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In situ measurement of full adsorption isotherms by NMR
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Physisorption using gas or vapor probe molecules is the most common characterization technique for porous materials. The method provides textural information on the adsorbent as well as the affinity for a specific adsorbate, typically through equilibrium pressure measurements. Here, we demonstrate how low-field NMR can be used to measure full adsorption isotherms, and how by selectively measuring 1H spins of the adsorbed probe molecules, rather than those in the vapor phase, this 'NMRrelaxorption' technique provides insights about local dynamics beyond what can be learned from physisorption alone. The potential of this double-barreled approach was illustrated for a set of microporous metal-organic frameworks (MOFs). For methanol adsorption in ZIF-8 the method identifies multiple guest molecules populations assigned to MeOH clusters in the pore center, MeOH bound at cage windows and to MeOH adsorption on defect sites. For UiO-66(Zr) the sequential pore filling is demonstrated and accurate pore topologies are directly obtained, and for MIL-53(Al) structural phase transitions are accurately detected and linked with two populations of dimeric chemical species localized to specific positions in the framework.

Porous solids with a high specific surface area exhibit unique physical and chemical properties and are crucial in catalytic1 and separation processes.2-4 Typically, the ad-sorption characteristics of such materials are evaluated by recording their uptake of a probe molecule as a function of its partial pressure at a given temperature. [START_REF] Thommes | Phy-sisorption of Gases, with Special Reference to the Evalua-tion of Surface Area and Pore Size Distribution (IUPAC Technical Report)[END_REF] While such physisorption methods are commonplace and established, the underlying adsorbent-adsorbate interactions are inferred from the macroscopic pressure-loading curves ac-cording to necessarily approximating models. Nuclear magnetic resonance (NMR) probes matter at the atomic level and can provide information inside these materials but its integration is not trivial. Early studies used electro-magnets to study NMR relaxation as a function of tem-perature.6-8 Modern day high-field NMR spectroscopy can offer a much more detailed picture, down to the atomic scale, by directly probing the adsorbed phase in terms of structure and dynamics. To date, however, mainly single-point adsorption high-field NMR experiments have been performed, since full isotherm measurements are nontrivial to implement on superconducting NMR instru-ments,9-13 or otherwise deviate from the ideal conditions set as industry standards for isotherm acquisition (e.g. using gravimetric techniques, imaging, etc.). [START_REF] Beyea | Spatially Resolved Adsorption Isotherms of Thermally Po-larized Perfluorinated Gases in Yttria-Stabilized Tetragonal-Zirconia Polycrystal Ceramic Materials with NMR Imaging[END_REF][START_REF] Leisen | Sorption Isotherm Measurements by NMR[END_REF] Recent studies have attempted to circumvent these limitations with the use of low-field NMR for the study of sorbent materials. Nonetheless these remain limited to ex situ sample analysis and often require the use of intricate custom-made high-pressure gas dosing systems.18-20 Herein, we showcase the integration of an ultra-compact low-field NMR device with a commercial physisorption instrument. Relaxometric measurements of adsorbed molecules are used to monitor and elucidate adsorption inter-actions and dynamics as a function of partial pressure. A small size homogeneous Halbach-like permanent magnet (0.3 T, 1200 cm3, 4 kg) and a solenoidal coil were used for polarizing, exciting and detecting the NMR signal. Their integration with the commercial sorption analyser was seamless due to the negligible stray magnetic field of the magnet. It is notoriously difficult to record signals from vapors, or gases by NMR because of their low spin density, which has given rise to the use of gas hyperpolarization techniques (CITE 16+17). In our case however, the con-centration through adsorption in porous media, combined with a high-sensitivity multiple-pulse sequence, allow detection of the adsorbed guest phase. Approximately 20 mg of various adsorbents were loaded in a custom dead-end glass sample tube fully compatible with the commercial adsorption apparatus, so that no modifications are required to the activation and isotherm measurement protocol (Figure S1 in SI). The NMR measurements were performed simultaneously with the isotherm measurements, by averaging 32 Carr-Purcell-Meiboom-Gill21,22 (CPMG) scans every ~180 seconds. For all tested adsorbent-adsorbate combinations, natural-abundance 1H NMR measurements under thermal polarisation and standard pressures gave a sufficiently high signal while also measuring longitudinal (T1) and transverse (T2) nuclear relaxation times. Non-adsorbed guest molecules were not detected by NMR due to their low 1H spin density. The NMR signal intensity was obtained by integrating the first 10 Hahn echoes, corresponding to a signal duration of 2 ms. The inverse Laplace transform (ILT) was used to fit the data and extract relaxation time distributions. This mode of detection filters out NMR signals that have very short (< 200 μs) T2 times. Although chemical shifts were not resolved because of the low magnetic field, different guest populations could be distinguished based on differences in T1 and/or in T2. Moreover, 2D correlation NMR experiments between T1 and T2 at specific partial pressures enabled to estimate the adsorbent-adsorbate interaction energy parameter (esurf). [START_REF] D'agostino | Interpretation of NMR Relaxation as a Tool for Characteris-ing the Adsorption Strength of Liquids inside Porous Mate-rials[END_REF] Single-pore MOF -ZIF-8

