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Isotherms of individual pores by gas adsorption
crystallography
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Accurate measurements and assessments of gas adsorption isotherms are important to characterize porous materials and
develop their applications. Although these isotherms provide knowledge of the overall gas uptake within a material, they do
not directly give critical information concerning the adsorption behaviour of adsorbates in each individual pore, especially in
porous materials in which multiple types of pore are present. Here we show how gas adsorption isotherms can be accurately
decomposed into multiple sub-isotherms that correspond to each type of pore within a material. Specifically, two metal-organic
frameworks, PCN-224 and ZIF-412, which contain two and three different types of pore, respectively, were used to generate
isotherms of individual pores by combining gas adsorption measurements with insitu X-ray diffraction. This isotherm decom-
position approach gives access to information about the gas uptake capacity, surface area and accessible pore volume of each
individual pore, as well as the impact of pore geometry on the uptake and distribution of different adsorbates within the pores.

characterization tool for porous materials'-*. They can be

coupled with coincident X-ray and neutron diffraction to
probe the overall gas adsorption behaviour in porous materials,
such as zeolite, mesoporous silica and metal-organic frameworks
(MOFs), by taking snapshots of the gas distribution at certain points
of an isotherm’™"* or monitoring the structure transition in flexible
MOF crystals during adsorption'®*’. However, the gas adsorption
behaviour in individual pores throughout the entire pore filling,
which is critical for the design and application of porous materials,
has remained largely unexplored. Recently, we showed that in situ
X-ray scattering profiles along the entire pore filling led to the dis-
covery of an extra-adsorption domain and superlattice formation in
mesoporous MOFs with single pore type*'. This method, named ‘gas
adsorption crystallography’, allows for the access to knowledge, such
as the subtle changes in the lattice constant, strain of the framework,
quantitative and spatial distribution of gases, that reflects the gas
behaviour at any stage in the isotherm.

In this study, we extended the application of gas adsorption crys-
tallography to the investigation of porous crystals that contained
multiple types of pore, which included two MOFs, PCN-224 and
ZIF-412, with two and three different three-dimensional pores**,
respectively, and gained insight into the gas-adsorption behaviour
at individual pores. First, a quantitative decomposition of entire gas
adsorption isotherms was achieved to give the sub-isotherm of each
individual pore in these hierarchical MOFs; second, gas adsorp-
tion behaviour at any stage of the adsorption in a specific pore was
quantitatively compared within a MOF as well as between MOFs;
and, third, the geometry of these pores was found to influence the

[ i as adsorption isotherm studies are an essential and reliable

adsorption behaviour of different gases, including Ar, CO, and N,.
This enables pore-level insight studies of MOFs capable of dynamics
on gas adsorption, or structurally robust MOFs with a single type of
pore or other porous materials**. This isotherm decomposition
enabled by gas adsorption crystallography allowed us to compare
the gas adsorption behaviour at pore level, rather than for the mate-
rial as a whole, and to further correlate the pore geometry with the
adsorption of various adsorbates.

Results and discussion
Isotherm of individual pores. The argon isotherm generally serves
as a benchmark for the assessment of porosity, due to the simplicity
of the Ar atom and its lack of multipole moment*. For two known
MOFs, PCN-224 (Fig. 1) and ZIF-412 (Fig. 2), the isotherm decom-
position was demonstrated first on Ar isotherms at 87 K (Fig. 3) and
then extended to those of CO, at 194K and N, at 77K (Fig. 4). The
PCN-224 crystal (space group of Im3m), which is composed of Zr,
clusters and square planar porphyrin linkers, comprises two dis-
tinct pore types that form a bi-continuous channel shaped pore at
the edges and face centres of the cubic unit cell, and another type at
the body centre where six channels intersect (Fig. 1). The channel
pores (yellow polyhedra in Fig. 1a,b) are covered by porphyrin walls
that connect the adjacent intersection pores (green polyhedron in
Fig. 1a,d). In situ X-ray diffraction (XRD) was collected simulta-
neously at each adsorption point along both the adsorption and
desorption process of the Ar isotherm (Fig. 3a,c).

