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S1 Material synthesis and characterisation 

S1.1  Molecular structure of ZIFs and zeolites investigated 

As a subfamily of MOFs, ZIFs have zeolitic topologies constructed from divalent cations connected 

through imidazolate-based ligands. The hydrophobic ZIFs investigated in this work (Supplementary 

Figure 1) are of different chemical compositions and topologies, but all of them are composed of 

nanocages connected through relatively narrow window apertures. In contrast, most of the zeolites 

shown in Supplementary Figure 2 have channel-containing frameworks except for chabazite.  

 

Supplementary Figure 1 | Overview of the five ZIFs discussed in this work. Shown are their struc-

ture, their building blocks, and their pore limiting diameter (window aperture size, PLD) and largest 

cavity diameter (LCD). bIm = benzimidazolate, mIm = 2-methylimidazolate, dcIm = 4,5-dichloroimid-

azolate. 
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Supplementary Figure 2 | Overview of the zeolites discussed in this work. Shown are their frame-

work structures (brown: oxygen; light navy: silicon). ZSM-5, mordenite, and zeolite β have channel-

containing frameworks while chabazite has a cage-type framework. Note that zeolite-β is an intergrowth 

material of polymorph A and B, which are built from different stacking of the same building layer.1 
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S1.2  Material synthesis 

ZIF-8 was purchased from Aldrich Sigma (Basolite® Z1200). The metal sources for the other ZIFs  

include zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%, Acros Organics), cobalt nitrate hexahydrate 

(Co(NO3)2·6H2O, 98%, Acros Organics), zinc acetate dihydrate (Zn(CH3CO2)2·2H2O, 98%, Acros Or-

ganics), and cobalt acetate dihydrate (Co(CH3CO2)2·2H2O, 98%, Acros Organics); the organic sources 

include benzimidazole (HbIm, 98%, Acros Organics), 2-methylimidazole (HmIm, 99%, Acros Organ-

ics), and 4,5-dichloroimidazole (HdcIm, 98%, Alfa Aesar); the solvents include N, N-dimethylforma-

mide (DMF, 99.5%, Fisher Chemical), methanol (MeOH, 99.8%, Fisher Chemical), toluene (analytical, 

Fisher Chemical), and ammonium hydroxide (NH3, 28% aqueous solution, Alfa Aesar). 

ZIF-67. In a typical synthesis of ZIF-67, 4.37 g Co(NO3)2·6H2O (15 mmol) and 4.93 g HmIm (60 mmol) 

were dissolved in 303 mL MeOH (7.5 mol), with a molar ratio of 1 Co: 4 HmIm: 500 MeOH. The 

resultant solution was stirred continuously at room temperature for 1 h. The precipitates were separated 

from the solvent through a centrifuge (10,000 rpm for 10 min) and washed three times with MeOH. 

Then the product was dried at room temperature overnight.  

ZIF-71. In a typical synthesis of ZIF-71, 0.18 g Zn(CH3CO2)2·2H2O (0.82 mmol) and 0.54 g HdcIm 

(3.93 mmol) were dissolved in 73 mL MeOH (1.8 mol), with a molar ratio of 1 Co: 4.8 HdcIm: 2185 

MeOH. The resultant solution was kept at room temperature without stirring for 24 h. The precipitates 

were separated from the solvent through a centrifuge (8,000 rpm for 5 min) and then washed for three 

times with MeOH. Finally, the product was dried at room temperature overnight. A similar synthesis 

method has been reported previously.2 

ZIF-7. In a typical synthesis of ZIF-7, 2.35 g Zn(NO3)2·6H2O (7.9 mmol) and 5.85 g HbIm (49.5 mmol) 

were firstly dissolved in 750 mL DMF (9.7 mol), with a molar ratio of 1 Zn: 6.3 HbIm: 1226 DMF. The 

resultant solution was stirred continuously at room temperature for 2 h, followed by 22 h without stirring. 

The suspended precipitates were separated from the solvent through a centrifuge (12,000 rpm for 45 

min) and then washed for three times with DMF. A similar synthesis method has been reported previ-

ously.3 Finally, the product was dried at room temperature overnight, and then heated in air at 200 °C 

for 12 h, to obtain the guest-free Phase II of ZIF-7.4  

ZIF-9. As the structural analogue of ZIF-7, ZIF-9 was synthesized in a similar way, but using 

Co(NO3)2·6H2O instead of Zn(NO3)2·6H2O as the metal source. In a typical synthesis, 0.77 g 

Co(NO3)2·6H2O (2.64 mmol) and 7.8 g HbIm (66.02 mmol) were firstly dissolved in 125 mL DMF 

(1.61 mol), with a molar ratio of 1 Co: 25 HbIm: 613 DMF. The resultant solution was kept at 75 °C 

without stirring for 24 h. The suspended precipitates were separated from the solvent through a centri-

fuge (12,000 rpm for 45 min) and then washed for three times with DMF. Finally, the product was dried 
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at room temperature overnight, and then heated in air at 200 °C for 12 h, to obtain the guest-free Phase 

II of ZIF-9. 

ZIF-11. ZIF-11 was synthesized by adopting a reported method.5 In a typical synthesis of ZIF-11, 0.45g 

HbIm (3.81 mmol) was dissolved in 22.73 mL MeOH (0.56 mol), followed by the addition of 19.90 mL 

toluene (0.19 mol) and 0.254 mL ammonium hydroxide (3.8 mmol NH3) whilst stirring at room tem-

perature. Afterwards 0.41 g Zn(CH3CO2)2·2H2O (1.88 mmol) was added. The resultant solution, which 

had a molar ratio of 1 Zn: 2 HbIm: 2 NH3: 300 MeOH: 100 toluene, was stirred continuously at room 

temperature for 3 h. The precipitates were separated from the solvent through a centrifuge (8,000 rpm 

for 2 min) and then washed for three times with MeOH. Finally, the product was dried at room temper-

ature overnight and then heated in air at 200 °C for 2 h. 

ZIF-12. As the structural analogue of ZIF-11, ZIF-12 was synthesized in the same way, but using 

Co(CH3CO2)2·2H2O instead of Zn(CH3CO2)2·2H2O as the metal source. In a typical synthesis, 0.45g 

HbIm (3.81 mmol) was dissolved in 22.73 mL MeOH (0.56 mol), followed by the addition of 19.90 mL 

toluene (0.19 mol) and 0.254 mL ammonium hydroxide (3.8 mmol NH3) under stirring at room temper-

ature. Afterwards 0.47 g Co(CH3CO2)2·2H2O (1.88 mmol) was added. The resultant solution, which had 

a molar ratio of 1 Co: 2 HbIm: 2 NH3: 300 MeOH: 100 toluene, was stirred continuously at room tem-

perature for 3 h. The precipitates were separated from the solvent through a centrifuge (8,000 rpm for 2 

min) and then washed for three times with MeOH. Finally, the product was dried at room temperature 

overnight and then heated in air at 200 °C for 2 h. 

ZIF-8 nanocrystals. To investigate the effect of crystal size (Supplementary Section S2.9), nanocrystals 

of ZIF-8 were synthesized. In a typical synthesis, 3.0 g Zn(NO3)2·6H2O (10 mmol) and 6.6 g HmIm (80 

mmol) were dissolved in 200 mL MeOH (5 mol), with a molar ratio of 1 Zn: 8 HmIm: 500 MeOH. The 

resultant solution was stirred continuously at room temperature for 1 h. The precipitates were separated 

from the solvent through a centrifuge (8,000 rpm for 10 min) and washed three times with MeOH. Then 

the product was dried at room temperature overnight. 
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S1.3  Microscopy  

The morphologies of the ZIFs and zeolites were characterized by atomic force microscopy (AFM) using 

the neaSNOM microscope (neaspec) operating under the tapping mode. A silicon probe, Scout 350 

(NuNano) was employed, which consists of a Si cantilever with a conical tip at its end (nominal radius 

5 nm). The cantilever was 125 μm long, 30 μm wide, and 4.5 μm thick. Its resonance frequency was 350 

kHz and its spring constant was 42 N/m. Additional scanning electron microscopy (SEM) images were 

collected for ZIF-8 and ZIF-71 samples; the SEM image of ZIF-8 was obtained from Zeiss Evo LS 15, 

while the one for ZIF-71 was obtained from Hitachi TM3030Plus.  