The relaxorption technique was demonstrated for the physisorption of methanol (MeOH) in ZIF-8, a MOF consisting of Zn2+ ions and 2-methylimidazolate linkers. [START_REF] Park | Exceptional Chemical and Thermal Stability of Zeolitic Im-idazolate Frameworks[END_REF] The MeOH NMR signal as a function of partial pressure corresponds with both the adsorption isotherm (Figure 1a -white and red lines) and previously reported data.25-28 A previous computational study on this system predicted two sorption stages: initial trace adsorption on the pore walls, followed by adsorbate clustering in the center of the pore.28 In excellent accordance, the NMR relaxation measurements show a two-stage process with a minimal signal at p/p0 < 0.15, followed by a strong signal for partial pressures above 0.15. The low NMR signal intensity at low pressures can be at-tributed to the strong bonding of the small number of adsorbed molecules, resulting in a very short T2, less than 100 s, for accurate signal detection. Where the isotherm rises steeply (0.15 < p/p0 < 0.25), increasingly longer T2 values are observed. These changes correspond well to a shift of MeOH molecules from the pore wall sites towards the center of the pore.28 At even higher partial pressures (0.25 < p/p0; Qads > 9.6 mmol/g), T2 remains constant for the majority of the adsorbed molecules (T2 ~ 100 ms), but a low-intensity population with a shorter T2 about 10 ms is also detectable, suggesting a small fraction of strongly adsorbed molecules besides those clustered in the pore center.

To better understand the different populations of adsorbed molecules at selected partial pressures, 2D T1 -T2 correlations were measured for longer periods of time in order to achieve a higher signal-to-noise ratio (Figure S3; experimental details in SI). At a partial pressure of 0.125 (Figure 1a, red square), the 2D T1 -T2 NMR correlation map (Figure 1b) displays three resolved peaks, corresponding to individual populations of 1H spins (A, B, and C). Population A is present throughout the isotherm, and its signal intensity grows at higher partial pressures, likely corresponding to hydrogen-bonded MeOH clusters in the pore center. Population B is dominant at low partial pressures and fades as more MeOH is adsorbed. Therefore, it is at-tributed to MeOH adsorbed at cage windows and pore walls.28 Since the population C has the lowest signal intensity and shortest T2, it likely corresponds to adsorption on defect sites, especially given that the used synthesis meth-od is prone to defect formation.29,30 The surface interaction parameter esurf =-T2/T1, originally introduced by D'Agostino et al.,23 is a quantitative estimator of the adsorbate-adsorbent interactions during adsorption. Applying this theory here, populations B and C have similar interaction strengths, in accordance with esurf as indicated by their distance from the diagonal (Figure 1b).23 Analysis of esurf shows a weakening of the host-guest interactions with in-creased vapor loading (Figure S23).