The electron density maps within both pores were generated
from the integrated intensities of 176 reflections (ten independent)
in the in situ XRD patterns and those of PCN-224 under vacuum
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Fig. 1| Ar adsorption behaviour in the individual pores of PCN-224. a, Crystal structure of PCN-224. The channel and intersection pores are shown in
yellow and green colours, respectively, and the ZrOjg clusters are shown as blue polyhedra. Atom colour code: N, dark blue; C, grey; O, red; H, omitted
for clarity. b, Structure of channel pore. ¢, Ar density distributions in the channel pore mapped at different points along the pore-filling process under

increasing pressure (from O to 100 kPa) (bottom). On the basis of the sudden changes in the unit cell parameters and the full-width at half-maximum of
the diffraction peaks, the pore-filling process can be divided into five stages: stage 1 (0-2kPa) corresponds to monolayer adsorption, stage 2 (2-7 kPa) to
multilayer adsorption, stage 3 (7-11kPa) to pore filling in the channel pores, stage 4 (11-15kPa) capillary condensation in the intersection pores and stage
5 (15-100 kPa) pore saturation. The panels above the distribution map represent Ar uptake in the channel pore during stage 3 (left) and stage 4 (right),
calculated by subtracting the Ar distribution data at the starting pressure of the stage from that at the end of the stage. The red dashed squares show the
areas considered for the bottom panel. d, Structure of intersection pore. e, Ar density distributions in the intersection pore along the entire pore-filling
process (bottom). The top panels show the Ar uptake in the intersection pore during stage 3 (left) and stage 4 (right). The electron density in the pore

increases from blue to red.

using the difference maximum entropy method (MEM)*"*.

Sufficient spatial and quantitative accuracy were achieved in
these electron density maps to show the Ar adsorption behaviour
without the need to make any assumptions. The precise control
of the temperature and pressure of the specimen in the instru-
mental set-up guaranteed the reproducibility of the measurement.
The reliability of MEM analysis was demonstrated by comparing
refinements on the XRD data at various g ranges with different
number of diffraction peaks, with the electron density maps and
the amount of adsorbate essentially the same within the individual
pores (Supplementary Section 6).

Integration of the electron density map for an individual pore
gives the average density of Ar, on the basis of which the exact
amount of Ar in the pore was extracted from the total Ar uptake
(Fig. 3c-e). In this way, an isotherm for each individual pore was
generated by connecting the Ar uptake at each pressure (the sub-
isotherm) (Fig. 3d,e). The exact contribution of the Ar uptake in
each pore (N and Niyereaion) t0 the total uptake of the MOF
(Npcn.azs) can be represented as:

6 Vhannel channel +2V, N;

intersection” intersection

N, =
PN Veen224

where Ny anne a0d Njjerseciion F€Present the number of adsorbates per
volume of the corresponding pores and V..o Vinersection @04 Voeniaa
represent the geometric volumes of the channel pore, intersection
pore and PCN-224, respectively. In the crystal structure of PCN-
224, one unit cell contains six channel pores and two intersection
pores (Supplementary Fig. 3 and Supplementary Table 2).

Distinct differences can be observed between the sub-isotherms
of the channel and intersection pores (Fig. 3d,e, respectively).
Although the different pores shown on Figs. 1 and 2 are discussed
below (Comparison of adsorptive behaviour within and between
pores), some trends can first be observed. Ar uptake mostly accu-
mulated from 2 to 11kPa in the sub-isotherm of the channel pore,
whereas in that of the intersection pore a steep Ar uptake was
observed from 11 to 15kPa. This clearly reflects the size difference
between these two types of pore (1.5nm and 2.5nm, respectively
(Supplementary Fig. 2 and Supplementary Tables 23 and 24)). The
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Fig. 2 | Ar adsorption behaviour in the individual pores of ZIF-412. a, Crystal structure of ZIF-412. The structure of the Ita, fau and ucb pores are shown

