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MOFs for long-term gas storage: exploiting kinetic trapping in ZIF-8 
for on-demand and stimuli-controlled gas release
Karsten Heinz,a Sven M. J. Rogge,b Andreas Kalytta-Mewes,a Dirk Volkmera and Hana Bunzen*a

In this study, we investigate the potential of metal-organic frameworks (MOFs) for long-term gas storage at ambient 
conditions. Specifically, we selected a MOF ZIF-8 (with a 0.34 nm large pore aperture), which exhibits a temperature- and 
pressure-regulated gating effect, and loaded it with sulphur hexafluoride (with a kinetic diameter of 0.55 nm). By optimising 
the loading conditions, we were able to achieve up to 33 wt% SF6 loading into the pores of ZIF-8. Although MOFs featuring 
gating effects are known to adsorb gases larger than the pore openings, herein, by applying high pressure (and optionally 
elevated temperature), also kinetic trapping of the gas guest was achieved. When investigating the gas release at ambient 
conditions, three MOF samples of different crystal sizes (ca. 45 nm, 1.5 μm and 5 μm) were examined. Remarkably, for the 
largest crystals, more than 86% of the initially loaded gas remained trapped in the pores even after being exposed to air for 
100 days under ambient conditions. Our findings indicate that the extremely slow release of SF6 is due to the high activation 
energy for the guest diffusion though the narrow pore opening in ZIF-8, which was supported by both ab initio-based 
computational studies and experimental data including modulated thermogravimetric analysis. On the other hand, we also 
showed that the gas could be released on-demand by applying elevated temperature or by exposing the MOF to an acidic 
environment, which opens possibilities for facile gas micro- and nano-dosing applications.

Introduction
Metal-organic frameworks (MOFs) are porous coordination 
polymers.[1-3] They have attained a great attention over the last 
more than two decades as they may be easily tailored[4-8] to the 
particular demands in various applications including gas storage 
and gas separation,[9-16] catalysis,[17-22] chemical sensing,[23-26] 
and biomedical applications.[27-30] Due to their crystalline 
nature, they have been regarded as rather rigid materials with 
stable and robust frameworks, and very often permanent 
porosity.[31-33] However, recent studies and the progress of our 
understanding of MOF structures have revealed that flexibility 
appears to be more common than once thought.[34-36] MOFs 
exhibit a variety of flexible phenomena such as swelling, 
negative thermal expansion, gate opening, and breathing, 
especially when exposed to external stimulation.[37-43] For 
instance, many dynamic frameworks are temperature-
responsive, allowing the structure of their pores as well as the 
apertures connecting them to deform, which inevitably 
influences guest admission and diffusion.[44-47] For instance, at 
the gate-opening temperature, apertures can open dynamically 
due to the thermal motion of the groups or ions delineating the 

aperture, and gas molecules can acquire sufficient kinetic 
energy to overcome the diffusion energy barrier and, thus, 
enter the pores. This phenomenon has been intensively studied 
in MOFs for gas separation.[48,49]

Among the different MOFs, ZIF-8 (zeolitic imidazolate 
framework-8; [Zn(MeIm)2]n, where MeIm is 
2-methylimidazolate)[50] has been the subject of a vast number 
of studies not only due to its thermal and water stability,[50] and 
ease to synthesise,[51,52] but also because of its gating effect. 
ZIF-8 has a sodalite topology with large pores that are 
connected through narrow channels formed by a six-ligand-
membered ring (Fig. 1a). The size of the pore aperture has been 
determined by single-crystal X-ray diffraction to be 0.34 nm.[50] 
However, results from gas permeation studies with different 
size molecules showed that ZIF-8 did not display a sharp 
molecular sieving cut-off at 0.34 nm, but that molecules with 
larger diameters than the pore aperture slowly permeated 
through.[53,54] This structural flexibility is called “gate-opening” 
or “swing-effect” and has been extensively studied by both 
theoretical and experimental methods.[55-64] For instance, 
Coudert et al. showed that ZIF-8 displays intraframework 
dynamics through the rotation of the 2-methylimidazolate 
linker.[57] The swinging of the linker can be caused by  thermal 
fluctuations, as shown by ab initio molecular dynamics (MD) 
calculations,[58] or by the forces exerted by adsorbed molecules, 
as shown, for instance, by Fairen-Jimenez et al. using in situ 
powder X-ray diffraction.[59] The gate opening phenomenon can 
be identified in the gas adsorption isotherm as a sudden 
increase in the uptake that has been interpreted as a transition 
to a greater accessible pore volume in the material.[59] 
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Moreover, the structural transition from the “closed” to the 
“open” pore state can be triggered not only by the gas 
adsorption,[59] but also by mechanical pressure,[65,66] or even by 
an external electrical field.[67]

