoldshafen and Heinz Maier-Leibnitz Zentrum 

(MLZ), Technische Universität München; Lichtenbergstr. 1, 85748 Garching, 

Germany. 

10Department of Energy Engineering, Gyeongsang National University; Jinju, 

Gyeongnam, 52849 Republic of Korea. 



Chapter 4 

92 

Abstract 

Nanoporous materials have attracted attention for extreme 

diversity of chemical composition, structures, and properties. A porous 

magnesium borohydride host framework with small pores and a unique 

partially negatively-charged non-flat interior has been investigated to 

identify exact host-guest interactions with H2 and N2 using neutron 

powder diffraction, volumetric gas adsorption, and inelastic neutron 

scattering. Hydrogen and nitrogen have distinct and different 

adsorption sites within the structure with very different limiting 

capacities: 2.33 H2 and 0.66 N2 per Mg(BH4)2. Inside the pore, 

molecular hydrogen is packing extremely dense on two distinct sites. 

Independently, all three experimental methods yield twice the density of 

liquid hydrogen (144-132 g H2/L of pore volume). This study reveals 

that densely packed hydrogen can be stabilized in small-pore materials 

at ambient pressures. 
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4.1. Introduction 

The widespread use of hydrogen as a fuel in personal and public 

transport vehicles is limited by the significant challenge of hydrogen 

storage. Current technology mainly focuses on molecular hydrogen 

storage in either gaseous (e.g., p(H2) = 700 bar) or liquid forms, at 

cryogenic temperatures[1][2]. Unfortunately, there are limits to the 

volumetric and gravimetric storage density that current engineering 

technologies can provide. Hydrogen, as a molecule, can physically 

adsorb in a porous material by weak Van der Waals interactions 

(London dispersion forces) in a process that is called physisorption[3-5]. 

For practical applications of physisorbed hydrogen, enhancing the 

interaction energy between the molecule and the solid surface is 

necessary. 

A nanoporous cubic magnesium borohydride, −Mg(BH4)2 ( = 

0.550 g/cm3, space group Id-3a) has a net of linear channels, with 33 % 

free pore volume[6]. The pore diameter is ≈ 9 Å, and the smallest 

aperture is ≈ 5.8 Å, enabling this compound to adsorb small molecules, 

such as dichloromethane, nitrogen, or hydrogen. This porous hydride 

has a unique non-flat, partially negatively-charged inner surface, where 

the hydridic Hδ- atoms are exposed into the pores. Using synchrotron 

radiation X-ray powder diffraction (SR-XRPD), nitrogen molecules 

were found to be located close to the centre of the pore, corresponding 

to one molecule per pore and thus reaching a limiting composition 

−Mg(BH4)2·2/3N2. Hydrogen molecule positions could not be 

determined independently in the previous investigations due to H's 

small X-ray scattering length and were assumed to occupy the same 

position as N2
[6]. 

4.2. Experimental details 
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Experimental details can be seen in Appendix II. 

4.3. Results and discussion 

Using neutron powder diffraction (NPD), we have now accurately 

determined the location of the hydrogen atoms and molecules in the 

framework structure. Using isotopically enriched −Mg(11BD4)2 

samples and deuterium (D2) gas the large neutron coherent cross-

section of deuterium makes NPD the ideal diffraction technique to 

locate H atoms. High-resolution, high-flux neutron powder 

diffractometers are ideal for fast, in situ studies involving rapidly 

changing gas-solid systems, particularly when one of the gases is 

deuterium[7]. For the data analysis we first performed a Rietveld 

refinement of NPD data to confirm the ‘empty’ framework structure of 

−Mg(BD4)2 (see Figure S1 and Table S1) and the SR-XRPD based 

structural model −Mg(BH4)2·2/3N2 which corresponds to the full 

occupation of the pore with one nitrogen molecule, positionally 

disordered around the pore's centre (see Figure 1a and Table S2). 

Remarkably, we discovered that the Rietveld refinement of the 

deuterium loaded sample indicates that the D2 does not lie in the centre 

position of the pore as N2 (comparison of the Rietveld refinement 

profiles for the two localization models is shown in Figure 1b left, and 

c). Instead, D2 molecules are located close to the aperture of the pore 

and that the two D2 molecules in the pore are symmetry equivalent and 

described with a single crystallographic site, denoted D11 (Figure 1b, 

middle and right). 

The limiting composition of this structure corresponds to 4/3 D2 

per Mg(BD4)2, i.e., Mg(BD4)2˖1.33D2, and is easily saturated at p(D2) 

= 27 mbar at low temperature, T = 25 K. For the model description of 

the deuterium, it is represented by a quantum rotator often referred to 

as a ‘super atom’[8] with a centroid of a sphere of nuclear density around 

the centre of mass of the D2 molecule. It is described with a single  
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Figure 1. Neutron powder diffraction profiles for nitrogen and deuterium-loaded γ-

Mg(11BD4)2 along with projections of the crystal structures. a) Nitrogen-loaded γ-

Mg(11BD4)2 sample at 100 K and 3 bar (HZB data, λ = 1.7982 Å). left picture 

shows the Rietveld refinement profile. The angular ranges containing contributions 

from the Al can were excluded from the refinement. middle picture shows the 

superposition of nitrogen adsorption sites in the crystal structure of nanoporous γ-

Mg(BH4)2, viewed along [111] direction. Mg atoms are shown as grey spheres, BH4 

groups as blue tetrahedra, disordered N2 molecules shown as blue spheres, and the 

unit cell is defined by red lines. right picture is the porous channel running along 

the cubic diagonal displaying an N2 molecule in the centre of the pore. The distance 

of two neighbouring N2 molecules is at 6.82 Å. b) Deuterium-loaded γ-Mg(11BD4)2 

sample at 10 K (NIST data, λ = 2.079 Å). left picture shows the Rietveld refinement 

profile, using the new structural model that allows for the double hydrogen capacity, 

γ-Mg(11BD4)2∙1.33D2. middle picture shows the superposition of deuterium 

adsorption sites viewed along [111] direction, D2-centroids shown as red spheres. 

right picture is the porous channel running along the cubic diagonal displaying two 

D2 per pore taking positions close to the apertures. The distances of intra- / inter-

pore D2 are 3.234 Å and 3.583 Å, respectively. 

positional parameter, one occupancy factor (that accounts for 2 atoms 

in a molecule, i.e., an occupancy of 2 indicates 1 molecule), and one 

atomic displacement parameter. The D11 site is located on the 3-fold 

axis, forming a one-dimensional chain along the [111] direction of the 

cubic unit cell (Figure 1b middle). The guest-guest contacts between 
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deuterium molecules within the same pore and between different pores 

are 3.234(5) and 3.583(5) Å, respectively, see Figure 1b right. These 

distances are significantly shorter than the distances between H2 

centroids in solid hydrogen (~3.8 Å)[9], allowing a pore in 

−Mg(11BD4)2 to accommodate two D2 molecules closer to the 

apertures, while only one larger N2 occupies the centre of the pore. 

Notice, that the kinetic diameter of D2 and H2 are similar, d(H2) = 2.89 

Å, whereas that of nitrogen is larger, d(N2) = 3.64 Å (see Figure 1a 

right). 

The host-guest interaction is defined by the contacts involving the 

framework’s deuterium atoms, i.e., partially negatively charged 

hydrogen ‘corners’ of the borohydride groups, at 2.992(6) Å away from 

the D2 centroid. This kind of host-guest interaction makes −Mg(BH4)2 

a unique porous material exhibiting strong H−…H2  adsorption at 

ambient pressure. Metal-organic frameworks (MOFs) and hydrogen 

hydrates[10] do not contain hydridic hydrogen, so they do not exhibit 

similar molecular arrangements. The other example, metal hydride 

clathrates, do not contain original hydrogen molecules due to the 

transfer of electrons from metal atoms to H-atoms, and are stable only 

at high pressures[11]. The affinity of H2 to H− is also illustrated by the 

fact that deuterium molecules remain close to the aperture and not to 

the centre of the pore at low and intermediate hydrogen loadings. This 

is illustrated by −Mg(BD4)2·0.35D2 and −Mg(BD4)2·1.05D2, 

respectively, at p(D2) = 0.21 and 0.43 mbar and T = 25 K (see Table S4 

and Figure S4 summarizing the results of the neutron diffraction study). 

Thus, the D2 molecule does not move to the centre of the pore, where 

more space is available, even at low loadings. We can conclude that the 

specific H−H2 interaction leads to well-defined H2 adsorption at the 

D11 site, both at low and high loadings. 

Re-evaluating the previously published H2 adsorption isobars 

extracted from SR-XRPD data using the N2 model[6] with this 

−Mg(BH4)2 and D11 site as the model, provide an improved fit to the 

observed diffraction data collected at hydrogen pressures of 3.34 bar, 
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33.7 bar, and 105 bar and temperatures down to 80 K. The extracted 

isobars have more regular shapes and also give the maximum capacity 

of 4/3 H2 per formula unit, in good agreement with neutron diffraction 

data. Chapter S2 in the supporting information provides more details 

and comparisons. 

Structure revision using NPD and SR-XRPD data firmly shows that 

physisorbed hydrogen density in γ-Mg(BH4)2·1.33H2 reaches ~5.0 

mass fraction (wt%). Considering the 0.60 cm3/g total pore volume in 

γ-Mg(BH4)2, the observed density of hydrogen molecules in the pores 

of 0.082 g/cm3 is higher than the density of liquid hydrogen at 21 K and 

1 bar (71 g H2/L) and close to solid hydrogen (86 g H2/L). 

Remarkably, at higher deuterium pressure at 25 K, we observed a 

second step of gas uptake. Analysis of NPD data reveals that a second 

D2 site, denoted D22, starts to fill (Figure 2b), reaching saturation at 

p(D2) = 205 mbar and T = 25 K. D22 is not positioned on the 3-fold 

axis, running through the centre of the channel, therefore creating a 

short (self-excluding) D22...D22 distance of 1.94 Å between the two 

bypassing channels. As a consequence, the limiting occupancy of the 

D22 site is 50 %. Careful re-analysis of the diffraction data measured at 

p(D2) = 27 mbar, T = 25 K indicates that the D22 site is 14% filled at 

this pressure, while at 203 mbar it becomes fully occupied (50 %), 

reaching the limiting composition of −Mg(BD4)22.33D2. Rietveld 

refinement profiles are provided in Figure 2a and crystallographic data 

in Table S6. Extra weak diffraction peaks appear in the NPD patterns 

of −Mg(BD4)22.33D2, showing that the body-centred structure 

becomes primitive, most likely due to an order of D22 site in a lower 

symmetry space group (possibly Pa-3). 

Thus, crystallographic data reveal the composition -

Mg(BH4)22.33H2 at saturation, corresponding to 8.0 mass fraction 

(wt%) physisorbed hydrogen, and taking into account the hydrogen of 

the framework, this translates to a total gravimetric and volumetric H-

content of 21.7 mass fraction (wt%)  and 129 g/L respectively. 

Remarkably, the physisorbed hydrogen (2.33 H2) is packed extremely  
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Figure 2. Deuterium-loaded γ-Mg(11BD4)2 at 25 K and 203 mbar. a) the Rietveld 

refinement NPD profile, λ = 1.799 Å. The angular ranges containing contributions 

from the Al can were excluded. b) Crystal structure containing two D2 sites with the 

limiting composition of γ-Mg(BH4)2∙2.33D2. Mg atoms are shown as grey spheres, 

BH4 groups as blue tetrahedra, and the unit cell is defined by red lines, the D11 

position of the D2 centroids is shown as red spheres, the D22 position of the D2 

centroids as green spheres. c) The porous channel running along the cubic diagonal 

displays the two D2 sites. The spheres in the right pore are shown with the van der 

Waals radius of hydrogen molecule in solid state at ambient pressure (1.52 Å)[12]. d) 

Environment of 5 H2 molecules occupying the same pore, highlighting short B-

H−…H2 and H2…H2 contacts. 

densely in the pores, with an estimated 144 g H2 per litre of pore 

volume, which is twice the density of liquid hydrogen. This high density 

stems from the short contact distances between the H-atoms of the BH4 

group and the centres of the H2 molecules (the shortest is D1...D22 of 

2.69(1) Å) and within the trigonal bipyramidal cluster composed of five 

H2 molecules shown in Figure 2c) (the shortest is D11...D22 of 2.64(1) 
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Å). The latter compares well with the 2.66 Å H2…H2 distance in phase 

I of solid H2 at 5.4 GPa[13]. 

Spectroscopic characterization was performed using inelastic 

neutron scattering (INS) measurements on γ-Mg(BD4)2 with and 

without H2 dosed[14]. INS is a technique that is particularly useful to 

identify the rotational features of the hydrogen molecule (H2)
[15][16]. 

Figure 3 shows the spectrum of para-hydrogen (pH2) adsorbed on 

Mg(BD4)2 corresponding to Mg(BD4)2∙1.46H2. With a correction for 

the ~30% amorphous non-porous magnesium borohydride, the 

effective loading of the crystalline porous fraction is 2.06H2 per Mg 

atom, indicating almost full loading of the two adsorption sites. The 

spectrum contains two rotational peaks at 13.9 meV and 14.6 meV. The 

higher energy transition is consistent with a free hydrogen rotor, red 

hashed area (see Figure 3) similar to solid hydrogen and hydrogen under 

confinement[17]; therefore, it can be assigned to the D11 site. The second 

rotational peak with lower intensity is consistent with a perturbed rotor, 

blue hashed area[15][18][19], and can be attributed to D22. Experimentally, 

at the maximum loading, the ratio between the areas of D22:D11 is 

1:2.7 for INS and 1:1.33 for fully loaded state in NPD, see SI.  

The total spectrum can be constructed using the contributions from 

the density of states (DoS) of the rattling modes of the hydrogen 

molecule, obtained from the spectra of normal hydrogen (nH2, mixture 

of ortho and para), as presented in[20][21]. The convolution of the 

rotational transitions with the DoS yields the total spectrum (see SI 

section 5.5). As seen in Figure 3, trace II, the reconstructed spectrum 

lacks intensity at 27.8 meV. This peak at 27.8 meV has an energy that 

matches twice the transition 𝐽0→1 of the rotational peak (blue hashed 

area).However, there is no rotational transition of pH2 that can account 

for this intensity (see Table S8). A similar effect can be seen when 

measuring hydrogen under high pressure (see SI section 5.5. and Figure 

S21). The small peak present in solid hydrogen at 29.1 meV at 100 bar 

increases manifold at 2500 bar. This peak is a consequence of a 

simultaneous quantum rotational excitation (SQRE) of two distinct pH2 
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Figure 3. Inelastic neutron scattering spectra for deuterium-loaded γ-Mg(BD4)2. 

Top, INS spectra of Mg(BD4)2 loaded with 4 mmol of pH2 (black). The vibrational 

DoS (purple upper area) is convoluted with the rotor transitions red and blue hashed 

areas, peaks f) and g) (see SI for peak full peak assignment). The resulting 

convolution is shown in the greyed-out areas in trace I to obtain the overtones and 

combinations. The sum of the overtones is shown in the trace labeled II. Trace III 

includes the contribution of the concurrent excitation of the J0→1 on two neighboring 

hydrogen molecules. Bottom, Scheme of simultaneous quantum rotational 

excitation (SQRE), a single neutron interacts simultaneously with two neighboring 

H2 molecules. The resulting neutron transfers the energy required for two rotational 

transitions 2𝜔𝐽0→1
(27.8 meV). Only the SQRE of the rotational transition at 13.9 

meV shows in the spectrum. (All INS spectra presented in this paper have been 

measured at 5 K) 

molecules. The pressure makes these molecules interact with each other 

and therefore, a single neutron scattering interaction with one of the 

molecules induces a simultaneous transition in the other molecule as 

well (see SI section 5.3). The neutron transfers the energy required for 

both excitations, ωeff = 2ωJ0→1
. Only the low energy rotational 



Chapter 4 

101 

transition (Figure 3 peak f) exhibits this behavior. The peak at 14.6 meV 

does not show the equivalent transition at 29.2 meV, therefore these 

transitions correspond to two different adsorbed species. 

By looking at the effect of pressure on highly enriched pH2 and nH2 

(see SI section 5.5.) on the phonon spectrum of hydrogen, we can 

calibrate a “representative density” required for the effect of pressure to 

be observable. The corresponding pressure of 2915 bar is consistent 

with a hydrogen density of 132 g/L and an estimated average H2-H2 

intermolecular distance of 3.29 Å (see SI section 5.6).  

Furthermore, Figure S18 shows the effect of temperature on the 

INS spectra at the composition Mg(BD4)2∙1.46H2. Observing the 

evolution of the peaks with temperature, we see a different behavior 

corresponding to two different sites for hydrogen molecules. The peaks 

at 13.9 meV and 27.8 meV, assigned to D22, disappear simultaneously 

when the temperature reaches 95 K. The peak at 14.7 meV, attributed 

to D11, is still observed up to 185 K. Thus, INS enable an independent 

determination of the high H2 density inside the pore, and the rotational 

spectrum confirms the existence of two distinct sites for the hydrogen 

molecules, fully in agreement with neutron diffraction data. 

 
Figure 4. Adsorption isotherm of N2 at 77 K and H2 at 20 K, respectively. a) the 

first batch sample with short-term storage, exhibiting 42 % amorphization. Data 

correction for the amount of the amorphous phase results in γ-Mg(BH4)2∙2.04H2. b) 

the second batch sample with long-term storage, exhibiting 62 % amorphization. 

Data correction for the amount of the amorphous phase results in γ-

Mg(BH4)2∙2.06H2. 
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To further verify the presence of two hydrogen adsorption sites and 

to characterize their thermodynamics with a macroscopic measurement, 

we used a volumetric Sieverts’ apparatus, based on the measurement of 

the pressure variation with time for well calibrated volumes of gas 

equilibrated with the sample. Unlike diffraction methods, high-

resolution adsorption measurements are not probing only the crystalline 

phase γ-Mg(BH4)2, and an amorphous fraction in all samples needs to 

be considered. We quantified the crystalline fraction of γ-Mg(BH4)2 by 

attributing the amount of the adsorbed nitrogen, as determined from a 

volumetric isotherm, to the adsorption in the crystalline phase only (see 

Chapter S4 for details and Figure 4 with two examples). Notably, the 

volumetric H2 uptake corrected for the presence of the amorphous 

fraction consistently exhibits γ-Mg(BH4)2∙2.04~2.06 H2, very close to 

the limiting composition obtained from the crystallographic data 

(−Mg(BH4)22.33H2). 

We observe about three times larger adsorption of H2 as compared 

to N2 for each sample. This is possibly a very rare example of two 

similar probe molecules, H2 and N2, with very different interactions 

with the topology of the surface, as pointed out previously[22]. Similar 

to the gas uptake in Figure 4, the Brunauer–Emmett–Teller (BET) 

surface area of −Mg(BH4)2 determined from N2 isotherm at 77 K is 

only SBET(N2) = 610 m2/g, while the BET area calculated from the H2 

isotherm at 20 K is SBET(H2) = 1787 m2/g or 1577 m2/g, using a cross-

sectional area of the hydrogen molecule based on the liquid or solid 

density, respectively (see Figure 4a). Furthermore, the total specific 

pore volume (SPV, max. uptake per sample mass / liquid gas density) 

of −Mg(BH4)2 determined from N2 isotherm at 77 K is only 0.12 mL/g, 

while the SPV calculated from H2 isotherm at 20 K is 0.51 mL/g. The 

crystallographic investigation reveals that the pore size and pore 

aperture in −Mg(BH4)2 allows both H2 and N2 to enter and reach the 

saturation. Thus, this study reveals unambiguous evidence for the 

strong correlation between the measured specific surface area and the 

probe molecule owing to different interactions with non-flat surface 
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topology[22] rather than restricted access to the porous area of the 

structure mediated by pore aperture size. Please note that even though 

total uptake is reduced by aging due to sample amorphization (Figure 

4b), the probe molecule effect consistently exhibits similar tendency 

(for the second batch, SBET(N2) = 310 m2/g, SBET(H2) = 1110 m
2/g or 

975 m2/g, cross sectional area based on liquid or solid, respectively, and 

SPV(N2) = 0.08 mL/g, SPV(H2) = 0.41 mL/g, Figure 4b). Importantly, 

the ratios of total uptakes of H2 and N2, as well as of the respective BET 

areas and SPVs are very close to the ratio of H2 and N2 limiting uptakes 

seen by diffraction, namely 2.33/0.66 = 3.5 times. Moreover, diffraction 

studies show that the guest-host and the guest-guest interactions are 

responsible for the discrepancy in the surface area analysis, rather than 

the pores being too small for a particular particle as would be the case 

in size-exclusion. 

Temperature-dependent gas adsorption experiments also provide 

access to the isosteric heats of adsorption, which characterize the 

strength of host-guest and guest-guest interaction. The isosteric heat of 

hydrogen adsorption as a function of the surface coverage is given in 

Figure 5a for −Mg(BH4)2 and copper benzene-1,3,5-tricarboxylate 

(CuBTC) MOF possessing similar pore diameter and H2 uptake. The 

hydrogen adsorption enthalpy is almost constant at 6.1 kJ/mol up to ~50 

% surface coverage and then decreases to 4.5 kJ/mol, while that of 

similar MOFs, e.g., CuBTC, typically decreases with coverage[23]. The 

decrease of the isosteric heat of adsorption at loading above 1.33H2 per 

Mg can be explained by the host-guest and guest-guest repulsion 

involving atoms in the D22 site, which also coincides with the unit cell 

volume expansion by 0.67 % (while no expansion is observed upon 

filling the D11 site). Further evidence is also observed in the high-

resolution low-pressure H2 adsorption isotherm as shown in Figure 5b. 

In the logarithmic pressure scale, the isotherm exhibits clearly a two-

step behavior which indicates adsorption at two sites with different 

adsorption enthalpies. Assuming monolayer adsorption in these sites, 

the maximum hydrogen content expected in the first adsorption site 

(D11) is ca. 57 % of the total uptake. Thus, the remaining ca. 43 % is 
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assigned to be second site (D22), which also fits very well the NPD 

results. 

 
Figure 5. Characterization of hydrogen adsorption in γ-Mg(BH4)2 by 

volumetric methods. a) The comparison of the isosteric heat of hydrogen 

adsorption for -Mg(BH4)2 over MOFs (e.g. Cu-BTC possessing similar pore 

diameter and H2 uptake) as a function of the surface coverage, recalculated to the H2 

loading per formula unit. Black square indicates -Mg(BH4)2 and red circle indicates 

Cu-BTC. b) High-resolution low-pressure H2 adsorption isotherms for -Mg(BH4)2 

at various temperatures between 20 and 70 K. With increasing temperature, two 

clear steps in the adsorption isotherms become visible. 

4.4. Conclusions 

-Mg(BH4)2 appears to be a unique hydridic framework with 

partially negatively charged H-atoms forming the pore’s inner surface. 

Its small pores remarkably well distinguish N2 and H2 molecules, the 

latter having their own sites close to the H-atoms of the BH4 groups. 

This work highlights an opportunity for development of hydridic 

porous frameworks for high-density hydrogen storage or as future 

materials potentially having high-T superconductivity and stability 

approaching ambient conditions. The high H2 density in the pores may 

be due to the anisotropic shape of H2 molecules normally seen at near 

ambient pressures as close-packed spheroids. In addition, at very high 

pressures, hydrogen molecules may show even more complex ordered 
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patterns[24]. Association of H2 molecules into so-called hydrogen 

clusters[25], where intermolecular distances of H2 are in fact lengthened, 

has been reported. However, here we see a formation of smaller 

molecular units, di-hydrogen bonded tri-hydrogen, B−H−H2, closer 

to what was previously defined theoretically as trihydrogen bonds 

involving a hydridic hydrogen or charge-inverted hydrogen 

bonds[26][27]. 
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Abstract 

Helium and neon are light noble gases applied in biomedicine, 

cryogenics, lighting etc. We studied their adsorption in a crystalline 

porous framework, γ-Mg(BH4)2, using in situ diffraction and density 

functional calculations (DFT ). Adsorption isobars of He and Ne were 

plotted from sequential Rietveld refinement based on synchrotron X-ray 

powder diffraction data made a sub-LN2 temperatures. These unique 

experiments were validated by neutron powder diffraction using 

isotopically substituted γ-Mg(11BD4)2. At lower temperatures we 

observed a second adsorption site for Ne, however, not for He, which 

is usually considered to be smaller than Ne. By means of DFT 

simulations, we calculated the adsorption energy for light noble gasses 

(He, Ne and Ar), shedding light on guest-guest interactions, and built 

P-T phase diagrams. 
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5.1. Introduction 

Helium (He) and Neon (Ne) are light noble gases with small atomic 

size and low polarizability. Helium is utilized in biomedicine as healing 

gas and cooling agent for superconducting magnets. In the meantime, it 

is an essential substance used in material manufacturing industry, 

nuclear reactors, leak monitoring, and automobile gasbags due to its 

inertness and small size[1]-[4]. Neon is generally known for its 

application in advertising lighting. It is also applied in medical lasers[5] 

for treatment of neck and head cancer. Due to its low liquefaction 

temperature, and in particular, its liquid-gas equilibrium curve covering 

around 40 K temperature range where no other liquids occur, neon is a 

very attractive gas for cryogenic applications[6][7]. Currently helium and 

neon are extracted from natural gas or liquid air by fractional 

distillation. Since this is an energy-costly process, these are expensive 

products thus the development of storage and transportation of He and 

Ne is of importance. 