in orange, green and yellow colours, respectively. ZnN, motif, blue; N, dark blue; C, grey; O, red; H omitted for clarity. b,c, Structures of Ita (b) and fau (c)
pores. d,e, Ar density distributions (bottom panels) in Ita (d) and fau (e) pores along the entire pore-filling process, which for this material can be divided
into seven stages: stage 1 (0-0.5kPa) corresponds to monolayer adsorption in all three pores, stage 2 (0.5-4 kPa) to pore filling in the Ita pore, stage 3
(4-6kPa) to multilayer adsorption in fau and ucb pores, stage 4 (6-10kPa) to capillary condensation in the fau pore, stage 5 (10-28 kPa) to multilayer
adsorption in the ucb pore, stage 6 (28-31kPa) to capillary condensation in the ucb pore and stage 7 (31-100 kPa) to saturation. The top panels show Ar
uptake in the Ita (d) and fau (e) pores during stage 2 (left) and stage 4 (right), calculated by subtracting the Ar distribution data at the starting pressure of
the stage from that at the end of the stage. The red dashed circles show the area considered for the bottom panels. f, Structure of ucb pore. g, Ar density
distributions in the ucb pore at different Ar pressures from O to 100 kPa. The panels above the distribution map show Ar uptake in the ucb pore during
stages 4 (left) and 6 (right). The electron density in the pore increases from blue to red.

exact pore sizes were determined by the full-width at half-maxi- diameter distribution generated in the fitting of the overall Ar
mum of the electron density profiles of these pores (Supplementary  isotherm with conventional quenched solid density function the-
Fig. 2). In contrast, only one broad peak was observed in the pore  ory™** (Supplementary Fig. 25). The uncovering of two distinct and
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Fig. 3 | Decomposition of Ar adsorption isotherms of MOFs into sub-isotherms of individual pores. a,b, Plot of XRD intensities of PCN-224 (a) and
ZIF-412 (b) measured along the entire pore filling process of Ar. The intensity of the XRD peaks increases from white to blue. ¢, Overall Ar adsorption
isotherm of PCN-224 at 87K. d,e, Sub-isotherms of the channel (d) and intersection pores (e). f, Overall Ar adsorption isotherm of ZIF-412 at 87 K.
g-i, Sub-isotherms of the Ita (g), fau (h) and ucb (i) pores.

sequential events in each individual pore was made possible by gas
adsorption crystallography, otherwise these remained hidden under
the overall isotherm of PCN-224.

In the same way, the sub-isotherms of Ar at 87K were obtained
for ZIF-412, a hierarchical porous MOF composed of Zn and imid-
azolate linkers (space group of Fm3m) with three distinct types of
pore, Ita, fau and ucb" (Fig. 2a—c,f). The sub-isotherm of each pore

was generated on the basis of 536 reflections (26 independent) in
the in situ XRD data of ZIF-412 (Fig. 3f-i). Similar to that of PCN-
224, the detailed allocation of Ar uptake in each pore (N, N, and
N,,) from the total uptake is:

4VltaZVlta + 8Vfau1\(fau + 4Vuchucb

Nytpoarn = v
ZIF-412
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Fig. 4 | Adsorption behaviour of different adsorbates in individual pores of MOFs. The Ar, N, and CO, adsorption in both monolayer and multilayer
events in individual pores of MOFs are displayed; MgO. motif, orange; ZrOg motif, cyan; ZnN, motif, blue; N, dark blue; C, grey; O, red; H, omitted

for clarity. In the monolayer adsorption, electron density maps in the channel pore of IRMOF-74-V-hex and PCN-224 are compared. In the multilayer
adsorption, electron density maps in the channel pores of PCN-224, the fau and ucb pores of ZIF-412 and the channel pore of IRMOF-74-V-hex are
compared. D, size of the pore diameter (red arrows); O, size of the pore opening (green arrows). There are two pore openings of different sizes (0.8 and
1.5nm) in the ucb pore, so the weighted average of them is displayed as ucb pore opening of 1.2 nm. The shape of each pore of PCN-224 and ZIF-412

in all the electron density maps is marked as red dashes. The coordinates that correspond to each crystal section are shown at the bottom of the pore
structures, and the pressure range is marked below each electron density map. The electron density increases from blue to red (top right).

where Ny, N;,, and N,,, represent the number of adsorbates per
volume of the corresponding pores and V)., Vi, V4, and Vi gy,
represent the geometric volumes of the three pores and the MOF,
ZIF-412, respectively. One unit cell of ZIF-412 contains four lta
pores, eight fau pores and four uch pores (Supplementary Fig. 3 and
Supplementary Table 2).