Although the gate opening phenomenon has been intensively 
studied in MOFs with regard to their potential applications in 
gas separation,[48,49] it has been considered not as promising in 
gas adsorption, because physisorption is an exothermic 
phenomenon. Hence, low temperatures favour adsorption and 
promote the host-guest interactions, while slightly higher 
temperatures are usually needed to induce the gating effect. 
Therefore, by achieving the gate opening temperature, the 
adsorption capacity, and thus the overall loading, tend to be 
reduced.[68,69] To effectively utilize the flexible opening for gas 
storage in MOFs, we propose to combine it with kinetic trapping 
of the guest. After inducing an external stimulus (e.g. pressure 
or/and temperature), the guest enters the pore through the 
aperture, but after the stimulus is removed, it remains trapped 
inside the pore due to the drop of its kinetic energy. If high gas 
pressure is used, a large amount of the guest can be trapped 
and stored inside the pores. This concept of kinetic trapping of 
gases in MOFs was introduced by us recently on an example of 
the MOF MFU-4 and xenon as a guest.[70] However, the guest 
release at ambient conditions was relatively fast and most of 
the gas was released within the first few days. In the current 
study, we selected ZIF-8 and SF6 to demonstrate the possibility 
of utilizing kinetic trapping as an efficient tool for long-term gas 
storage in MOFs (in terms of both gas loading and release 
kinetics) at ambient conditions.
As a model guest, we selected sulphur hexafluoride (SF6) with a 
kinetic diameter of 0.55 nm.[71] SF6 is used as a guest not only 
due to its molecular size (which is 1.6 times larger than the pore 
aperture of ZIF-8), but also because it is known as one of the 
most potent and persistent greenhouse gases.[72,73] Thus, the 
increasing industrial demand of SF6 combined with the severe 
environmental concerns calls for developing effective methods 
to ensure its safe storage and recovery. Furthermore, by 
employing ZIF-8 with its stimuli-induced gating phenomenon, 
on-demand gas release, controlled by external stimuli, can be 
expected, which can find applications in areas where precise gas 
dosing (especially micro- or even nano-dosing) is needed. For 
instance, in ophthalmology during vitrectomy surgery, a small 
amount of SF6 is often introduced into the eye in order to 
maintain the pressure required to allow the retina to remain in 
place and adequately heal.[74,75] 
Last but not least, since it has been shown previously that 
crystal size can influence the adsorption process in framework 
materials,[63,76] we prepared ZIF-8 in three different crystal sizes 
and investigated the gas desorption with regard to the crystal 
size in order to develop a system suitable for a safe long-term 
gas storage.

Results and discussion
Material synthesis and characterisation

To study the effect of crystal size on the loading and release of 
SF6 from ZIF-8, we prepared samples of ZIF-8 of three different 
crystal sizes, ca. 45 nm [sample ZIF-8(s); s = small], 1.5 μm 
[sample ZIF-8(m); m = medium] and 5 μm [sample ZIF-8(l); l = 
large] (Fig. 1, S4 and S5, ESI†), with the characteristic rhombic 
dodecahedron crystal morphology.[77] Synthesis and analytical 
data are given in the Supplementary Information (Fig. S1-S5, 
ESI†).