 

Supplementary Figure 3 | AFM and SEM images of the ZIFs before water intrusion. a, ZIF-8 (left: 

SEM, right: AFM), b, ZIF-71 (left: SEM, right: AFM), c, ZIF-7, d, ZIF-9, e, ZIF-67. f, ZSM-5, g, 

zeolite- β, h, mordenite. ZIF-7 and ZIF-9 are the guest-free phase II samples,4 and the three zeolite 

samples are after the heating treatment at 1,000 °C.  
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S1.4  Powder X-ray diffraction (PXRD) 

Before the water intrusion experiments, the crystallinity of the powdered samples was confirmed using 

powder X-ray diffraction (PXRD) experiments. The PXRD patterns after water intrusion (marked with 

“WI” in Supplementary Figure 4 to Supplementary Figure 11) at different loading rates are included as 

well, showing that the molecular structures of these frameworks are intact under both quasi-static and 

high-rate experiments. PXRD patterns were recorded on the Rigaku Miniflex 600 using Cu Kα radiation 

(15 mA and 40 kV) at a scan rate of 2°/min using a 2θ step-size of 0.01°. 

 

Supplementary Figure 4 | PXRD patterns of the ZIF-8 samples. In addition to the XRD patterns of 

ZIF-8 samples after low-rate and high-rate water intrusion experiments, the result after 1,000 intrusion-

extrusion cycles (shown in Figure 2e of the main text) is also included. The samples maintain their intact 

crystalline structure after water intrusion, which is consistent with the retained level of accessible pore 

volume in the multicycle experiments. The XRD intensities have been normalized (a.u.) with respect to 

the highest peak of each pattern. 
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Supplementary Figure 5 | PXRD patterns of the ZIF-67 samples. The XRD intensities have been 

normalized (a.u.) with respect to the highest peak of each pattern. 

 

Supplementary Figure 6 | PXRD patterns of the ZIF-7 samples. The obtained XRD patterns agree 

well with the reported results in Ref. 4. The broadening of the Bragg peaks is due to the nanocrystal size 

of the samples. The XRD intensities have been normalized (a.u.) with respect to the highest peak of each 

pattern. 
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Supplementary Figure 7 | PXRD patterns of the ZIF-9 samples. As the structural analogue of ZIF-

7, ZIF-9 has an XRD pattern similar to that of ZIF-7 (Supplementary Figure 6). The XRD intensities 

have been normalized (a.u.) with respect to the highest peak of each pattern. 

 

Supplementary Figure 8 | PXRD patterns of the ZIF-71 samples. The XRD intensities have been 

normalized (a.u.) with respect to the highest peak of each pattern. 
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Supplementary Figure 9 | PXRD patterns of the ZSM-5 samples. The XRD intensities have been 

normalized (a.u.) with respect to the highest peak of each pattern. 

 

Supplementary Figure 10 | PXRD patterns of the zeolite-β samples. Zeolite-β is an intergrowth of 

polymorph A and B differing in the stacking of the 12-ring channels, and therefore has a single broad 

peak in the 5°-10° range which agrees well with those reported in the literature.1 The XRD intensities 

have been normalized (a.u.) with respect to the highest peak of each pattern. 
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Supplementary Figure 11 | PXRD patterns of the mordenite samples. The XRD intensities have 

been normalized (a.u.) with respect to the highest peak of each pattern. 
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S2 Additional experimental results of hydrophobic cage-type 

frameworks 

S2.1 Water intrusion and extrusion of ZIF-8 

Here we show a complete profile of ZIF-8 data for Figure 2b-c of the main text including the strain rate 

history. The three complete intrusion/extrusion curves are plotted into Figure 2b and the extracted in-

trusion pressures, extrusion pressures, and energy absorption densities are plotted into Figure 2c as a 

function of the different strain rates during intrusion and extrusion. In the low-rate and medium-rate 

tests (Supplementary Figure 12a-b), the unloading process is also externally driven, and controlled at 

the same rate as the loading process. However, the high-rate experiment has an uncontrolled free un-

loading process (Supplementary Figure 12c), which is dependent on the material response. The recorded 

reflected waves in the SHPB experiments allow us to measure the strain rate history during the intrusion 

and extrusion process. As shown by the dashed line in Supplementary Figure 12c, the extrusion rate is 

one order of magnitude lower than the intrusion rate (102 s-1 vs. 103 s-1).  

 

Supplementary Figure 12 | Water intrusion and extrusion of ZIF-8. a, Low-rate, b, medium-rate, 

and c, high-rate conditions, corresponding to the result of Figure 2b-c in the main text. Solid lines rep-

resent the pressure; dashed lines represent the corresponding strain rate.  
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The uncontrolled free water extrusion process represents the performance of {ZIF-8+water} systems 

under realistic impact loading conditions. In most cases of impact protection using energy absorption 

materials, there will be no external controls to retract the impactor or projectile from the target. This 

means the unloading process is determined by the intrinsic recovery of the impacted target. For this 

reason, we do not require the loading and unloading rates to be the same in our high-rate experiments.  

There are two challenges to measuring energy absorption at an extrusion or unloading rate matching the 

intrusion rate of 103 s-1.  Firstly, it is experimentally challenging to retract the impactor at such a rate, 

and secondly it is impossible to elevate the extrusion rate above the intrinsic value associated with the 

material.  If the impactor (i.e., the piston in the current experiments) were withdrawn more quickly, it 

would simply detach from the specimen, such that the unloading force on the impactor would drop to 

zero and the hysteresis would be even higher.  Hence, the energy absorption is at least as high as the 

values reported in the main text.   
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S2.2 Water extrusion of ZIF-8 revealed by high-rate experiments 

To understand the factors influencing the extrusion rate of water molecules from ZIF-8, a series of high-

rate experiments with different incident pulses were carried out. Three different incident pulses were 

designed, as shown in Supplementary Figure 13a, and their corresponding water intrusion-extrusion 

curves are plotted in Supplementary Figure 13b. The incident pulses are designed so that two of them 

(light purple and light green curves) create partial water intrusions (defined as having maximal strain ɛ 

= 0.13) up to a similar volumetric strain at different intrusion rates, while the other one (grey curve) 

results in a complete water intrusion (defined as having maximal strain ɛ = 0.2) at the same intrusion 

rate as the light purple curve (ɛ̇ = 2,000 s-1). 

The results are zoomed in for a detailed analysis of the extrusion pressure (Supplementary Figure 13c) 

and extrusion rate (Supplementary Figure 13d). For the two partial intrusion cases (light purple and light 

green curves), we found their extrusion performances to be very similar, despite their different intrusion 

rates. This is expected, as the extrusion of water molecules is governed by the intrinsic {ZIF-8+water} 

behaviour.  

The comparison between the complete (grey) and partial (light purple) intrusion cases suggests that 

water extrusion starts at a relatively higher rate and pressure, which then gradually decreases as the 

extrusion progresses. This agrees well with the observation in the medium-rate test (the 20 s-1 curve in 

Figure 2b of the main text), where the pressure drops gradually near the end of the extrusion: the water 

molecules at the end of the queue extrude at a rate as low as the moving speed of the compression head, 

therefore the force sensor can hardly detect any reaction force from the sample. These phenomena indi-

cate higher mobility of water molecules when more of them are present inside the nanoporous frame-

work, which agrees with the simulated results of hopping events at different water loadings (Supple-

mentary Section S7.2). 

Note that “complete” and “partial” water intrusion are defined only to aid the discussion in this section. 

These labels are essentially distinguished by their different maximal strains, independent of the com-

pleteness of water intrusion at their maximal strains. From the low- and medium-rate experimental re-

sults in Supplementary Figure 12a-b, once the strain goes up to around 0.2, the entire accessible pore 

volume has been occupied: the intrusion plateaus end and the system undergoes a much ‘stiffer’ linear 

reduction in volume with increasing pressure, corresponding to the elastic compression in step 3 of Fig. 