Three distinct and sequential events can be clearly identified
in the sub-isotherms of the pores in ZIF-412 attributed to the dif-
ference in their pore parameters (Fig. 3). Specifically, pore filling
occurred from 0.5 to 4kPa in the lta pore with a relatively small
pore opening (0.8nm) and pore diameter (2.1 nm) and from 6 to
10kPa in the fau pore with a larger pore opening (1.5nm) and only
a slightly larger pore diameter (2.5nm) than that of the Ita pore.
Such a subtle difference was hidden in the overall isotherm by the
analysis using the conventional quenched solid density function
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theory method™”. In the case of the largest pore in ZIF-412, the
ucb pore, with two types of pore opening (0.8 and 1.5nm) and an
ultralarge pore diameter of 3.9nm, the pore filling did not begin
until 28kPa and ended at 31 kPa. We note that the unit cell param-
eters decreased during the pore filling of the fau and ucb pores, but
not in that of the Ita pore (Supplementary Fig. 38). This indicates
that the Ar adsorption behaviour in both the fau and ucb pores
with relative large pore diameters (2.5 and 3.9nm, respectively)
exhibited a capillary condensation mechanism, which is typical for
mesopores™. In contrast, the Ar adsorption behaviour in the lta
pore was similar to micropore filling, although the size of the pore
diameter, 2.1nm, was in the mesopore regime according to the
International Union of Pure and Applied Chemistry*°. The explicit
information above was hardly accessible in the general analysis of
the overall isotherms.
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Metrics of individual pores. Surface area and pore volume are the
two most important pore metrics for porous materials*’~*. Here we
show that these values can be derived from the Ar sub-isotherm
for each pore (Supplementary Tables 25 and 38). The surface area
of PCN-224 is 28.0nm? per unit cell, derived from the overall Ar
isotherm based on the monolayer adsorption. The overall surface
area can be divided into six channel pores and two intersection
pores in one unit cell, with the contribution from each channel and
intersection pore identified as 4.55nm? and 0.35nm? respectively.
This is further validated in their corresponding Ar sub-isotherms.
Accordingly, the total pore volume per unit cell is 27.6 nm? for PCN-
224, with those of the channel and intersection pores added up and
each contribute 3.13 and 4.39 nm’, respectively. Similarly, the sur-
face area of ZIF-412 per unit cell is 255nm? based on the overall
Ar isotherm, in which each Ita, fau and ucb pore contributes 3.55,
8.06 and 44.2 nm?, respectively. The total pore volume per unit cell
is 212nm?® for ZIF-412 according to the overall isotherm, with the
contribution from each Ita, fau and ucb pore identified as 3.27, 6.28
and 37.3nm’ respectively. This isotherm decomposition enabled
by gas adsorption crystallography unveiled the pore metrics of
individual pores.

Comparison of adsorptive behaviour within and between pores.
The overall isotherm and the sub-isotherms of these MOFs can be
accurately divided into several stages by sudden changes in the unit
cell parameters and the full-width at half-maximum of the diffrac-
tion peaks (Supplementary Figs. 10-12, 22-24 and 38-40). This
allowed us to directly compare the uptake of adsorbate between dif-
ferent individual pores at each stage. For example, the Ar isotherm
of PCN-224 can be divided into five stages (1 (0-2kPa), 2 (2-7kPa),
3 (7-11kPa), 4 (11-15kPa) and 5 (15-100kPa)), which represent
monolayer adsorption, multilayer adsorption, pore filling in the
channel pores, capillary condensation in the intersection pores and
pore saturation, respectively] (Fig. 3c—e and Supplementary Fig. 19).
Similarly, for ZIF-412, the overall isotherm and the sub-isotherms
of Ar can be divided into seven stages (1 (0-0.5kPa), 2 (0.5-4kPa),
3 (4-6kPa), 4 (6-10kPa), 5 (10-28kPa), 6 (28-31kPa) and 7 (31—
100kPa)), which represent monolayer adsorption in all three pores,
pore filling in the lta pore, multilayer adsorption in the fau and ucb
pores, capillary condensation in the fau pores, multilayer adsorption
in the ucb pore, capillary condensation in the ucb pore and satura-
tion, respectively) (Fig. 3f-i and Supplementary Figs. 29-31). The
CO, and N, overall isotherm and the sub-isotherms were divided
in the same way on both PCN-224 (Supplementary Figs. 20 and 21)
and ZIF-412 (Supplementary Figs. 32-37). We previously studied
IRMOF-74-V-hex, a honeycomb-like structure constructed by a Mg
oxide unit with a terphenylene organic linker functionalized with
a hexyl chain; the channel pore of this material provides an addi-
tional type of individual pore for comparison®*’ (Supplementary
Figs. 7-16 and Supplementary Tables 6-12).