Physisorption is a potential answer to the need of storage, 

separation and transportation of gases. In recent years, crystalline 

porous frameworks, such as metal organic frameworks (MOFs), porous 

coordination polymers (PCPs), have raised a great interest among 

researchers due to their high surface area, functionalized pore surface 

and tunable structure over other porous materials[8][9]. These materials 

can not only be applied for gas storage and separation, but also for 

catalysis, sensing and so on[10]-[12]. There are known examples of He 

and Ne adsorption in silicalite (porous SiO2)
[13], zeolites[14]–[18], active 

carbon[19], carbon nanotubes[20][21] and nanohorns[22]. However, these 

are limited reports on He and Ne adsorption, and even less is known for 

adsorption in crystalline porous frameworks. Peter A. Wood et al[23] 

first reported experimental Ne adsorption within a metal-organic 

framework using PCN-200 and NiMOF-74 in the temperature range 

100-295 K and pressures up to 100 bar. Hulvey et al[24] studied Ne 

adsorption both experimentally and computationally on HKUST-1 at 
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40-60 K, up to 0.8 bar. Barreto et al[25] also reported Ne adsorption on 

HKUST-1 and UiO-66 over a wide pressure and temperature ranges, 

firstly building a database of Ne adsorption on these two well known 

MOFs. Ribeiro et al[7] investigated Ne adsorption in MOF 

Co3(ndc)3(dabco) from 77 K to 320 K and up to 100 bar; its behavior is 

similar to Ne adsorption in HKUST-1.  

Low adsorption enthalpies of He and Ne require low temperature 

conditions, below the temperatures of liquid nitrogen (LN2), making 

these experiments less accurate with respect of the determination of 

microscopic properties[21]. Therefore, molecular simulation by DFT 

theory becomes a good tool for understanding and predicting the 

adsorption behavior of small noble gases in microporous frameworks. 

Ideally, simulations should be coupled with experimental structural 

studies. In this work, we investigated He and Ne adsorption in γ-

Mg(BH4)2, the first complex hydride with porous structure[26]. This 

framework contains a 1D porous channel with 7 Å diameter in the wider 

part, allowing small molecules to be adsorbed and showing interesting 

host-guest interactions owing hydridic nature of the pore surface. X-ray 

synchrotron and neutron powder diffraction was performed below and 

above LN2 temperatures, allowing to locate guests and obtain the 

microscopic picture of atomic interactions. This serves as experimental 

basis for DFT calculations giving detailed insight into guest-host and 

guest-guest interactions, estimates of the heats of adsorption and predict 

the P-T phase diagrams. 

5.2. Methods 

In situ synchrotron radiation X-ray powder diffraction (SR-

XRD) studies. All the synchrotron powder diffraction data were 

collected at BM01 (Swiss-Norwegian Beam Lines, SNBL) at the 

European Synchrotron Radiation Facility (ESRF, France). The sample 

was loaded in a glass capillary connected with a gas dosing system, 
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equipped with an electronic transducer (0.01 bar accuracy). The series 

of isobar experiments of neon (Ne) and helium (He) have been 

performed using synchrotron radiation with λ = 0.78487 Å. The isobar 

experiments were collected at p(Ne) = 10 bar from 35.7 K to 100 K and 

at p(He) = 7.19 bar from 18.8 K to 114 K, respectively. (See Figure 1). 

An Oxford Cryostream 600+ was operated at temperatures above 80 K, 

while open helium blower Helijet from Agilent was used below 80 K. 

In situ gas adsorption crystallography below LN2 temperatures is new 

to SNBL and to the ESRF experience in general, therefore we had to 

learn the behavior of the system and operational parameters allowing a 

gradual temperature change, control over icing of air on the surface of 

the capillary etc.  

Neutron Powder Diffraction (NPD) studies. NPD data were 

collected at the instrument HB-2C Wide Angle Neutron Diffractometer 

Squared (WAND2), which is a neutron diffractometer with a position 

sensitive detector and oscillating collimator at the High-Flux-Isotope 

Reactor (HFIR) at Oak Ridge National Laboratory (ORNL), Oak 

Ridge, TN, USA[27]. The take-off angle was fixed at 51.5° and used in 

combination with the Ge-monochromator (113) reflection at a 

wavelength of λ = 1.482 Å. The sample was prepared with 11B instead 

of natural B and deuterium (D=2H) was used instead of 1H, thus 

avoiding high absorption of the neutron beam and the incoherent 

scattering rising rise to a high background. The sample holder was a 

cylindrically-shaped Al sample holder, it contributed to the patterns 

with strong Al Bragg peaks, which we had to exclude from the 

refinements. A custom-made high-pressure rig was employed for 

various high gas pressures. The sample holder connected to the gas rig 

was inserted into a helium closed cycle refrigerator. The series of isobar 

experiments was done at p(Ne) = 8.5 bar from 33 K to 83 K and p(He) 

= 45 bar from 6.3 K to 121 K, respectively. 

Computational Details. The periodic DFT based calculations 

described in the present work have been carried out using the Vienna 

ab−initio simulation package (VASP)[28]. The core electrons effect on 



Chapter 5 

114 

the valence region was described by the projector augmented wave 

(PAW) method by Blöchl[29] as implemented by Kresse and Joubert[30]. 

The kinetic energy cut−off for the plane−wave basis set was truncated 

at 500 eV. The threshold for the convergence of the electronic 

optimization was 10−5 eV while the relaxation of the atomic positions 

was allowed until the forces acting on all the atoms were smaller than 

0.01 eV Å−1. For each of our simulations, we have optimized the 

geometries and evaluated the energies using the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional[31] and taking spin 

polarization into account. The long−range dispersion interactions were 

added to the PBE functional via the zero damping D3 (zero) semi 

empirical methods proposed by Grimme[32]. Γ-centered Monkhorst-

Pack[33] grid of 5×5×5 k−points in the reciprocal space were used for 

the simulation of Mg(BH4)2 material.  

The γ-Mg(BH4)2 structure has the space group Ia3̅d where Mg 

atoms occupy 24d Wyckoff positions are 8-fold coordinated to BH4 

tetrahedra. Boron atoms are placed on 48g Wyckoff positions. Due to 

the computational cost, we have employed the primitive cell of γ-

Mg(BH4)2 available in Materials Project Database[34] (mp-1200811), 

that contains 12 Mg, 24 B, and 96 H atoms. The He, Ne, and Ar atoms 

have been placed initially on the 32e and 48g positions following the 

experimental evidence. Two different ways to fill the available sites for 

γ-Mg(BH4)2 with these noble gases (NG) have been considered in order 

to investigate the preferred adsorption site; the first model fills first 32e 

sites, with a maximum NG/Mg ratio of 1.33. Then, the adsorption on 

48g site is carried out until a maximum NG/Mg ratio of 3.33. The 

second model mixes the adsorption on both sites randomly, without 

preference. 

The adsorption energy has been calculated according to the 

following formula:  

𝐸𝑎𝑑𝑠= ENG/ γ−Mg(BH4)2 - (𝐸γ−Mg(BH4)2 + 𝐸𝑁𝐺)  (Eq. 1) 

where ENG/ γ−Mg(BH4)2  is the energy of the noble gas atoms 
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adsorbed on γ-Mg(BH4)2 structure,  𝐸γ−Mg(BH4)2  is the energy of the 

clean porous material, and 𝐸𝑁𝐺 is the energy of the isolated noble gas 

(mp-23158, mp-111, and mp-23155 for He, Ne, and Ar respectively, 

available in Materials Project Database).  

The simulations were performed at 0 K and the effect of 

temperature and pressure were considered by means of the grand 

canonical approach. The thermodynamic potential of each phase can be 

written as the Legendre transform of the Gibbs free energy as follows: 

γ = G – nNG × μNG       (Eq. 2) 

where G is the free energy approximated by the DFT energy for a 

particular concentration of He, Ne, and Ar. The nNG term represents the 

number of noble gas atoms adsorbed on γ-Mg(BH4)2 and μNG is the 

chemical potentials of noble gas as a function of T and P. One can 

express the μNG according to Eq.2 

µ𝑁𝐺  (𝑇, 𝑝) =  𝐸𝐷𝐹𝑇/𝑁𝐺 + 𝛥µ𝑁𝐺 (𝑇, 𝑝)   (Eq. 3) 

where 𝐸𝐷𝐹𝑇/𝑁𝐺  is the DFT energy of the noble gas and 𝛥µ𝑁𝐺  (𝑇, 𝑝) 

defines how the chemical potential changes with T and P. For the noble 

gases in the material, the variation of µ𝑁𝐺  is related to the variation of 

translational partition function: 

𝑞𝑡 = (
2𝜋𝑚𝑘𝑏𝑇

ℎ2 )
3 2⁄

𝑉  

  𝜇(𝑇, 𝑝) =  − 𝑅𝑇𝑙𝑛(𝑞𝑡) + 𝑅𝑇𝑙𝑛(
𝑃

𝑃0
)    (Eq. 4) 

where, V is the volume of the porous material, h is the Planck 

constant, m is the mass of the noble gas, kB is the Boltzmann constant, 

T is the  temperature in K, and P is the pressure in bar expressed relative 

to standard state (1 bar).  

5.3. Results and Discussion 
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Crystal structure determination and refinement. For the 

structural determination of gas-loaded in γ-Mg(BH4)2, the atomic 

positions of the framework atoms have been fixed. The variable 

occupancies of Ne / He atoms have been implemented for the global 

optimization in FOX[35]. The data from the lowest temperatures (high 

gas loading) were used first in order to localize Ne / He atoms. From 

SR-XRD measurements, we found that He only takes place in the 32e 

crystallographic position, while Ne occupies 32e and 48g 

crystallographic positions at full loading, the same as H2, described in 

the previous chapter. The sequential variable-temperature refinement of 

the Ne / He atoms uptakes was performed using Fullprof[36], with the 

refinement of overall isotropic atomic displacement parameters for the 

framework and guests and occupancies of Ne / He atoms. (See Figure 

2). Ne in the 32e site was refined with anisotropic displacement 

parameters.  

Figure 1 shows the evolution of powder patterns of: a) Ne and b) 

He adsorbed by γ-Mg(BH4)2, investigated by SR-XRD. The unit cell of 

γ-Mg(BH4)2 stays practically unchanged with loading because the 

peaks’ positions do not change significantly. On the other hand, the 

integral intensities of peaks at 2θ = 6.95° and 2θ = 10.66° shows a 

dramatic change upon Ne uptake. This phenomenon allows us to 

perform refinement a γ-Mg(BH4)2·xNe with high accuracy. The 

 

Figure 1. SR-XRD powder pattern of a) Ne adsorbed by γ-Mg(BH4)2 at 10 bar and 

b) He adsorbed by γ-Mg(BH4)2 at 7.19 bar, at four representative temperatures. 
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behavior was also observed for He adsorbed in γ-Mg(BH4)2, despite the 

change of relative intensities was less significant.  

 
Figure 2. Left, Rietveld refinement of Ne in γ-Mg(BH4)2·1.67Ne (p (Ne) = 10 bar, 

T = 35.7 K; a = 15.8092 (2) Å; RBragg = 8.69 %; RF = 13.00 %. Right, Rietveld 

refinement of He in γ-Mg(BH4)2·1.32He (p (He) = 7.19 bar, T = 18.8 K; a = 15.8057 

(5) Å; RBragg = 23.6 %; RF = 27.1 %. The second line of Bragg peaks is from ice 

condensed on outer walls of capillaries during this sub-LN2 experiments. 

The Reitveld refinements of Ne and He loaded framwork is shown 

(Figure 2) for the highest loadings, correponding to the lowest 

temperatures (T(Ne) = 35.7 K, T(He) = 18.8 K) of the isobaric 

measurements by SR-XRD. Firstly, the guest atoms, Ne and He were 

localized by using FOX. At the condition of p = 10 bar, T = 35.7 K, Ne 

shows two adsorbed sites in γ-Mg(BH4)2, which are 32e 

crystallographic positions, denoted as Ne1 site, and 48g 

crystallographic position, denoted as Ne2 site (see Figure 3b). Ne1 site 

is situated along the porous channel of γ-Mg(BH4)2, running along the 

diagonal of the cubic unit cell, thus the atomic coordinates are 

constrained to be identical (x x x). The maximum uptake of Ne1 site is 

32 atoms per unit cell, leading to a limiting composition of the structure 

γ-Mg(BH4)2·1.33Ne, considering there are 24 Mg atoms per unit cell. 

Ne2 is not located on the 3-fold axis, instead, it is of-centred from the 

channel axis. Due to a short distance of 1.94 Å of Ne2 … Ne2 between 

the two bypassing porous channels (this distance excludes their 

simultaneous occupation), the limiting value for Ne2 site occupancy is 
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50%. This leads to an extra one Ne atom per formula unit at the 

maximum loading, with the total limiting composition accounting for 

the two Ne sites, γ-Mg(BH4)2·2.33Ne. Helium, usually considered to be 

smaller than neon, can be expected to show the same loading or higher, 

however, it only appears in the 32e site (denoted as He1, identical to 

Ne1) down to the lowest temperatures (18.8 K) of the SR-XRD 

experiment. 

Interestingly, both systems reveal a rearrangement of the guest, 

which is located near the center of the pore at low loadings, but 

predominantly fills a position near the aperture of the pore at higher 

loadings. The first site is denoted as Ne11 and He11 respectively for the 

two systems (this position is close to the center of the pore with 

coordinates 1/8 1/8 1/8), while the second is denoted as Ne12 and He12, 

respectively. This behavior is similar to Ar, described in the Chapter 3. 

 
Figure 3. Two crystallographic positions of Ne adsorbed inside the channel of γ-

Mg(BH4)2 are presented as red (Ne1) and green (Ne2) spheres. a) The 32e Ne1 

position is located closer to the center of the pore at p(Ne) = 10 bar, T = 100 K. b) 

p(Ne) = 10 bar, T = 35.7 K the maximum loading is observed, on one hand owing to 

filling the of the second position, Ne2, on the other – due to the relocation of the 

Ne1 towards the aperture, allowing two Ne1 atoms per pore, illustrated by c) the 

variation of intrapore and interpore Ne1…Ne1 distances with temperatures. 
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This redistribution, modelled with two sites can be simulated with 

only one site having a variable position (denoted as Ne1). Taking Ne 

adsorption as an example, at p(Ne) = 10 bar, T = 100 K (Figure 3a), the 

distance between two Ne atoms of interpore is 2.09 Å while the 

intrapore is 4.75 Å. Due to the fact that the interpore distance of 2.09 Å 

is too short to allow two Ne atoms to occupy the position at the same 

time, it leads to the limiting capacity to 0.66 Ne atoms per γ-Mg(BH4)2, 

namely γ-Mg(BH4)2·0.66Ne. As the temperature decreases, the Ne1 

atom will move to the aperture of the pore and becoming evenly 

distributed along the channel at a nearly equal distances, with interpore 

distance of 3.51 Å and intrapore of 3.34 Å (Figure 3b, p(Ne) = 10 bar, 

T = 35.7 K). This rearrangement allows for two Ne per pore, resulting 

a double limiting capacity of Ne adsorbed by γ-Mg(BH4)2, i.e., γ-

Mg(BH4)2·1.33Ne. In addition, the longer distance of interpore opens 

the space and allows for the appearance of the Ne2 site (shown as the 

green spheres in Figure 3b) at even lower temperature, and further 

increases the limiting Ne capacity in γ-Mg(BH4)2 to γ-

Mg(BH4)2·2.33Ne. 

He adsorption exhibits similar redistribution behavior for the He1 

site, as shown in Figure 4. The initial distances of interpore and 

intrapore at p(He) = 7.19 bar, T = 114 K, are 1.2 Å and 5.63 Å, 

respectively (figure 4a). In this case, only one He atom can be allowed 

to occupy one pore (γ-Mg(BH4)2·0.66He). While the temperature 

decreases to 18.8 K, the interpore distance becomes 2.81 Å, allowing a 

chance for two He atoms per pore (γ-Mg(BH4)2·1.33He) as the van der 

Waals radius of He is 1.43 Å [ref. https://www.webelements.com/-

helium/atom_sizes.html]. Compared to Ne1, He1 atoms are closer to 

the centre of the pore at higher temperatures, and couldn’t open large 

enough space for extra He atoms to take place in 48g crystallographic 

positions at lower temperatures. 

The sequential refinement of Ne and He atoms uptakes VS 

temperatures was performed using Fullprof subsequently and the results 

were extracted as shown in Figure 5. As described above, Ne atoms 
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firstly occupy 32e crystallographic positions along the porous channel, 

shown as the green curve in figure 5 left. At the temperature below 60 

K, the second site, Ne2, starts to be occupied (red curve in figure 5 left) 

while the first site Ne1 still not fully reaches its capacity at 1.33 Ne 

atoms per Mg. With gradually the Ne2 site loading, the interpore 

distance between Ne1 site shows a visible faster increment from 60 K 

to 45 K (see figure 3c, below 60 K), where the Ne2 site uptake from 0 

to 0.4 Ne atoms per Mg. The total uptake isobar curve reveals a double-

adsorption-step, of which the adsorption behavior could be hardly 

explained by volumetric or gravimetric method in a macroscopic view. 

He uptake isobar is simpler than Ne. Its limiting capacity finally 

reaches1.33 atoms per Mg, however, we found that the error of He 

uptake is relatively larger, showing as the data points “fluctuating up 

 

Figure 4. 32e crystallographic positions of He adsorbed in the porous channel 

of γ-Mg(BH4)2 and the redistribution behavior. a) p(He) = 7.19 bar, T = 114 K, 

b) p(He) = 7.19 bar, T = 18.8 K. Mg atoms shown as orange spheres, tetrahedral 

BH4 groups shown as blue sticks, He1 atoms shown as black spheres. 



Chapter 5 

121 

and down” in the Figure 5 right. Since He atom has a low electron 

density, it is not sensitive to X-ray and cannot be accurately located 

either. In order to correct and verify He adsorption behavior, we use 

neutron powder diffraction to accurately determine the location and 

occupancy of He in γ-Mg(BH4)2 as He atom has a large neutron 

scattering length. 

 
Figure 5. Isobar uptakes of Ne (left) and He (right) VS temperatures at p(Ne) = 

10 bar and p(He) = 7.19 bar. 

Detailed NPD data collection was mentioned above in the 

experimental section. Ne and He adsorption by isotopically enriched 
11B and 2H of γ-Mg(BH4)2, namely γ-Mg(11BD4)2, were carried out at 

p(Ne) = 8.5 bar from 33 K to 83 K and p(He) = 45 bar from 6.3 K to 

121 K, respectively. The same steps of extracting Ne and He uptake and 

atomic distances were utilized to obtain their adsorption behaviors. First 

of all, the He adsorption behavior by γ-Mg(11BD4)2 stays identical as 

that observed by SR-XRD (see Figure 6). Only 32e position was 

occupied even in the cryogenic condition of T = 6.3 K at p(He) = 45 

bar. An atomic redistribution of He at 32e position was observed as 

well, that the movement direction of the atoms is from the center of the 

pore to the apertures, as the temperature decreases. At 121 K, the 

interpore distance of He atoms is 1.41 Å and intrapore distance is 5.37 

Å, while at 6.3 K the values of interpore and intrapore distance change 

to 2.61 Å and 4.18 Å, respectively. Secondly, the isobar uptake of He 

stays a high consistency with that extracted from SR-XRD results and 

showing a more smoother curve due to the smaller errors. 
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Figure 6. He adsorption behavior in γ-Mg(11BD4)2 detected by NPD analysis. a) 32e 

crystallographic positions of He adsorbed in the porous channel of γ-Mg(11BD4)2 at 

p(He) = 45 bar, T = 121 K. b) p(He) = 45 bar, T = 6.3 K, c) the variable distance of 

inter / intrapore of He VS temperatures. d) isobar of He uptake VS temperatures. 

Errors are manually corrected based on the initial uptake of He at 121 K should be 

zero. Mg atoms shown as orange spheres, tetrahedral 11BD4 groups shown as blue 

sticks, He1 atoms shown as black spheres. 

The adsorption behavior of Ne analyzed by NPD (See Figure. 7) is 

consistent with that analyzed by SR-XRD. Two sites occupancy and 

32e site atomic redistribution were also observed. 

To further understand the interaction of guest-guest and guest-host 

systems, and to better explain the different adsorption sites showing in 

two similar noble gases, we use DFT calculation to simulate He, Ne, as 

well as Ar (Chapter 3), since we understand very well the Ar adsorption 

behavior in γ-Mg(BH4)2. As a larger size gas atom compared to He and 

Ne, Ar atoms only occupy 32e crystallographic position close to the 

centre of the pore at lower loadings and redistribute to the pore 

apertures when the loading increases. For Ar, there is no second site 

appearing at lower T or higher P. 
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Figure 7. Adsorption isobar of Ne at 8.5 bar pressure obtained from NPD, along 

with contributions of the two sites (32e for Ne1 and 48g for Ne2). 

Results of the computational study. DFT calculations suggest 

that He, Ne, and Ar prefer to be adsorbed on 32e sites. When the noble 

gases (NG) occupancy has values below to 1.33 NG/Mg ratio (full 

occupancy of 32e sites), to fill the 32e sites is lower in energy with 

respect to configurations that contain NG adsorbed on both 32e and 48 

g sites. When the 32e site is totally filled, the NG atoms are placed on 

48g. Therefore, DFT simulations are in agreement with experimental 

observations (Figures 3, 4, and 6) where it is evidenced that the 32e site 

is filled first. However, the computed adsorption enthalpy illustrated in 

Figure 8 shows remarkable differences between the He, Ne and Ar. First 

of all, the binding energy is stronger (more negative) as higher is the 

size of NG. Thus, lower adsorption energies are predicted for He atoms 

in comparison to the adsorption of Ne and Ar. Nevertheless, the amount 

of Ne and Ar is limited on γ-Mg(BH4)2 material.  

The experiments have shown the He deposition until loading the 

32e sites, although simulations suggest that it can fill both 32e and 48g 

sites of γ-Mg(BH4)2. As is plotted in Figure 8a, the adsorption energy 

per He atom is very weak -around 2.5 kJ/mol- and remains constant 

during the adsorption on 48g sites (from 1.33 He/Mg ratio forward).  

Despite of the guest-guest interaction energy is not repulsive, the 
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adsorption enthalpy is very weak in comparison to other noble gases 

and very low temperatures are required to investigate the gas 

adsorption. The He adsorption in the center of the pore is slightly 

favorable than in the aperture, in agreement with NPD experiments. 

However, the weak binding energy predicted by DFT simulations may 

imply the difficulty to reach higher loadings from the experimental 

point of view. 

With respect to Ne adsorption, the DFT results suggest that the Ne 

atoms can occupy half of the 48g sites after filling the 32e. DFT 

simulations at 0 K agree with the experimental results at 35 K and 10 

bar (Figures 3 and 5 left) where the 48g site is partially filled with an 

adsorption enthalpy around 5 kJ/mol. Figure 8a illustrates that the 

adsorption energy becomes weaker at ratios greater than 2.33 Ne/Mg. 

This is because the Ne-Ne interaction is repulsive due to the close 

distance between 48g sites. Regarding Ar adsorption, our simulations 

predict a strong Ar-host interaction (>15 kJ/mol) when Ar atoms are 

adsorbed on 32e sites. Nevertheless, the results show an energy loss and 

large guest-guest repulsion when Ar is deposited on 48g sites after 

filling the 32e (from 1.33 Ar/Mg ratio forward). Figure 8a clearly show 

that the interaction energy decreases, although it is important to remark 

that the Ar-host interaction is more favorable than the Ne-host and He-

host at ratios between 1.33-2.00 NG/Mg. We have observed a slight 

distortion of the γ-Mg(BH4)2 material due to the large Ar-Ar interaction, 

that displace Ar atoms from 48g sites to avoid the repulsion. At ratios 

greater than 2.33 Ar/Mg, the interaction energy between Ar and the host 

is repulsive (positive values), as is observed in Figure 8a.  

DFT simulations overestimate the adsorption enthalpy of Ar (20~ 

kJ/mol) in comparison to the experimental evidence reported in Figure 

8b. Nevertheless, these large values are obtained when Ar atoms are in 

the center of the pore (16b sites). In contrast to He and Ne, where the 

difference in energy between the center of the pore and the slightly 

displaced site (32e) is not significant, Ar clearly prefers to fill first the 

center of the pore. When the center is filled (0.66 Ar/Mg ratio), then Ar 
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can be slightly displaced to 32e sites to accommodate one more Ar per 

pore, although it implies an energy cost as is reported in Figure 8a. 

 

Figure 8. a) Interaction energy per He, Ne, and Ar atom on γ-Mg(BH4)2. Grey 

dashed line indicate the ratio (1.33 NG/Mg) where 32e site is totally filled. b) 

Comparison of Ar adsorption enthalpy plotted by experimental results and DFT 

simulations. 

The grand potential phase diagrams (Figure 9) have been computed as 

a function of the temperature and pressure. With respect to He/γ-

Mg(BH4)2 systems, a biphasic phase diagram is predicted (Figure 9a). 