Fig. 1 (a) Building blocks and the unit cell of ZIF-8, and electron 
micrographs of the ZIF-8 crystals studied in this work: (b) small 
- ZIF(s), (c) medium - ZIF(m), and (d) large - ZIF(l).

SF6 loading

To maximise the amount of SF6 that could be stored in the 
different ZIF-8 samples, the loading temperature was optimized 
in 50 °C steps (Table S1, ESI†), while the pressure was kept 
constant at 20 bar (a higher pressure is not possible around 
room temperature, as SF6 would liquify). The amount of the 
loaded gas was quantified by thermogravimetric analysis (TGA, 
Table S1, Fig. S7-S9, ESI†). Moreover, the samples were also 
investigated by Fourier-transform infrared spectroscopy (FTIR, 
Fig. S14-S16, ESI†), which confirmed the presence of 
characteristic bands of SF6, and by X-ray powder diffraction 
(XRPD, Fig. S17-S19, ESI†), which did not reveal any changes in 
the framework cell parameters confirming the expected gas-
induced gating phenomenon without a framework 
deformation.
With an increase of the crystal size, the loading temperature 
had to be increased to obtain comparably high loadings. As an 
alternative, prolonging the loading time could be used too 
(Table S1, ESI†). The highest loading of 32.9 wt% (as determined 
by TGA, Fig. 2a and S7, ESI†) could be achieved for the sample 
ZIF-8(s) with the smallest crystal size already at 20 °C (i.e. at 
ambient temperature) after 18 h. A further increase of the 
temperature or loading time did not result in a higher loading, 
suggesting that the pores were filled. A loading of 32.9 wt% 
corresponds to 4.58 SF6 molecules on average per pore, which 
is more than 76 % of the calculated maximal possible occupancy 
of 6 molecules per pore. Moreover, the loading of 32.9 wt% 
corresponds to the volume of 75 mL of an ideal gas and a 
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calculated SF6 density of 0.496 g/cm3 (see Table S1 details, ESI†), 
which is only 2.7 times lower than the density of the SF6 liquid 
phase at 25 °C (1.329 g/cm3)[78] and 80 times higher than the 
density of SF6 gas at 25 °C at 1 bar (6.164∙10-3 g/cm3).[78] In the 
case of the larger sample ZIF-8(m), the highest loading of 23.9 
wt% was reduced compared to the sample ZIF-8(s) and achieved 
at 150 °C, while for ZIF-8(l), the temperature had to be increased 
up to 200 °C to achieve a comparably lower loading of 18.5 wt% 
(Fig. 2a, Table S1, ESI†). Remarkably, in the case of ZIF-8(s) and 
ZIF-8(m), SF6 was gradually desorbed during the TGA 
measurement (well before reaching 350 °C), but in ZIF-8(l), we 
recorded an additional step around 365 °C (Fig. 2b and S10, 
ESI†). This suggests that at this temperature the pore apertures 
were fully opened, and the gas could freely diffuse out from the 
crystals. To exclude material decomposition at this 
temperature, TGA coupled with mass spectrometry was carried 
out (Fig. S11, ESI†). The measurement confirmed that the 
detected step change in the mass loss corresponded to the 
release of SF6. Moreover, FTIR and XRPD measurements (Fig. 
S12 and S13, ESI†) of samples after the TG analysis were carried 
out to show that the structure of ZIF-8 remained unchanged.

Fig. 2 Thermogravimetric analysis of of ZIF-8(s) (blue), ZIF-8(m) 
(red) and ZIF-8(l) (black) loaded with SF6 under optimized 
conditions (Table S1, ESI†).