For all three MOFs, PCN-224, ZIF-412 and IRMOF-74-V-hex,
the general sequence of the adsorption events was similar: monolayer
adsorption, multilayer adsorption and pore filling for the isotherms
of all three adsorbates, Ar, CO, and N,. However, each adsorbate
exhibited a distinct adsorption behaviour in different pores even in
the same adsorption event. In the monolayer adsorption stage, dif-
ferent adsorbates were attached to different preferential adsorption
sites within the same pore. In the hexagonal-shaped channel pore of
IRMOF-74-V-hex, both N, and Ar molecules diffused around the
entire pore surface, whereas CO, molecules predominantly settled
close to the metal sites (Fig. 4). In the channel pore of PCN-224, all
three adsorbates diffused throughout the entire pore surface. CO,
preferred to locate close to the zirconium oxide clusters, whereas Ar
and N, preferred to reside around the porphyrin walls (Fig. 4 and
Supplementary Figs. 19-21). In the case of ZIF-412, the Ar, CO, and
N, molecules distributed evenly on the wall surface of all three pores

due to the absence of open metal sites (Supplementary Figs. 29-37).
Based on the comparisons above, these preferences of adsorbate
distribution at the monolayer stage are likely to be influenced by
the adsorbate-framework interactions, which is consistent with
previous studies'"*". Note that a higher N, density (uptake per unit
volume (molecule per nanometre cubed)) was found for all pores
at this stage compared to those of Ar and CO,, attributable to the
different responses of adsorbates to the temperature of the measure-
ments (Supplementary Tables 12, 22 and 32-34).

In multilayer adsorption stage, correlations were found between
the densities of adsorbates and the geometry of each individual
pore. In the pore geometry, pore diameter describes the internal
space of the pore, and pore opening describes the size of the path-
ways between adjacent pores. Comparison of electron density maps
among different individual pores for the same adsorbate revealed
the relation between the pore opening and the average density of
CO,, where a much higher CO, density was found in pores with
larger pore openings. Specifically, the CO, density increased in
the order ucb pore of ZIF-412 (0.8 nm), channel pore of PCN-224
(1.5nm), fau pore of ZIF-412 (1.5nm) and channel pore of IRMOEF-
74-V-hex (3.5nm), as the pore opening increased (Fig. 5). In con-
trast, the densities of Ar and N, correlated with the pore diameter,
instead of the pore opening. The pores with larger pore diameters,
such as the ucb pore of ZIF-412 (3.9 nm) and the hexagonal channel
pore of IRMOF-74-V-hex (3.5 nm), exhibited higher Ar and N, den-
sities than those with smaller pore diameters, such as the fau pore
of ZIF-412 (2.5nm) and the channel pore of PCN-224 (1.5nm).
These correlations were further confirmed by plotting the sizes of
pore diameters and pore openings against the densities of Ar and
CO, in these individual pores (Fig. 5a,b, respectively). Here, another
MOF, IRMOF-74-1V, a single pore type with a smaller pore diam-
eter and opening (2.8 nm for both) than those of IRMOEF-74-V-hex,
was added as an additional point in the comparison. The results are
consistent with the analysis above (Fig. 5a,b).

The impact of pore geometries on the multilayer adsorption
was also investigated. An arbitrary parameter ‘adsorption gradient,
was used to represent the increase in adsorbate density per pres-
sure increment. A larger adsorption gradient led to a higher gas
uptake at a relatively low pressure, which indicated the potential to
improve the working capacity (Fig. 5¢)"'~*". According to the Kelvin
equation, the capillary condensation pressure increases exponen-
tially with increased pore diameter in porous materials, whereas
the density of adsorbate is only proportional to the pore diameter
during the multilayer adsorption process*. Therefore, the adsorp-
tion gradient decreased as the pore diameter increased (Fig. 5d
and Supplementary Table 41). In addition to the influence of the
pore diameter, the size of the pore opening is also important. The
pressure range for multilayer adsorption will be extended as the
ratio of pore opening to pore diameter increases, which leads to a
smaller adsorption gradient*. Thus, a pore with a relatively small
pore diameter and small ratio of pore opening to pore diameter
will give a higher adsorption gradient, which explains why the fau
pore of ZIF-412 exhibits the highest adsorption gradient among all
the individual pores in this study for all three adsorbates (Fig. 5d).
In the case of CO,, the adsorbate density was almost the same for
three individual pores with distinct pore metrics— the hexagonal
channels in IRMOF-74-1V and IRMOF-74-V-hex and the ucb pore
in ZIF-412 (Fig. 5d). This can be attributed to the cancellation
between the influence from the increase in both the pore diam-
eter and the ratio of pore opening to pore diameter (Fig. 5d and
Supplementary Table 41).