While the low magnetic field prevents NMR identification of different adsorbates by chemical shift analysis, the different interaction strengths of ethanol (EtOH) and MeOH with ZIF-8 result in distinct T2 relaxation times (Figure 1c). This difference enabled uptake monitoring of each component from a MeOH/EtOH vapor mixture (see Figure S8). In contrast to MeOH, the stronger host-guest interactions for EtOH result in adsorption exclusively on the pore walls, without migration towards the center, leading to shorter T2 values. This strong confinement results in a different profile between the NMR intensity and the isotherm (Figure S7) since wall-bound molecules relax faster, leading to a partial loss of the NMR signal at low partial pressures and highlighting the underlying sorption mechanism. Dual-pore MOF -UiO-66(Zr) UiO-66(Zr), a dual-pore MOF built up of zirconium clusters and terephthalate linkers31 was also studied by relaxorption. As for ZIF-8, ethanol adsorption revealed a difference between the isotherm and the NMR signal intensity in the low-pressure region (p/p0 < 0.1; Figure 2a, Figure S11). This difference is attributed to strong EtOH adsorption expected in the low partial pressure regime (0.05 < p/p0) due to hydrogen bonding with the inorganic clusters.12 This hypothesis is fully validated by the short average (about 300 s) transverse NMR relaxation times. At the lowest EtOH load-ing (2.94 mmol/g; p/p0 = 0.0095), an estimated 1.2 mmol/g of alcohol are cluster-bound and thus beyond the limits of NMR detection (Figure 2a, Figure S11). NMR sensitivity is progressively restored as more EtOH is adsorbed (Qads > 2.94 mmol/g; 0.0095 < p/p0), with an increase in T2 relaxation times, likely due to competing guest-guest interactions. This hypothesis is supported by the increasing isosteric enthalpy of adsorption as a function of loading (Figure S14). As a result, at partial pressures above 0.2, the NMR signal intensity and physisorption data correspond well (Figure 2a). 2D T1 -T2 correlation experiments reveal a bimodal T2 distribution, as might be expected for the dualpore net-work of UiO-66(Zr) (Figures 2c, S10-S13). At highest loading (Qads = 12.40 mmol/g; p/p0 = 0.90) the deconvoluted and integrated T2 signals designated T2T (tetrahedral pores, 38%) and T2O (octahedral pores, 62%), corresponded well to the volume fractions of the tetrahedral and octahedral pores in UiO-66(Zr) (SI section I-b; VT = 40% and VO = 60%). The changes to T2T and T2O, over the course of the isotherm, reveal partial occupancy of both tetrahedral and octahedral pores, with preferential loading of the former at low pressures (Qads = 4.46 mmol/g; p/p0 = 0.0242). Further EtOH adsorption results in the saturation of the tetrahedral pore, followed by filling of the octahedral pore. Prior studies on the adsorption of CO2 in UiO-66(Zr) found a similar pore loading preference.32,33 Furthermore, an inverse linear relation between the quantity of adsorbed EtOH and esurf is observed (Figure S14). Similarly as for ZIF-8, increased loading favors guest-guest interactions which compete with the framework-vapor interactions and this leads to a reduction of esurf. This hypothesis is further confirmed by the increase in isosteric enthalpy of adsorption as a function of loading. b) Evolution of the transverse relaxation times (T2) as a function of the loading. The physisorption isotherm (white line) is superimposed with the T2 distributions. The red squares are the loadings where the T1-T2 2D NMR experiments where per-formed. c) Three T1-T2 correlation maps for the different conformational states I, II, and III. The evolution of guest populations is observed with the loading as well as changes in T1 and T2. The white dotted line correspond to the lines T1/T2 equal to 1 (diagonal).