SF6 molecules loaded into ZIF-8 pores were also detected by 
FTIR (Fig. 3 and S14-16, ESI†). In the FTIR spectra, besides the 
bands corresponding to ZIF-8, additional bands were detected 

and assigned to the v4 (liquid: 610.8 cm-1; gas: 614.5 cm-1) and 
v3 (liquid: 914.9 cm-1; gas: 948.0 cm-1) vibration modes in SF6.[79] 
Remarkably, for the v3 vibration mode, two bands were 
detected, indicating that the state of some of the guest 
molecules is closer to the liquid phase while for others it is 
closer to the gas phase (Table S2, ESI†). This observation was 
investigated further during the gas release experiments (see the 
corresponding section and Fig. S26-S28, ESI†).

Fig. 3 FTIR spectra of ZIF-8(s) (blue), ZIF-8(m) (red) and ZIF-8(l) 
(black) loaded with SF6 under optimized conditions (Table S1, 
ESI†).

Activation energy for gas molecules to move between pores

The activation energy needed for a molecule to pass from one 
pore to an adjacent pore was determined both experimentally 
and computationally. To determine the activation energy 
experimentally, modulated TGA (MTGATM by TA Instruments), 
which uses an oscillation temperature program to obtain kinetic 
parameters during mass loss,[80] was employed. For all three 
samples, we measured an activation energy of ca. 80 kJ mol-1 
(Fig. S32, ESI†), which indicates, as one would expect, that there 
is no influence of the ZIF-8 particle size on the activation energy.
To understand the origin of the high activation barrier, we 
determined the free energy barrier for a SF6 molecule to move 
from one ZIF-8 pore to an adjacent pore computationally. We 
adopted a procedure based on a series of umbrella sampling 
(US) simulations, similar to the one used in reference 81 (see 
the Supplementary Information for details). The guest location 
is defined by the collective variable (CV) shown in Fig. 4, which 
determines whether the SF6 molecule is in the first pore (CV < 0 
Å) or in the second, adjacent pore (CV > 0 Å). The six-membered 
ring (Fig. S35, ESI†) separating both pores is defined by CV = 0 Å 
and is expected to be responsible for the high activation barrier. 
This US protocol was necessary as SF6 molecules were not 
observed to move from one pore to another pore 
spontaneously during a regular MD simulation at 300 K and 10 
bar, a consequence of the large free energy barrier. Given the 
variable loading observed for the different pores, this analysis 
was repeated for different loadings of the first pore.  Besides 
the SF6 molecule that is constrained during the simulation, 
between zero and five additional SF6 molecules were present in 
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the first pore (CV < 0 Å). In contrast, the adjacent second pore 
(CV > 0 Å) contains no additional molecules. Figure 4 shows the 
free energy profiles obtained in this fashion.

Fig. 4 300 K free energy profiles for the hopping of one SF6 
molecule from pore 1 (CV < 0 Å) to the adjacent pore 2 (CV > 0 
Å). In these simulations, between zero and five additional SF6 
molecules are present in pore 1, while no additional molecules 
are present in pore 2.

A first observation from this figure is that the free energy in the 
transition region around the aperture as well as the free energy 
in pore 2 are independent of the gas loading in pore 1, indicating 
that there is no appreciable interaction between SF6 molecules 
residing in adjacent pores. This contrasts with earlier findings 
for water in ZIF-8, where hydrogen bonds formed between 
water molecules in adjacent pores were found vital to facilitate 
the hopping of water from one pore to an adjacent pore.[81] As 
a result, the reverse free energy barrier (as seen from pore 2) 
amounts to ca. 110 kJ mol-1, irrespective of the loading in pore 
1 (Fig. 4).
A second observation is that the forward free energy barrier 
does depend on the amount of SF6 molecules in pore 1, varying 
between 100 and 130 kJ mol-1. The forward barrier reaches its 
maximum at intermediate loadings (Fig. S36, ESI†), given that 
the free energy of pore 1 is the lowest at that loading. This 
behaviour is explained in detail in Section 6 of the 
Supplementary Information and can be summarized as follows. 
When one additional SF6 molecule is present in pore 1 (in 
orange, Fig. 4), dispersive guest-guest interactions stabilise the 
two molecules in pore 1, leading to a higher forward free energy 
barrier of about 132 kJ mol-1. At that point, any additional SF6 
molecule in pore 1 leads to steric hindrance that counteracts 
the attractive dispersive interactions. This is clearly seen when 
either two (in green) or three (in red) additional SF6 molecules 
are present in pore 1 (Fig. 4 and S36, ESI†), as in that case the 
free energy in pore 1 is no longer flat but shows distinct minima. 
These minima correspond to favourable locations for the SF6 
molecules in which they optimise their mutual interactions and 
the interactions with the pore walls. Upon further increasing 
the number of SF6 molecules in pore 1 (purple and brown 