2a of the main text. In high-rate experiments, due to the increased gradient of intrusion plateaus, it 

becomes harder to identify the actual completion of water intrusion from the high-rate stress-strain 

curves.  
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Supplementary Figure 13 | Water intrusion and extrusion of ZIF-8 in the high-rate experiments 

using different incident pulses. a, Three incident pulses of different time durations and intensities were 

designed as the energy input to drive the water intrusion, which was achieved by using different strikers 

launched at different levels of air pressures, together with different designs of pulse shapers in the SHPB 

experiments. b, Corresponding testing results. The grey and light purple curves show the complete in-

trusion and partial intrusion respectively at a higher intrusion rate of about 2×103 s-1, while the light 

green curve shows a partial intrusion at a relatively lower intrusion rate of about 1×103 s-1. c, Comparing 

the stress-strain curves during the water extrusion. d, Comparing the strain rate during the water extru-

sion. The arrows in c and d indicate that the extrusion pressure and extrusion rate gradually decrease as 

the extrusion progresses, from the complete intrusion case (grey) to the partial intrusion (light purple) 

case.   
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S2.3 Water intrusion pressure of ZIFs at different strain rates 

Supplementary Figure 14 shows the intrusion pressures of a group of hydrophobic ZIFs at different 

strain rates. Evidently, the rate-dependence of the intrusion pressure is observed for all these cage-type 

ZIFs. Although the intrusion pressures of ZIF-71, ZIF-7, and ZIF-9 are not available at high rates, these 

materials display a strong rate effect at low and medium rates, and we estimate that ZIF-71 has a very 

high intrusion pressure exceeding 150 MPa at a rate of ~2,000 s-1 (see Supplementary Figure 15). The 

rise in intrusion pressure and fall in extrusion pressure can enlarge the hysteresis area at increasing strain 

rate, resulting in a greater energy absorption density, as can be seen in the result of ZIF-71 (see Figure 

5b of the main text).  

The comparison between the structural analogues, ZIF-8 vs. ZIF-67, and ZIF-7 vs. ZIF-9, suggests that 

the rate-dependence of intrusion pressure is primarily contributed by the cage-type structure, whereas 

the influence of chemical moieties (ZnN4 vs. CoN4) is limited. One minor difference observed is the 

slightly higher intrusion pressure of the zinc-based frameworks (ZIF-7 and ZIF-8) compared to the co-

balt-based frameworks (ZIF-9 and ZIF-67) at low to medium strain rates. 

 

Supplementary Figure 14 | Water intrusion pressure of a variety of ZIFs as a function of intrusion 

rate, showing a significant rate-dependence for all the ZIFs. Since ZIF-7 and ZIF-9 have limited 

pore volume, their intrusion plateaus are difficult to recognize at higher loading rates, and therefore 

corresponding intrusion pressures are not available. The intrusion pressure of ZIF-71 at high strain rates 

is not included because it exceeds the capacity of the current SHPB setup. 
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S2.4 High-rate water intrusion of ZIF-71 

Water intrusion into ZIF-71 has a very strong rate-dependence. As shown in Figure 5b of the main text, 

its intrusion pressure already doubles between low-rate and medium-rate conditions. Therefore, ZIF-71 

is expected to have a very high intrusion pressure under high-rate conditions, which unfortunately cannot 

be captured using the current SHPB setup. In order to prove that it indeed has a high intrusion pressure 

at a high strain rate, we attempted an SHPB experiment and obtained the linear curve shown in Supple-

mentary Figure 15. There is no intrusion plateau observed within this range, indicating that the water 

intrusion pressure of ZIF-71 under this condition (an average strain rate of 1865 s-1) is at least 150 MPa. 

The overall gradient of the plot corresponds to the elastic compression of the {ZIF-71+water} system, 

which is reminiscent of the elastic part of the curves in Figure 5b of the main text.  

 

Supplementary Figure 15 | The testing result of {ZIF-71+water} system in the high rate experi-

ment. The absence of an intrusion plateau indicates that the intrusion pressure exceeds 150 MPa. 
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S2.5 ZIFs under multiple dynamic loading cycles 

Here we show the water intrusion of ZIFs under cyclic loadings. The result of ZIF-8 has been presented 

in Figure 2d-e of the main text. Supplementary Figure 16a-b show that ZIF-67 and ZIF-71 also have a 

consistent performance during multiple dynamic loading cycles. This suggests that the intrusion of ZIF-

8, ZIF-67, and ZIF-71 is recoverable, and therefore their energy absorption systems can be reused to 

cope with multiple impacts. ZIF-7 and ZIF-9, however, perform differently. Figure 5c of the main text 

shows that there is no extrusion plateau in their unloading curves. Supplementary Figure 16c-d present 

their second loading cycles, which confirm that no further intrusion can be observed, as all the nanopores 

have been occupied by the water molecules in the first loading cycle. This means that ZIF-7 and ZIF-9 

cannot be reused for water intrusion. This can be explained by their very small apertures compared with 

the size of water molecules.4 One way to reactivate these materials is to evacuate the water molecules 

by heat treatment, as reported in Ref. 4.  

 

Supplementary Figure 16 | Cyclic water intrusion and extrusion of different ZIF materials. a, 

ZIF-67 at high strain rate, b, ZIF-71 at medium strain rate, c, ZIF-7 at 0.3 s-1, and d, ZIF-9 at 0.3 s-1.  
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S2.6 Water intrusion of ZIF-11 and ZIF-12 

Supplementary Figure 17 shows the cyclic water intrusion of ZIF-11 and ZIF-12 under quasi-static con-

ditions, together with their PXRD patterns and SEM images before the experiments. We note that water 

intrusion into ZIF-11 has been attempted in a recent study,6 but its water intrusion behaviour was not 

successfully detected, possibly due to the crystal size effect.4 

There are no extrusion plateaus on the unloading curves, and the second loading cycles show no further 

intrusion, indicating that water molecules are trapped inside the framework after the intrusion process. 

This is similar to the non-reusable performance of ZIF-7 and ZIF-9 (Figure 5c of the main text and 

Supplementary Figure 16c-d). The pore limiting diameter (PLD) of ZIF-11 and ZIF-12 is 3.0 Å (see 

Supplementary Table 7 of Supplementary Section S10), meaning that PLD must be larger than 3.0 Å to 

enable the reusability.  

Note that the PLD of ZIF-8 and ZIF-67 is 3.4 Å, only slightly higher than 3.0 Å, but they have a reusable 

performance (Figure 2d-e of the main text). Therefore, for the design rule #3 on the reusability of water 

intrusion energy absorbing systems, the PLD threshold value was determined to be ~3 Å.  
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Supplementary Figure 17 | ZIF-11 and ZIF-12 samples and their water intrusion experimental 

results. Cyclic water intrusion of a, ZIF-11 and b, ZIF-12 under quasi-static loading conditions (3×10-

3 s-1). PXRD patterns of c, ZIF-11 and d, ZIF-12 samples, which were recorded by the Rigaku Miniflex 

600 using Cu Kα radiation (15 mA and 40 kV) at a scan rate of 2°/min using a 2θ step-size of 0.01°. The 

as-synthesized samples were obtained after the heat treatment at 200 °C for 2 h. SEM images of e, ZIF-

11 and f, ZIF-12 samples obtained from Hitachi TM3030Plus. 
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S2.7 Stability of ZIF-8 for water intrusion applications 

Material stability is crucial for practical applications. Figures 2d-e of the main text demonstrate that 

ZIF-8 exhibits consistent behaviour during the multi-cycle energy absorption tests without noticeable 

decay in performance. This indicates that its molecular structure remains intact, which is further sup-

ported by the X-ray diffraction patterns obtained before and after the tests (Supplementary Figure 4). To 

further confirm the stability of ZIF-8 for this application, we designed the following two experiments, 

with results shown in Supplementary Figure 18. 

The first experiment is designed to confirm the stability of ZIF-8 under repeated high-rate water intru-

sion tests on the {ZIF-8+water} sample. We carried out a set of twenty high-rate tests on a {ZIF-8+wa-

ter} sample, after which we measured the pressure-volume change response (P-ΔV) of the tested ZIF-8 

sample to evaluate its porosity based on the concept of “water porosimetry” by quasi-static water intru-

sion and extrusion. Water porosimetry is a technique equivalent to the more conventional mercury in-

trusion porosimetry but is dedicated for measuring hydrophobic porous materials.7,8 The obtained result 

was then compared with that of a fresh ZIF-8 sample to identify any potential change of porosity caused 

by material degradation during the repeated high-rate experiment. The length of the intrusion plateau of 

the P-ΔV curves represents the total pore volume or porosity of the material. According to the results 

shown in Supplementary Figure 18a, there is no significant change between the observed intrusion/ex-

trusion behaviour before and after the repeated high-rate experiments. This demonstrates that multiple 

high-rate water intrusion-extrusion cycles do not cause ZIF-8 to degrade, meaning that it can be stable 

after repeated mechanical impacts. We did not extend our high-rate tests up to hundreds of cycles due 

to the complexity of the experiments and the fact that such a high number of consecutive impacts is rare 

in real impact-attenuating applications.  