Flexible MOF -MIL-53(Al) Structural flexibility is a guest-induced response exhibited by the MIL-53 family of materials, which exhibit structural phase transitions as a function of pore occupancy, also known as "breathing".34-36 During EtOH adsorption, MIL-53 undergoes a contraction from a large-pore (LP) to a narrow-pore (NP) state, followed by gradual re-opening at increasing pressures. [START_REF] Millange | Effect of the Nature of the Metal on the Breathing Steps in MOFs with Dynamic Frame-works[END_REF] The EtOH isotherm and NMR intensity reveal unprecedented joint information. The NMR signal shows discontinuities and abrupt intensity fluctuations where structural transitions occur due to changes in the dynamics of the guest molecules (Figure 3a). In the initial LP form, T2 relaxation times of 0.5 and 1 ms are observed. With increasing loading, the phase transition to the NP configuration shortens the former relaxation time to 0.2 ms, while increasing the latter to 3 ms. Upon re-opening of the pores, T2 values close to the initial value are measured -small T2 deviations arise from the fact the final LP state does not perfectly match the initial LP state of MIL-53(Al) at the beginning of the isotherm. Changes in molecular dynamics impact the relaxation times and explain the differences in NMR signal intensity in Figure 3a, in line with water adsorption in MIL-53(Cr).33 2D T1-T2 maps at specific EtOH loadings confirm the existence of loading-dependent bimodal T2 distributions correlated to a single T1, whose value fluctuates also as function of guest loading (Figure 3c). Deconvolution of the T2 relaxation times reveals two (and possibly three at higher loading) guest populations, ascribed to the different guest-host coordination modes originally reported by Bourelly et al.31 These T2 components are likely matched to EtOH monomer coordination at Al(OH) cluster level (shorter T2 values), as well as dimer and trimer coordinations (longer T2 values ~ 10 ms). The average surface interaction parameter esurf changes abruptly as a function of guest loading, contrary to the continuously declining profiles observed for UiO-66(Zr) and ZIF-8 (Figure S23). Non-breathing sorbents such as ZIF-8 and UiO-66(Zr), show a continuous lowering in esurf with increased guest loading. By comparison, flexible materials display more complex esurf profiles with considerable fluctuations of this parameter, either Δesurf > 0 or Δesurf < 0 corresponding to a phase transition or guest loading, respectively. In correspondence with crystallographic data, Δesurf from NMR measurements may be used as a descriptor for the MIL-53(Al) phase transition, offering a clear distinction between strict pore loading (Δesurf < 0), and structural trans-formations (Δesurf > 0).

Conclusion

Integration of physisorption and NMR relaxometry for in situ measurements, dubbed as "NMR-Relaxorption", was demonstrated on three case-studies of prototypical microporous materials. Even though this technology is at an early stage, it already offered complementary insights into host-guest, guest-guest interactions, i.e. pore filling (UiO-66) and structural heterogeneity (ZIF-8), and host/guest dynamics, i.e. host phase transition (MIL-53(Al)). While the NMR signal sensitivity remains one of the main obstacles of this technique, several options exist to overcome it, including the use of stronger magnetic fields, cryo-cooled detection, as well as extraneous highly polarized sources of atoms or molecules, which may allow the detection of physisorbed monolayers and finer details in future developments. Detection of species having very short T2 times, as well as determination of isotropic chemical shifts inside heterogeneous/solid materials remain the core challenge, but the use of strong radiofrequency pulses and low magnetic fields might enhance alternative options for averaging anisotropy such as magic angle field spinning.39,40 Ultimately, this methodology has the potential to become a low-cost general technique for the analysis of other material classes (e.g. zeolites, carbons, silicas, biopolymers, amongst others) for which structural heterogeneity, host/guest mobility, paramagnetism or phase transitions warrant further research.

Figure 1 -

 1 Figure 1 -Alcohol vapor adsorption on powdered ZIF-8 monitored by the NMR relaxorption technique. a) The adsorption isotherm (white line) and the NMR signal intensity (red line) are shown as a function of partial pressure. A 2D graph of the T2 relaxation time distribution (vertical axis) also as a function of the loading (same horizontal axis) is placed bellow these curves, for comparison. In the inset the porous structure of the ZIF-8 is represented. b) T1-T2 correlation map for MeOH loading of 1.8 mmol/g (p/p0 = 0.157). Three adsorbate populations are identified -A, B and C. c) T2 relaxation time distributions for EtOH (green) and MeOH (blue) in ZIF-8 (p/p0 = 0.8). The two curves show different average relaxation times leading to speciation.

Figure 2 -

 2 Figure 2 -Ethanol adsorption on powdered UiO-66(Zr). a) Superposition of the NMR signal intensity and the physisorption isotherm. b) Physisorption isotherm (white curve) superimposed with the T2 distributions as a function of partial pressure. The red squares outline the loadings where T1-T2 experiments were performed and their results are shown in c). The 1D projections of these 2D maps were deconvoluted in two components. The white dotted line correspond to the lines T1/T2 equal to 1 (diagonal).

Figure 3 -

 3 Figure 3 -Ethanol adsorption on powdered MIL-53(Al). a) Superposition of the NMR signal and physisorption isotherms. Low field NMR was able to identify the conformational transitions, from LP (I) to NP (II) and again to LP(III) by the changes in the intensity of signal due to the loading of EtOH molecules.
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