At very low temperatures, one can observe that the full He-filled 

material is the most stable phase, whereas increasing the temperature 

implies the total desorption of He atoms. It can be explained by the 

weak interaction energy between He and γ-Mg(BH4)2. Despite our 

simulations at 0 K predict the favorable accommodation of He on both 
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32e and 48g sites, the adsorption energy is less than 2.5 kJ/mol which 

hinder the detection of high He loadings. Regarding Ne atoms, a few 

stable phases with different concentrations of Ne have been found 

(Figure 9b). The grand potential phase diagram shows the full loading 

of 32e sites between 40-80 K (1.33Ne/Mg ratio) and the partial 

adsorption of Ne on 48g sites at low temperatures (2.33 Ne/Mg ratio), 

in perfect agreement with the adsorption isobar plotted in Figure 7. 

Finally, the grand potential phase diagram of Ar@-γ-Mg(BH4)2 system 

(Figure 9c) discards the adsorption of Ar on 48g sites. Ar takes up the 

center of the pore (0.66 Ar/Mg ratio) at temperatures around 100-150 

K and at low temperature is observed the distribution of Ar to the 

aperture sites (1.33 Ar/Mg ratio). According to our simulations, lower 

temperatures are required to slightly displace Ar atoms from centre to 

32e sites, due to the predicted guest-guest repulsion. Note that higher 

temperatures are needed to desorb the Ar atoms, due to the large 

interaction with the porous material. 

 
Figure 9. Grand potential phase diagram of He/γ-Mg(BH4)2 (a), Ne/γ-Mg(BH4)2 (b), 

and Ar/γ-Mg(BH4)2 (c) as function of temperature (K) and pressure (bar). 

In summary, DFT simulations reveal that the adsorption energy of 

He, Ne, and Ar on γ-Mg(BH4)2 material is correlated with the size of 

the gas atoms. The larger the size, the more favorable the adsorption 

energy. However, large adsorption energy does not imply large 
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concentrations of noble gas on γ-Mg(BH4)2. DFT calculations suggest 

that Ar is adsorbed on the centre of the pore and that decreasing the 

temperature can promote their displacement towards 32e sites, which 

duplicates the amount of Ar in γ-Mg(BH4)2.  Ne can occupy the 32e and 

half of the 48g sites, in agreement with experimental predictions. 

However, DFT simulations show that He can fill both sites with a very 

low adsorption enthalpy, whereas the NPD experiments only detects the 

full loading of 32e sites. We have shown an excellent agreement 

between experiments and calculations to describe the Ar and Ne 

adsorption, although a slightly overestimation of binding energies is 

observed. Probably, the weak binding energy of He obtained by DFT is 

even superior than the experimental binding energy, which difficult the 

experimental detection of high loadings. 
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Table S1: Guest-Guest interaction energy (kJ/mol). Negative values implies 

attraction and positive values implies repulsion. 

NG/Mg ratio 

(I) 

NG/Mg ratio 

(F) 

EHe-He 

(kJ/mol) 

ENe-Ne 

(kJ/mol) 

EAr-Ar 

(kJ/mol) 

0.166 0.333 -2.41 -5.02 -25.56 

0.333 0.500 -2.89 -5.60 -9.55 

0.500 0.666 -2.89 -6.46 -8.68 

0.666 0.833 -2.51 -4.54 -17.75 

0.833 1.000 -2.70 -6.37 -16.02 

1.000 1.333 -3.08 -9.75 -8.30 

1.333 1.666 -2.22 -2.61 8.87 

1.666 2.000 -2.51 -2.80 8.59 

2.000 2.333 -2.51 -3.28 11.48 

2.333 2.666 -2.32 5.31 85.68 

2.666 3.000 -3.66 9.75 32.71 

3.000 3.333 -3.57 7.14 18.91 
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Abstract 

The gamma-phase of magnesium borohydride, -Mg(BH4)2, has a 

structure of nano-porous 3D framework with one-dimensional pores 

accessible to gas molecules. Adsorption of light C1-C4 alkanes in -

Mg(BH4)2 was studied here by means of diffraction and volumetric 

techniques. Combination of neutron powder diffraction (NPD) and 

synchrotron radiation X-ray diffraction (SR-XRD) allowed to 

understand in detail host-guest interactions in gas-loaded framework 

and to determine adsorption isobars, isotherms and the isosteric heats 

of adsorption. -Mg(BH4)2 adsorbs exclusively smaller methane and 

ethane and shows high gravimetric adsorption capacities and heats of 

adsorption. 
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6.1. Introduction 

Meeting increase in energy demand in a sustainable manner is one 

of the most urgent societal challenges. The 2ºC scenario[1] to avoid 

critical changes on the planet would require optimization of energy 

efficiency and diversification of energy sources applied nowadays. 

Methane, a primary component of natural gas (NG), is widely seen as a 

primary energy carrier on the way towards carbon dioxide emissions 

reduction[2]. Methane is a cleaner alternative to crude oil and is an 

abundant energy source. It could be found in natural reservoirs or could 

be produced from industrial, landfill, or agricultural waste, so-called 

“biomethane”. Main advantage of biomethane is that its production 

could have negative carbon footprint, therefore it is expected to at least 

partially substitute fossil by 2050[2],[3].  

Gaseous methane has low energy density of 0.04 MJ/L (vs 38.6 

MJ/L for diesel), which hinders its application as a transportation fuel. 

Use of compressed methane (CNG) in cylinders at high pressures[4] 

would possess limitations due to hazards in case of cylinder damage. 

Utilization of liquefied methane (LNG) will require a number of 

complex and expensive terminals for liquefaction, which will not be 

realistic in near future.  

Another alternative to listed techniques is storage in porous 

materials[5]–[17]. Methane adsorbed in a proper porous media under 35 

bar near ambient temperature, might provide the same energy density 

as CNG at 250 bars used in current practice[18]. This opportunity 

attracted significant attention by research communities and different 

classes of porous materials were investigated for methane and/or light 

hydrocarbon storage purposes: zeolites[19]–[21], zeolitic imidazolate 

frameworks (ZIFs)[22]–[26], carbon-based materials[27],[28], porous 

organic polymers[29], and metal-organic frameworks 

(MOFs)[6],[7],[13],[14],[16],[30]–[44].  
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Gamma-phase of magnesium borohydride, -Mg(BH4)2, is the first 

hydride with functional porosity[45]. Its framework does not contain 

open metal sites for gas molecule coordination, but its pores are made 

of hydridic hydrogen atoms, unlike for other known porous solids. The 

1D channels can accommodate small guests, which depending on their 

size reveal more or less cooperative interaction with the 

framework[46],[47]. In general, the framework remains rigid; however, 

rotational motion of the BH4 groups may be correlated with the 

diffusion of guests along the channel[48]. The latter study by our group 

points to interesting relations between the size of the guest molecules 

(varying in Ar-Kr-Xe series) and the kinetics and mechanisms of gas 

diffusion, showing potential for Kr/Xe separation by -Mg(BH4)2. 

In the present work, we studied adsorption of light hydrocarbons 

(from methane to butane) in the -Mg(BH4)2 framework by means of 

neutron powder diffraction (NPD) and synchrotron radiation X-ray 

diffraction (SR-XRD), as well as by volumetric techniques. Only 

smaller molecules, methane and ethane, are adsorbed into the pores. 

Refinement of the guest molecule occupancies from the SR-XRD data 

allowed to plot adsorption isotherms and isobars and characterize 

thermodynamics of gas sorption as well as guest-host interactions. The 

study shows that the isosteric heat of adsorption of methane in -

Mg(BH4)2 is among the highest reported in the literature. 

 

6.2. Experimental Part 

Reagents and chemicals. 

-Mg(BD4)2 and its double isotopic substitution -Mg(11BD4)2 were 

synthesized according to the previously described procedures[45]. 

Dimethyl sulfide complex of borane (BH3·DMS) and di-n-butyl-

magnesium (1M in heptane, 10 ml, 10 mmol) were used from Sigma-
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Aldrich, 11BD3·DMS was purchased from KatChem, and used without 

further purification. High purity CH4, C2H6, CD4, C2D6, C3H8, C4H8 

were purchased from Aldrich. 

Neutron diffraction. 

Neutron powder patterns for empty framework (-Mg(11BD4)2) and 

CD4-filled (Mg(11BD4)2·0.63CD4) samples were measured at the NIST 

Center for Neutron Research (Gaithersburg, MD, USA). 1.3 g of 

Mg(11BD4)2 was sealed in a vanadium container of length 50 mm and 

diameter 10.8 mm inside a dry He-filled glovebox. A closed-cycle He 

refrigerator was used for temperature control. Neutron powder 

diffraction data were collected using the BT-1 32 detector neutron 

powder diffractometer. A Ge(311) monochromator with a 75° take-off 

angle, λ = 2.0787(2) Å, and in-pile collimation of 60 minutes of arc 

were used. Data were collected over the range of 1.3-166.3° 2θ with a 

step size of 0.05°. The instrument is described in the NCNR WWW site 

(http://www.ncnr.nist.gov/). First, powder pattern of empty framework 

was measured at 10 K, then the sample was heated above CD4 boiling 

point and loaded with CD4. Excess of CD4 was quickly removed by 

applying vacuum to avoid further CD4 condensation. After complete 

loading sample was cooled to 10 K, and powder diffraction data was 

collected. All atomic coordinates and atomic displacement factors for 

Mg, B and D were refined independently.  

Neutron powder patterns for C2D6-filled (Mg(11BD4)2·0.66 C2D6) 

and C2H6-filled (Mg(11BD4)2·0.66 C2H6) samples were measured at the 

BER-II reactor at Helmholtz Zentrum Berlin (Germany).  0.8 g of 

Mg(11BD4)2 was sealed in an aluminum container (Bragg peaks from 

aluminum were excluded later from the powder pattern) of length 50 

mm and diameter 8 mm inside a dry N2-filled glovebox. Orange 

cryostat and closed-cycle He refrigerator were used for temperature 

control.  Neutron powder diffraction data were collected using the Fine 

Resolution Powder Diffractometer E9 (FIREPOD). The Ge(511) 

monochromator with 111.7(1)° take-off angle, λ = 1.79860(1) Å and 

oscillating radial collimator for background reduction were used. Data 

http://www.ncnr.nist.gov/
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were collected over the range of 0-141° 2θ with a step size of 0.075°. 

The powder diffraction data for C2H6-filled sample was collected at 200 

K, the C2D6-filled sample was measured at 200 K and 20 K. Position 

and orientation of gas molecules were found by direct-space methods 

using FOX program[49] and crystal structure models were refined using 

FullProf software[50]. 

Adsorption of CH4 and C2H6 in the porous γ-Mg(BH4)2 investigated 

by synchrotron radiation X-ray powder diffraction (SR-XPD).  

CH4 and C2H6 loading into the porous structure were studied both 

at room temperature and varied pressures (producing an isotherm) as 

well as at fixed pressures and varied temperatures (producing isobars). 

SR-XPD patterns were collected in-situ on γ-Mg(BH4)2 samples loaded 

with gasses. A dosing system[51],[52] was used to apply gas pressures on 

the sample from 0.5 to 65 bar. The sample was enclosed in a 0.5 mm 

glass capillary under Ar, tightly connected to the dosing system and 

then outgassed at room temperature to 10-3 mbar. For CH4, the isobars 

were measured at 10 and 65 bar and the isotherm from 65 bar to vacuum, 

all upon desorption. For C2H6, the isobars were measured at 0.5 and 4 

bar upon desorption (temperature increase) and the isotherm from 

vacuum to 37 bar upon adsorption. No hysteresis was observed upon 

adsorption/desorption. The temperature was varied in a wide range 

from gas liquefaction to the full gas desorption in the pores. The heating 

rate was 2 K/min for the experiments with CH4 and 5 K/min with C2H6. 

Oxford Cryostream 700+ was used in both cases. XPD data were 

collected every 2 minutes using MAR345 detector in the experiments 

with CH4 and every 30 seconds using PILATUS 2M detector for the 

experiments with C2H6. 

Synchrotron radiation powder X-ray diffraction (SR-PXD) data 

were collected at the Swiss-Norwegian beamline BM1A at the 

European Synchrotron Radiation Facility (ESRF) (Grenoble, France). 

The selected wavelength was in the range 0.74 to 0.82 Å and was 

calibrated, along with the sample-to-detector distances and image plate 

tilt angles, using a standard LaB6 sample. The two-dimensional 
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diffraction images were azimuthally integrated using the ESRF Fit2D 

program[53]. Position and orientation of gas molecules were found by 

direct-space methods using FOX program[49] and crystal structure 

models were refined using FullProf software[50].  

Adsorption of C3H8 and n-C4H10 in the porous γ-Mg(BH4)2. 

The sample of γ-Mg(BH4)2 was enclosed in a 0.5 mm glass 

capillary under Ar, tightly connected to the dosing system and then 

outgassed at room temperature to 10-3 mbar. A dosing system[51],[52] was 

used to apply gas pressures on the sample from from vacuum to the 

pressure of gas liquefaction. SR-XPD patterns collected in-situ 

corresponded to empty γ-Mg(BH4)2 for the entire range of applied 

pressures, indicating that propane and n-butane are not entering the 

pores of the framework. 

Determination of isosteric heats of adsorption. 

The Clausius–Clapeyron equation was used to estimate the 

absorption enthalpy from the isobars: 

  

𝑙𝑛
𝑃1

𝑃2
=

∆𝐻

𝑅
(

1

𝑇2
−

1

𝑇1
)     (1) 

 

In order to be able to use this expression, the P1-T1 and P2-T2 

conditions from two different isobars must correspond to exactly the 

same amount of the adsorbed gas. Therefore, we interpolated the 

experimental composition-temperature diagrams to a fixed grid of 

compositions at all pressures. For that, the dependence of the adsorbed 

quantity of gas versus temperature was fitted by the Logistic function 

of growth:  

𝑦 =
𝐴1−𝐴2

1+(
𝑥

𝑥0
)

𝑃 + 𝐴2      (2) 

Study of physisorption of methane and ethane by volumetric 

methods. 
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The volumetric studies were carried out with IMI-HTP analyzer 

from Hiden Isochema (UK), which ensures an accurate pressure control 

and thermal stability. 2.55 mmol of Mg(BH4)2 sample was loaded and 

first the adsorption of nitrogen at 190 K up to 41 bar was carried. This 

was done in order to calibrate the proportion of the amorphous and 

crystalline phases, as only the latter is contributing to the adsorption. 

Earlier diffraction study showed that the limiting capacity at saturation 

with nitrogen is γ-Mg(BH4)2·2/3N2
[45]. Nitrogen adsorption isotherm 

and the fit with the Langmuir equation are shown in Figure S1, the 

analysis shows that the fraction of the crystalline phase is 89%. 

Subsequently, adsorption and desorption isotherms of methane and 

ethane were performed at room temperature without changing the 

sample. Full reversibility and no hysteresis were observed. The 

determined fraction of the crystalline γ-Mg(BH4)2 is taken into 

consideration in order to compare directly the data of the volumetric 

and in-situ diffraction techniques, the latter specifically characterizing 

the crystalline phase only. 

6.3. Results and discussion 

Hydrogen (H) is the weakest scatterer of X-rays among all elements, 

thus a precise localization of H-atoms is challenging even for good 

quality samples. On the other hand, deuterium (D) is a strong scatterer 

of neutrons, thereby the exact structural positions of deuterium can be 

determined by means of NPD. Therefore, NPD on deuterated samples 

was used first for the precise determination of the structure of the host 

framework, both in empty form and fully loaded with fuel gases. Once 

the structural details (like orientation and disorder of a guest) were 

accurately identified by NPD, complementary refinements were done 

by in situ SR-XPD. The latter allowed also to study structural evolution 

as a function of pressure and temperature, revealing both microscopic 

picture of interaction and the material’s properties, such as adsorption 
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isobars and isotherms, as well as the thermodynamic parameters 

characterizing the solid-gas interaction. 

Structural analysis of the empty -Mg(11BD4)2 framework by NPD. 

The structure of the -Mg(BH4)2 was reported in earlier 

works[45],[54] and here we present complimentary data on the structure 

of -Mg(11BD4)2 determined using NPD at low temperature (10 K). 

Final Rietveld refinement plot is shown in Figure S2 and the summary 

on structural parameters is given in Table S1. The structure contains 24 

formula units Mg(11BD4)2 per unit cell and 16 accessible voids 

(pockets), organised into 1D channels. The structural model of γ-

Mg(11BD4)2 obtained in the present work is in good agreement with 

previously reported γ-Mg(BH4)2 (see Table S2 and Figure S3) and the 

difference between the unit cell volumes at 10 K and 298 K is negligible.  

Structural analysis of the fully CD4-loaded -Mg(11BD4)2 by NPD 

and SR-XPD characterization of methane loading in -Mg(BH4)2. 

Adsorption of deuterated methane, CD4, into -Mg(BD4)2 at 10 K 

indicated that full capacity is reached at composition 

Mg(11BD4)2·0.63CD4. The formula is close to maximum theoretical gas 

uptake of 0.66 guest molecules per Mg atom, meaning that 15 out of 16 

pores per unit cell are effectively occupied. Final Rietveld refinement 

plot is shown in Figure S4 and structural parameters are summarized in 

Table S3. The image of gas-filled pore is shown in Figure 1. For the 

refinement of the γ-Mg(11BD4)2·0.63CD4 structure model, soft 

constrains for C-D distances and D-C-D angles in the CD4 molecule 

were applied. The CD4 molecule aligns along the crystallographic 3-

fold symmetry axis, but it is orientationally disordered around the 

perpendicular crystallographic 2-fold axis, since the point group 

symmetry of the centre of the void is 32 (see Figure S5). No contacts 

below the sum of Van der Waals (VdW) radii are observed (see Table 

S4). 
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Figure 1. Structure of the methane-loaded void seen along the 1D channel in γ-

Mg(BD4)2·0.63CD4. One of the two orientation of the guest molecule (disordered 

around the 2-fold symmetry axis running perpendicular to the channel) is shown for 

clarity. For simplicity Mg−D bonds are omitted and Mg…B contacts are highlighted 

to show the Mg…BH4 connectivity. 

During the SR-XPD experiments, the position of the CH4 molecule 

was determined from the data collected at 188 K and 65 bar (full 

loading) using global optimization in direct space implemented in 

FOX[49]. The structure of the γ-Mg(BH4)2 framework was fixed, and the 

position, orientation and the occupancy of a methane molecule was 

refined. A good fit was achieved with one independent CH4 molecule 

centred on the 3-fold axis. The resulting model was refined by Rietveld 

method in Fullprof[50], varying profile and cell parameters, position (the 

orientation was fixed), the occupancy of the CH4 molecule and the 

atomic displacements for the host structure and the guest molecule. The 

refined composition of the structure is γ-Mg(BH4)2·0.608(8)CH4, close 

to the limiting composition γ-Mg(BH4)2·0.66CH4 for the fully occupied 

void. The background was described by linear interpolation between 

selected points. The final discrepancy factors are: RB = 10.1%, RF = 

9.0 %, Rp = 15.7%, and Rwp = 12.0%. The refinement profile is shown 

in Figure S6. Crystal data and atomic coordinates are listed in Table S5. 

Low-temperature SR-XPD structure of γ-Mg(BH4)2·0.61CH4 

agrees very well with NPD data. As mentioned above, the methane 
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molecule in γ-Mg(BH4)2·0.61CH4 is disordered around the 2 axis, while 

the carbon atoms remain on a 3-fold axis. At lowest temperatures the 

carbon atom is disordered by ca. 0.2 Å around the center of the pore 

(1/8 1/8 1/8 position with point group symmetry 32), the displacement 

from the center is gradually increasing with temperature to 1.2 Å (see 

Figure S7). At ambient temperature, the CH4 molecule is found closer 

to the apertures made of the borohydride groups, thus revealing shorter 

C−H···H−B contacts. 

Structural analysis of the fully ethane-loaded -Mg(11BD4)2 by NPD 

and SR-XPD characterization of ethane loading in -Mg(BH4)2. 

NPD study of ethane loaded -Mg(11BD4)2 was done both by using 

natural isotopic ethane C2H6 and deuterated C2D6. The powder 

diffraction data for C2H6-filled sample was collected at 200 K, the 

C2D6-filled sample was measured at 200 K and at 20 K. In all cases, 

compositions obtained from diffraction were very close the limiting γ-

Mg(11BD4)2·0.66C2H6 and γ-Mg(11BD4)2·0.66C2D6, the refined 

occupancies of C2D6 and C2H6 molecules correspond to the full 

occupation of the void within one standard uncertainty. The structures 

were refined applying constraints on C-C distances and H-C-C angles 

in the C2H6 molecule. Final Rietveld refinement plots are shown in 

Figures S8-S10, structural parameters are summarized in Tables S6-S8. 

 
Figure 2. Structure of ethane-loaded void seen along the 1D channel in a) γ-

Mg(11BD4)2·0.66C2H6 at 200 K, b) γ-Mg(11BD4)2·0.66C2D6 at 20 K, and c) γ-

Mg(11BD4)2·0.66C2D6 at 200 K. staggered conformation of ethane is observed at 20 

K and eclipsed at 200 K. For simplicity Mg−D bonds are omitted and Mg…B 

contacts are highlighted to show the Mg…BH4 connectivity. 
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The images of gas-filled pores are shown in Figure 2. In contrast to 

Mg(11BD4)2·0.63CD4, no disorder is observed for C2D6 and C2H6, since 

the symmetry of ethane in all conformations is consistent with the 

crystallographic point group symmetry of the centre of the void. 

In the structure of Mg(11BD4)2·0.66C2D6, determined at 20 K, 

ethane molecule adopts staggered conformation with torsion angle 

D3−C1−C1’−D3’ of 63.3°. Somewhat surprisingly, the structures 

derived from NPD data at 200 K for both C2H6 and C2D6 are showing 

ethane to adopt a conformation close to the eclipsed one, having the 

values of the corresponding torsion angle of 1.7° and 20.3°, 

respectively. This may suggest different strength of guest-host 

interactions at 20 and 200 K, despite no D···D contacts below the sum 

of VdW radii are observed (see Table S9 ).  

The position of the C2H6 molecule was independently determined 

from SR-XPD data collected at 200 K and 4 bar (at full loading) using 

global optimization in direct space implemented in FOX[49]. A good fit 

was achieved with one independent carbon atom at 100% occupancy 

centred on the 3-fold axis. The short distance with the symmetry-related 

neighbor C atoms mapped by the 2-fold symmetry axis gives rise to the 

covalent C-C bond. The resulting model was completed by one 

hydrogen atom in the general position and refined by FullProf[50]. 

Profile and cell parameters were refined along with the position of the 

carbon atom on the 3-fold axis and the position of hydrogen atom 

without any constraints. The occupancy of the C2H6 molecule and the 

atomic displacements for the host structure and the guest molecule were 

refined as well. The background was described by linear interpolation 

between selected points. The final discrepancy factors are: RB = 6.2%, 

RF = 6.2 %, Rp = 15.6%, and Rwp = 10.6%. The refinement profile is 

shown in Figure S11. Crystal data and atomic coordinates are listed in 

Table S10. The refined composition from SR-XPD measured at 200 K 

and 4 bar is γ-Mg(BH4)2·0.603(2)C2H6. To our confidence, the ethane 

conformation obtained from variable temperature SR-XRD data 

reproduces the behavior found from NPD – ethane adopts staggered 
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conformation at low temperature and less energetically favorable 

eclipsed one at higher temperatures.   

Adsorption isotherms, isobars and thermodynamics from in situ 

SR-XRD. 

Isobars and isotherms of CH4 and C2H6 adsorption by γ-Mg(BH4)2 

were determined directly from SR-XPD. Sequential Rietveld 

refinement based on the structural models described above was done 

against in situ data collected at variable pressure and temperature 

conditions, see the experimental part. 

Since the sample of -Mg(BH4)2 contains the porous crystalline[45] 

and dense amorphous phases[55], the bulk techniques (such as 

volumetric) provide data on the total gas uptake without an opportunity 

to evaluate a contribution of each phase. In contrast, the diffraction 

characterizes the crystalline phase only. To allows for direct 

comparison between these techniques, an amorphous fraction of 

Mg(BH4)2 was determined volumetrically using N2 adsorption against 

the known saturation capacity for the crystalline phase, see the 

experimental part. 

Crystallographic isotherms at room temperature are shown in 

Figure 3 left, along with the corresponding isotherms measured 

volumetrically (Figure 3 right). One can see an excellent agreement 

between the two methods, keeping in mind the correction for the 

amorphous fraction was applied to the volumetric isotherms. Langmuir 

equation was fitted to the volumetric data, yielding amethane = 0.661(9) 

per Mg(BH4)2 and aethane = 0.689(15) per Mg(BH4)2. Within the 

experimental error, these values are identical to the limiting capacity of 

2/3 guest molecule per Mg(BH4)2 (equivalent to one molecule per void). 

This matches very well our expectations and the crystallographic results, 

validating the methodology addressing the amorphous phase fraction.  