It is worth noting that all experiments in this research were carried out at room temperature. The earlier 

reported temperature effect of quasi-static water intrusion into ZIF-8 demonstrated the possibility of 

structural degradation during the water intrusion, but only at high temperature (ca. 90 oC).9 The struc-

tural degradation in that work can be explained by the synergetic effect of high temperature and high 

pressure; by working at room temperature in this work, this synergetic effect is absent. The observed 

high structural-failure resistance of ZIF-8 against the impact-driven water intrusion can potentially be 

ascribed to the hydrophobicity of the framework and the resulting weak interactions between the frame-

work and the intruded water molecules. This was also observed in the section ‘The intrinsic water mo-

bility timescale revealed by molecular dynamics simulations’ of the main text, in which simulations 

demonstrate that the intruded water molecules tend to agglomerate around the cage centre and avoid the 

6MR apertures.  

The second experiment aims to examine the long-term water stability of ZIF-8 in this research. ZIF-8 

was initially thought to be stable in water,10 but some recent studies reported that ZIF-8 is stable in water 
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only for a period of time and can dissolve into zinc and imidazolate ions and form new substances in the 

long term.11-14 To this end, we designed an experiment to determine the possible change of ZIF-8 poros-

ity after being immersed in water for over a week. We used the water porosimetry technique to establish 

a pressure-volume change (P-ΔV) relationship for porosity evaluation. The specific procedures are as 

follows: we fabricated a {ZIF-8+water} sample by immersing ZIF-8 in water, and one cycle of water 

intrusion was conducted on the sample to ensure that water molecules were in sufficient contact with 

the ZIF-8 crystals. Then, the {ZIF-8+water} sample was kept inside the testing chamber (i.e., with ZIF-

8 in water) for 8 days, following which its P-ΔV curve was measured and compared with the curve 

obtained before the 8 days immersion. As Supplementary Figure 18b shows, no significant change of 

ZIF-8 porosity can be observed before and after the long-term stability test.  

The good water stability of ZIF-8 in this research is likely attributed to the high mass ratio of ZIF-8 to 

water. A higher mass ratio of ZIF-8 to water, i.e., more ZIF-8 or less water can inhibit the dissolution of 

ZIF-8, as the high-concentration solution can be easily saturated with the inhibitive imidazolate lig-

ands.11,12 In this research, we used 25 wt% as the mass ratio of ZIF-8 to water (i.e., 25 mg ZIF-8 in 0.1 

ml water), which is much higher than the value quoted in all of the reported studies on the water stability 

of ZIF-8 (ranging from 0.2 wt% to 6 wt%).12 We used such a high mass ratio mainly because it can 

increase the porosity and energy absorption capacity of the {ZIF-8+water} system, but the high stability 

of ZIF-8 becomes another benefit.  

It is worth noting, however, that this experiment has not ruled out the possibility of ZIF-8 degradation 

if immersed in water for months or years, which would need further investigation. Currently, there is a 

growing interest on the water stability of ZIFs and MOFs, and some approaches have been proposed to 

enhance the water stability of ZIF-8 such as surface ligand exchange.15-17 These can be considered in the 

future to extend the lifecycle of the nanofluidic energy absorption systems proposed in this work.  

 

Supplementary Figure 18 | P-ΔV curves of ZIF-8 before and after: a, 20 cycles of high-rate water 

intrusion. b, 8 days in water. No appreciable change in behaviour is observed, confirming the stability 

of ZIF-8 with respect to multiple impact-driven water intrusion and long-term water immersion. 
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S2.8 Generalisation of the design rules to hydrophobic cage-type zeolites 

In order to prove that our strategy can be generalised to porous zeolitic frameworks, we tested it against 

chabazite, a cage-type zeolite which meets all the design rules. Chabazite consists of rhombohedral 

cages with 8-membered ring (8MR) apertures. The material was heated at 950 °C for 3 h to enhance the 

hydrophobicity (design rule #1). Its largest cavity diameter (LCD) amounts to 7.4 Å, higher than the 

value of the pore limiting diameter (PLD), which amounts to 3.8 Å (design rule #2). Meanwhile, its PLD 

is over 3 Å (design rule #3) and its LCD is also large enough (design rule #4), so the chabazite material 

meets all the design rules we proposed.  

The water intrusion of chabazite under quasi-static conditions has been reported before,18 showing a 

limited energy absorption capacity. Herein, we carried out the water intrusion experiments on chabazite 

at different strain rates. Supplementary Figure 19a-b shows that the strain rate strongly affects the energy 

absorption density during the water intrusion and extrusion, as expected from our design rules. A sub-

stantially larger energy absorption is obtained at the high strain rate, which increases from 0.6 J g-1 under 

quasi-static compression to 22.3 J g-1 at high-rate loading conditions. Furthermore, to check the reusa-

bility of the {chabazite+water} system, we carried out cyclic intrusion tests at different conditions. Sup-

plementary Figure 19c presents two consecutive high-rate experimental results, which are highly con-

sistent.  

With these, we proved that the cage-type zeolite, by meeting all the design rules, can also have reusable 

and efficient energy absorption upon impact. This demonstrates that our strategy is not limited to ZIFs, 

but that it can be generalised to porous zeolitic frameworks. However, comparing between ZIFs and 

zeolites, it is worth noting that many ZIFs have a relatively larger gravimetric pore volume, meaning 

that they can have a relatively higher energy absorption density using the water intrusion mechanism. 

For example, ZIF-8 (47 J g-1) can absorb twice the energy that can be absorbed by chabazite (22 J g-1) 

at the same high-rate loading condition. The observation that cage-type zeolites can absorb mechanical 

energy also agrees with some reported results at low strain rates, where cage-type structures show a 

slightly larger hysteresis than channel-type structures under water intrusion.19 

It is worth noting that, although the intrusion process and pressure at high strain rates cannot be easily 

identified in Supplementary Figure 19 from the small gradient change of the loading curves before and 

after the start of water intrusion in chabazite, the extrusion plateaus can still be identified from the un-

loading curves. The hysteresis area clearly demonstrates that the energy absorption capacity is highly 

rate dependent. To further confirm that the obtained high-rate stress-strain curves are underpinned by 

the water intrusion and extrusion process, we carried out high-rate experiments on samples with a dif-

ferent amount of chabazite. The results in Supplementary Figure 19d show that with the increase of 

sample porosity, obtained by having a higher amount of chabazite in the sample, the extrusion plateau 

becomes more evident, starting at a larger strain value. The extrusion plateau can be more easily 
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identified in the high-rate experiments because the extrusion happens at a significantly lower rate than 

the intrusion process. Shown as the dashed line in Supplementary Figure 19d, the water extrusion from 

chabazite happens at 102 s-1 while the intrusion happens at 103 s-1, which are the same as the results from 

the experiments on ZIF-8 (see Figure 2 of the main text). 

 

Supplementary Figure 19 | Water intrusion of chabazite with cage structures. a, Stress-strain curves 

at three different strain rates, which correspond to a specific volume change rate ∆�̇� of 5×10-3, 20, and 

3×103 cm3 g-1 s-1, respectively. b, Energy absorption densities as a function of the strain rate. The error 

bars represent the uncertainty due to the incomplete unloading curves. c, Two consecutive high-rate 

experiments showing consistent performance. d, Influence of the zeolite mass: high-rate water intrusion 

and extrusion in 112 mg, 224 mg, and 336 mg of chabazite. These are the amounts of material used to 

make a sample of Ø12.7 mm in diameter and 3 mm in length used in the SHPB experiments. 
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S2.9 Effect of crystal size on water intrusion and energy absorption 

In our previous work we discovered that the crystal size of ZIF-7 plays a role in the water intrusion 

performance.4 Due to the ultrasmall aperture (PLD) of ZIF-7, which is smaller than the size of water 

molecules, only nanocrystals of ZIF-7 can be intruded by water molecules under quasi-static conditions, 

while bigger crystals at micrometre scale are inaccessible to water molecules. Ref. 20 also reported that 

bigger ZIF-8 crystals show a slightly higher water intrusion pressure than smaller ones under quasi-

static conditions, explained by the possible local defects in nanoparticles.  