The gas adsorption crystallography enabled a quantitative
comparison of adsorbates in individual pores within and between
MOFs, and revealed the impact of pore geometries on their adsorp-
tion behaviour. Specifically, three correlations in multilayer adsorp-
tion process were identified, between (1) the pore opening and CO,
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pore diameter and pore opening, is compared with the accumulated uptake of adsorbate during multilayer coverage. Five individual pores are listed here
for comparison, that is, channel pores in IRMOF-74-1V and IRMOF-74-V-hex, the channel pore of PCN-224 and the fau and ucb pores of ZIF-412.

a,b, Correlation between pore geometry (diameter and opening) of individual pores and their corresponding accumulated density of Ar (a) and CO, (b).
The density level of adsorbates increases from light blue to dark blue. €, Schematic illustration of the correlation between the adsorption gradients of
individual pores and their contribution to the working capacity in gas storage applications. Working capacity is defined as the usable amount of gases
by subtracting the uptake (at standard temperature and pressure) at the operational desorption pressure (P,.,,) from that at the maximum adsorption
pressure (P, P, and P,). d, Comparison of the adsorption gradients of various adsorbates in individual pores within and between MOFs.

uptake, (2) the pore diameter and Ar and N, uptake and (3) the ratio
of pore opening to pore diameter and the adsorbate gradient of Ar,
CO, and N, uptake (Supplementary Fig. 51). The adsorption gradi-
ent in the multilayer adsorption stage dictates the working capacity
of gases in gas storage, one of the major applications of MOFs. The
correlations revealed above allowed us to identify the pore type best
suited for gas storage, namely, fau pore in ZIF-412, the adsorption
gradient of which is twice as much as those of the second-best MOF
(Fig. 5d). Therefore, the design and synthesis of MOFs composed
of pure fau pores is the next logical step, or at least an increase the
portion of fau pore in MOF structure. In the future, when the tech-
nology for high pressure gas storage matures, the total uptake at the
entire multilayer adsorption stage will be more important, for which
the ucb pore in ZIF-412 and the channel pore in IRMOF-74-V-hex
excel in the storage of Ar and CO,, respectively. It is worth mention-
ing that this general in situ crystallography method is applicable for
the adsorption study of other interesting gases, such as H, and CH,.

Conclusion
Extension of gas adsorption crystallography from MOFs with a
single type of pore to those with multiple types of pore allowed us

NATURE CHEMISTRY | www.nature.com/naturechemistry

to uncover the hidden adsorption stages under the overall isotherm,
and to analyse gas adsorption in each individual pore in a continu-
ous manner along the entire isotherm. This led to the disclosure
of previously inaccessible information concerning the subtle differ-
ence in pore metrics between the pores, the adsorbate framework
interactions and the impact of pore geometry on the multilayer
adsorption of different adsorbates. We believe this approach is
applicable to a large variety of MOFs as well as other types of porous
materials, such as zeolite and mesoporous silica, with hierarchically
arranged pores. The capability to elucidate gas adsorption at the
individual pore level will be of great interest to scientists who work
on computation and modelling as well as chemists for the rational
design of porous materials.

Methods

MOF synthesis. The MOFs with multiple types of pore used for gas adsorption
crystallography in this study, which include PCN-224 and ZIF-412, were
synthesized on the basis of reported procedures with slight modifications to
ensure purity’>>. Before the gas adsorption crystallography experiments, all the
MOFs were prepared and confirmed in solvent-free form. Complete activation
was achieved by extensive solvent exchange with methanol, followed by outgassing
under vacuum. The XRD profiles of both MOFs under vacuum matched well with
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those derived from their single-crystal structure, which ensures both the phase
purity and the absence of solvent molecules in the pores.

