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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][2][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", [6,7] "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 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][22][23] In particular, the selective capture of Xe and Kr from the radioactive products generated from nuclear fission is highly needed. [START_REF] Kerry | Industrial Gas Handbook Gas Separation[END_REF][25][26] The light elements host structure of γ-Mg(BH4)2 enhances a significant X-ray contrast for the guest atoms such as Ar, Kr or Xe 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) factors of noble gas molecules (e.g. for Kr at 2θ = 0°, 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 (15900 keV or 0.77936 Å), see Fig. 1. Such combination of the host and guest responsiveness makes this compound ideal candidate for in situ investigations by Xrays. 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 Fig. 1 for 170 K). The variation of the background is related to the increase of 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 Figs. S1 andS2, and Table S1. Kr atoms in the phase (2), having smaller unit cell parameter, 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.

In the phase (1) Mg(BH4)2•xKr, the guest atoms are located in the 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 Fig. 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] 𝑞

𝑡 = 𝑞 𝑚𝑖𝑛 + (𝑞 𝑒 -𝑞 𝑚𝑖𝑛 )[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:

𝑞 𝑡 = 𝑞 𝑚𝑖𝑛 + (𝑞 𝑒 -𝑞 𝑚𝑖𝑛 )[𝐴(1 -exp(-(𝑘 1 𝑡) 𝑛 )) -(1 -𝐴)exp(𝑘 2 𝑡)] (2) 
Here A stands for the non-degraded part of the sample, and the decay constant k2 maps the rate of sample degradation.

The corresponding Sharp-Hancock plots form the equation ( 1) and the obtained Arrhenius plot of the rate constant from equations ( 1) and ( 2) versus T -1 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 (Figs. S3 andS4). The anti-Arrhenius behavior is quite rare and usually can be observed during significant structural transitions in the kinetic process of guest uptake, [33][34][35] while the outlier point indicate a possible need of a different model for the kinetic process. [20] and kinetic data obtained using equation (4). The fitted values of qe fall in the middle of the kinetic hysteresis loops, and thus gives even better estimate of the equilibrium Kr content that the quasi-equilibrium variable-temperature experiments.

One of the possible kinetic models, enabling to coherently describe the data is the one assuming two barriers: [32] 𝑞 𝑡 = 𝑞 𝑚𝑖𝑛 + (𝑞 𝑒 -𝑞 𝑚𝑖𝑛 )[𝐴(1 -exp(-𝑘 1 𝑡)) + (1 -𝐴)(1 -exp(-𝑘 2 𝑡))]

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:

𝑞 𝑡 = 𝑞 𝑚𝑖𝑛 + (𝑞 𝑒 -𝑞 𝑚𝑖𝑛 )[𝐴 1 (1 -exp(-𝑘 1 𝑡)) + 𝐴 2 (1 -exp(-𝑘 2 𝑡)) -(1 -𝐴 1 - 𝐴 2 )(exp(𝑘 3 𝑡))] (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 Fig. 3. On the other hand, equation (3) works equally well for the data below 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 Fig. 4 and Fig. 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 (Fig. 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 (Figs. S7 andS8) and the derived equilibrium constants were used to extract the thermodynamic parameters from the van't Hoff plot (Fig. 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] 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).

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 Fig. 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 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][38][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 y-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 Fig. 5d. The first kinetic mechanism involves a larger (≈ 5.8 Å) aperture of the channels, which does not affect the 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 Fig. 5d.

The characterization of the size and shape of γ-Mg(BH4)2 by scanning electron microscopy (SEM) reveals the presence of two shapes of Mg(BH4)2 particles (see Fig. 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 y-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 Fig. 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 Figs. 6, S12 and Tab. S5. This suggest 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 -1 ) as well as through the interchannel aperture, where its size is matching the penetration limit. The diffusion along the interchannel aperture is likely hindered by the dynamic rotation of the [BH4] -groups between Mg atoms, resulting in higher activation barrier (13(2) kJ•mol -1 ). 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 adsorption by other porous materials, see Fig. S13.

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 enable to use the same porous framework for separation of various guests, depending on temperature regime. In our case the potential separation of Kr over Xe 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 1-D 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 [13] and/or adsorption isotherms, [14] 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.

Figure 1 .

 1 Figure 1. Time-dependent powder diffraction from γ-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.

Figure 2 .

 2 Figure 2. Fragments of the crystal structures representing the phases (1) and (2) of 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.

Figure 3 .

 3 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 gives even better estimate of the equilibrium Kr content that the quasi-equilibrium variable-temperature experiments.

Figure 4 .

 4 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).

  ) 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 Tabs. 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. We therefore neglected the radiation damage contribution and used double exponent equation (3) for the data collected below 200 K. 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 Fig. 5b and Fig S10. Such a behavior indicates two parallel adsorption mechanisms with different contributions, which change within investigated temperature intervals.

Figure 5 .

 5 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 forming 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).

Figure 6 .

 6 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 behaviour, 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 colour from blue to red (temperature). Colour code: Arpurple, Bolive, Hgrey, Krorange, Mgred.
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