profiles), steric hindrance starts to dominate, thereby 
increasing the free energy in pore 1 and lowering the forward 
free energy barrier to 100-110 kJ mol-1 (Table S4). All free 
energy barriers substantially exceed the already high free 
energy barriers encountered for water in ZIF-8 (16-25 kJ mol-1) 
and are in good agreement with the ones determined from 
modulated TGA.

Release kinetics

Samples loaded at optimised loading conditions were exposed 
to air at ambient conditions and the amount of SF6 in the pores 
was determined at regular time intervals up to 100 days by TGA 
(Fig. S20-22, Table S3, ESI†). Moreover, also FTIR and XRPD 
measurements were carried out (Fig. S26-S31). The 
experimental data confirmed that the kinetic trapping of SF6 in 
pores of ZIF-8 was successful. The large guest molecules could 
be loaded into ZIF-8 through the narrow pore apertures by 
applying an elevated pressure (and in some cases also 
temperature, Table S1, ESI†), but were not released 
immediately at ambient conditions in air.
The molecular exchange rate between porous crystals and their 
surroundings is known to be affected by both the permeation 
through the crystal surface (known as a surface barrier 
resistance) and the diffusion through the intracrystalline pore 
network.[82] Thus, considering the different crystal sizes (Fig. 1 
and S4, ESI†) of the three tested samples of ZIF-8, one would 
expect the impact of the crystal size parameter on the gas 
release to be significant. And indeed, as expected, the rate of 
the release depended on the crystal size. The smaller the crystal 
size, the faster the overall release was (Fig. 5 and S23, ESI†). 
However, even in the case of ZIF-8(s), it took more than 21 days 
to achieve complete gas release (with only less than 1 wt% of 
SF6 left inside the pores), although it took only about 2 days to 
achieve a 50% release of the originally loaded amount of SF6 
from these smallest crystals. In contrast, by increasing the 
crystals to the micro-sized regime, the release was slowed down 
significantly. In the case of ZIF-8(m) and ZIF-8(l), even after 100 
days of exposing both samples to air at ambient temperature, 
more than 68% and 86%, respectively, of the originally loaded 
amount of SF6 remained inside the pores. This confirms the high 
activation barriers derived both experimentally and 
computationally above. It also means that the pores of ZIF-8 
themselves served as “nanotanks” for long-term gas storage 
without the need for an additional vessel.
To further quantify the molecular transport in the ZIF-8 crystals, 
we assumed spherical particles (which is a rather accepted 
simplification[83,84]). The gas diffusivity was then determined 
from the release curves (Fig. S25, ESI†), by fitting the intra-
crystalline (Fick) diffusion model[82] on the experimental data 
(see Section 3 in the Supplementary information for details). 
Assuming an isothermal release behaviour and that the 
diffusivity is loading-independent, the diffusion time constants 
were determined to be 0.12∙10-21 m2∙s-1 for ZIF-8(s), 1.58∙10-21 
m2∙s-1 for ZIF-8(m) and 4.93∙10-21 m2∙s-1 for ZIF-8(l) (Table S4, 
ESI†). The difference in these constants indicates that the 
release is not only driven by the intracrystallite diffusion, but 
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also that the surface resistance governs the overall diffusion 
rate. These findings are in agreement with the results reported 
by Tanaka and Denayer et al., who observed that n-butanol 
uptake in small crystallites of ZIF-8 (0.06 – 2.1 µm) was limited 
by surface barriers, while the diffusion rate of larger crystallites 
(88 µm) was governed by intra-crystalline diffusion.[85] 
Noteworthy, the found values are also in agreement with 
computationally determined infinite diffusion self-diffusion 
coefficient of SF6 in ZIF-8 reported by Sholl et al. recently: 
1.73∙10-22 m2∙s-1 at 0°C and 3.73 10-21 m2∙s-1 at 35°C.[56]