The effect of the crystal size on water intrusion at dynamic loading conditions has not yet been investi-

gated. To this end, we synthesized a ZIF-8 sample with a smaller crystal size than the one in the main 

text. Supplementary Figure 20 shows the PXRD patterns and atomic force microscopy images of the as-

synthesized ZIF-8 samples. In comparison with the larger ZIF-8 sample in this work (Supplementary 

Figure 20c or Supplementary Figure 3a), the AFM image shows that the new ZIF-8 sample has a signif-

icantly smaller crystal size, and therefore it also has relatively broader peaks in its PXRD pattern.  

Water intrusion experiments at different strain rates were carried out and the results are shown in Sup-

plementary Figure 21. In general, the water intrusion and extrusion behaviour is quite similar between 

the two ZIF-8 samples of different crystal sizes (Supplementary Figure 21a), both exhibiting a strong 

rate effect. Their energy absorption performances do not show a significant difference; at some loading 

conditions, the energy absorption density of the smaller crystals is slightly lower (Supplementary Figure 

21b). A closer comparison between the two samples is presented in Supplementary Figure 21c-e, show-

ing that the water intrusion and extrusion happen at slightly lower pressures when the crystal size be-

comes smaller.  

 

Supplementary Figure 20 | Two ZIF-8 samples with a different crystal size. a, PXRD patterns of 

the two ZIF-8 samples, b, AFM image of the smaller ZIF-8 sample, c, SEM image of the larger ZIF-8 

sample (also shown in Supplementary Figure 3a).  
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The decrease of intrusion and extrusion pressures with the reduction in size of the crystals agrees well 

with the previous work on ZIF-7 and ZIF-8 under quasi-static conditions.4,20 This is likely due to the 

higher structural flexibility at the crystal interfaces: near the outer surface the crystals are more flexible, 

directly interacting with water molecules and favouring their intrusion. Therefore, we see that the intru-

sion pressure increases with increasing ZIF-8 crystal size,20 and an ultra-high intrusion pressure is re-

quired to intrude micro-sized ZIF-7 crystals which are conceived as being inaccessible.4 It is worth 

noting that this phenomenon agrees with the reported discrepancy in CO2 adsorption in ZIF-7 with dif-

ferent crystal sizes, which has been ascribed to their different degrees of structural flexibility.21 Simi-

larly, the increase in flexibility by crystal downsizing has also been observed by measuring the Young’s 

moduli for the micro- and nano-sized ZIF-8 crystals.22 

The higher structural flexibility and possible presence of disordered structures near the outer shell of the 

small crystals 21 may also be the reason for the observed slightly lower energy absorption density for the 

smaller ZIF-8 sample. The energy absorbing cage-by-cage water flow can be interrupted by the crystal 

interfaces so that the crystal exhibits a relatively lower energy absorption density. However, further 

investigation is needed to fully confirm this hypothesis and the underlying mechanisms.  

With the above, we think crystal size can be a design parameter for {ZIF+water} systems, which should 

be kept within a reasonable range to achieve a balance between the efficacy (i.e., whether water can 

intrude) and efficiency (i.e., high energy absorption density). We do not think there would be a general 

quantitative threshold that can be set on all ZIFs, as it is most probably a structure-dependent threshold, 

varying from one material to another. For example, we observed that micro-sized ZIF-7 cannot be in-

truded by water molecules 4 while micro-sized ZIF-71 can be intruded (Fig. 5b of the main text); this 

can be potentially explained by their different structures and aperture sizes. With the knowledge ob-

tained so far, we believe that an advisable practice to design nanofluidic energy absorption systems is 

to start with nanocrystals to ensure efficacy, and then consider larger crystals, as the crystal size seems 

to have a relatively minor effect on the absorption capacity compared to the four design rules that were 

formulated in this work. 
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Supplementary Figure 21 | Water intrusion of the two ZIF-8 samples with different crystal sizes. 

a, Stress-strain curves at three different strain rates, with the plots offset horizontally for clarity. b, En-

ergy absorption densities as a function of the strain rate. The error bars represent the uncertainty due to 

the incomplete unloading curves. Data of the high-rate experiments (dashed) were obtained at different 

maximum strains for the two ZIF-8 samples. Detailed comparisons of the P-∆V curves between the two 

samples are shown in c at low strain rate, d at medium strain rate, and e at high strain rate.  
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S2.10 Energy absorption performance of other nanoporous materials 

Currently, the materials used for nanofluidic energy absorption mainly include zeolites, MOFs, and sil-

ica. Most of the experiments reported previously have been performed under quasi-static conditions. 

This is the first time that stress-strain or P-ΔV relationships are obtained at high strain rates for the liquid 

intrusion of any porous material.  

The performance of several microporous zeolites is discussed in this work and compared with ZIFs. For 

some other microporous zeolites and MOFs, their quasi-static water intrusion performance has been 

summarised in Ref. 19,23. These results show that most hydrophobic zeolites have a reusable spring 

behaviour with a very small hysteresis (< 10%), resulting in a limited energy absorption density (ca. 1 

J g-1) under quasi-static conditions. According to this work, at a higher strain rate, channel-type zeolites 

such as ZSM-5 will retain their limited energy absorption densities, while cage-type zeolites such as 

chabazite can obtain an enhanced energy absorption density (up to 10s J g-1, see Supplementary Section 

S2.8). Compared with the ZIFs that we suggested (i.e., ZIF-8, ZIF-67, and ZIF-71), the reported hydro-

phobic cage-type zeolites also have smaller pore volume (ca. 0.1 cm3 g-1) which limits their energy 

absorption densities. Although most {zeolite+water} systems are reusable, some have also been reported 

to work only for one cycle due to the formation of silanol groups during the water intrusion process.24-

26 

Mesoporous and macroporous silica can be made hydrophobic by surface treatment. We have summa-

rized some reported quasi-static testing results in Supplementary Table 1. In contrast to microporous 

zeolites, the water intrusion of hydrophobic silica produces a relatively large hysteresis, and because 

they also have large pore volumes (accompanied by their large pore sizes), a considerable mechanical 

energy can be absorbed during the water intrusion process. However, their extrusion pressures are usu-

ally very low and, in many cases, result in an irreversible performance (represented by Pex = 0 MPa in 

Supplementary Table 1). The highest quasi-static energy absorption density, amounting to 11 J g-1, is 

obtained by the mesoporous Fluka 100 C8. This energy absorption density can be increased up to 41 J 

g-1 under impact,27 but it cannot be reused due to the absence of water extrusion.  

With the above comparison, we believe that the performance of ZIF materials represents a good combi-

nation of reusability and energy absorption efficiency to work against high-rate mechanical impact. It is 

worth noting that besides the forced liquid intrusion mechanism, there are also some other energy ab-

sorption mechanisms of nanoporous materials, such as the structural transformation, nanopore collapse, 

and chemical bond-breakage of flexible MOFs.28-30 These mechanisms are similar to the crushing of 

macroscale metallic and polymeric forms,31,32 based on a pore volume reduction process during the 

structure compression. As they have a very wide range of provoking pressures (from MPa to GPa) and 

are fundamentally different from the mechanism of this research, they are not included here.  
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Supplementary Table 1 | Energy absorption capacities of selected hydrophobic silica materials 

under quasi-static water intrusion conditions. 

Silica Pore size 

(nm) 

Pore volume 

(cm3 g-1) 

Pin 

(MPa) 

Pex 

(MPa) 

Eab 

(J g−1) 

Refs 

 

TMS-PhSBA-1 (2:1) 
 

2.1 
 

0.26 
 

15 
 

0 
 

1.8 
 

33 

MCM-41 2.4 0.27 40 15 4.5 34 

MSU-H 6.6 0.76 4.5 0 5.1 35 

Fluka 100 C8 7.8 0.55 16 0 11 36,37 

Zeoflo-TL 100 1.7 1.6 0 4.5 37 
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S3 Force field derivation 

S3.1  Ab initio energy equation of state 

As outlined in the Methods section of the main text, a 0 K energy equation of state for ZIF-8 was deter-

mined with VASP38 following the procedure outlined in Ref. 39 at the PBE-D3(BJ) level of theory. The 

resulting data were fitted to the Rose-Vinet equation of state to obtain the equilibrium volume and bulk 

modulus,40 as shown in Supplementary Figure 22. The resulting parameters are listed in Supplementary 

Table 2. Starting from the determined equilibrium volume, the dynamical matrix was extracted using 

0.015 Å displacements for all atomic coordinates. 