Gas adsorption crystallography. The set-up for gas adsorption crystallography
has two essential components. One is the gas adsorption instrument, BELSORP-
max, equipped with a customized sample cell on a cryostat’’. The other is XRD
synchronized with the adsorption instrument to take in situ measurements; we
used a Rigaku BioSAXS-1000 equipped with a rotating anode, FR-E+ SuperBright.
The MOF samples (~0.03 g) were precisely weighed before they were mounted

in the sample cell, followed by on-site activation at 373 K for 6 h under vacuum
(~0.01 Pa) for the removal of any moisture introduced during the sample transfer.
The Ar, CO, and N, isotherms were measured at 87K, 77K and 194K, respectively.
It took approximately 30 min for the system to reach equilibrium for each pressure
point (fluctuation of pressure in the sample cell <1 Pa for 5min). Each XRD
pattern was collected at each equilibrium point of the sorption isotherms with an
exposure time of 30 min, during which no pressure change was observed. Before
the in situ XRD was applied for data collection, to verify the quality of MOF sample
gas adsorption isotherms were taken on site without the involvement of XRD
measurement. These isotherms also provided guidance for the set-up of pressure
points in the follow-up in situ XRD measurements. The stages in the isotherms

of ZIF-412 and PCN-224 (seven and five, respectively) were divided by the
difference in the slopes of these isotherms (Supplementary Figs. 4-6). At least five
equilibrium points were collected in each stage of the adsorption and desorption
process, with an XRD profile taken for each equilibrium point, including the

initial point under vacuum. Note that the samples did not undergo any structural
transformation after in situ gas adsorption XRD measurement. This was confirmed
by the reproducible adsorption data and the unaltered XRD profiles under vacuum.

Structural analysis. Le Bail refinements'” were performed on each XRD profile
using the JANA program* over the full q range given by the detector in the
instrument. The space groups used for the refinement of PCN-224 and ZIF-412
were Im3m and Fm3m, respectively. The XRD profiles of MOFs at the vacuum
condition were used as references. The reflection peaks in each experimental

XRD profile were modelled by a Pseudo-Voigt peak-shape function modified

for asymmetry using six refinement coefficients. The background of the XRD
profile was treated using a Legendre polynomial with six refinement parameters.
The structure factor amplitudes were calculated from the integrated intensities

of reflections in the XRD profile with corrections for the polarization factor,
Lorentz factor and scale factor. The scale factor used here was determined by
comparing the intensities observed in the experimental XRD profile at the vacuum
condition with the model structure factors derived from single-crystal XRD data
of the corresponding MOF. Phases of the model structure factors were adopted
from the initial phases set of structure factors at the vacuum condition. Along

the adsorption process, the change in phases of the structure factor was carefully
monitored by plotting the structure factor amplitude of each reflection against gas
pressure. Sudden alteration in the slope of the structure factor amplitude curve,
which indicated the presence of a phase flip except for special events, such as
condensation. MEM was applied on the experimentally derived structure factors
to determine the electron density distributions in the pores of the MOF structures
at each gas pressure. The program Dysnomia™ for MEM analysis was applied with
the L-BFGS algorithm and the so-called ‘G-constraint’ for exactly overlapping
reflections. The accumulated distribution of gases at each stage was visualized by
subtracting electron densities at the beginning of the stage from that of the end.
The gradient of electron density (e~ A-%) in each electron density map is reflected
in the BGR colour code. The relative position of the gases in each individual pores
was visualized by displaying the atomic coordinates of the pore structure in the
electron distribution maps using the program VESTA®. The gravimetric volume of
each pore of the MOFs in which we counted the number of adsorbates was defined
by a polyhedron, where its vertex is the centre of the metal clusters (Supplementary
Fig. 3). Detailed methods and analysis are provided in Supplementary Section 2.
Electron distributions in the pores are given in the Supplementary Sections 3-5.

Data availability

The data that support the findings in this study are available within the article
and its Supplementary Information and/or from the corresponding authors on
reasonable request.

Code availability
The program VESTA was coded by K.M. and is available free of charge via public
domain at http://jp-minerals.org/vesta/en/.
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