Fig. 5 Gas release at ambient conditions from ZIF-8(s) (blue), ZIF-
8(m) (red) and ZIF-8(l) (black) loaded with SF6 under optimized 
conditions (Table S1, ESI†) expressed (a) as % of the remained 
gas and (b) as wt% of loaded gas in the pores; determined by 
TGA (Fig. S20-S22, ESI†).

Last but not least, the guest release could be also followed by 
FTIR spectroscopy (Fig. S26-S28, ESI†). With the gradual release 
of SF6, the intensity of the band corresponding to the v3 
vibration mode of the liquid-like guest (around 925 cm-1) 
decreased, while the intensity of the band corresponding to the 
gas-like guest (around 947 cm-1) was firstly unchanged and only 
after the band of the liquid-like phase disappeared, it was 
reduced gradually too (Fig. S26-S28, ESI†).

Gas release on demand

To trigger the gas release on demand, either an elevated 
temperature (Fig. S10, ESI†) or an acidic environment (Fig. S33, 
ESI†) can be applied. The acid-triggered release studies showed 
that by adding an acid (herein 2M HCl as an example), ZIF-8 
readily decomposed, and the gas could be released immediately 
(Fig. S33, ESI†). A video capturing the whole experiment is 
available as an electronic supplementary file. Such approach 
can find applications in areas where a precise dosing of gases in 
small amounts is needed (such as the application of the SF6 gas 
in ophthalmology[74,75]), because due to the sample solid nature, 
it is very easy to handle such materials and to weigh their 
amounts precisely.

Conclusions
Herein, we reported on an efficient strategy of long-term gas 
storage and on-demand gas release in MOFs by utilizing MOFs 
with a prominent flexible pore opening combined with kinetic 
trapping. In this approach, after inducing an external stimulus 
(herein pressure and temperature), the gaseous guest enters 
the MOF pores through the aperture, and after the stimulus is 
removed, it remains trapped inside due to the drop of its kinetic 
energy. In such an approach, large quantities of gas can be 
introduced and stored in the MOF pores as we showed here by 
storing SF6 in the pores of ZIF-8. We demonstrated that such 
systems could be used for a long-time storage of gases at 
ambient temperature and pressure without the need of a high-
pressure container, or in fact any container. The capture of SF6 
inside the pores is a result of the high activation barriers of ca. 
80 kJ mol-1 of the SF6 diffusion through the pores. Furthermore, 
we also showed that the gas can be released on-demand by 
applying an elevated temperature or acid treatment. Finally, 
due to the solid nature, such materials are easy to handle and 
thus, they have a great potential in applications requiring 
precise gas dosing, especially in micro- and nano-dosing 
applications.

Experimental
Materials and experimental methods

All chemicals were of reagent grade and used as received from 
commercial suppliers. Fourier transform infrared (FTIR) spectra 
were recorded in the range of 400-4000 cm-1 on a Bruker 
Equinox 55 FT-IR spectrometer equipped with an ATR unit. X-
ray powder diffraction (XRPD) patterns were collected using a 
Seifert XRD 3003 TT – powder diffractometer with a Meteor1D 
detector using Cu Kα1 radiation (λ=1.54187 Å). The 
thermogravimetric analysis (TGA) was performed with a TGA 
Q500 analyser in the temperature range from 25 °C up to 700 
°C under nitrogen atmosphere at a heating rate of 10 °C min−1. 
To determine the activation energy, modulated TGA was carried 
out under helium atmosphere at a heating rate of 1.5 K min−1, 
with an amplitude of ± 5 °C and period of 200 K min−1. Scanning 
electron microscopy (SEM) and scanning transmission electron 
microscopy (STEM) micrographs were recorded with a 
Crossbeam 550 microscope (Zeiss) and optical microscopy 
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photographs with an Olympus IX70 microscope equipped with 
a camera.