 

 

Supplementary Figure 22 | Energy equation of state for ZIF-8. The equation of state was obtained 

using the PBE+D3(BJ) level of theory with the Rose-Vinet fit. 

 

Supplementary Table 2  | ZIF-8 equilibrium parameters at 0 K. The equilibrium volume, the equi-

librium bulk modulus, and the pressure derivative of the bulk modulus at equilibrium. These data are 

extracted from the Rose-Vinet equation of state of Supplementary Figure 22. 

Equilibrium volume V (Å³) 
Equilibrium bulk  

modulus K (GPa) 

Pressure derivative  

of the bulk modulus K’ (–) 

4981 9.7 1.3 
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S3.2  Force field derivation 

The ab initio-based force field used to model ZIF-8 was derived from the dynamical matrix determined 

above using the QuickFF software package.41,42 Within this protocol, the quantum mechanical potential 

energy surface (PES) is approximated by a sum of analytical functions of the nuclear coordinates that 

describe the covalent and noncovalent interactions. The latter is composed of electrostatic and van der 

Waals interactions: 

𝒱𝐹𝐹 = 𝒱bond + 𝒱bend + 𝒱oopd + 𝒱torsion + 𝒱cross + 𝒱EI + 𝒱vdW. 

The covalent interactions, which mimic the chemical bonds between the atoms, were approximated by 

different terms as a function of the internal coordinates (bonds, bends, out-of-plane distances, and dihe-

drals). The harmonic bond and bend terms are given by: 

𝒱bond
𝑖𝑗

=
𝐾𝑖𝑗

2
(𝑟𝑖𝑗 − 𝑟𝑖𝑗

0)
2

; 

𝒱bend
𝑖𝑗𝑘

=
𝐾𝑖𝑗

2
(𝜃𝑖𝑗𝑘 − 𝜃𝑖𝑗𝑘

0 )
2

. 

Additionally, cross terms between the bonds and bends were included to improve the correspondence 

with the ab initio data. These cross terms comprise angle stretch-stretch (ASS) terms between bonds 

sharing a common atom and angle stretch-angle (ASA) terms, with the following mathematical expres-

sions: 

𝒱ASS
𝑖𝑗𝑘

= 𝐾𝑖𝑗𝑘
ASS(𝑟𝑖𝑗 − 𝑟𝑖𝑗

0)(𝑟𝑗𝑘 − 𝑟𝑗𝑘
0 ); 

𝒱ASA
𝑖𝑗𝑘

= [𝐾𝑖𝑗𝑘
ASA,1(𝑟𝑖𝑗 − 𝑟𝑖𝑗

0) + 𝐾𝑖𝑗𝑘
ASA,2(𝑟𝑗𝑘 − 𝑟𝑗𝑘

0 )](𝜃𝑖𝑗𝑘 − 𝜃𝑖𝑗𝑘
0 ). 

The out-of-plane distances (oopd) were described using a harmonic potential: 

𝒱oopd
𝑖𝑗𝑘ℓ

=
𝐾𝑖𝑗𝑘ℓ

2
(𝑑𝑖𝑗𝑘ℓ − 𝑑𝑖𝑗𝑘ℓ

0 )
2

. 

This is a four-atom interaction, in which the internal coordinate is the distance between the central atom 

and the plane determined by its three neighbours.  

The fourth covalent term is the dihedral energy term. Here, a cosine term as a function of the dihedral 

angle is used, which includes the multiplicity 𝑚𝜙 of the dihedral angle: 

𝒱torsion
𝑖𝑗𝑘ℓ

=
𝐾𝑖𝑗𝑘ℓ

2
[1 − cos (𝑚𝜙(𝜙𝑖𝑗𝑘ℓ − 𝜙𝑖𝑗𝑘ℓ

0 ))]. 

The unknown parameters in all covalent terms (force constants, rest values, and multiplicities) were 

directly estimated using QuickFF. 
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The electrostatic interactions were modelled as Coulomb interactions between Gaussian charge distri-

butions,43 which allowed us to include all pairwise interactions. For ZIF-8, the atomic charges 𝑞𝑖 were 

derived with the Minimal Basis Iterative Stockholder (MBIS) partitioning scheme.44 

𝒱EI =
1

2
∑

𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
erf (

𝑟𝑖𝑗

𝑑𝑖𝑗
)

𝑁

𝑖,𝑗=1
(𝑖≠𝑗)

. 

Gaussian charge distributions were used with a total charge 𝑞𝑖 and radius 𝑑𝑖 centred on atom 𝑖. The 

mixed radius of the Gaussian charges were defined as 𝑑𝑖𝑗 =  √𝑑𝑖
2 + 𝑑𝑗

2.43 The electrostatic interactions 

depend on the distance 𝑟𝑖𝑗 between the two atoms. 

The van der Waals interactions were described by the 12-6 Lennard-Jones model: 

𝒱vdW
𝑖𝑗

= 4𝜀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]. 

The two parameters 𝜎𝑖𝑗 and 𝜀𝑖𝑗 are the equilibrium distance and the well depth of the potential. These 

parameters are determined with empirical mixing rules for the interaction between atom 𝑖 and 𝑗: 

𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
 and 𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗 

For ZIF-8, these parameters were taken from the DREIDING force field.45 The 1-2 and 1-3 interactions 

were discarded to avoid a strong overestimation of the repulsion terms. 
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S4 Grand canonical and canonical Monte Carlo results 

S4.1 Determining water saturation in ZIF-8 

To determine the maximum number of water molecules per ZIF-8 unit cell, grand canonical Monte Carlo 

(GCMC) simulations were performed on the ambient-pressure (AP) phase at various water pressures. 

At the highest pressure, saturation is reached at about 80 water molecules per unit cell, or equivalently, 

40 water molecules per cage (see Supplementary Figure 23 for a representative convergence plot). 

 

 

Supplementary Figure 23 | Convergence of the number of water molecules as a function of the 

number of GCMC cycles. Results are shown per conventional ZIF-8 unit cell, at a water pressure of 6 

kPa and a temperature of 298 K. 
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S4.2 Water distribution at different loadings 

In addition to the water distribution determined from canonical MC simulations in Figure 3a of the main 

text, Supplementary Figure 24 to Supplementary Figure 26 provide the distributions for loadings of 4, 

8, 20, 40, 60, and 80 water molecules per unit cell at 298 K, and both for the ambient pressure (AP) and 

high-pressure (HP) phase. These results were obtained by performing canonical MC simulations on a 

2×2×2 ZIF-8 supercell at 298 K and afterwards translating the water molecules to one of the unit cells, 

so to speed up the convergence. 

 

Supplementary Figure 24 | Distribution of the water molecules in both the ambient pressure (AP) 

and high-pressure (HP) phase of ZIF-8 at low loading. Water distributions are shown as a function 

of the fractional coordinates at loadings of either 4 or 8 water molecules per unit cell, as determined 

from canonical MC simulations at 300 K.  
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Supplementary Figure 25 | Distribution of the water molecules in both the ambient pressure (AP) 

and high-pressure (HP) phase of ZIF-8 at intermediate loading. Water distributions are shown at 

loadings of either 20 or 40 water molecules per unit cell, as determined from canonical MC simulations 

at 300 K.  
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Supplementary Figure 26 | Distribution of the water molecules in both the ambient pressure (AP) 

and high-pressure (HP) phase of ZIF-8 at high loading. Water distributions are shown at loadings of 

either 60 or 80 water molecules per unit cell, as determined from canonical MC simulations at 300 K.  
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S5 The ZIF-8 structure at different water loadings and pressures 

S5.1  Simulated powder X-ray diffraction patterns 

To create the simulated powder X-ray diffraction pattern for each of the water loadings and mechanical 

pressures, the total (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) simulation of 5 ns was divided into 20 equally sized subsimula-

tions. For each subsimulation, the average structure was determined, and the PXRD of this average 

structure was determined using the freely available genXrdPattern program.46 For this, the default copper 

Kα1 wavelength (1.54056 Å) was simulated, using a peak width of 0.572958 Å. The PXRD patterns 

reported in Supplementary Figure 27 to Supplementary Figure 32 are obtained by averaging over the 20 

PXRD patterns of the subsimulations for each water loading and mechanical pressure separately. It is 

shown that with a higher water loading inside ZIF-8, the intensities of some peaks changes (e.g., at 8°, 

13°, 17°, 31°), which can be explained by the variation of the dihedral angles as certain reflection planes 

(i.e., the Miller planes (110) and (211) at 2θ ~ 8° and 13°, respectively) intersect the mIm linkers of the 

6MR aperture. However, importantly, the mechanical pressure has no influence on the XRD patterns. 