Two adsorption isobars were characterized by diffraction for each 

gas, with pressure ranges spanning almost an order of magnitude, see 

Figures 4 and 5. It is a big advantage and convenience of in situ 
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Figure 3. CH4 and C2H6 adsorption isotherms obtained from sequential Rietveld 

refinement against in situ SR-XPD data at 295 K (shown on the left). CH4 and C2H6 

adsorption isotherms obtained by volumetric method (shown on the right). The 

volumetric data were corrected for the amorphous phase fraction and fitted to the 

Langmuir equation (see text), shown as lines. The horizontal dash line shows the 

theoretical saturation capacity at 2/3. 

crystallography to access adsorption isobars, since the variable 

temperature diffraction is easier to do automatically than to vary 

pressure. On the other hand, isobars are usually not accessible by 

volumetric methods, since a reliable calibration of a volumetric system 

is not feasible at variable temperatures. This is the reason why we do 

not present here volumetric isobars. 

 

Figure 4. Isobar of CH4 desorption from γ-Mg(BH4)2 extracted from in situ SR-

XPD data collected at 10 bar (left) and 65 bar (right). The experimental data is fitted 

by logistic function. The decline in the adsorbed capacity below 180 K at 10 bar is 

likely related to the gas liquefaction; data below 150 K were omitted in the 

analytical approximation. 
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Figure 5. Isobar of C2H6 desorption from γ-Mg(BH4)2 extracted from in situ SR-

XPD data collected at 0.5 bar (left) and 4 bar (right), and fitted by the logistic 

function. 

The Logistic function, described by the expression (2), was used to 

fit the isobars with high accuracy. The obtained equations, see Figures 

4 and 5, allowed us to calculate P-T conditions for a constant-step grid 

of loadings, which were fed into the Clausius-Clapeyron equation. This 

yields a smooth (analytically interpolated) dependence of the isosteric 

heat of adsorption as a function of loading, plotted as back squares for 

the two gases in Figure 6. Data are shown in the compositional range 

characterized both in lower- and higher-pressure isobars. For both gases 

the isosteric heats of adsorption are nearly constant with loading, 

meaning there is little repulsion between the guest molecules (directly 

or mediated by the framework). 

 

Figure 6. Isosteric heat of adsorption of CH4 and C2H6 in γ-Mg(BH4)2 as a function 

of loading. Analytical and numerical interpolation methods, applied to isobars in 

order to apply the Clausius-Clapeyron equation for equal loadings, give essentially 

the same results. 
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A numerical interpolation of isobars to a constant-step grid of 

loadings determines the heats of adsorption shown as red circles in 

Figure 6. The result is essentially the same but noisier, thus giving 

advantage to the analytical interpolation. The average values, Qst(CH4) 

= 22.1(5) kJ/mol and Qst(C2H6) = 31.7(5) kJ/mol, appear to be among 

the highest values reported so far for porous materials, see Table 1.  

Table 1. Comparison of obtained isosteric heats of adsorption to the literature data. 

Methane Ethane 

Adsorbent Qst Reference Adsorbent Qst Reference 

γ-Mg(BH4)2 22.1 This work γ-Mg(BH4)2 31.7 This work 

MAF-49 25 [39] ETS-10 35 [56] 

Silicalite-1 18.1-28 [57],[58] Silicalite-1 29-45 [57]–[60] 

polydi-

chloroxylene 

20.8 [61] MCM-41 20-25 [62],[63] 

PCN-9 23.3 [64] Na-Y 26.4 [60] 

MIL53 17 [65] US-Ex 21.3 [60] 

IRMOF-6 12.1 [66] ZSM-5 37.5 [60] 

activated 

carbon 

16-20.6 [67]–[70] ZTC 20-25 [71] 

Co(bdp) 17 [34] MSC-30 21.5 [71] 

DAY 15 [72] zeolite 5A 10-30 [73] 

MOF-5 12.2 [74]    

ZIF8 12 [74]    

ETS-10 21 [56]    
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The selectivity of gas adsorption in the CH4-C2H6 mixtures with 

different gas ratios was estimated using pyIAST software on the basis 

of the isotherms retrieved from the crystallographic data[75], see Figure 

7. The isotherms were fitted using the Langmuir model. Due to higher 

enthalpy, C2H6 is preferably adsorbed in the γ-Mg(BH4)2. The 

simulated gas uptake curves indicate that for the chosen range of 

CH4/C2H6 mixtures (9/1-1/9 mol.) γ-Mg(BH4)2 is not suitable for 

selective separation of ethane and methane. However, no adsorption of 

C3H8 and n-C4H10 (at least at the time scale of mites at room 

temperature, see the experimental part) suggests a feasible separation 

of hydrocarbons with a carbon chain length of more than two. This is 

possible due to the void size that does not allow for big molecules 

inside. 

 
Figure 7. Pressure dependence of C2H6 (left) and CH4 (right) uptakes by γ-

Mg(BH4)2 from gas mixtures with different CH4/C2H6 molar ratios, estimated using 

pyIAST. 

Host-guest interactions and their implications. 

Comprehensive crystallographic study reveals different 

manifestations of atomic interactions. For example, Rietveld 

refinement shows that the unit cell expands with gas loading at room 

temperature: the volume increases linearly at a rate of 2.2 Å3 per 

adsorbed CH4 molecule, and at about 12 Å3 per adsorbed C2H6 

molecule. This indicates that the smaller methane molecule is matching 

easier the available pore volume, while the larger ethane requires some 

framework changes in order to accommodate it. Indeed, methane 
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occupies only one of the two symmetry-related positions around the 

centre of the pore (see Figure S7b), while ethane takes completely the 

available space (as it is nearly twice as large as methane), leading to 

stronger interactions with the host framework (Figure 2). At the same 

time both NPD and SR-XRD indicate the absence of close C−H···H−B 

contacts for CH4 and C2H6 located in the pores of the framework. 

Indeed, the guest molecules are stabilized in pores only by weak VdW 

interactions; for more detailed illustration of intermolecular contacts for 

ethane and the related Hirschfield plots see Figure S12. Interestingly, 

this interaction changes with temperature: first, as temperature 

increases methane is continuously moving from the centre of the void 

to its aperture; second, at higher temperatures ethane adopts less 

energetically favorable conformation. These changes could be 

attributed to a polarization of hydrocarbon molecules in the framework, 

reinforcing host-guest interactions at higher temperatures. This 

phenomenon is known for zeolite-type materials[76]–[78].  

Speaking of a polarization of hydrocarbons, it is interesting to 

consider another extremity: ammonia borane (NH3BH3 or AB), 

isoelectronic to C2H6, but bearing significant changes on its hydrogen 

atoms. Moreover, AB is solid at ambient conditions, owing to strong 

dihydrogen NHδ+… Hδ−B bonds[79],[80]. All our attempts to infiltrate AB 

into the pores of the γ-Mg(BH4)2 framework by using solutions (this 

work), ball milling or high hydrostatic pressures (ref.[81]) failed, 

yielding a Mg(BH4)2·2AB complex at most reactive conditions. The 

difference compared to an easy incorporation of ethane may be 

explained either by repulsive interactions of AB with the pore surface, 

making the absorption thermodynamically unfavorable, or by kinetic 

difficulties for the diffusion of the polar AB molecule through apertures 

of the 1D channels. 

Crystallography helps to find an answer by looking closer on the 

aperture and the size of the guests passing through it. The accurate NPD 

structure of the empty γ-Mg(11BD4)2 shows that the void in γ-Mg(BH4)2 

is an ellipsoid with narrow aperture defined by the shortest distance 
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between hydrogen atoms of 5.6 Å (the distance between the centre of 

the aperture at ¼ ¼ ¼ to the nearest D-atoms is 2.819(4) Å). The entire 

porous channel can be described by a chain of ellipsoidal voids 

(pockets) oriented along the (111) direction of the cubic cell, connected 

by narrower apertures. Assuming the VdW radii of hydrogen to be 1.2 

Å[82], the guest molecule should have kinetic diameter of less than 3.2 

Å in order to move freely along the channel, which is the case for 

hydrogen molecule with a kinetic diameter of 2.89 Å. Larger molecules 

(like Kr and Xe) can go through the aperture likely due to a rotational 

motion of the BH4 groups correlated with the diffusion of guests[48]. 

The kinetic diameters of light alkanes are 3.7, 4.0, 4.3, and 4.7 Å 

for CH4, C2H6, C3H8, and n-C4H10, respectively[83]. Since these values 

are larger than the size of the aperture opening of 3.2 Å, it can be 

suggested that the hydrocarbon molecules turn the borohydride groups 

in order to enter into the voids. Since the pores in the framework are 

non-interconnected 1D channels, the penetration through the apertures 

should be rate-determining for adsorption. This is very well in line with 

a mechanistic picture based on Ar/Kr/Xe adsorption kinetics in γ-

Mg(BH4)2
[48]

 and with known fast reorientational motion of BH4 in 

Mg(BH4)2
[84]. In the present work, we observed that only CH4 and C2H6 

are adsorbed, whereas higher C3H8 and n-C4H10 do not enter the pores 

even at high pressures. Our analysis shows that this might be not 

because of a mismatch of the molecule and pore sizes, but rather stem 

from the very slow kinetics of diffusion through the pore aperture. This 

point requires more detailed study, with possible applications for gas 

separation. 

 

6.4. Conclusions 

Adsorption of small alkanes in a porous hydride, γ-Mg(BH4)2, was 

investigated by an advanced combination of diffraction techniques. 
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NPD measurements of empty and gas-loaded γ-Mg(11BD4)2 allowed for 

the precise localization of guests, whereas the SR-XRD study at 

different temperatures and gas pressures allowed to characterize the 

structural evolution and determine isosteric heats of adsorption for 

methane and ethane. γ-Mg(BH4)2 exhibits high gravimetric capacity 

and one of the highest heats of adsorption reported in the literature, 

Qst(CH4) = 22.1(5) kJ/mol and Qst(C2H6) = 31.7(5) kJ/mol. The unique 

nature of the framework made of hydridic BH4
− anions can possibly 

explain both the high heats of CH4 and C2H6 adsorption and the 

diffusion of guests through relatively narrow apertures. Only CH4 and 

C2H6 are adsorbed by γ-Mg(BH4)2, but not C3H8 and n-C4H10. Our 

analysis shows this may be not because of a mismatch of the molecule 

and pore sizes, but may stem from the very slow kinetics of diffusion 

through the pore aperture. 
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Abstract  

Gas adsorption by porous frameworks sometimes results in 

structure “breathing”, “pores opening/closing”, “negative gas 

adsorption”, and other phenomena. Time dependent diffraction can 

address both kinetics of the guest uptake and structural response of the 

host framework. Using sub-second in situ powder X-ray diffraction, 

three intracrystalline diffusion scenarios have been evaluated from the 

isothermal kinetics of Ar, Kr, and Xe adsorption by nanoporous g-

Mg(BH4)2. These scenarios are dictated by two possible simultaneous 

transport mechanisms: diffusion through the intra- (i) and interchannel 

apertures (ii) of γ-Mg(BH4)2 crystal structure. The contribution of (i) 

and (ii) changes depending on the kinetic diameter of the noble gas 

molecule and temperature regime. The lowest single activation barrier 

for the smallest Ar suggests equal diffusion of the atoms trough both 

pathways. Contrary, for the medium-sized Kr we resolve the 

contributions of two parallel transport mechanisms, which tentatively 

can be attributed to the smaller barrier of the migration paths via the 

channel like pores and the higher barrier for the diffusion via narrow 

aperture between these channels. The largest Xe atoms diffuse only 

along 1D channels and show the highest single activation barrier. 
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7.1. Introduction 

Crystalline porous materials such as metal-organic frameworks, 

covalent organic frameworks, and zeolites are one of the most 

blossoming fields in chemistry and material science[1–3] due to their 

regular porosity and great potential for selective adsorption, separation 

and storage of guest molecules of interest.[4] In the last decades more 

and more attention has been paid to flexibility of the crystalline porous 

materials, seriously affecting guest adsorption/desorption and a 

mechanical response of the material to perturbation of external 

conditions. It is also a key feature in several fascinating adsorption-

driven phenomena, such as “breathing”[5–7], “gate opening/closing”[8, 9], 

(photo)switching[10, 11] and negative gas adsorption (NGA)[11]. Notably, 

structural flexibility of the host is often provoked by adsorption and thus 

the kinetics of the guest uptake and of the framework transformation 

are coupled. So, the monitoring of dynamics in such materials play a 

key role for the materials science and for further materials development. 

To enable such investigations, a wide range of advanced in situ 

characterization methods were explored in recent years, including 

diffraction, scattering, vibrational and NMR spectroscopies[12, 13]. 

Thanks to the crystallinity, the in situ X-ray, electron, and neutron 

diffraction methods became indispensable techniques for understanding 

the mechanisms of gas adsorption or separation in porous crystalline 

materials, and present a new possibility to crystallographically evaluate 

the population of individual adsorption sites, to study the cooperativity 

and to visualize the isotherms of individual pores in materials with 

hieratical porosity[12, 14, 15]. 

A common scheme for the structural characterization of a dynamic 

process, such as adsorption and desorption, assumes crystal structure 

determination at few different static states representing different stages 

of adsorption process[16], frequently augmented by macroscopic 
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evaluation of thermodynamics and kinetics as well as by theoretical 

calculations[17]. However, the time resolved tracking of guest molecules 

inside the porous framework upon adsorption has not been reported 

before. This work addresses a possibility to implement a sub-second X-

ray powder diffraction for determination of kinetic barriers and 

visualization of the possible microscopic gas adsorption mechanisms 

simultaneously, from a single experiment. This approach has a potential 

to resolve site-specific kinetics of guest uptake, that is not accessible 

to microscopic methods. 

As an object for the time-dependent study, we selected a 

microporous γ-Mg(BH4)2, a representative of metal borohydrides which 

attract much attention as multifunctional materials[18]. This framework 

has tubular-like pores with ca. 7 Å in size, that is between one and two 

kinetic diameters of Kr and Xe atoms (3.6-7.2 Å for Kr and 3.95-7.9 Å 

for Xe), showing a significant non-isothermal kinetics upon Kr 

adsorption[19][20], therefore interesting for potential separation of these 

gases[21–23]. In particular, the selective capture of Xe and Kr from the 

radioactive products generated from nuclear fission is highly needed[24-

26]. 

7.2.  Experimental details 

Experimental details can be seen in Appendix IV. 

7.3.  Results and discussion 

The light elements of γ-Mg(BH4)2 host structure enhance the X-ray 

contrast for the guest atoms such as Ar, Kr or Xe significantly, because 

of sufficient difference between low scattering (form) factors of Mg 

(Z=12), B (Z=4) and H (Z=1) and comparable or higher scattering (form) 
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factors of noble gas molecules (e.g., for Kr at 2θ=0º, it equals to 

the atomic number Z=36). For this reason the noble gas atoms can be 

easily localized in the structure close to the center of the pore, while the 

light B and H atoms contribute little to the total scattering. The 

additional fluorescence signal of Kr atoms can be observed as an 

increase of all background points, which originates from the Kr K-edge 

X-ray absorption (14.3256 keV or 0.8655 Å)[27], achievable in our 

experimental conditions with higher energy (15 900 keV or 0.77936 Å), 

see Figure 1. Such combination of the host and guest responsiveness 

makes this compound ideal candidate for in situ investigations by X-

rays. 

 
Figure 1. Time-dependent powder diffraction from g-Mg(BH4)2 loaded with Kr gas 

(p(Kr)=0.5 bar, T=170 K, λ=0.77936 Å). The significant change of the intensities of 

Bragg peaks and of the fluorescent background correlate with the amount of the 

adsorbed gas. 

The Kr adsorption experiments were performed at 170, 180, 190 

and 200 K, in which the sample was exposed to 0.5 bar Kr and four 

diffraction patterns were collected per second for 2500 seconds. The in 

situ data show significant changes in the peak intensities in the XRD 

patterns of γ-Mg(BH4)2 with the Kr adsorption time (see Figure 1 

for 170 K). The variation of the background is related to the increase of 



Chapter 7 

166 

Kr fluorescence due its progressive adsorption by the framework[18], 

which we used as an independent measure of Kr adsorption kinetics. 

Sequential Rietveld refinement to the multitude of diffraction 

patterns confirms the two-phase model, used in our previous variable-

temperature experiment[20], see Figures S1 and S2, and Table S1. Kr 

atoms in the phase (2), having smaller unit cell parameters, are closer 

to the center of the pore cavities, as compared to the dominant phase 

(1). However, a small amount of the secondary phase (2) present in the 

mixture, a strong peaks’ overlap for the two phases, and the limitation 

of the X-ray powder diffraction to locate hydrogen atoms do not allow 

to capture structural differences associated with the smaller unit cell 

volume for the phase (2). We think that the two phases differ by the 

orientation of the [BH4]
- groups, a detail that is hardly seen in an X-ray 

experiment. The two phases have therefore been treated as isostructural 

with only slight difference in unit cell dimensions and location of Kr 

atoms. 

 
Figure 2. Fragments of the crystal structures representing the phases (1) and (2) of 

γ-Mg(BH4)2 loaded with Kr. The minor phase (2) has smaller cell parameter and is 

modelled by occupation of the middle of the pore (coordinates 1/8, 1/8, 1/8) by Kr 

atoms. The pores are organized into channels running perpendicular to the plane of 

the Figure. 

In the phase (1) Mg(BH4)2·xKr, the guest atoms are located in the 
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1D channels running along the body diagonal of the cubic unit cell, at 

the crystallographic position 32e (x, x, x). Secondary Mg(BH4)2·yKr 

phase (2) can be represented as a special case of phase (1), where the 

Kr atoms adopt the crystallographic position 16b with (1/8, 1/8, 1/8) 

coordinates right in the middle of the pore, see Figure 2. 

The total Kr uptake for kinetic analysis was extracted using the Kr 

occupancies in each phase and their refined weight fractions. In the first 

approximation, Kr adsorption on γ-Mg(BH4)2 can be considered as an 

addition reaction, where Mg(BH4)2·qeKr adduct is forming (qe is the 

total amount of Kr adsorbed at equilibrium for a given temperature and 

pressure). In an attempt to describe the transformation from empty γ-

Mg(BH4)2 to Mg(BH4)2·qeKr, the time-dependent occupancy of Kr (qt) 

was derived from the Johnson-Mehl-Avrami-Kolmogorov (JMAK) 

relation[28, 29], widely used to describe kinetics of different chemical 

reactions[30]: 

𝑞𝑡 = 𝑞𝑚𝑖𝑛 + (𝑞𝑒 − 𝑞𝑚𝑖𝑛)[1 − exp (−(𝑘𝑡)𝑛)]   (1) 

The Equation (1) is a fractional order kinetic model, where qmin is 

amount of preoccupied Kr positions before data collection, qe is an 

equilibrium value that sets the maximum for a given thermodynamic 

conditions, k is Avrami kinetic constant, n is an order of reaction 

(expected to be 0.5≤n≤1 for a diffusion controlled case)[30], t is the time 

elapsed from the beginning of the process. This relation is widely used 

to describe adsorption kinetics of various gases/vapors on activated 

carbons and is known as Linear driving force (LDF) model, if n=1[31]. 

The LDF model is consistent with a single rate constant (k), relaxation 

time, and barrier for diffusion into a periodic porous structure[32]. 

However, the least square fit of the data collected between 170 and 

200 K with Equation (1) has shown the need of one additional term to 

model pore depopulation likely due to radiation damage, at least for the 

data collected at 200 K. Therefore, the Equation (1) was modified as 

follows: 
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𝑞𝑡 = 𝑞𝑚𝑖𝑛 + (𝑞𝑒 − 𝑞𝑚𝑖𝑛)[𝐴(1 − exp(−(𝑘1𝑡)𝑛)) − (1 − 𝐴) exp(𝑘2𝑡)] 

         (2) 

Here A stands for the non-degraded part of the sample, and the 

decay constant k2 maps the rate of sample degradation. Interestingly, 

the good fit to the data affected by the radiation damage indicates that 

the exponential terms in equation (2) describe equally well the Avrami 

kinetics and the kinetics of the radiation damage. 

The corresponding Sharp-Hancock plots form the Equation (1) and 

the obtained Arrhenius plot of the rate constant from equations (1) and 

(2) versus 1/T result in unexpected behavior. They show partially anti-

Arrhenius slope suggesting higher adsorption rates at lower 

temperatures (190–170 K), while the rate at 200 K is an outlier of the 

general trend (Figures S3 and S4). The anti-Arrhenius behavior is quite 

rare and usually can be observed during significant structural transitions 

in the kinetic process of guest uptake[33-35], while the outlier point 

indicate a possible need of a different model for the kinetic process. One 

of the possible kinetic models, enabling to coherently describe the data 

is the one assuming two barriers[32]: 

𝑞𝑡 = 𝑞𝑚𝑖𝑛 + (𝑞𝑒 − 𝑞𝑚𝑖𝑛)[𝐴(1 − exp(−𝑘1𝑡)) + (1 − 𝐴)(1 − exp(−𝑘2𝑡))]

         (3) 

Similarly to the Equation (2), the double exponent Equation (3) can 

be modified for the sample degradation at higher temperatures, via 

inclusion of additional parameters: A1 (part of the adsorbed Kr limited 

by a rate constant k1), A2 (part of the adsorbed Kr limited by a rate 

constant k2) and k3 maps the rate of the sample degradation: 

𝑞𝑡 = 𝑞𝑚𝑖𝑛 + (𝑞𝑒 − 𝑞𝑚𝑖𝑛)[𝐴1(1 − exp(−𝑘1𝑡)) 

+𝐴2(1 − exp(−𝑘2𝑡)) − (1 − 𝐴1 − 𝐴2)(exp (𝑘3𝑡))] 

         (4) 

Indeed, the resulting Equation (4) successfully describes the 

experimental data for all investigated temperatures and the fitted qe 

confirms the Kr content obtained from isobaric experiments, see Figure 

3. On the other hand, Equation (3) works equally well for the data below  
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Figure 3. Comparison of calculated Kr content from the isobaric variable-

temperature experiments[20] and kinetic data obtained using Equation (4). The fitted 

values of qe fall in the middle of the kinetic hysteresis loops, and thus give even 

better estimate of the equilibrium Kr content than the quasi-equilibrium variable-

temperature experiments. 

 
Figure 4. The experimental, calculated, and difference kinetic curves for Kr 

adsorption at 200 K (top) as well as comparison of the experimental kinetics and fits 

obtained using Equations (3) and (4) (bottom). Left: Kr occupancies obtained using 

Rietveld method (each point is an independent refinement of the Kr occupancies in 

phases (1) and (2)); Right: measured Kr fluorescence background and corresponding 

fit obtained using Equations (3) and (4). 
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200 K due to the smaller effect of the radiation damage. The Equation 

(4) applied to the Kr fluorescence background shows rates that are very 

similar to those fitted from Kr occupancies, see Figure 4 and Figure S5. 

Kr fluorescence is an independent probe to the adsorption kinetics, free 

of the Rietveld refinement of thousands of powder diffraction patterns 

and of the related assumptions. However, it is giving access only to the 

kinetics of the adsorption without the underlying microscopic 

(structural) picture, and is limited to guests showing strong fluorescent 

signal, such as Kr. These independent measures suggest that Kr uptake 

is taking place in the crystalline part of the sample only. 

Kr adsorption isotherms were also measured volumetrically at 170, 

180, 190 and 200 K up to 1 bar (Figure S6). The adsorption rate analysis 

was performed at 0.5 bar equilibrium Kr pressure using LDF 

approximation. The obtained mass transfer coefficients follow the same 

trend as from the in situ X-ray data (Table S1), proving the reliability 

of the proposed approach. 

The Kr adsorption isotherms were fitted using Langmuir model 

(Figures S7 and S8) and the derived equilibrium constants were used to 

extract the thermodynamic parameters from the van’t Hoff plot (Figure 

S9). The resulting values of ΔH of 18.4(7) kJ/mol of adsorbed Kr and 

ΔS of 140(4) J/(mol·K) are close to the initial estimates of ΔH=21-24 

kJ/mol and ΔS=103-113 J/(mol·K) made from non-isothermal 

diffraction data[18]. 

In contrast to the equations (1) and (2), Arrhenius plots derived 

from the rate constants fitted by equations (3) and (4) demonstrate the 

ordinary behavior, see Figure 5a. Linear fits to the Arrhenius plots yield 

kinetic barriers that are nearly equal for kinetic models (3) and (4). 

According to the Equation (4) applied to Kr occupancies, the radiation 

damage at 200 K affects about 0.05 part of the sample with the rate k3 

approximately 20 and 230 times lower than k1 and k2, respectively, see 

Tables S2-S4. The parametrization of Equation (4) below 200 K gives 

similar result for 190 K and much lower values for 180 K and 170 K 

indicating a suppression of the radiation damage at low temperatures. 
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We therefore neglected the radiation damage contribution and used 

double exponent Equation (3) for the data collected below 200 K. 

 

Figure 5. a) The representation of quasi 1D channels with the corresponding pore 

cavities of empty γ-Mg(BH4)2 and their filling by Kr molecules. The formed 

Mg(BH4)2·(x, y)Kr are presented along the [-1 1 1] crystallographic direction. b) The 

Arrhenius plots of kinetic rates calculated from the Equations (3) and (4) and partial 

contributions (c) of each exponential component both for the calculated Kr 

occupancies using Rietveld refinement of powder patterns and the fluorescence 

background. The corresponding temperature-dependent mechanisms (b and d) of the 

limiting Kr kinetic rates are shown as a smooth transformation from red to blue: via 

diffusion along the 1D channels with large pore apertures above 175-188 K (red) 

and diffusion between these 1D channels, promoted by the rotation of [BH4]- groups 

located in the small apertures below 175-188 K (blue). 
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The Arrhenius plots obtained from Kr occupancies and 

fluorescence background yield the first kinetic barrier of 8(1) and the 

second one of 13(2) kJ/mol. Analysis of the temperature evolution of 

the pre-exponential factors suggests a dominant contribution of the 

smaller kinetic barrier above 175-188 K, see Figure 5b and Figure S10. 