Synthesis of ZIF-8

ZIF-8(small, s). The material synthesis was adapted from a 
previously reported procedure.[86] Zn(NO3)2∙6H2O (734 mg, 2.47 
mmol) and 2-methylimidazole (811 mg, 9.87 mmol) were each 
dissolved in 50 mL of methanol, and then both solutions were 
poured together and briefly mixed. The reaction mixture was let 
undisturbed for 1 h. After that, the precipitate was collected by 
centrifugation, washed three times with methanol and dried in 
an oven at 60 °C overnight. The product was obtained as a white 
powder (176 mg, yield calculated on basis of Zn(II): 31 %).
ZIF-8(medium, m). The material synthesis was adapted from a 
previously reported procedure.[86] Zn(NO3)2∙6H2O (734 mg, 2.47 
mmol) was dissolved in 50 mL of methanol. In another 50 mL of 
methanol, 2-methylimidazole (811 mg, 9.87 mmol) and sodium 
formate (671.5 mg, 9.87 mmol) were dissolved. Both solutions 
were poured together and briefly mixed. The reaction mixture 
was let undisturbed for 48 h. After that, the precipitate was 
collected by centrifugation, washed three times with methanol 
and dried in an oven at 60 °C overnight. The product was 
obtained as a white powder (51 mg, yield calculated on basis of 
Zn(II): 9 %).
ZIF-8(large, l). The material synthesis was adapted from a 
previously reported procedure.[87] ZnCl2 (60.6 mg, 0.22 mmol), 
2-methylimidazole (73.0 mg, 0.44 mmol) and sodium formate 
(60.6 mg, 0.44 mmol) were dissolved in 6 mL of methanol. The 
reaction mixture was placed in a heating tube, closed tightly and 
heated at 130 °C for 4 h. After cooling down, the precipitate was 
collected by filtration, washed three times with methanol and 
dried in an oven at 60 °C overnight. The product was obtained 
as a white powder (75 mg, yield calculated on basis of Zn(II): 74 
%).

Gas loading

For each experiment, 20-100 mg of ZIF-8 were placed into a 
steel vessel constructed from metal tubing attached to a 
manometer (Fig. S6). The vessel was filled with SF6 gas and kept 
at the desired pressure and temperature for the desired period 
of time. Upon cooling down, the gas pressure was released and 
the sample (ca. 5-10 mg) was immediately analysed with TGA, 
FTIR and XRPD methods.
Precautionary statement: these experiments involve SF6 gas 
under high pressure. Measures and suitable equipment for 
working with gas under pressure need to be in place to ensure 
safety, and to minimize and prevent any risks. 

Gas release

The gas loaded samples were kept in a container opened to air. 
After a certain period of time a small amount (ca. 5-10 mg) was 
taken and analysed by TGA, FTIR and XRPD methods.

Computational studies

The procedure to arrive at the computational free energy 
profiles of Fig. 4 consists of four steps. First, a force field for SF6 
was derived based on density functional theory (DFT) input data 
following the QuickFF protocol,[88,89] and combined with an 
earlier derived DFT-based force field for ZIF-8.[81] Second, a CV 
was defined to describe the transition of a SF6 molecule 
between two adjacent pores in ZIF-8. Third, regular MD 
simulations were performed to obtain realistic initial structures 
for the US simulations and to rule out any spontaneous 
transitions. Fourth, US simulations were performed to finally 
extract the free energy profiles. Representative input scripts are 
available at https://github.com/SvenRogge/supporting-info; 
further details about these procedures are given in Section 5 of 
the Supplementary information.
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