 

Supplementary Figure 27 | Simulated powder X-ray diffraction patterns of ZIF-8 at different wa-

ter loadings and at a mechanical pressure of 0 MPa. 
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Supplementary Figure 28 | Simulated powder X-ray diffraction patterns of ZIF-8 at different wa-

ter loadings and at a mechanical pressure of either 10 MPa (top) or 20 MPa (bottom). 
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Supplementary Figure 29 | Simulated powder X-ray diffraction patterns of ZIF-8 at different wa-

ter loadings and at a mechanical pressure of either 30 MPa (top) or 40 MPa (bottom). 

  



- 42 - 

 

Supplementary Figure 30 | Simulated powder X-ray diffraction patterns of ZIF-8 at different wa-

ter loadings and at a mechanical pressure of either 50 MPa (top) or 60 MPa (bottom). 

  



- 43 - 

 

Supplementary Figure 31 | Simulated powder X-ray diffraction patterns of ZIF-8 at different wa-

ter loadings and at a mechanical pressure of either 70 MPa (top) or 80 MPa (bottom). 
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Supplementary Figure 32 | Simulated powder X-ray diffraction patterns of ZIF-8 at different wa-

ter loadings and at a mechanical pressure of either 90 MPa (top) or 100 MPa (bottom). 
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S5.2  Distribution of the swing angle  

In Supplementary Figure 33 to Supplementary Figure 36, the distributions of the dihedral swing angles 

during the 5 ns (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) simulation at 300 K and at various pressures are reported as a function 

of the water loading. They show that, irrespective of the mechanical pressure, water does not induce 

gate opening in ZIF-8 but rather even further closes the gate. 

 

Supplementary Figure 33 | Simulated distribution of the dihedral swing angle in ZIF-8 at 300 K 

and at various water loadings, at a mechanical pressure of either 0 MPa (top) or 10 MPa (bottom). 

The striped lines indicate the experimental AP and HP phases.47 
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Supplementary Figure 34 | Simulated distribution of the dihedral swing angle in ZIF-8 at 300 K 

and at various water loadings, at a mechanical pressure of either 20 MPa (top), 30 MPa (middle), 

or 40 MPa (bottom). The striped lines indicate the experimental AP and HP phases.47 
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Supplementary Figure 35 | Simulated distribution of the dihedral swing angle in ZIF-8 at 300 K 

and at various water loadings, at a mechanical pressure of either 50 MPa (top), 60 MPa (middle), 

or 70 MPa (bottom). The striped lines indicate the experimental AP and HP phases.47 
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Supplementary Figure 36 | Simulated distribution of the dihedral swing angle in ZIF-8 at 300 K 

and at various water loadings, at a mechanical pressure of either 80 MPa (top), 90 MPa (middle), 

or 100 MPa (bottom). The striped lines indicate the experimental AP and HP phases.47  
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S6 Swing angle distribution from ab initio molecular dynamics 

simulations 

Supplementary Figure 37 reports the distribution of the dihedral swing angles in a conventional and 

empty ZIF-8 unit cell during a 10 ps ab initio (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) MD simulation at 0 MPa and at a tem-

perature of 100 K, 200 K, and 300 K at the PBE-D3(BJ) level of theory. 

 

Supplementary Figure 37 | Probability density of the dihedral swing angle of ZIF-8 at different 

temperatures. Probability densities obtained during a 10 ps ab initio molecular dynamics simulation at 

0 MPa and either 100 K, 200 K, or 300 K at the PBE-D3(BJ) level of theory. The swing angles in the 

experimental ambient pressure (AP) and high-pressure (HP) phases are indicated as well.47 
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S7 The distribution and mobility of confined water in ZIF-8 in 

equilibrium 

S7.1 Distribution of water inside the cages  

To investigate the distribution of water inside the cages of ZIF-8 at different water loadings and me-

chanical pressures, radial distribution functions (RDFs) were constructed. To this end, after each 5 ns 

(𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) simulation, a virtual atom was placed in the centres of each of the 6-membered ring 

(6MR) cage window apertures, resulting in eight such virtual positions. Afterwards, two RDFs were 

constructed. The first RDF describes the pairs consisting of one of these virtual positions and the ox-

ygens of the water molecules, while the second RDF describes each pair of virtual positions.  

The RDFs reported in Supplementary Figure 38 to Supplementary Figure 48 are normalised on the cell 

volume and the volume of a thin spherical cell with radius 𝑟 and thickness ∆𝑟: 4𝜋𝑟2∆𝑟. In this expres-

sion, the thickness ∆𝑟 coincides with the radial spacing of 0.02 Å used in the RDF. In contrast to RDFs 

constructed between physical atoms, for which 𝑟 = 0 is not possible, the oxygen atoms of the water 

molecules can momentarily reside at the centre of the 6MR aperture; in this case, the RDF would show 

a peak at 𝑟 = 0 that would theoretically approach infinity (see for instance the 0 MPa simulation with 

60 water molecules). The absence of such a peak therefore indicates that the water molecules did not 

visit the centre of the 6MR window during this simulation. 

Finally, as the ZIF-8 cell length amounts to about 16.6 Å at 300 K and 0 MPa, these RDFs should be 

limited to a maximum pairwise distance of 8.3 Å – halve of the smallest in-plane distance. While in 

most simulations the water molecules do not visit the 6MR apertures located at 𝑟 = 0, confirming the 

hydrophobicity of the apertures, we have chosen to extend the RDFs to 10 Å. Consequently, it is possible 

to visualise the location of the neighbouring 6MR aperture centres (the orange shade shown in each 

figure) and the corresponding water distribution, which shows a local minimum at these locations due 

to the hydrophobicity of the apertures. 
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Supplementary Figure 38 | Radial distribution functions at various water loadings at 300 K and 0 

MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules (grey 

trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 39 | Radial distribution functions at various water loadings at 300 K and 

10 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 40 | Radial distribution functions at various water loadings at 300 K and 

20 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 41 | Radial distribution functions at various water loadings at 300 K and 

30 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 42 | Radial distribution functions at various water loadings at 300 K and 

40 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 43 | Radial distribution functions at various water loadings at 300 K and 

50 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 44 | Radial distribution functions at various water loadings at 300 K and 

60 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 45 | Radial distribution functions at various water loadings at 300 K and 

70 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 46 | Radial distribution functions at various water loadings at 300 K and 

80 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 47 | Radial distribution functions at various water loadings at 300 K and 

90 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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Supplementary Figure 48 | Radial distribution functions at various water loadings at 300 K and 

100 MPa. RDFs between (i) the centres of the 6MR apertures and the oxygens of the water molecules 

(grey trace) and (ii) the centres of the 6MR apertures (orange shade). 
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S7.2 Quantifying the hopping of water between the cages 

To further validate the hydrophobicity of the 6MR apertures and its limiting effect on the diffusion of 

water between the ZIF-8 cages, the number of hopping events between the two cages in the conventional 

ZIF-8 unit cell during a 5 ns (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) simulation at 300 K and various mechanical pressures 

and water loadings are reported in Supplementary Figure 49 to Supplementary Figure 51. Due to the 

size of the water molecules, these events can only take place through the 6MR aperture, which acts as a 

‘gate’ between two adjacent cages. 

From these figures, it is observed that (i) in this pressure range, the mechanical pressure does not play a 

major role in the hopping event, and (ii) the higher the water loading, the more water hopping events 

are observed. This last observation is also present when normalising the number of water hopping events 

on the total water loading (see Supplementary Figure 50 and Supplementary Figure 51), and can be 

attributed to the formation of hydrogen bonds throughout the 6MR gates, which are facilitated by the 

higher water content. As a result, in the absence of a sizeable water gradient, a sufficiently large water 

cluster needs to be present in the adjacent cage for a water molecule to more easily diffuse into that cage. 