Such a behavior indicates two parallel adsorption mechanisms with 

different contributions, which change within investigated temperature 

intervals. 

Based on structural consideration, we propose two simultaneous Kr 

diffusion mechanisms in γ-Mg(BH4)2 that agree with this observation. 

The lower barrier represents Kr diffusion along the quasi 1D channels 

of the nanoporous γ-Mg(BH4)2, similarly to previously determined gas 

diffusion along 1D channels in microporous structures (e.g. Xe 

diffusion in TCF-1 with 7.1 kJ/mol activation energy)[36], while the 

higher diffusion barrier is more common for the guest-promoting rotary 

motions in tight channels of some crystal structures[37-39]. In particular, 

the origin of the higher kinetic barrier of Kr adsorption in γ-Mg(BH4)2 

can be related to the rotational motions of the [BH4]
- groups in the 

structure. Notably, previously reported activation energy for [BH4]
- 

reorientations around 2-fold (C2) axis in β-Mg(BH4)2 polymorph has a 

very similar value of 13.3 kJ/mol[40]. [BH4]
- rotations near the 2-fold 

axis may therefore be considered as a predominant structural 

mechanism associated with the higher barrier of Kr diffusion. The 

barriers for [BH4]
- orientational jumps in γ-Mg(BH4)2 are significantly 

higher and include at least two motions[41, 42]. 

Taking into account these considerations together with the crystal 

structure of γ-Mg(BH4)2, we propose two concerted mechanisms for Kr 

adsorption: the first is caused by Kr diffusion along 1D channels 

running in c direction and it dominates at high temperatures (>175 K), 

while at low temperatures (<175 K) the second mechanism, namely 

the diffusion through the windows between channels, governs 

the kinetics, see Figure 5d. The first kinetic mechanism involves a 

larger (≈5.8 Å) aperture of the channels, which does not affect the 
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diffusion of Kr (kinetic diameter of 3.6 Å) to such extent as a smaller 

interchannel aperture with ≈5.0 Å in size. According to contact surface 

analysis made with Mercury using 0.7 Å grid spacing[43], the smaller 

aperture is suitable for a diffusion of the guest molecules with a kinetic 

diameter smaller than 3.4 Å. Thus, rotational motions of [BH4]
- around 

2-fold (C2) axis of Mg-BH4-Mg bonds with an activation barrier of 13 

kJ/mol can support the diffusion of Kr molecules (kinetic diameter 3.6 

Å) via a pedal-wheel mechanism, see Figure 5d. 

The characterization of the size and shape of γ-Mg(BH4)2 by 

scanning electron microscopy (SEM) reveals the presence of two types 

of Mg(BH4)2 particles (see Figure S11). One type of these particles 

belongs to the porous γ-Mg(BH4)2 and another one apparently is the 

amorphous polymorph of Mg(BH4)2, suggested by the Refs. [41, 44] and 

our volumetric data. This makes impossible to get the correlations 

between particle size of γ-Mg(BH4)2 and Kr uptake time and requires 

additional studies for the conditions of its shape/size and yield control. 

In order to link microscopic diffusion mechanisms with the crystal 

structure of γ-Mg(BH4)2 and the size of the guest molecules, we 

additionally performed the kinetic analysis for the smaller Ar (kinetic 

diameter σ=3.4 Å) and the larger Xe (σ=3.95 Å) atoms, see Figure 6. 

Contrary to the Kr, they both follow a single barrier resistance with 

expectedly lower activation energy for Ar (5.4(3) kJ/mol) and the 

higher one for Xe atoms (9.5(6) kJ/mol), see Figures 6, S12 and Table 

S5. This suggests that Ar atoms diffuse easily along 1D channels as well 

as between them within the investigated temperature range. On the 

other hand, larger Kr atoms (3.8 Å) have higher activation barrier along 

1D channels (8(1) kJ/mol) as well as through the interchannel aperture, 

where its size is matching the penetration limit. The diffusion along the 

latter is likely hindered by the dynamic rotation of the [BH4]
- groups 

between Mg atoms, resulting in higher activation barrier (13(2) kJ/mol). 

The largest Xe atoms (σ=3.95 Å) apparently do not diffuse through the 

interchannel apertures at all due to large size. In such case, the obtained 

intrachannel activation barriers increase in accordance with their larger 

kinetic diameters in a series Ar < Kr < Xe, being common upon 
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adsorption by other porous materials, see Figure S13[45, 46]. 

 
Figure 6. The Arrhenius plots of Ar, Kr and Xe adsorption kinetics and the schemes 

of corresponding microscopic diffusion mechanisms. Ar and Xe follow a single 

exponent adsorption behavior, while Kr has a double exponent parallel kinetics, 

denoted as the first and the second kinetic barriers. The smooth transition from the 

domination of interchannel to the intrachannel activation barrier upon Kr adsorption 

by γ-Mg(BH4)2 is presented by gradient change of color from blue to red 

(temperature). Color code: Ar-purple, B-olive, H-grey, Kr-orange, Mg-red, Xe-

violet 

7.4. Conclusions 

The understanding of adsorption mechanisms and their 

corresponding energetic characteristics is of high importance for 

predictions of the adsorption selectivity. Particularly, the evaluation of 

structure- and guest-defined activation barriers in dynamic materials 

may explain such phenomena as selectivity of adsorption-induced 

phase transitions[47]. The latter enables to use the same porous 

framework for separation of various guests, depending on the 

temperature regime. In our case the potential separation of Kr over Xe 
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by γ-Mg(BH4)2 will be limited by the rotational motions of [BH4]
- 

groups below 175-188 K and by the guest diffusivity along 1D channels 

above this temperature range. The similar kinetic characterization of the 

Xe adsorption in γ-Mg(BH4)2 should demonstrate the preferable high 

temperature (>188 K) range for Xe over Kr kinetic selectivity, 

providing that its hindered interchannel diffusivity is confirmed 

experimentally. In line with the previously presented capability to 

resolve individual site-specific guest uptake characteristics, like 

thermodynamics[14] and/or adsorption isotherms [14, 19, 20], this work also 

shows a promising potential of sub-second X-ray powder diffraction to 

monitor kinetics of guest adsorption for multi-adsorption site 

frameworks, as this information is completely inaccessible by classical 

bulk (volumetric, gravimetric, calorimetric) methods. Despite the fact, 

that sequential Rietveld analysis of thousands of diffraction patterns 

remains challenging, in the near future it can be combined with other 

computational methods, like Principal Component Analysis (PCA)[48], 

which will open much room for its implementation in numerous kinetic 

studies.
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Chapter 8. Conclusions of the Results 

and Perspectives 

 

In this project, we developed a new methodology that is based on 

diffraction methods to characterize adsorption, both from the point of 

view of structural study, but also aiming to access the macroscopic 

properties. The position and orientation of guest molecules are first 

obtained by global optimization in direct space, followed by a 

sequential Rietveld refinement of this model along the adsorption 

isotherms and/or isobars. We extract information about atomic 

occupancies, which are correlated with the amount of guest determined 

from the same diffraction experiment, thus giving access to equilibrium 

pressure-temperature-composition diagrams. Therefore, both micro- 

and macroscopic pictures of interaction are coming from the same 

diffraction experiments. We equally used volumetric methods to 

validate the results and to compare this methodology with classical 

(bulk) methods. Interestingly, the diffraction-based methods are 

specific to a given crystalline phase, while bulk methods cannot take 

into account an amorphous fraction or other crystalline impurities. 

Another great advantage of the gas adsorption crystallography is the 

access to adsorption isobars, which are hardly obtainable by volumetric 

methods, as the non-isothermal calibration is overwhelmingly 

complicated. Adsorption isobars are more informative, as they cover 

wider range of chemical potential and thus are better suited to visualize 

directly anomalies in guest-host interaction. 

Porous magnesium borohydride, γ-Mg(BH4)2, is chosen as 

adsorbent in this project, as it shows a high-symmetry rigid framework 

containing 1D channels made of pockets separated by apertures close 

to the size of small molecules, potentially allowing to sense the 

differences between them. Also, this compound is about a single known 

hydridic porous material, with partly negatively charged hydrogen 

atoms making the surface of the pores, thus giving a chance to discover 



Chapter 8 

180 

some unusual adsorption behavior. We synthesized γ-Mg(BH4)2 in a 

nearly pure form (quantifying the always-present amorphous fraction), 

including its double isotopic derivative, γ-Mg(11BD4)2. We used 

synchrotron X-ray and neutron powder diffraction to study in situ its 

adsorption properties with regard to different gasses: He, Ne, Ar, Kr, 

Xe, as well as H2 (in a form of deuterium), N2, and small fuel gasses 

such as methane and ethane. These studies were done in collaborations, 

the results are grouped as chapters in this thesis, each aiming to be 

published as a research article. 

We show that both adsorption thermodynamics and kinetics can be 

accessed by diffraction, the former requires to scan different P-T 

conditions close to equilibrium, while the latter requires to measure 

diffraction data upon gas adsorption process with a good time resolution. 

We describe and discuss the optimal methodologies for these two 

applications. The isotherms and isobars derived from diffraction data 

were fitted with analytical expressions, allowing to determine 

adsorption enthalpy, entropy, Gibbs energy etc. Different formalisms 

were used to describe the interactions, for example providing isosteric 

heats of adsorption as a function of loading (examples of Ar, CH4 and 

C2H6), or average values (CH4 and C2H6), or describing interactions 

with an empirical coefficient. The latter is linked to the description of 

interactions using Ising-like gas model (example of Ar), but direct DFT 

simulations based on structural information can also be used to evaluate 

the heats of adsorption or even build P-T phase diagrams (examples of 

He, Ne and Ar). On the other hand, diffraction study of adsorption 

kinetics requires to work with “big data”. Tens of thousands of powder 

diffraction patterns have to be collected with sub-second time resolution, 

fitted sequentially by Rietveld method and then analyzed in terms of 

Arrhenius theory. This work can be hardly done with Lab sources and 

without automation of experimental protocols and data reduction, 

typically done at large facilities. Our user experience at synchrotron and 

neutron facilities is inspired by high scientific culture and work 

efficiency, as well as by continuous advancements on the forefront 

research. 
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One of the outcomes of this study is the understanding of the size 

effects on the localization of guests inside the pores, governed largely 

by attractive guest-host and repulsive guest-guest interactions. Unusual 

guest reorganizations are observed upon loading of light noble gasses 

(He, Ne and Ar) and of hydrogen. Up to five H2 molecules can enter the 

same pore pocket, while for larger guests at most one molecule can 

enter the pocket. This explains remarkable differences in surface areas 

of γ-Mg(BH4)2 measured with H2 and N2. Both particular size and shape 

of the pores, but also the nature of the hydridic hydrogen making the 

pore can be at the origin of these differences. 

γ-Mg(BH4)2 exhibits high gravimetric capacity and one of the 

highest heats of adsorption for CH4 and C2H6. Interestingly, larger C3H8 

and n-C4H10 are not adsorbed into the pores. Our analysis shows that 

this may be not due to a mismatch of the molecular and pore sizes, but 

rather stem from the very slow kinetics of diffusion through the pore 

aperture. We hypothesize that hydridic BH4
− anions can turn and help 

the diffusion of CH4 and C2H6 through relatively narrow apertures. But 

this point requires more detailed studies focused on adsorption kinetics. 

Indeed, our new diffraction-based methodology to study kinetics 

 
Figure 1. Summary of gas adsorption phenomena in γ-Mg(BH4)2. Different gasses 

show different scenarios of localization in the pores, the latter shown as a back 

frame with open apertures. The red arrows represent the adsorption steps. The black 

arrows in the top right represent the diffusion pathways for Kr and Xe. 
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reveals the activation energies related to gas adsorption, giving 

understanding of the diffusion mechanisms. Slow diffusion is observed 

for heavier noble gasses, especially for Kr and Xe having kinetic 

diameters similar to the aperture opening. Mechanisms of gas diffusion 

are tentatively attributed to the activation barriers found directly from 

diffraction experiments. 

The Figure 1 summarizes the adsorption phenomena in γ-Mg(BH4)2 

for all the gasses investigated in this thesis.  

As a perspective, we identify the need to extend the class of porous 

hydridic materials to other members, beyond γ-Mg(BH4)2. We made 

some efforts in this direction, but the results are not presented in this 

thesis. One idea is to modify the BH4
− group, still leaving some hydridic 

hydrogens in place; the other is to combine the borohydrides with 

different ligands, known to support porosity, such as imidazolates. 

Characterization of gas adsorption of such new members is required in 

order to understand which unusual properties found in this work (such 

as exceptionally high H2 capacity, high heats of adsorption of 

hydrocarbons etc.) are due to hydridic nature of the pores and which are 

due to the size and shape factors.  

Another perspective is related to a wider use of the new 

methodologies to study adsorption of porous materials. There are other 

interesting crystalline compounds worth a close examination, despite 

we are limited to small-pore systems, where the guests are well 

localized and thus accessible to diffraction. We also see a great potential 

to a wider use of diffraction to study equilibrium diagrams and 

thermodynamics of gas adsorption. The isobars/isotherms that we 

obtained are surprisingly reliable, can be fitted with analytical 

expressions, are highly complementary to bulk measurements and can 

be coupled with the structural information readily available from the 

same experiment. 

Diffraction-based methodology to study kinetics of gas adsorption 

also looks very promising, despite it involves measurements and 

analysis of an immense amount of data. It should certainly be applied 
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to other porous systems, while for the main material of this thesis, γ-

Mg(BH4)2, we identified the breakthrough coming from kinetic studies, 

defining our immediate future work: a very high selectivity of Kr/Xe 

separation found at certain P-T conditions is being explored in detail. 

This may give a way to applications, but may also answer one of our 

most fundamental questions: is the borohydride group in the aperture 

turning to allow larger molecules to pass inside the pores? This may 

define the future of the porous hydrides. 
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Appendix I: Supporting information of Chapter 3 

 

 

Figure S1. Rietveld refinement (λ = 0.74580Å) of Ar atoms in γ-Mg(BH4)2 (p (Ar) 

= 1 bar, T = 90 K;  a = 15.7824(2) Å; RBragg = 4.35 %; RF = 7.82 %). 

 

Table S1. Fractional atomic coordinates and isotropic displacement parameters (Å2) 

for Mg(BH4)2∙xAr refined from synchrotron powder diffraction a p = 1 bar, T = 90 

K.

Atom 

Wyck. 

position Atomic coordinates 

Atomic 

displacement 

parameters 

Occupancy 

  x y z Uiso/Ueq  

Mg1 24d 0.25000 0.12500 0.50000 0.0348 (5) 1 

B1 48g 0.30981 0.05981 0.37500 0.0346 (13) 1 

H1 96h 0.28571 0.02071 0.43730 0.0599 (12) 1 

H2 96h 0.29741 0.13551 0.38560 0.0599 (12) 1 

Ar1 32e 0.06150 0.06150 0.06150 0.0984 (15) 0.346 (3) 

Ar2 32e 0.10224 0.10224 0.10224 0.0984 (15) 0.308 (3) 

file:///D:/MgBH4_kinetics/paper/1%20_atom_site_label
file:///D:/MgBH4_kinetics/paper/1%20_atom_site_label
file:///D:/MgBH4_kinetics/paper/1%20_atom_site_label
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Figure S2. N2 adsorption isotherm and fitting determined by volumetric method. 

 

 

 

Figure S3. The evolution of powder X-ray diffraction isotherm patterns (λ = 

0.68660 Å) of γ - Mg(BH4)2 with Ar. 
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Table S2. Table of data points of occupancy versus temperature of Ar isobars 

p(Ar) = 1 bar p(Ar) = 10.5 bar 

T (K) Ar(1) Ar(2) Total T (K) Ar(1) Ar(2) Total 

90.09 12.10 8.46 20.56 132.43 4.93 12.47 17.40 

90.30 12.15 8.42 20.57 133.33 5.00 12.43 17.42 

90.48 12.01 8.50 20.51 137.47 4.51 12.66 17.17 

90.67 11.93 8.55 20.48 141.25 4.11 12.87 16.98 

90.84 11.82 8.62 20.44 144.83 3.76 13.04 16.80 

91.03 11.68 8.68 20.37 148.41 3.47 13.14 16.62 

91.24 11.57 8.74 20.32 151.97 3.24 13.23 16.47 

91.45 11.47 8.81 20.29 155.49 3.03 13.28 16.31 

91.62 11.33 8.87 20.20 158.94 2.85 13.29 16.14 

91.81 11.24 8.92 20.17 162.43 2.70 13.29 15.99 

92.02 11.09 9.02 20.11 165.94 2.59 13.24 15.83 

92.21 10.97 9.06 20.03 169.44 2.48 13.19 15.67 

92.37 10.88 9.13 20.01 172.86 2.37 13.09 15.46 

92.56 10.75 9.19 19.94 176.37 2.30 12.95 15.24 

92.75 10.64 9.25 19.90 179.87 2.23 12.81 15.04 

92.94 10.51 9.32 19.83 183.35 2.15 12.66 14.82 

93.18 10.35 9.40 19.76 186.84 2.11 12.43 14.53 

93.40 10.22 9.49 19.71 190.28 2.04 12.18 14.23 

93.64 10.06 9.58 19.64 193.80 1.98 11.94 13.92 

93.92 9.91 9.66 19.56 197.28 1.93 11.64 13.57 

94.18 9.75 9.76 19.51 200.79 1.87 11.34 13.21 

94.41 9.64 9.82 19.45 204.19 1.83 10.98 12.81 

94.65 9.48 9.90 19.38 207.72 1.77 10.62 12.38 

94.88 9.36 9.98 19.33 211.22 1.72 10.24 11.96 

95.13 9.23 10.05 19.28 214.71 1.66 9.85 11.51 
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95.35 9.09 10.11 19.20 218.21 1.61 9.42 11.04 

95.56 8.98 10.19 19.16 221.60 1.56 9.01 10.57 

95.79 8.88 10.23 19.11 225.14 1.50 8.58 10.08 

96.02 8.76 10.30 19.06 228.60 1.45 8.17 9.62 

96.19 8.68 10.34 19.01 232.12 1.41 7.74 9.14 

96.42 8.56 10.39 18.95 235.63 1.35 7.33 8.68 

96.61 8.47 10.45 18.93 239.13 1.28 6.93 8.21 

96.78 8.40 10.50 18.90 242.53 1.23 6.55 7.78 

96.98 8.31 10.55 18.86 246.05 1.18 6.17 7.35 

97.14 8.23 10.60 18.83 249.55 1.15 5.79 6.94 

97.29 8.17 10.63 18.80 253.04 1.07 5.46 6.53 

97.45 8.11 10.67 18.77 256.56 1.05 5.12 6.17 

97.58 8.03 10.70 18.74 259.98 1.00 4.81 5.80 

97.74 7.98 10.72 18.70 263.49 0.96 4.51 5.47 

97.84 7.93 10.76 18.69 266.95 0.94 4.23 5.16 

98.01 7.83 10.81 18.64 270.47 0.88 3.97 4.85 

98.18 7.74 10.86 18.60 273.89 0.84 3.73 4.56 

98.36 7.65 10.91 18.56 277.38 0.80 3.50 4.30 

98.59 7.56 10.96 18.51 280.89 0.77 3.27 4.05 

98.83 7.42 11.03 18.45 284.41 0.73 3.07 3.80 

99.08 7.28 11.12 18.40 287.81 0.71 2.88 3.60 

99.39 7.11 11.21 18.32 291.26 0.66 2.72 3.39 

99.73 6.95 11.29 18.24 294.80 0.64 2.56 3.20 

100.15 6.76 11.41 18.16 298.29 0.62 2.41 3.03 

100.55 6.54 11.53 18.07 301.81 0.62 2.25 2.87 

101.01 6.30 11.66 17.96 305.24 0.58 2.14 2.72 

101.55 6.06 11.79 17.86 308.69 0.54 2.01 2.55 

102.20 5.79 11.95 17.73 312.20 0.53 1.90 2.43 
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102.86 5.52 12.09 17.61 315.74 0.52 1.78 2.30 

103.60 5.24 12.24 17.48 319.11 0.49 1.66 2.15 

104.43 4.96 12.40 17.36 322.64 0.48 1.59 2.08 

105.35 4.68 12.55 17.22 326.11 0.46 1.50 1.96 

106.41 4.38 12.71 17.10 329.64 0.46 1.41 1.87 

107.53 4.10 12.86 16.96 333.07 0.43 1.35 1.78 

108.78 3.83 13.00 16.83 336.56 0.42 1.28 1.70 

110.15 3.56 13.14 16.70 339.99 0.39 1.22 1.61 

111.65 3.31 13.25 16.57 343.48 0.40 1.14 1.55 

113.30 3.10 13.35 16.45 346.92 0.38 1.09 1.47 

115.11 2.88 13.45 16.33 350.42 0.38 1.03 1.41 

117.16 2.70 13.49 16.19 350.47 0.37 1.00 1.37 

119.50 2.55 13.49 16.04 350.30 0.35 0.99 1.34 

122.25 2.40 13.49 15.89 350.19 0.35 0.98 1.33 

125.23 2.27 13.44 15.72 350.16 0.35 0.99 1.34 

128.56 2.17 13.33 15.50 
    

132.00 2.08 13.19 15.27 
    

135.47 1.99 12.97 14.96 
    

138.87 1.92 12.70 14.62 
    

142.36 1.85 12.36 14.21 
    

145.83 1.79 11.95 13.74 
    

149.33 1.70 11.50 13.20 
    

152.74 1.62 10.96 12.58 
    

156.20 1.56 10.37 11.92 
    

159.74 1.47 9.70 11.17 
    

163.23 1.38 9.02 10.40 
    

166.69 1.29 8.31 9.61 
    

170.13 1.22 7.61 8.83 
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173.62 1.12 6.93 8.05 
    

177.11 1.05 6.26 7.31 
    

180.55 0.96 5.63 6.59 
    

183.95 0.89 5.05 5.93 
    

187.44 0.82 4.51 5.33 
    

190.79 0.74 4.04 4.78 
    

194.08 0.68 3.59 4.27 
    

196.94 0.63 3.14 3.77 
    

200.64 0.58 2.82 3.39 
    

205.02 0.51 2.48 2.99 
    

208.50 0.47 2.22 2.69 
    

211.99 0.45 1.97 2.42 
    

215.37 0.40 1.78 2.18 
    

218.89 0.39 1.58 1.98 
    

222.41 0.39 1.41 1.80 
    

225.81 0.35 1.28 1.62 
    

229.28 0.36 1.15 1.51 
    

232.77 0.34 1.03 1.38 
    

236.28 0.31 0.95 1.26 
    

239.77 0.32 0.86 1.18 
    

243.25 0.31 0.79 1.10 
    

246.68 0.29 0.71 1.01 
    

250.18 0.30 0.65 0.95 
    

253.68 0.29 0.59 0.88 
    

257.22 0.27 0.54 0.81 
    

260.66 0.27 0.49 0.76 
    

264.10 0.26 0.43 0.69 
    

267.60 0.27 0.41 0.68 
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271.07 0.29 0.36 0.65 
    

274.62 0.25 0.34 0.59 
    

278.03 0.27 0.29 0.56 
    

281.49 0.25 0.27 0.53 
    

285.03 0.24 0.26 0.49 
    

288.49 0.15 0.19 0.34 
    

292.04 0.13 0.18 0.31 
    

295.37 0.23 0.20 0.43         

 

 

 

 

 

Figure S4. The reversibility of adsorption isotherms from powder X-ray diffraction 

experiment. 
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Figure S5. Logistic function to fit the Ar adsorption isobars diagram. 

 

 

Figure S6. Partial Ar uptake of 1 bar and 10.5 bar isobars. 
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Appendix II: Supporting information of Chapter 

4 

Materials and Methods 

Hydrogen isotherm measurements An automated Sievert’s type 

apparatus (PCTPro-2000) was used with a so-called micro-doser (MD) 

from HyEnergy. The original setup was upgraded by a heating and 

cooling device to regulate the sample temperature. The adsorption and 

desorption isotherms (0-20 bar) were measured at various temperature 

(77 K to 298 K) in a sample cell volume of ≈1.3 mL using ultra high 

purity hydrogen gas (99.999 %). Mg(BH4)2 (163 mg and 125 mg for  

and α phase, respectively) were evacuated under ultra-high vacuum at 

335 K for over-night prior to the measurements in order to remove any 

adsorbed gas from the surface. The isosteric heat of adsorption is 

calculated from the absolute adsorbed hydrogen according to a variant 

of the Clausius-Clapeyron equation (details of calculation are shown in 

the Chapter 4, supporting information). 

