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            Abstract
Metal-organic frameworks (MOFs) have a high internal surface area and widely tunable composition1,2, which make them useful for applications involving adsorption, such as hydrogen, methane or carbon dioxide storage3,4,5,6,7,8,9. The selectivity and uptake capacity of the adsorption process are determined by interactions involving the adsorbates and their porous host materials. But, although the interactions of adsorbate molecules with the internal MOF surface10,11,12,13,14,15,16,17 and also amongst themselves within individual pores18,19,20,21,22 have been extensively studied, adsorbateâ€“adsorbate interactions across pore walls have not been explored. Here we show that local strain in the MOF, induced by pore filling, can give rise to collective and long-range adsorbateâ€“adsorbate interactions and the formation of adsorbate superlattices that extend beyond an original MOF unit cell. Specifically, we use in situ small-angle X-ray scattering to track and map the distribution and ordering of adsorbate molecules in five members of the mesoporous MOF-74 series along entire adsorptionâ€“desorption isotherms. We find in all cases that the capillary condensation that fills the pores gives rise to the formation of â€˜extra adsorption domainsâ€™â€”that is, domains spanning several neighbouring pores, which have a higher adsorbate density than non-domain pores. In the case of one MOF, IRMOF-74-V-hex, these domains form a superlattice structure that is difficult to reconcile with the prevailing view of pore-filling as a stochastic process. The visualization of the adsorption process provided by our data, with clear evidence for initial adsorbate aggregation in distinct domains and ordering before an even distribution is finally reached, should help to improve our understanding of this process and may thereby improve our ability to exploit it practically.
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                    Figure 1: Three adsorbate-interaction regimes in mesoporous MOFs.[image: ]


Figure 2: Structure of the IRMOF-74 series in three and two dimensions.[image: ]


Figure 3: Mapping of argon distribution in IRMOF-74-V-hex.[image: ]


Figure 4: Extra adsorption domains and argon adsorbate superlattice in IRMOF-74-V-hex.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The five stages of gas adsorption in IRMOF-74s.
The five different adsorption stages are indicated in red at the top of the figure and their boundaries demarcated throughout all panels by grey dashed lines. a, The measured Ar adsorption by IRMOF-74-V-hex is shown; it can be compared against relevant SAXS profile features of IRMOF-74, measured as a function of Ar pressure, that are shown in the other panels. b, The appearance and disappearance of the broad peak indicates the formation of extra adsorption domains over pores (aggregation, red) and the even distribution of adsorbates (homogenization, blue). c, Intensity of 1[image: ] superlattice reflection, appearing as stage 3 turns to stage 4 (organization, green) and disappearing at the end of stage 4 (homogenization, blue). d, Change in the unit-cell parameter a of IRMOF-74. e, Change in the line-profile width of IRMOF-74.
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Collective behavior of adsorbate exemplified by Ar distribution along the isotherm in IRMOF-74-V-hex
This video shows systematic change of electron density map of Ar in IRMOF-74-V-hex during adsorption-desorption process. (MP4 6998 kb)
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Porous materials are widely used for gas adsorption in clean energy, catalysis and other applications. Here Osamu Terasaki and colleagues use small-angle X-ray scattering to visualize the process of adsorption of gases (Ar, CO2 and N2) into/onto porous metal-organic frameworks (MOFs), specifically five members of the mesoporous MOF-74 series. The data reveal that collective adsorbateâ€“adsorbate interactions occur across the pore network in a way that allows extra adsorbate domains to be created in the framework and to form superlattices, before the adsorbate adopts a more uniform distribution. The superlattice structure is difficult to reconcile with the prevailing view of pore filling as a stochastic process.
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