Cryogenic H2 Brunauer-Emmet-Teller (BET) measurement 

The hydrogen adsorption isotherms of Mg(BH4)2 at 19.5 K were 

measured with laboratory-designed volumetric adsorption equipment 

with a temperature controlled cryostat and is described in detail 

elsewhere[28]. Around 20 mg of - and α-Mg(BH4)2 was activated under 

ultra-high vacuum at 335 K overnight, prior to each measurement. For 

the laboratory-designed cryostat, the temperature control was calibrated 

by measuring the liquefaction pressure for hydrogen and nitrogen in the 

empty sample chamber at various temperatures.  

Neutron powder diffraction at NIST NPD patterns were 

measured on the high resolution powder diffractometer BT1 at the 

NIST Center for Neutron Research (NCNR). The wavelength used was, 

 = 2.074 Å. The sample was loaded into a vanadium can placed inside 

a closed-cycle refrigerator. First, the system was evacuated over night 

to empty the pores. Deuterium loading into the porous structure was 

performed in a two-step procedure. A known amount of gas was put 
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into the system, which was slowly cooled to the liquefaction, and then 

the excess deuterium was pumped off upon heating slightly above the 

boiling point. The empty γ-Mg(11BD4)2 was characterized, as well as a 

fully D2-loaded framework, both measurement were at 10 K. 

Neutron powder diffraction at HZB NPD patterns were taken on 

the high-resolution powder diffractometer E9 at the BER-II research 

reactor at the Helmholtz-Zentrum Berlin. The wavelength used was,  

= 1.7982 Å. The γ-Mg(11BD4)2 sample was loaded into a vanadium can 

placed inside a liquid-helium ‘Orange’ cryostat. The system was 

evacuated and loaded with various amounts of deuterium gas at 25 K 

using DEGAS gas loading systems. Four NPD patterns were collected 

at equilibrium pressures of 0.21 mbar, 0.45 mbar, 27 mbar and 205 

mbar at 25 K. The deuterium gas was evacuated by application of a 

vacuum at 100 K (which was confirmed by a subsequent measurement 

of the empty porous phase) after which 3 bar of N2 gas was applied at 

100 K. The diffraction patterns were collected under these conditions. 

Analysis of diffraction data The identification of guest molecules 

was done by optimization in global space, using FOX software[29], 

followed by a complete Rietveld refinement in Fullprof[30][31]. 

In situ inelastic neutron scattering experiments INS spectra 

were measured at the vibrational spectroscopy beamline VISION at 

SNS, ORNL (Spallation Neutron Source, Oak Ridge National 

Laboratory). A cryocooler cycle system which was used to control the 

temperature of the sample in a range of 5 K - 100 K. Para-hydrogen 

(pH2) was prepared by liquefying ultrahigh purity normal hydrogen 

over Oxisorb (CrO nanoparticles deposited over silica) at 17 K and 

bleeding the vapor off this system at 22 K. The samples were loaded in 

aluminum containers that were connected to a gas dosing system in the 

beamline. The samples were dosed in situ in the cryostat at 35K and 

cooled down to base temperature, 5 K for measurements. We dosed 

different amounts of almost pure pH2 and normal hydrogen, (nH2). 

Normal hydrogen is the equilibrium mixture at room temperature 

consisting of 25% pH2 and 75% ortho-hydrogen (oH2). 
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Chapter S1. Neutron diffraction study of the empty Mg(11BD4)2 

framework, N2-loaded γ-Mg(11BD4)2∙0.66N2 and D2-loaded 

Mg(11BD4)2 framework up to the composition γ-Mg(11BD4)2∙1.33D2. 

 

Figure S1. Rietveld refinement profile for the fresh empty-pore γ-Mg(11BD4)2 

sample, using NPD data (NIST) collected at 10 K, λ = 2.079 Å. 

 

Table S1. Structural data for empty γ-Mg(11BD4)2 sample from NPD experiment 

(NIST) at 10 K, λ = 2.079 Å. Values in parentheses indicate one standard deviation. 

Atom Wyckoff 

site 

x y z Occupancy B (Å²) 

‘Empty’ γ-Mg(11BD4)2, space group Ia-3d, Z = 24, a = 15.7401(11) Å, 

V = 3899.7(5) Å3, Rp = 23.7%, Rwp = 15.7%, χ2 = 0.866, RF = 6.07%. 

Mg 24d 1/4 1/8 1/2 1 1.7(2) 

11B 48g 0.3130(3) x-1/4 3/8 1 1.66(9) 

D1 96h 0.2888(3) 0.0202(3) 0.4363(4) 1 3.53(6) 

D2 96h 0.3001(3) 0.1391(3) 0.3814(2) 1 3.53(6) 
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Figure S2. Rietveld refinement profile for the nitrogen-loaded γ-Mg(11BD4)2 sample 

at 100 K and 3 bar (HZB). The angular ranges containing contributions from the Al 

can were excluded from the refinement. λ = 1.7982 Å. 

 

Table S2. Structural data for the N2-loaded γ-Mg(11BD4)2 sample from NPD 

experiment (HZB) at 100 K and 3 bar of gas pressure, λ = 1.7986 Å. 

Atom Wyckoff 

site 

x y z Occupancy B (Å²) 

N2-loaded γ-Mg(11BD4)2, space group Ia-3d, Z = 24, a = 15.7498(4) Å, 

V = 3906.85(2) Å3, Rp = 10.2%, Rwp = 9.25%, χ2 = 2.17, RF = 2.32%. 

Mg 24d 1/4 1/8 1/2 1 1.1(1) 

11B 48g 0.3130(2) x-1/4 3/8 1 1.42(9) 

D1 96h 0.2910(3) 0.0197(2) 0.4352(3) 1 3.21(7) 

D2 96h 0.3015(2) 0.1402(2) 0.3817(2) 1 3.21(7) 

N1 96h 0.6349(9) 0.6714(18) 0.6650(19) 0.1805(12)* 4.7(7) 

N2 96h 0.628(2) 0.628(2) 0.6193(18) 0.1805(12)* 4.7(7) 
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* This value for the N-atoms' occupancy corresponds to 0.722(5) N2 molecules per 

Mg atom. This value is correlated with the refined ADPs, and is reasonably close to 

the limiting composition of 0.667 N2 molecules per Mg atom. 

 

 

Figure S3. Rietveld refinement profile for NPD NIST data collected at 10 K on the 

D2-loaded γ-Mg(11BD4)2 sample using: up, the structural model for nitrogen 

localization based on XPD data assuming the limiting composition γ-

Mg(11BD4)2∙0.66D2
[6], and bottom, the revised model that allows for the double 

hydrogen capacity, γ-Mg(11BD4)2∙1.33D2. λ = 2.079 Å. 
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Table S3. Structural data for D2-loaded γ-Mg(11BD4)2 sample from NPD experiment 

(NIST) at 10 K. λ = 2.079 Å. 

Atom Wyckoff 

site 

x y z Occupancy B (Å²) 

D2-loaded γ-Mg(11BD4)2, space group Ia-3d, Z = 24, a = 15.7424(3) Å, 

V = 3901.3(1) Å3, Rp = 21.0%, Rwp = 15.4%, χ2 = 0.889, RF = 4.83%. 

Mg 24d 1/4 1/8 1/2 1 0.8(1) 

11B 48g 0.3115(3) x-1/4 3/8 1 0.1(1) 

D1 96h 0.2886(3) 0.0195(3) 0.4349(4) 1 2.90(7) 

D2 96h 0.3008(3) 0.1375(3) 0.3800(2) 1 2.90(7) 

D11 32e 0.6843(2) x x 2.156(18)* 11.1(3) 

* This value for the D2 superatom occupancy corresponds to 1.078(9) occupancy of 

the individual atoms. This value is slightly over 1 due to a correlation in the ADP 

(refined B = 11.2(3) Å2), which falls within the expected range for the "superatom" 

model. When the B-factor is fixed to 8, the occupancy of the “superatom” refines 

exactly to 1. This corresponds to 1.33 D2 per Mg atom. 

 

Table S4. Structural data for the D2-loaded γ-Mg(11BD4)2 from NPD experiment 

(HZB) at 25 K and 0.21 mbar, 0.43 mbar, 27 mbar equilibrium pressures, refined 

with one superatom (centroid) D2 site. λ = 1.7982 Å. 

Atom Wyckoff 

Site 

x y z Occu

pancy 

B (Å²) 

γ-Mg(11BD4)2 at 25 K and 0.21 mbar D2, space group Ia-3d, Z = 24, a = 15.7678(4) Å, 

 V = 3920.2(2) Å3, Rp = 9.5%, Rwp = 8.26%, χ2 = 2.21, RF = 2.10%. 

Mg 24d 1/4 1/8 1/2 1 0.9(1) 

11B 48g 0.31256(19) x-1/4 3/8 1 0.78(7) 

D1 96h 0.2903(2) 0.0204(2) 0.4354(3) 1 2.55(5) 

D2 96h 0.3014(2) 0.1399(2) 0.38137(18) 1 2.55(5) 
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D11 32e 0.6597(5) x x 0.526

(8)* 

11.2 

γ-Mg(11BD4)2 at 25 K and 0.43 mbar D2, space group Ia-3d, Z = 24, a = 

15.7687(4) Å, V = 3920.9(2) Å3, Rp = 10.5%, Rwp = 9.31%, χ2 = 2.75, RF = 2.89%. 

Mg 24d 1/4 1/8 1/2 1 1.3(1) 

11B 48g 0.31091(19) x-1/4 3/8 1 0.65(7) 

D1 96h 0.2890(2) 0.0188(2) 0.4358(3) 1 2.73(5) 

D2 96h 0.3004(2) 0.1383(2) 0.3815(2) 1 2.73(5) 

D11 32e 0.6791(2) x x 1.576(

7)* 

11.2 

γ-Mg(11BD4)2 at 25K and 27 mbar D2, space group Ia-3d, Z = 24, a = 15. 7741(4) Å, V = 

3925.0(2) Å3, Rp = 10.9%, Rwp = 9.71%, χ2 = 2.99, RF = 2.33%. 

Mg 24d 1/4 1/8 1/2 1 1.0(1) 

11B 48g 0.3116(2) x-1/4 3/8 1 0.42(7) 

D1 96h 0.2891(2) 0.0184(2) 0.4355(3) 1 2.59(6) 

D2 96h 0.3007(3) 0.1383(2) 0.3804(2) 1 2.59(6) 

D11 32e 0.6849(2) x x 2.29(1

)* 

11.2 

* The value of the superatom occupancy corresponds to double occupancy of the 

individual D-atoms. The full site occupation (2 for the superatom) corresponds to 1.33 

D2 per Mg atom. 
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Figure S4. Rietveld refinement profiles for the deuterium-loaded γ-Mg(11BD4)2 

sample at 25 K and 0.21 mbar (top), 0.43 mbar (middle), 27 mbar (bottom) 

equilibrium pressures (HZB), refined with one superatom D2 site. The angular 

ranges containing contributions from the Al can were excluded from the refinement. 

λ = 1.7982 Å. 
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Chapter S2. Re-evaluation of the synchrotron radiation X-ray 

powder diffraction (SR-XPD) data collected under hydrogen 

pressures. 

The new H2 localization obtained from the NPD experiments 

allowed us to re-evaluate the in situ SR-XPD data collected on 

γ−Mg(BH4)2 under different H2 pressures and temperatures[6]. Although 

such data were fitted well using a nitrogen localization model (see 

Figure S5a), the quality of the Rietveld refinement was improved 

considerably using the new NPD model and the same SR-XPD data (see 

Fig S5b): χ² decreased to less than half the original value, from 1310 to 

610. Importantly, the new geometric model corrects the original 

estimate of the maximum experimental hydrogen content from 

γ−Mg(BH4)2·0.80H2
[6] to γ−Mg(BH4)2·1.32H2. The obtained value is 

very close to the NPD values and to the value expected at full 

occupancy of the H2 site (1.33 H2 per Mg). Structural parameters for 

the revised SR-XPD experiment at 80 K on 105 bar of H2 are listed in 

Table S5. 

 

Figure S5.  Rietveld refinement profile for the SR-XPD data collected on γ-

Mg(BH4)2 at 80 K and 105 bar of H2 using a) the X-ray model for nitrogen 

localization used previously in Ref.[6], b) the revised NPD model, giving the 

resulting composition γ−Mg(BH4)2·1.32H2. The lower line of Bragg reflection tick 

marks refer to ice forming on the outer side of the cold glass capillary. λ = 0.700930 

Å. 

 

 



Appendix 

202 

Table S5. Structural parameters for γ-Mg(BH4)2 loaded at 80 K with 105 bar of H2, 

using SR-XPD data and the revised model of hydrogen localization. Nearly double 

occupancy of H2 "superatom" indicates the full occupation of the site and thus the 

composition γ−Mg(BH4)2·1.32H2. λ = 0.700930 Å. 

Atom Wyckoff 

site 

x y z Occupancy B (Å²) 

Space group Ia-3d, Z = 24, a = 15.7771(6) Å, V = 3927.1(3) Å3 

Rp = 8.3%, Rwp = 8.8%, χ2 = 610, RF = 2.2%. 

Mg 24d 1/4 1/8 1/2 1 0.9(1) 

B 48g 0.30981 x-1/4 3/8 1 0.9(1) 

H1 96h 0.28571 0.02071 0.43730 1 2.9(1) 

H2 96h 0.29741 0.13551 0.13551 1 2.9(1) 

H11 32e 0.6843 x x 1.98(4)* 16.9(1) 

* This value for the H2 superatom occupancy practically corresponds to full 

occupancy of the site by H2 molecules, the latter corresponds to 1.33 H2 per Mg atom. 

 

100 150 200

0.2

0.4

0.6

0.8

1.0

1.2

1.4

N
2
 model, 3.34 bar

new D
2
 model, 3.34 bar

H
2
 m

o
le

c
u

le
s
 p

e
r 

M
g

 a
to

m

T, K

N
2
 model, 105 bar

new D
2
 model, 105 bar

 
Figure S6.  Hydrogen adsorption isobars for γ-Mg(BH4)2 extracted from in situ 

powder diffraction data using the previous structural model based on localisation of 

nitrogen (N2- model) (black squares) and the new NPD model (red circles). Note 

that there is no drop in adsorbed amount of H2 at lower temperature when using the 

new model. 
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Using the new model and previously reported in situ SR-XPD data 

at 3.34 bar and 105 bar, the H2 site occupancies were refined as a 

function of temperature. Figure S6 shows the amount of H2 adsorbed 

per Mg atom, both for the old (black squares) and the new (red circles) 

models. The major differences are observed for the temperatures below 

150 K, where an unexplained drop in capacity is eliminated for the new 

model. 
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Figure S7.  Amount of adsorbed hydrogen in γ-Mg(BH4)2 extracted from in situ SR-

XPD data collected at constant pressure of 33.7 bar and temperature varied from 80 

K to 300 K. The fit of the logistic function to the experimental isobar yields the H2 

capacity per Mg atom at 1.29(4), which suggest an almost fully occupied site (1.33). 

 

We employed the revised model to characterize hydrogen 

adsorption at 33.7 bar over a wide range of temperatures, from liquid 

nitrogen to ambient, using previously unpublished SR-XPD data. The 

fit of the logistic function to the data is shown in Figure S7, although 

only a part of the S-curve was measured. The H2 capacity per Mg atom 

on saturation refines to, A1 = 1.29(4), which suggest an almost fully 

occupied site (1.33). Very similar values are obtained at higher 

pressure, A1 = 1.30(2) at p(H2) = 105 bar, and even for the low pressure 



Appendix 

204 

of p(H2) = 3.34 bar, A1 = 1.4(2). It is highly satisfactory that the 

saturation limit can be extrapolated so well using the adsorption data 

covering only the lower half of the loading curve at 3.34 bar. Although 

the uncertainties become higher at lower pressures, the fit of the logistic 

function to the data allows estimation of the limiting adsorption 

capacity. The A2 parameter reflects the capacity on complete 

desorption, which is indeed zero within three standard uncertainties. 

The temperature at which half of the maximum hydrogen adsorption 

capacity is adsorbed, x0 = 112 ± 2 K. 

Chapter S3. Neutron diffraction study of the D2-loaded Mg(11BD4)2 

framework, up to the composition γ-Mg(11BD4)2∙2.33D2. 

Table S6. Structural data for the D2-loaded γ-Mg(11BD4)2 from NPD experiment 

(HZB) at 25 K and 27 mbar and 203 mbar equilibrium pressures, refined with two 

superatom D2 sites. λ = 1.7982 Å. 

Atom Wyckoff 

Site 

x y z Occupancy B (Å²) 

γ-Mg(11BD4)2 at 25 K and 27 mbar D2, space group Ia-3d, Z = 24, a = 15.7738(3) 

Å, V = 3924.7(1) Å3, Rp = 9.81%, Rwp = 8.57%, χ2 = 2.39, RF = 2.12%. 

Mg 24d 1/4 1/8 1/2 1 1.1(1) 
11B 48g 0.31105(19) x-1/4 3/8 1 0.70(7) 

D1 96h 0.2888(2) 0.0185(2) 0.4357(3) 1 2.94(6) 

D2 96h 0.2998(3) 0.1386(2) 0.3811(2) 1 2.94(6) 

D11 32e 0.68489(18) x x 2.183(14)* 10.6(2) 

D22 48g 0.5310(19) 0.7190(19) 5/8 0.141(7)* 10.6(2) 

γ-Mg(11BD4)2 at 25 K and 203 mbar D2, space group Ia-3d, Z = 24, a = 

15.8039(7) Å, V = 3947.3(3) Å3, Rp = 18.7%, Rwp = 17.1%, χ2 = 6.72, RF = 6.05%. 

Mg 24d 1/4 1/8 1/2 1 1.4(2) 
11B 48g 0.3132(3) x-1/4 3/8 1 0.93(9) 

D1 96h 0.2903(4) 0.0212(4) 0.4333(5) 1 3.10(8) 

D2 96h 0.2996(4) 0.1388(4) 0.3812(3) 1 3.10(8) 

D11 32e 0.6947(4) x x 2.05(3)* 16.5(6) 

D22 48g 0.5434(6) 0.7066(6) 5/8 0.971(13)* 16.5(6) 

* The value of the superatom occupancy corresponds to double 

occupancy of the individual D-atoms. The refined occupancies of the 

two superatom sites correspond to 1.47 D2 per Mg atom (assuming the 

full occupancy for D11) at 27 mbar equilibrium pressure and to 2.33 D2 

per Mg atom (assuming the full occupancy of D11 and half occupancy 

for D22) at 203 mbar equilibrium pressure.  
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Figure S8. Rietveld refinement profiles for the deuterium-loaded γ-Mg(11BD4)2 

sample at 25 K and 27 mbar (top) and 203 mbar (bottom) equilibrium pressures 

(HZB), refined with two superatom D2 site. The angular ranges containing 

contributions from the Al can were excluded from the refinement. λ = 1.7982 Å. 

Chapter S4. Volumetric measurements. 

Quantification of the crystalline fraction of γ-Mg(BH4)2 using 

volumetric measurements of nitrogen adsorption isotherm. Upon long-

term storage of γ-Mg(BH4)2 the crystallinity of the sample degrades and 

the sample slowly transforms into an amorphous phase, manifested by 

a decreasing diffracted intensity, diffraction peak broadening and 

appearance of a wavy background. The amorphization also strongly 

affects the gas adsorption properties for the bulk γ-Mg(BH4)2 sample. 

Since a significant fraction of the amorphous phase is always present in 
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each sample, the consistent NPD and X-ray data on N2 adsorption (2/3 

N2 per Mg on saturation) allowed us to quantify the amount of the 

amorphous phase by volumetric measurements. We attribute the 

amount of the adsorbed nitrogen, as determined from a volumetric 

isotherm, to the adsorption in the crystalline phase only. Direct 

comparisons of N2 and H2 isotherm of bulk γ-Mg(BH4)2 synthesized on 

the same sample batch are shown in Figure 4. Note that the difference 

between Figure 4a (short-term) and 4b (long-term) is only aging time 

upon storage. The volumetric N2 uptake at saturation can be converted 

to the number of N2 per crystalline/porous Mg in γ-Mg(BH4)2, resulting 

in the estimation of amorphous fraction in bulk γ-Mg(BH4)2 from the 

NPD and X-ray data (2/3 N2 per Mg on saturation). Remarkably, the 

volumetric H2 uptake corrected for the amorphous phase consistently 

exhibits γ-Mg(BH4)2∙2.04~2.06 H2, very close to the limiting 

composition obtained from the crystallographic data 

(−Mg(BH4)22.33H2). 

Crystal structure of α- and −Mg(BH4)2 and their hydrogen storage 

capacities. The highly symmetric cubic crystal structure of 

−Mg(BH4)2 (space group Id-3a), which possesses a 3D net of 

interpenetrated channels with many corners is shown in Figure S9a. The 

narrowest part of the channels, 5.8 Å in diameter, is defined by the space 

between the hydrogen atoms of BH4 groups that comprise the walls of 

the channel. −Mg(BH4)2 contains 33 % empty space in the structure, 

suggesting pronounced gas adsorption potential for this material. 

Another less porous hexagonal polymorph of magnesium borohydride, 

−Mg(BH4)2 (space group P6122), is also investigated in this study and 

its structure is illustrated in Figure S9b. This polymorph contains 

unoccupied voids accounting for 6.4 % volume in the structure, the 

volume of each void approximately compares to the size of a water 

molecule[32]. 
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Figure S9. The structure of a) γ-Mg(BH4)2 and b) α-Mg(BH4)2, containing 

respectively empty channels (an aperture of 5.8 Å, the empty volume accounts for 

~33% of space in the structure) and unoccupied voids (37 Å3 each void, accounting 

for 6.4 % of space in the structure). Symbols: Mg (green), B (red) and H (gray). BH4 

group inside unit cell are shown as dark blue tetrahedral. 

Excess hydrogen isotherm adsorption curves of the − and 

−Mg(BH4)2 measured at 77 K and 298 K are shown in Figure S10. The 

data measured for −Mg(BH4)2 at 77 K exhibits the characteristic 

IUPAC type-I curve shape, which is typical for microporous materials. 

The maximum measured excess hydrogen uptake of −Mg(BH4)2 is 3.4 

mass fraction (wt.%) and 0.12 mass fraction (wt.%) H2 at 77 K and 
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room temperature (RT), p(H2) = 20 bar, respectively. This is in 

agreement with the high porosity observed by crystallographic 

investigations, which reveal a 3D net of interpenetrated channels having 

a wide mean pore diameter (see Table S7). 

In contrast, the excess hydrogen uptake of the polymorph 

−Mg(BH4)2 is significantly lower over the entire pressure range at 

either temperature. −Mg(BH4)2 only absorbs 0.26 mass fraction 

(wt.%) H2 at 77 K, p(H2) = 20 bar, which compares to 0.07 H2 molecule 

per Mg atom, or 0.35 H2 per void in the structure. According to previous 

crystallographic investigations (32), the unoccupied voids (37 Å3) 

might be large enough to accommodate a small molecule, such as H2O 

(kinetic diameter ~ 2.6 Å). However, this theoretical value was obtained 

using a probe ‘atom’ of 1.0 Å radius and may be a suitable predictor of 

the hydrogen adsorption isotherm since the typical range of 

intermolecular H···H interaction in −Mg(BH4)2 is around 2.7 Å to 2.9 

Å. Therefore, the void windows are smaller or may be similar in size to 

the kinetic diameter of a hydrogen molecule, i.e., 2.8 Å to 2.9 Å. Thus, 

the small pore size in −Mg(BH4)2 may pose a strong kinetic barrier, 

leading to diffusion limited hydrogen uptake and release in this 

material. It is notable though, that the well-studied −Mg(BH4)2 

demonstrates hydrogen adsorption in the small pores, making it the 

second nano-porous hydride after −Mg(BH4)2.  
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Figure S10. Reversibility of hydrogen uptake and release for α and −Mg(BH4)2 

samples; squares, circle, triangles and diamond stand for 77 K - −Mg(BH4)2, 77 K - 

α−Mg(BH4)2, RT - −Mg(BH4)2 and room temperature (RT) - α−Mg(BH4)2, 

respectively. Cross stands for second measurement of all samples. Closed symbols 

show the adsorption isotherm and open symbols show the desorption isotherm. 

Samples were evacuated in vacuum at room temperature for overnight prior to each 

measurement.  

 

Table S7. Structural characteristics of α- and −Mg(BH4)2 porosity. 

 

N2 

BET a 

(m2/g) 

H2 BET b 

(m2/g) 

H2 

Uptake c 

(wt.%) 

ρ d 

(g/cm3) 

Pore   

window e 

(Å) 

Pore 

Diameter 

(Å) 

 – Mg(BH4)2 610 1787 4.2 0.55 5.8 7.0 f 

α – Mg(BH4)2 - - - 0.78 2.8 4.1 g 

a N2 BET: nitrogen BET specific surface area at 77 K (P/P0 = 3×10-

5~0.02), b H2 BET: hydrogen BET specific surface area at 20 K (P/P0 = 

5×10-4~0.02) using a cross-sectional area of the hydrogen molecule 

based on the liquid density, c H2 uptake: Saturated hydrogen uptake at 
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19.5 K and 0.7 bar,  d ρ: Skeletal density,  e Pore window: Narrowest 

channel as pore window considering the van der Waals radius of atoms 

in the framework, f Pore diameter: calculated by BJH Adsorption 

dV/dD pore volume distribution, g Pore diameter: calculated from 

crystallographic data. 

 

Calculation of excess adsorption. To remove an influence of the 

temperature gradient between cooled sample cell and gas reservoir with 

pressure transducer (298 K) during isotherm measurement at between 

77 K and 127 K, non-adsorbing samples (sea sand) possessing the same 

volume was measured under identical conditions. By subtracting these 

two measurements, the influence of the temperature gradients as well 

as systematic errors cancels out. Thus, the excess amount of hydrogen 

nexcess(p,T) adsorbed can be calculated by: 

nexcess(p,T) = nexperiment(p,T) –nsea sand (p,T) 

The adsorbed amount is reported in wt.% which is defined as mass 

of hydrogen mads per mass of the system, which consists of the sample 

mass mS and the adsorbed hydrogen. 

 m ads

ms + mads

Hydrogen uptake (wt%) =

 

Calculation of absolute adsorption out of excess adsorption. The 

excess uptake should be corrected in order to exactly represent the 

amount of hydrogen adsorbed on the surface, and that is the so-called 

absolute uptake. For estimating the absolute amount adsorbed, the 

volume of the adsorbed layer (Vads) needs to be known. The density of 

the adsorbed layer is close to the density of the liquid ρlq and therefore 

the volume of the adsorbed layer is approximately 

 

𝑽𝒂𝒅𝒔 =  
𝒏𝒆𝒙𝒄𝒆𝒔𝒔 · 𝑴𝑯𝟐

𝝆𝒍𝒒
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where MH2 is the molar mass of hydrogen. 

If there was no adsorption, in the volume of the adsorbed layer the 

amount (ngas) of gas would be present due to the external pressure. This 

can be calculated from the ideal gas equation 

 

𝒏𝒈𝒂𝒔 =  
𝑷 ∙  𝑽𝒂𝒅𝒔

𝒁 · 𝑹 ∙  𝑻𝑪𝒐𝒍𝒅
 

 

with R the gas constant, Z the correction factor for non-ideal gas  

Z = (1.000547- (6.07•10-7)T+(0.000912-(1.0653•10-

6)T)•P+((7.373407-0.0901T)•10-7)•P2) at temperature T(K) and 

pressure P(atom). 

The absolute amount adsorbed nabs is therefore: 

𝒏𝒂𝒃𝒔 = 𝒏𝒈𝒂𝒔 + 𝒏𝒆𝒙𝒄𝒆𝒔𝒔 = 𝒏𝒆𝒙𝒄𝒆𝒔𝒔 · (𝟏 +  
𝑷 · 𝑴𝑯𝟐

𝒁 · 𝝆𝒍𝒒 · 𝑹 ∙  𝑻𝑪𝒐𝒍𝒅
) 

Evaluation of the isosteric heat of adsorption.  

The isosteric heat of adsorption is typically calculated from 

hydrogen isotherm measurements, e.g., at liquid nitrogen (77 K) and 

liquid Ar (87 K) temperature. This simple calculation, however, results 

in a high uncertainty due to the small temperature range. Therefore, 

hydrogen adsorption isotherms for −Mg(BH4)2 was measured over a 

wider temperature range within 77 to 297 K, allowing the determination 

of the heat of adsorption for a wide range of surface coverage in order 

to minimize the uncertainty. 

Figure S11 shows the temperature variation of the excess hydrogen 

adsorption curves, which provides the strength of the binding potential 

for hydrogen in −Mg(BH4)2. The steep initial increase of H2 adsorption 

indicates a strong interaction between hydrogen and the scaffold, and 

therefore saturation is reached at low pressure. The isosteric heat of 

adsorption is calculated from the absolute adsorption isotherms and the 
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Clausius-Clapeyron equation at different temperature (77 K to 117 K). 

In Figure 5, the isosteric heat of adsorption is shown. Analysis of the 

hydrogen adsorption enthalpy gives a maximum value of 6.1 kJ/mol at 

near zero surface coverage, decreasing to 4.5 kJ/mol with increasing H2 

loading. 

 

Figure S11. Excess hydrogen uptake in −Mg(BH4)2 at temperatures between 77 K 

and room temperature. Filled symbols for adsorption, open symbols for desorption. 

 

The isosteric heat of adsorption is calculated from the measured 

absolute isotherms according to 

∆𝐻 = 𝑅 ∙ (
𝜕ln (𝑃)

𝜕
1
𝑇

)

𝜃

 

where θ is the surface coverage, R is the gas constant, P the pressure 

and T the temperature. Therefore ln(P) is plotted versus the reciprocal 

temperature 1/T for different surface coverage θ. This is shown in 

Figure S12 for −Mg(BH4)2. The slope of the linear fit to this data for 

each surface coverage θ is proportional to the isosteric heat of 

adsorption. 
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Figure S12. The plot of ln(P) versus 1/T for −Mg(BH4)2−H2 system. 

 

Hydrogen sorption isochoric measurement; Temperature 

dependent pressure change. 

In order to understand in detail the hydrogen kinetic effect from the 

pore window of α- and −Mg(BH4)2, it is important to investigate the 

influence of temperature in the hydrogen storage system. Therefore, the 

activated material in the sample holder is loaded with 802 mm Hg 

hydrogen at room temperature and the connection valve is closed so that 

the volume available for the gas remains constant. Then, the sample 

holder is cooled to approximately 11 K where hydrogen should be 

liquid or solid. The pressure is monitored while the sample is heated to 

different intermediate temperatures; each temperature is kept constant 

for approximately 2 min at which point the pressure is recorded. 

For the empty sample holder, the pressure is almost 0 mmHg at 

around 11 K as the hydrogen in the sample holder is liquefied. Slightly 

above 15 K the phase transition from liquid to gas is observed by a 

sudden increase of the pressure in the sample holder. Then, the slope 

becomes smaller with increasing temperature as the hydrogen remains 
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in the gaseous phase and the pressure increases only due to thermal 

expansion, as Figure S13 shown.  

With −Mg(BH4)2 in the sample holder, the pressure develops 

differently. The pressure remains constant (~ 0 mm Hg) up to 

approximately 30 K. Afterwards, the pressure increases linearly until 

approximately 140 K. Thereafter the pressure matches that of the empty 

sample holder. This different pressure behavior is mainly caused by 

hydrogen adsorption on the material. At higher temperature, hydrogen 

starts to desorb, resulting in increasing pressure in the sample holder.  

In contrastive, for α-Mg(BH4)2 the pressure develops almost same 

as was observed using an empty sample holder. This means that the 

pores inside α-Mg(BH4)2 are not accessible for hydrogen and the small 

pore window is effectively closed even at high temperature. 

 

Figure S13. Pressure change in the sample holder with temperature variation 

(square: the empty sample holder, circle: containing α-Mg(BH4)2, triangle: 

containing −Mg(BH4)2. 
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Chapter S5. Inelastic Neutron Scattering - In situ study of H2-

loaded Mg(11BD4)2 framework. 

5.1 Quantum rotation of H2 

The quantum rigid rotor and the particle in a box are two of the 

most important applications of the Schrödinger equation. In the case of 

a diatomic molecule, the translational energy levels can be calculated 

using a simple model of a particle within a three-dimensional box, and 

rotational energy levels are given by 𝐸𝐽 = 𝐽(𝐽 + 1)𝐵𝑟𝑜𝑡, where 𝐵𝑟𝑜𝑡 is 

the rotational constant (7.35 meV for solid hydrogen) and 𝐽 = 0, 1, 2, ⋯ 

is the rotational quantum number (Figure S14)[15]. 

The hydrogen molecule is composed of two indistinguishable 

fermions that produce two different nuclear spin isomers and must 

preserve the overall wave function anti-symmetry.  H2 molecules with 

antiparallel nuclear spins can only exist with even rotational states (𝐽 =

0, 2, ⋯ , even ) parahydrogen (pH2) While molecules with parallel 

nuclear spins must have odd rotational states ( 𝐽 = 1, 3, ⋯ , odd ), 

orthohydrogen (oH2) Due to the zero-point energy, molecular 

hydrogen’s behavior is dictated by quantum molecular dynamics, 

which is influenced by interaction potentials that may vary in a spatial 

dimension. Confined quantum particles entrapped in cage-like 

potentials provide an opportunity to probe the coupled translational-

rotational states under model-like conditions[21]. 

INS spectra obtained from highly confined hydrogen using normal 

hydrogen (nH2) represent a convolution of oH2 and pH2 excitations, 

which complicates subsequent interpretation. Even at boiling 

temperature (~20 K), a mixture of oH2 and pH2 persists for long times 

due to the inefficiency of angular momentum exchange in the absence 

of a catalyst. Owing to the different cross-sections of oH2 and pH2 is 

possible to differentiate the vibrational from the rotational features of 

hydrogen. We thus followed the method of Ulivi et al[20]. We performed 

two independent measurements using different ortho-para 

concentrations (one formed from nH2, and another using nearly pure 

pH2) to extract the pure component spectra by a linear combination 

(Figure S16) and make unambiguous assignments. 
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The spectral intensity is given by: 

𝑆𝑇𝑜𝑡𝑎𝑙(𝑄, 𝜔)~𝑆𝑆𝑒𝑙𝑓𝐶𝑜𝑀
(𝑄, 𝜔)⨂ ∑ 𝛿(𝜔 − 𝜔𝐽𝐽′) ⋅ 𝜐(𝐽, 𝐽′, 𝑄)

𝐽𝐽′

 

where 𝜔  is the energy tranfer, 𝑄  is the momentum tranfer, 

𝑆𝑆𝑒𝑙𝑓𝐶𝑜𝑀
(𝑄, 𝜔) is the dynamical structure factor for the motion of the 

center of mass (also called Density of States DoS), the ⨂  symbol 

denotes a convolution product. The Dirac 𝛿 functions are centered at 

the energies of the rotational transitions, 𝜔𝐽𝐽′ of the H2 molecule. The 

intensity factor 𝜐(𝐽, 𝐽′, 𝑄) is function of the momentum transfer 𝑄 and 

depends on the rotational transition 𝐽 → 𝐽′ of the molecule. 

INS is not subject to selection rules. Therefore all transitions are 

allowed. At low temperatures, only the lowest rotational levels are 

populated,  𝐽 = 0, 1. The intensity factors are calculated using the rigid 

rotor approximation[33]. The transitions contributing to the overall 

intensity are, for oH2, the rotational elastic 𝐽1→1 and the inelastic 𝐽1→2, 

while for pH2 only the 𝐽0→1has an appreciable contribution, the 𝐽0→0 is 

weighted by the coherent cross section of hydrogen and can be 

neglected. In practice, this means that for nH2, the intensity below 12 

meV corresponds to the rattling transitions of the oH2  molecules 

(Figure S16 left). In the case of highly enriched pH2, there is no 

appreciable intensity below 13 meV. The intensity above the rotational 

features (red and blue peaks in Figure S16) is the convolution of the 

rotational transitions with the vibrational tranistions. 

In the case of nH2  all transitions have intensity, Table S8 shows 

the observed transitions in the spectrum (SI) and the experimental 

positions of the peaks (the resolution of VISION is Δ𝜔 𝜔⁄ = 2%. It can 

be seen that all observed transitions are compatible with a value of 

𝐵𝑟𝑜𝑡 = 7.22 meV.  

The presence of higher order rotational features in the spectra is 

highly unusual, it is a consequence of the trapping of the hydrogen 

molecule inside the cavity and a strong reduction of the Debye-Waler 

factor due to such confinement. 
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Figure S14. Scheme of rotational energy transitions of H2. The transitions in black 

are observable transitions while the red arrow indicate a non-observable transition. 
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Figure S15. INS spectra of nH2 (upper) and pH2 (bottom) in Mg(BD4)2 for back 

and forward scattering. The arrows indicate the rotational transitions from para and 

ortho hydrogen. For 𝑛𝐻2, we observe the high-energy transitions 𝐽1→3 and 𝐽0→3 that 

are not seen in most cases due to the high momentum transfer in VISION. For 𝑝𝐻2, 

the transitions 𝐽1→3 and 𝐽1→2 are not observable because they start from the ortho 

state 𝐽1. The transition  𝐽0→2 is not observed as it has a negligible cross section[18] 

(see Table S8). 
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Table S8. Rotational energy transitions corresponding to the Brot = 7.22 meV. 

Experimental data see Figure 3 in the main text of the article. Uncertainties are 1 

standard deviation. 

𝑩𝒓𝒐𝒕

= 𝟕. 𝟐𝟐 𝐦𝐞𝐕 

𝝎𝒓𝒐𝒕 Exp  𝝎𝒓𝒐𝒕 Exp  𝝎𝒓𝒐𝒕 Exp 

𝑱𝟎→𝟏 14.4 14.4

± 0.2 

𝑱𝟎→𝟐 43.3 ----- 𝑱𝟎→𝟑 86.6 85.6

± 1.7 

𝑱𝟏→𝟐 28.9 29.2

± 0.4 

𝑱𝟏→𝟑 72.2 72.3

± 0.7 

𝑱𝟏→𝟒 130.0 ----- 

 

5.2 INS roto-vibrational analysis 

 

5.2.1 Para and normal hydrogen in Mg(BD4)2 

 

Figure S16 (left) shows the INS spectra of Mg(BD4)2 with a load of 

2.8 mmol of nH2 (black trace), nH2 is around the statistical mixture at 

room temperature (75% oH2 and 25% pH2). The area shown in gray is 

the signal of orthohydrogen and it is proportional to the vibrational 

transitions 𝜎𝑣𝑖𝑏 of the hydrogen molecule. The vibrational transitions 

are given by low-energy phonons that correspond to the density of states 

(DoS) of the hydrogen molecule. The oH2 spectrum (gray shaded area) 

show five well-defined phonon transitions located at 1.8 meV (a), 5.5 

meV (b), 6.4 meV (c), 7.2 meV (d) and 11.9 meV (e). The peaks that 

are shown in red and blue are the peaks of parahydrogen rotational 

transitions 𝜎𝑟𝑜𝑡𝐽(0→1)
 𝑤𝑖𝑡ℎ 𝑎. 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 ~2 × 80 barn . The 

intensity observed in the data above 15 meV are the overtones of 

vibrational phonon modes (DoS) of the oH2 given by its combination 

with the rotational transitions 𝜎𝑟𝑜𝑡+𝑣𝑖𝑏~𝜎𝑟𝑜𝑡𝐽(0→1)
⊗ 𝜎𝑣𝑖𝑏. 

Figure S16 (right) shows two rotational peaks that correspond to 

the transition (J0➝1) located at 13.9 meV ((f) perturbed - red) and 14.6 

meV ((g) unperturbed - blue). We used a Gaussian fitting for both rotor 

peaks. The analysis determines the area of each peak in arbitrary units, 

for the unperturbed (39.56) and the perturbed (14.26). The ratio of the 
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areas that correspond to the population is 2.77 for the maximum load, 

Table S9 has all the relevant information for the peak fitting at 

maximum coverage.  

The spectral intensity for molecular hydrogen for a roto-vibrational 

transition is given by 𝜎𝑟𝑜𝑡+𝑣𝑖𝑏~𝜎𝑟𝑜𝑡 ⊗ 𝜎𝑣𝑖𝑏. For the case of  pH2, the 

cross-section of the transition J0➝0 is very small (𝜎𝑟𝑜𝑡𝐽(0→0)
~0 barn)[18]. 

Hence, the vibrational model of the pH2 are not well-visible below the 

rotational transition. In contrast, for oH2, the cross-sectional area of the 

vibrational modes is given by 𝜎𝑣𝑖𝑏 ~2 × 80 barn. This difference in 

cross-sectional area readily visible when comparing the spectra of nH2 

and pH2 (see Figure S16 left – grey area). 
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Figure S16. INS spectra of hydrogen in Mg(BD4)2. Left, spectrum of 16.8 mmol/g 

of nH2 (Mg(BD4)2 ∙ 1.04H2), right, the spectrum of 23.5 mmol/g of pH2  (Mg(BD4)2 

∙1.46H2). The peaks in red represent the rotational transition of 𝐽0→1, centered 

around 14.6 meV, while the blue peak is a 𝐽0→1 centered around 13.9 meV. The 

greyed area in the left panel is the extracted vibrational density of states of the 

hydrogen molecule. 

 

 

Table S9. Gaussian analysis parameters of the rotor transitions ( 𝐽0→1). 

 
Peak 

Center 

[meV] 

Area        

[a.u.] 
FWHM 𝜎 𝜸 

nH2 

(16.8 

mmol/g) 

perturbed (f) 13.20 4.05 1.18 0.654 -1.33 

unperturbed (g) 14.45 14.56 1.14 0.654 -1.33 

pH2 

(23.5 

mmol/g) 

perturbed (f) 13.90 15.20 0.50 0.264 -1.02 

unperturbed (g) 14.65 40.90 0.50 0.264 -1.02 

 

5.2.2 INS as function of pH2 loading and temperature 

Figure S17 show the INS spectra as function of pH2 loading 

collected at 5 K. At the lowest loading (5.88 mmol/g), the spectra show 

an overall higher resolution allowing us to clearly observe peaks at 1.6 

meV, 16.3 meV and 22.0 meV that overlap or are overwhelmed at 

higher loadings. At lower concentrations, the vibrational transitions are 

better defined.  A peak at 27.8 meV is well defined and doesn’t overlap 

other peaks. The overall intensity of the spectra increases with 

increasing pH2 loading and with all the features remaining similar at 

similar energies for all dosing points. Table S10 show the results of the 

Gaussian analysis of the rotational peaks at 13.9 and 14.6 meV. 

Figure S18 show the INS spectra of the highest loading of pH2 (23.5 

mmol/g) (Mg(BD4)2 ∙1.46H2) as function of temperature (5 – 215 K). 

The peak at 13.9 meV and 27.8 meV disappear simultaneously when 

the temperature reaches 95 K.  The peak at 14.7 meV is clearly visible 

up to 155 K and some intensity remain even at 185 K. 
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Figure S17. INS spectra of Mg(BD4)2 for different pH2 loading collected at 5 K. 

The spectra show an increasing uptake with loading, and similar features at all 

energies. 

 

Table S10. Fitting parameters for the rotational features of pH2 as a function of 

coverage. Peak 1 is “perturbed rotor” while peak 2 is standard pH2 𝐽0→1 rotor 

transition. 

Loadi

ng 

nomi

nal 

(mmo

l) 

Loadi

ng 

(mmo

l/g) 

H2 per 

 unit 

cell 

Peak 1 

center 

(meV) 

Peak 2 

center 

(meV) 

Ratio 

peak 

areas 

Area  

Peak1+ 

Peak2 

(normali

zed) 

Area 

spectra 

(normali

zed) 

1.0 5.88 0.37 13.82 14.63 2.85 0.180 0.305 

2.0 11.8 0.73 13.89 14.69 2.19 0.715 0.656 

3.0 17.6 1.09 13.89 14.68 2.34 0.860 0.816 

4.0 23.5 1.46 13.90 14.67 2.69 1 1 
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Figure S18. A) INS spectra of 23.5 mmol/g of pH2  (Mg(BD4)2 ∙1.46H2) collected at 

different temperatures. B) Zoom view of the peak around 17meV, the peak at 27.8 

meV disappears after 65 K. C) Zoom view for higher temperatures. The peak at 14.7 

meV is observable up to 185 K. 

 

5.3. Simultaneous quantum rotational excitation (SQRE) 

To fully account for all the intensity distribution of the pH2 (Figure 

S19) spectra, we note that there is a peak at 27.8 meV that has an energy 

that is twice the energy of the “perturbed rotor” peak (blue hatched 

area). If we have almost pure pH2, there is no rotational transition that 

has such energy transfer (see Table S8). In the case of pH2 under 

pressure (SI section 5.5) there is a peak that appears at an energy twice 

that of the rotational line when the pressure increases. This peak is due 

to a process that involves “one neutron” simultaneously exciting two 

rotational transitions on two neighboring molecules or a simultaneous 

quantum rotational excitation (SQRE). This should not be confused 

with multiple scattering. This a single quantum event that constitutes 

evidence of the strong coupling between these hydrogen molecules due 

to pressure. 
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Figure S19 (red and blue area) shows the result of the convolution 

of the different rotor peaks. These peaks are calculated by convoluting 

the perturbed rotor (13.9 meV - blue) and unperturbed rotor (14.6 meV 

- red) with themselves, respectively. These convolutions produce the 

blue (27.8meV) and red (29.2 meV) modes, respectively. Of these 

peaks, only the one at 27.8 meV is observed for the experiment using 

pH2. 

 

 
Figure S19. INS spectra of Mg(BD4)2 with a load of 23.5 mmol/g of pH2 (black). 

Two additional peaks are marked in blue and red located at 27.8 and 29.2 meV 

corresponding to the convolution of each peak with itself. 

 

5.4. Calculation of overtone vibrational modes and SQRE 

The higher energy part of the INS spectra (16 < E < 30 meV) above 

the rotational peak has several peaks that compose the overtones. These 

overtones are the combination of the vibrational modes (DoS) with the 

rotational peaks.  Figure S20 shows the product of convoluting the oH2 

DoS (purple upper area) with the pH2 rotational lines (blue + red 

hatched areas). The resulting overtone curve (dark grey) is composed 

by the peaks located at (h)16.3 meV, (i)20.1 meV, (j)21.3 meV, (k)23.6 

meV, and (l)26.6 meV, which correspond to the overtones of the 

phonon modes (a,b,c,d,e), respectively. Second order overtones (light 
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grey area) are calculated by convoluting the overtones (dark grey area) 

with the oH2 DoS (purple upper area).  

The experimental data show another peak located exactly at 27.8 

meV, this peak correspond to the SRQE (blue area) of the ‘perturbed’ 

rotor (see Figure S19).  The sum of the first and second order overtones 

(dark yellow) plus the calculated SQRE (blue area) result in a curve 

(green) that reproduce the experimental pH2 INS spectra. The 

experiment (black) shows no signal located at 29.2 meV that would 

correspond to the SQRE of the ‘unperturbed’ rotor, that would 

correspond to the peak shown in red. 

Only the SQRE at 27.8 meV is observable while the other at 29.2 

meV is not, indicating that the rotor peaks are not coupled. This suggest 

that there are two independent environments for the hydrogen molecule. 

The ratio of the areas the rotors 𝐽0→1 is 2.7 (see Table S3), which is a 

direct measurement of the ratio of hydrogen populating each 

environment. 

 

 
Figure S20. INS spectra of Mg(BD4)2 with a load of 23.5 mmol/g of pH2 (black). 

The vibrational modes DoS [a-e] (grey upper area) are convoluted with the rotor 

transitions [f,g] to obtain the overtones [h-l] (16-28 meV grey area). The sum of the 

overtones and the bifold rotor [m] (green line) reproduces the experiment (E > 16 

meV). The blue peak m) in necessary to account for the intensity. The peak n) does 

not exist in the data. This is because peak f) and g) are distinct pH2 molecules. Note 

that in the case of pH2 there are no rotational transitions that can account for peak 

m). 
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5.5. Comparison with H2 at high-pressure 

As a means of comparison, we present additional INS experiments 

of pH2 and nH2 at high-pressure. The experiments were measured using 

VISION spectrometer at the Spallation Neutron Source (SNS) at Oak 

Ridge National Laboratory (ORNL) in Tennessee, USA. A high-

pressure dosing device was used coupled with CuBe high-pressure cell 

at 5K to reach pressures up to 4000 bar. 

Figure S21 show the INS spectra of solid pH2 at 200 bar and 2500 

bar. In both cases, there is a peak near 14.6 meV that corresponds to the 

rotation J0➝1, and overtones 𝜔𝐽0→1
⊗  𝜔𝑣𝑖𝑏  are located between 16 

meV and 28 meV. The overtone modes located between 16 meV and 

29 meV shift to higher energies with increasing pressure. Interestingly, 

at the higher pressure a SQRE is observed near 29.0 meV, which 

corresponds to the convolution of the rotor peak with itself. Because the 

experiment was performed using pH2, the rotational transition (J1➝2) 

that should be located at 29.2 meV is not observed as the J=1 state is 

not populated because it corresponds to an ortho-spin-state. 

Figure S22 a comparison of the experiment using pH2 in Mg(BD4)2. 

The high-pressure experiment was scaled (y-axis) and translated (x-

axis) so the rotational peak matches the high-pressure peak a 13.2 meV 

(red) and the unperturbed peak at 14.6 meV (blue) (see Figure S16 

right). Hence, the SQRE (Figure S21) energy is shifted the same as the 

rotor, showing that the corresponding SQRE of the “perturbed” peak 

(m) is observable while the SQRE of the “unperturbed” (n) is not visible 

in the spectra.  

Figure S23 shows the INS spectra of solid nH2 for two high-

pressure points (~0 bar and 2400 bar), the spectra show the rotational 

transition (J0➝1) shifting to lower energies with increasing pressure. The 

shift to lower energies of the rotor is due to the quadrupole interaction 

of oH2. A vibrational mode (rattling) is located at lower energies (5 

meV to 13 meV) and moves towards higher energies with increasing 

pressure. The overtones of the vibrational modes are located between 

15 and 29 meV, and shift to higher energies with increasing pressure. 

Contrary to the pH2 high-pressure experiment, the peak located at 29.2 
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meV is the ortho rotation (J1➝2) (green-line), and a SQRE  (2𝜔𝐽0→1
) is 

not well-defined. 

 

 

 
Figure S21. INS spectra of solid pH2 at 200 (black) and 2500 bar (blue). The peak 

near 14.6 meV correspond to the rotation J0➝1 and its intensity increases with 

pressure while its energy is reduced. At higher pressure, SQRE is located at 29.0 

meV. 
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Figure S22. INS spectra Mg(BD4)2 with a load of 23.5 mmol/g of pH2 (black). To 

compared intensities and energies the INS spectrum of pH2@2500 bar is scaled (x- 

and y- wise) to correspond to both rotor intensities (13.9 meV (red) and 14.6 meV 

(blue)). 

 

 
Figure S23. INS spectra of solid nH2 at high-pressure collected at 5 K. The INS 

spectra near 0 bar and at 2400 bar show a mode that is located at 5.52 meV and 

10.89 meV, respectively. The peaks located near 14.0 meV and at 29.2 meV 

correspond to rotational transitions J0➝1 and J1➝2, respectively. 
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5.6 Density of hydrogen confined in Mg(BD4)2 

By looking at the effect of pressure on highly enriched pH2 and 

nH2 (see SI section 5.5) on the phonon spectrum of hydrogen; we can 

calibrate a “representative density” required for the effect of pressure to 

be observable. 

Figure S24 upper left show a linear interpolation of the phonon 

energies of nH2 as a function of the pressure (orange line). The phonon 

energies (blue triangles) were taken from the full experiment of solid 

nH2 (0 bar to 4000 bar) (Figure S23).  

The different vibrational modes observed in the DoS (Figure S16 

left) are shown as green points correspond to a vibration in the three 

directions. The highest energy is 11.9 meV represents the higher 

vibration mode that correspond to a high-pressure environment of 2915 

bar (Figure S24 green circle).  

The density of bulk hydrogen has been previously reported as 

function of pressure by Silvera et al.[34] (Fig S24 upper right). Assuming 

a pressure of 2915 bar (red- dotted), the corresponding density is 132 

g/L. A value much higher than bulk -liquid (70.9 g/L) and -solid (86.7 

g/L) density at 1 bar. This value is 1.51 times higher than the bulk-solid 

density at 1 bar.  

The cross-sectional area of the H2 molecule as function of pressure 

(Figure S24 bottom left) was calculated assuming a hexagonal close 

packing and is given by: 

𝜎 = 𝑓 ⋅ (𝑚
𝜌𝑁𝐴

⁄ ) 

where 𝑓 =  √3
√4
3⁄ = 1.091  is the hexagonal closed-packing 

factor, m is the molar mass, 𝜌 is the volumetric density and NA is the 

Avogadro number (Rouquerol, Rouquerol et al. 1999, Lowell, Shields 

et al. 2004). The corresponding cross-sectional area for 2915 bar is 9.40 

Å2. 

The H2-H2 intermolecular distance as function of pressure (Figure 

S24 bottom right) is given by the relation: 

𝜎 =
√3

2
⋅ 𝑟2 
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where 𝜎 is the cross-sectional area of H2 and r is the intermolecular 

distance[35]. The corresponding intermolecular distance for a pressure 

of 2915 bar is 3.29 Å. 
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Figure S24. Upper left, linear interpolation of the phonon energies of nH2 as a 

function of the pressure. The energies observed in the phonon modes [b-e] in Figure 

S2 are shown as green points. The phonon mode at 11.9 meV [e] corresponds to a 

pressure environment of 2915 bar. Upper right, hydrogen density as a function of 

pressure Bottom left, corresponding cross-sectional area of hydrogen as a function 

of the pressure. Bottom right,  H2-H2 intermolecular separation as function of 

pressure. The corresponding separation for a phonon mode of 11.9 meV (Figure S2 

peak [e]) is 3.29 Å. 
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Appendix III: Supporting information of Chapter 

6 

 

Figure S1. Nitrogen adsorption and desorption in γ-Mg(BH4)2 sample at 190 K and 

up to 41 bar. The proportion of the crystalline γ-Mg(BH4)2 is estimated to be 89%, 

using the parameter a = 1517(6) μmol and sample the mass of 136.7 mg. The 

limiting composition at saturation is known to be γ-Mg(BH4)2·2/3N2. 
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Figure S2. NPD Rietveld refinement (λ = 2.0787(2) Å) for empty γ-Mg(11BD4)2 at 

10 K. Experimental and calculated data are shown in red symbols and black line, 

respectively. Blue line shows the difference curve, while green marks show Bragg 

positions. 

 

Table S1. Experimental structural parameters for γ-Mg(BD4)2 at 10 K, from NPD.  

Space group Ia-3d, a = 15.740(1) Å, V = 3899.6(8) Å3. 

Atom Wyckoff 

site 

x y z Occupancy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.3130(3) 0.0630(3) 3/8 1 

D1 
96h 0.2888(3) 

0.0202(3) 
0.4363 

(4) 
1 

D2 96h 0.3001(3) 0.1391(3) 0.3814(2) 1 
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Table S2. Comparison of the structural data for γ-Mg(BD4)2 derived from NPD data 

(this work) and for γ-Mg(BH4)2 from SR-XPD data (ref.[1]). 

 NPD data SR-XPD data 

Formula Mg(11BD4)2 Mg(BH4)2 

Space group Ia-3d Ia-3d 

a (Å) 15.7401(11) 15.7575(16) 

V (Å3) 3899.6(8) 3912.6(7) 

M (g mol−1) 62.60 53.99 

T (K) 10 298 

 

 

Figure S3. Coordination environment of Mg in γ-Mg(11BD4)2 (a, this work, from 

NPD data) and in γ-Mg(BH4)2 (b, ref.[1], XR-XRD data). Labels on D and H atoms 

are omitted for clarity. Symmetry operations: (i) −0.25+x, 0.25−y, 0.25+z; (ii) 

−0.25+x, 0.25+y, 0.75−z;  (iii) 0.25+x, 0.75−y, −0.25+z; (iv) 0.25−x, 0.25+y, 

−0.25+z; (v) 0.75−x, 0.25−y, −0.25+z; (vi) 0.25+x, 0.25−y, 0.75+z. Mg atom has 

distorted tetrahedral environment and the Mg−D bond lengths are 2.025(5) Å and 

2.039(3) Å, for D1 and D2, respectively. Those reported for γ-Mg(BH4)2 were 

slightly shorter, 1.958 Å and 1.998 Å. The B···Mg···B’ angles have close values of 

99.440(3)° and 100.443° (for B1···Mg···B1vi) and  132.220(2)° and 129.603° (for 

B1···Mg···B1i), in the structures of γ-Mg(11BD4)2 and γ-Mg(BH4)2, respectively. 
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Figure S4. NPD Rietveld refinement (λ = 2.0787(2) Å) for γ-Mg(11BD4)2·0.63CD4 

at 10 K. Experimental and calculated data are shown in red symbols and black line, 

respectively. Blue line shows the difference curve, while green marks show Bragg 

positions. 

 

Table S3. Experimental structural parameters for gas-loaded γ-Mg(BD4)2·0.63CD4 

at 10 K, from NPD.  Space group Ia-3d, a = 15.7054(3) Å, V = 3873.9(2) Å3. 

Atom Wyckoff 

site 

x y z Occupan

cy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.31368(13) 0.06368(13) 3/8 1 

D1 96h 0.28949(13) 0.02088(13) 0.43630 1 

D2 96h 0.30084(13) 0.13981(13) 0.38140 1 

C1 32e 0.1291(3) 0.1291(3) 0.1291(3) 0.475(5) 

D3 32e 0.0885(3) 0.0885(3) 0.0885(3) 0.475(5) 

D4 96h 0.1059(6) 0.1940(6) 0.1383(9) 0.475(5) 
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Figure S5. Orientational disorder of CD4 in γ-Mg(BD4)2·0.63CD4 at 10 K. 

 

Table S4. Geometry of the shortest D···D contacts between the γ-Mg(11BD4)2 host 

and the guest CD4 molecules. 

γ-Mg(11BD4)2·0.63CD4, 10 K 

Contact D···D ∠B−D···D ∠C−D···D 
Symmetry 

operation 

B1−D1···D4−C1 2.993(10) 139.6(2) 142.6(7) - 

B1i−D2···D4−C1 3.009(11) 139.7(2) 129.3(7) 
(i) 3/4−x, 

1/4−y, −1/4+z 
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Figure S6. SR-XRD Rietveld refinement profile for γ-Mg(BH4)2·0.61CH4 at 188 K 

under 65 bar of CH4. The blue marks show Bragg positions (λ = 0.740569 Å). 

 

Table S5. Experimental structural parameters for γ-Mg(BH4)2·0.61CH4 at 188 K 

under 65 bar of CH4, from SR-XRD. Space group Ia-3d, a = 15.779(3) Å, V = 

3928(1) Å3. 

Atom Wyckoff 

site 

x y z Occupancy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.30981 x-1/4 3/8 1 

H1 96h 0.28571 0.02071 0.43730 1 

H2 96h 0.29741 0.13551 0.38560 1 

C1 32e 0.1029(5) x x 0.456(6) 

H3 32e 0.0628(5) x x 0.456(6) 

H4 96h 0.0889(5) 0.1697(5) 0.0900(5) 0.456(6) 
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Figure S7. Changing position of the methane molecules as the temperature 

increases, (a) γ-Mg(BD4)2·0.63CD4 at 10 K and (b) γ-Mg(BH4)2·0.61CH4 at 188 K 

under 65 bar. A gradual change between the two illustrated extremities was 

observed by in situ SR-XRD. The ball-and-stick model complemented with BH4
− 

polyhedra is used for clarity. 
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Figure S8. SR-XRD Rietveld refinement (λ = 1.79860(1) Å) for γ-

Mg(11BD4)2·0.66C2H6 at 200 K.  Experimental and calculated data are shown in red 

symbols and black line, respectively. Blue line shows the difference curve, while 

green marks show Bragg positions. Regions near Bragg reflections from the Al 

container were excluded. 
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Figure S9. NPD Rietveld refinement (λ = 1.79860(1) Å) for γ-Mg(11BD4)2·2/3C2D6 

at 20 K.  Experimental and calculated data are shown in red symbols and black line, 

respectively. Blue line shows the difference curve, while green marks show Bragg 

positions. Regions near Bragg reflections from the Al container were excluded. 
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Figure S10. NPD Rietveld refinement (λ = 1.79860(1) Å) for γ-

Mg(11BD4)2·0.66C2D6 at 200 K.  Experimental and calculated data are shown in red 

symbols and black line, respectively. Blue line shows the difference curve, while 

green marks show Bragg positions. Regions near Bragg reflections from the Al 

container were excluded. 

 

Table S6. Experimental structural parameters for γ-Mg(11BD4)2·0.66C2H6 at 200 K 

from NPD.  Space group Ia-3d, a = 15.8079(10) Å, V = 3950.2(5) Å3. 

Atom Wyckoff 

site 

x y z Occupancy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.30981 0.05981 3/8 1 

D1 96h 0.28571 0.02071 0.43730 1 

D2 96h 0.29741 0.13551 0.38560 1 

C1 32e 0.1524(2) 0.1524(2) 0.1524(2) 1 

H3 96h 0.165(2) 0.2096(11) 0.1180(12) 1 

 

Table S7. Experimental structural parameters for γ-Mg(11BD4)2·0.66C2D6 at 20 K 

from NPD.  Space group Ia-3d, a = 15.7704(5) (12) Å, V = 3922.2(4) Å3. 

Atom Wyckoff 

site 

x y z Occupancy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.3137(3) 0.0637(3) 3/8 1 

D1 96h 0.2865(4) 0.0197(4) 0.4327(5) 1 

D2 96h 0.2979(4) 0.1371(4) 0.3819(3) 1 

C1 32e 0.15274(15) 0.15274(15) 0.15274(15) 1 

D3 96h 0.0337(3) 0.1082(4) 0.1058(3) 1 

 

Table S8. Experimental structural parameters for γ-Mg(11BD4)2·0.66C2D6 at 200 K 

from NPD.  Space group Ia-3d, a = 15.8184(12) Å, V = 3958.1(9) Å3. 
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Atom Wyckoff 

site 

x y z Occupancy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.30981 0.05981 3/8 1 

D1 96h 0.28571 0.02071 0.43730 1 

D2 96h 0.29741 0.13551 0.38560 1 

C1 32e 0.1533(7) 0.1533(7) 0.1533(7) 1 

D3 96h 0.0438(13) 0.1233(13) 0.0959(16) 1 

 

Table S9. Geometry of D···D contacts between γ-Mg(11BD4)2 host and C2D6 guest 

species. 

Contact D···D(H) ∠B−D···D(H) ∠C−D(H)···D 
Symmetry 

operation 

γ-Mg(11BD4)2·0.66C2D6, 20 K 

B1−D1···D3−C1 3.035(9) 124.7(4) 121.3(4) - 

B1i−D2···D3−C1 2.534(9) 142.6(5) 148.2(5) 

(i) 3/4−x, 

1/4−y, 

−1/4+z 

γ-Mg(11BD4)2·0.66C2D6, 200 K 

B1−D1···D3−C1 2.883(23) 129.6(4) 139.0(2) - 

B1i−D2···D3−C1 2.847(21) 139.6(4) 126.4(2) 

(i) 3/4−x, 

1/4−y, 

−1/4+z 
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Figure S11. SR-XRD Rietveld refinement for γ-Mg(BH4)2·0.60C2H6 at 200 K under 

4 bar of C2H6. The blue marks show Bragg positions (λ = 0.822570 Å). 

 

Table S10. Experimental structural parameters for γ-Mg(BH4)2·0.60C2H6 at 200 K 

under 4 bar of C2H6, from SR-XRD. Space group Ia-3d, a = 15.8386(2) Å, V = 

3973.32(7) Å3. 

Atom Wyckoff site x y z Occupancy 

Mg 24d 1/4 1/8 1/2 1 

B 48g 0.30981 x-1/4 3/8 1 

H1 96h 0.28571 0.02071 0.43730 1 

H2 96h 0.29741 0.13551 0.38560 1 

C1 32e 0.1513(3) x x 0.904(3) 

H3 96h 0.055(2) 0.1260(18) 0.092(3) 0.904(3) 
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Figure S12. Structures and Hirschfield plots for γ-Mg(11BD4)2·0.66C2D6 at 20 K (a) 

and at 200 K (b). For better analysis of host-guest contacts, the Hirschfield plots 

were built using CrystalExplorer[2]. 
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Appendix IV: Supporting information of Chapter 

7 

In situ X-ray diffraction  

The sample of γ-Mg(BH4)2 was prepared according to the synthetic 

procedure described elsewhere.[1] The grinded powder of γ-Mg(BH4)2 

was loaded into 0.5 mm glass capillary in the argon filled glove box. 

The filled capillary was connected to the gas-loading manifold, 

equipped with the electronic manometer (working range of 0 - 100 bar 

with 0.01% full scale accuracy). Prior to gas loading, the sample was 

heated to 350 K under vacuum, in order to remove the traces of Ar. 

After evacuation, gas pressure was set to 0.5 bar.  

The selected temperatures were controlled using Oxford 

Cryostream 700+. The preheated capillary with γ-Mg(BH4)2 (350 K, 

p(Ar, Kr, Xe) = 0.5 bar) was removed from the hot nitrogen 

stream using programmable goniostat,[2] in order to keep the sample at 

room temperature (minimizing gas adsorption before the beginning of 

data collection). The nitrogen blower without a sample was cooled for 

such kinetic datapoints: 110, 120, 140, 150, 160 K for Ar; 200, 190, 180 

and 170 K for Kr; 220, 230, 240, 250, 260 K for Xe (with 2 minute 

waiting time for a temperature stabilization). The sample was fast 

moved into set capillary position under nitrogen gas stream and 

approximately 10000 data frames per temperature with 0.2, 0.25 and 

0.5 s exposure for Ar, Kr and Xe, respectively, were collected. After 

data collection the same part of a capillary was heated back to 350 K (6 

K/min rate) in order to remove gas molecules from γ-Mg(BH4)2 for the 

next temperature point. This procedure was repeated for the next 

temperature, changing the capillary position by 1 mm in order to have 

a fresh portion of the sample in the beam (not affected by radiation 

damage).  

The in situ SXRPD data were collected at BM01 (SNBL/ESRF in 

Grenoble, France) using PILATUS@SNBL diffractometer.[3] The 

monochromatic beam (λ = 0.6866, 0.77936 and 0.66735 Å for the 
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experiments with Ar, Kr and Xe, respectively) was calibrated on LaB6 

powder with PyFAI.[4] The obtained calibrations were implemented to 

Bubble for further azimuthal integration of 2D images. The resulting 

structures of Kr were refined using the models from Ref. [5] in a 

sequential mode by Rietveld method implemented into Fullprof 

software.[6]  

The sequential crystal structure refinement details Several 

structural models and their combinations were checked for the 

refinement of time-dependent powder diffraction patterns, see for 

example Figure S1. The single phase refinement using Mg(BH4)2∙xKr 

phase (1) structural model[5] does not match our time-dependent 

experimental data, especially at 180 and 170 K. It was found that the 

peak intensities do not correspond to the single phases and the peaks 

have slightly asymmetric shape. The asymmetry position change in 

time from the lower to higher 2theta angles, if compared to the peaks of 

the main Mg(BH4)2∙xKr phase (1), which is present within full time 

scale. That is why the sequential data analysis was divided into 2 

parts. The first “starting time” part was considered as a mixture of 

empty (non-filled) γ-Mg(BH4)2 and main Mg(BH4)2∙xKr phase (1), see 

Figure S1. The refinement of such mixture was performed using the 

same profile parameters. The limiting point of the “starting time” was 

chosen, when the unit cell parameters of γ-Mg(BH4)2 became almost 

equal to Mg(BH4)2∙xKr phase (1) and started to decrease. The “ending 

time” part was modeled as a mixture of main Mg(BH4)2∙xKr phase (1) 

and minor Mg(BH4)2∙yKr phase (2), which has smaller cell parameters, 

than phase (1), see Figure S2. 
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Figure S1. The comparison of powder X-ray diffraction pattern refinements with a 

single phase (1) (left) and as phase mixture, containing phase (1) and empty γ-

Mg(BH4)2 (right) (T = 170 K; 25 seconds of the adsorption time). The difference 

curve (in blue) suggests, that the two-phase model is more preferable. 

 

Figure S2. The unit cell parameters of two phase-models define the time limits for 

powder diffraction refinements. 
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Figure S3. The Sharp–Hancock plots from Johnson-Mehl-Avrami-Kolmogorov 

(JMAK) relation (1), where x is a loading fraction. 

 

Figure S4. The Arrhenius plot of the rate constants logarithm, obtained from the 

Sharp–Hancock plots and the Equations (1) and (2). 
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Figure S5. The parametric fits of the kinetic curves of Kr adsorption, using 

Equation (4): a-c) from the Kr occupancies; d-f) from the fluorescence background. 

 

 

 

Volumetric measurements of adsorption isotherms 

Krypton (170 – 200 K) and nitrogen (190 K) adsorption isotherms 

were measured on the same sample (sample mass 50 mg) using a 
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volumetric BELSORP-HP apparatus, connected to a self-designed cell 

mounted on a closed cycle helium cryostat DE-202AG. It is operated 

by a temperature controller LS-336 (Lake Shore), and the heat produced 

by the cryostat is removed from the system by a helium compressor 

ARS-4HW. 

The N2 data was used to quantify the amount of the crystalline γ-

Mg(BH4)2 in the sample, which amounts to 60%. 

The sample was handled in the inert atmosphere in the glovebox 

filled with Ar. Prior the measurements, the sample was evacuated for 

16 h at 343 K. Between the measurements at different temperatures, the 

sample was heated to 298 K and evacuated for 2 h. Nitrogen adsorption 

isotherm at 190 K up to 45 bar was collected after the Kr adsorption 

experiments, on the same sample still in the same cell. Prior to nitrogen 

adsorption the sample was evacuated at 343 K for 16 h. 

The kinetic data collected were analyzed by adsorption rate analysis 

software BELDynaTM, using LDF approximation: 

𝑑𝑞

𝑑𝑡
= 𝐾𝑠𝑎𝑝(𝑞∗ − 𝑞)      (S1) 

Linear equilibrium equation: 

𝑞∗ = 𝐻 ∙ 𝑃       (S2) 

Batch adsorption operating equation: 

𝑊(𝑞−𝑞0𝑛) = 𝑣(𝑃0𝑛 − 𝑃)      (S3) 

H: equilibrium (Henry) constant [cm3/g] 

P: pressure [Pa] 

P0: initial pressure [Pa] 

Pe: equilibrium pressure [Pa] 

q: adsorbed amount [cm3/g] 

q0: initial adsorption amount [cm3/g] 

Ksap: mass transfer coefficient [1/sec] 
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t: time [s] 

V: gas phase volume [cm3] 

W: adsorbent amount [g] 

By solving simultaneous above Equations (S1), (S2) and (S3), the 

following solution is obtained: 

 

In the above equations, 𝛼 = 𝑉/(𝑊 ∙ 𝐻) (separation factor). 

Providing that P = CRT, the Equation (S5) transforms into: 

 

For the adsorption rate analysis program, the Equation (S6) is used. 

The data obtained for the points at 50 kPa are summarized in the 

Table S1.  
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Figure S6. a) The Kr adsorption isotherms (up to 100 kPa) at various temperatures; 

b) The comparison of the temperature-dependencies of the normalized kinetic rates 

from Linear Driving Force (L.D.F.) approximation (KL.D.F. from volumetric studies 

at 50 kPa in red) with a fractional order kinetic model (KA - Avrami kinetic constant 

in dark blue), obtained from Sharp–Hancock plots (the details are given in Tab. 

S1).  

 

Table S1. The comparison of Linear driving force (L.D.F.) approximation (KL.D.F. 

from volumetric studies) and a fractional order kinetic model (KA - Avrami kinetic 

constant from in situ X-ray powder diffraction) at p(Kr) = 50 kPa. 

T, K KA, 1/sec n KL.D.F. n = 1 

200 0.00949 0.86 0.0269 

190 0.01021 0.83 0.0392 

180 0.01141 0.76 0.0982 

170 0.00882 0.82 0.0163 
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Figure S7. Nitrogen adsorption isotherm at 190 K up to 45 bar, used to quantify the 

fraction of the crystalline γ-Mg(BH4)2 in the sample, knowing that the limiting 

composition in saturation is γ-Mg(BH4)2·0.667N2. To estimate the capacity in the 

saturation, the fit of the Langmuir equation to the data was done, yielding a = 371(3) 

μmol and b = 5.4(3)·10-4. Considering that the sample mass of 50 mg, the fraction of 

the crystalline γ-Mg(BH4)2 is estimated to be 60%. 

 

 

Figure S8. Kr adsorption isotherms, corrected for the fraction of the crystalline γ-
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Mg(BH4)2. The fits made by Langmuir equation overestimate slightly the limiting 

capacity of 16 Kr per unit cell (0.667 Kr per Mg), due to uncertainties of calibration 

with N2. The fitted values at 170 K: a = 19.45(4) Kr/cell and b = 2.17(3)·10-2; at 180 

K: a = 19.75(7) Kr/cell and b = 1.11(2)·10-2; at 190 K: a = 19.8(1) Kr/cell and b = 

5.9(2)·10-3; at 200 K: a = 20.7(2) Kr/cell and b = 3.03(9)·10-3. 

 

 

Figure S9. Van’t Hoff plot made with equilibrium constants, Keq, obtained from 

the Langmuir equations fitted to the Kr adsorption isotherms, see the previous 

Figure S8. The resulting values: ΔH = -18.4(7) kJ/mol of adsorbed Kr, ΔS = -140(4) 

J/(mol·K). 

 

Table S2. The details of the refined parameters from the kinetic Equation (4) for Kr 

occupancies. 
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Table S3. The details of the refined parameters from kinetic Equation (3) for Kr 

occupancies. 

 

 

Table S4. The details of the refined parameters from the kinetic Equation (4) for Kr 

fluorescence. 
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Figure S10. The linear interpolation of the contributions from Kr occupancies (top) 

and fluorescence (bottom). 

 

 

 

 



Appendix 

260 

Scanning Electron Microscopy (SEM) 

For scanning electron microscopy measurement the sample was 

placed on a silica wafer and dried at 353 K for 60 minutes. Subsequently 

the sample was sputtered with gold to enhance surface conductivity. 

The measurement was carried out using a 2 kV acceleration voltage and 

a working distance of 4.1 mm on a SU8020 from Hitachi device. 

 

Figure S11. The SEM images suggest the presence of two kinds of Mg(BH4)2 

particles: spherical and of undefined shape. It points on the co-existence of 

crystalline, porous γ-Mg(BH4)2 phase (which adsorbs the noble gases) and other 

amorphous polymorph of Mg(BH4)2 (which is non porous), in agreement with the 

volumetric studies. 
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Figure S12. The experimental and calculated adsorption kinetic plots of Ar (up) and 

Xe (bottom), obtained from the sequential refinement of the variable-time crystal 

structures of Mg(BH4)2∙qt(Ng). 

 

 

Table S5. The parameters of kinetic models from Ar and Xe uptake by γ-Mg(BH4)2. 
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Figure S13. Activation barriers as a function of noble gas kinetic diameter. 
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