Even then, however, the relative number of hoppings remains relatively low (up to about 1 hopping 

event per water molecule and per 5 ns), confirming that this process is activated due to the hydrophobi-

city of the 6MR gates. 

 

Supplementary Figure 49 | Absolute water hopping frequency. Number of water hopping events 

counted between the two cages in the conventional ZIF-8 unit cell during a 5 ns (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) sim-

ulation as a function of the mechanical pressure and the water loading. 
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Supplementary Figure 50 | Relative water hopping frequency. Number of water hopping events 

counted between the two cages in the conventional ZIF-8 unit cell during a 5 ns (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) sim-

ulation as a function of the mechanical pressure and the water loading, normalised on the amount of 

water molecules present in the unit cell. 

 

 

Supplementary Figure 51 | Relative water hopping frequency Number of water hopping events 

counted between the two cages in the 1×1×1 ZIF-8 unit cell during a 5 ns (𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) simulation 

as a function of the mechanical pressure and the water loading, normalised on the amount of water 

molecules present in the unit cell. 
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S7.3 The mobility of water inside ZIF-8 

To further quantify the mobility of water inside the ZIF-8 cages, its mean squared displacement (MSD), 

defined as 

MSD(𝑡) =
1

𝑁𝐻2𝑂
∑ |𝒓𝑖(𝑡) − 𝒓𝑖(0)|2

𝑁𝐻2𝑂

𝑖=1

 

where 𝒓𝑖(𝑡) is the position vector of the oxygen of the ith water molecule. From this, also the diffusion 

coefficient 

𝐷(𝑡) =
𝑀𝑆𝐷(𝑡)

6𝑡
 

is calculated. 

The results, shown in Supplementary Figure 52 to Supplementary Figure 62, are obtained from the 5 ns 

(𝑁, 𝑃, 𝝈𝑎 = 𝟎, 𝑇) simulations at 300 K and at various mechanical pressures and water loadings. If pos-

sible, multiple time origins were taken to speed up the convergence, ensuring that all considered win-

dows are mutually disjoint. 

Although most diffusion coefficients have not yet converged completely after 5 ns, a result of the slow 

mobility due to the necessity of moving through the hydrophobic 6MR apertures, it is clear that the final 

diffusion coefficients will be below 5 Å²/ns. 
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Supplementary Figure 52 | Water mobility in ZIF-8 at 0 MPa. Mean squared displacement and dif-

fusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 0 MPa. 
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Supplementary Figure 53 | Water mobility in ZIF-8 at 10 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 10 

MPa. 
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Supplementary Figure 54 | Water mobility in ZIF-8 at 20 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 20 

MPa. 
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Supplementary Figure 55 | Water mobility in ZIF-8 at 30 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 30 

MPa. 
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Supplementary Figure 56 | Water mobility in ZIF-8 at 40 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 40 

MPa. 
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Supplementary Figure 57 | Water mobility in ZIF-8 at 50 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 50 

MPa. 
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Supplementary Figure 58 | Water mobility in ZIF-8 at 60 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 60 

MPa. 
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Supplementary Figure 59 | Water mobility in ZIF-8 at 70 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 70 

MPa. 

  



- 73 - 

 

Supplementary Figure 60 | Water mobility in ZIF-8 at 80 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 80 

MPa. 
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Supplementary Figure 61 | Water mobility in ZIF-8 at 90 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 90 

MPa. 
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Supplementary Figure 62 | Water mobility in ZIF-8 at 100 MPa. Mean squared displacement and 

diffusion coefficient of water in ZIF-8 at different water loadings and at a mechanical pressure of 100 

MPa. 
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S8 The intrinsic timescale for the formation of stable water clus-

ters 

As discussed in the section ‘The intrinsic water mobility timescale revealed by molecular dynamics 

simulations’ and Figure 4 of the main text, the formation of critical-sized water clusters in the ZIF-8 

cages occurs on a nanosecond timescale and is hence substantially slower than typical diffusion pro-

cesses. To further confirm this intrinsic timescale and obtain additional insight in this process, the mech-

anism is investigated here for a series of (𝑁, 𝑃, 𝝈𝒂 = 𝟎, 𝑇) MD simulations in ZIF-8, containing different 

inhomogeneous water distributions and model sizes. In Supplementary Section S8.1, ten independent 5 

ns simulations on a 1×1×2 supercell of ZIF-8 are considered, starting from the same water distribution 

as discussed in Figure 4a of the main text, to provide a sound statistical analysis of the time needed to 

form stabilised water clusters. In Supplementary Section S8.2, the ZIF-8 models are substantially en-

larged – up to a 2×2×12 supercell containing 13,248 frameworks atoms – and different inhomogeneous 

water distributions are considered. Again, for each setup, ten independent simulations are performed to 

obtain reliable statistics, showing that the formation of stable water clusters occurs in a layer-by-layer 

fashion and that the intrinsic nanosecond timescale is independent of the model size. Based on this 

observation, an analytical model is provided in Supplementary Section S8.3 to connect this intrinsic 

nanosecond timescale with the experimental total intrusion time. 

S8.1 Statistical analysis through MD simulations of a 1×1×2 ZIF-8 supercell with an 

inhomogeneous water distribution 

To provide additional data for the statistical model, the MD simulation depicted in Figure 4 of the main 

text was repeated tenfold. Each of these simulations started from a 1×1×2 ZIF-8 supercell with an inho-

mogeneous water distribution, consisting of 42 water molecules in cage 1 and no water molecules in 

any of the three other cages. The velocities of these water molecules were drawn randomly from a Max-

well-Boltzmann distribution at 300 K, resulting in ten simulations with different initial conditions. The 

movement of these water molecules at 0 MPa and 300 K for each of these ten MD simulations was then 

tracked for the total simulation time of 5 ns. To enable this longer simulation time compared to the data 

in Figure 4b, the in-house Yaff software package48 was interfaced with LAMMPS to calculate the long-

range interactions more efficiently.49 Afterwards, each water molecule was assigned to a specific cage 

based on the shortest distance between the oxygen atom of the water molecule and each of the cage 

centres. The results for each of these ten independent simulation are shown in Supplementary Figure 63 

and Supplementary Figure 64. From these data, a series of conclusions can be drawn.  

First, the formation of a stabilised water cluster can occur in three different scenarios: either only cage 

2 is filled (simulation 5 and Figure 4b of the main text), either only cage 3 is filled (simulations 4, 6, 8 
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and 9), or either cage 2 and cage 3 are filled simultaneously (simulations 1, 2, 3, 7, and 10). Cage 4 is 

never filled, except for a single water molecule that briefly resides in cage 4 early on in simulation 9.  

This behaviour is as expected: when the 1×1×2 ZIF-8 supercell is empty, the four cages are equivalent. 

At equilibrium, the water distribution would therefore be distributed homogeneously over all cages, as 

demonstrated by the equilibrium water distributions obtained via canonical Monte Carlo simulations in 

Supplementary Section S4.2. Especially, at equilibrium, the 42 water molecules present in our 1×1×2 

supercell would adopt a distribution very similar to the left column of Supplementary Figure 25, which 

contains 20 water molecules per conventional unit cell. However, in the MD simulations performed 

here, a strong inhomogeneity is introduced in the material by initially placing 42 water molecules in 

cage 1 and keeping all other cages empty. This breaks the equivalency of the four cages. At the onset of 

these simulations, cages 2 and 3 are still equivalent as they are directly connected to the filled cage 1, 

but they are inequivalent with both the filled cage 1 and the empty cage 4. The inequivalency of cage 4 

with respect to any of the other cages stems from the cage network in ZIF-8: cage 4 shares no 6MR 

aperture with cage 1, in contrast to both cage 2 and cage 3; therefore, water molecules cannot diffuse to 

cage 4 without first passing through either cage 2 or cage 3. This cage equivalency explains why there 

is no apparent preference for the cage 2 and/or cage 3 to form a critically sized water cluster during the 

simulation, while cage 4 is never filled beyond a single water molecule. This also shows that the intru-

sion process is a cage-by-cage process: a cage can only be filled if an adjacent cage is already sufficiently 

filled. In Supplementary Section S9, it will be shown that this requirement can be refined to require the 

presence of a critically sized cluster in a neighbouring cage. 

Second, while the large water gradient present between cage 1 and both cage 2 and cage 3 ensures that 

cage 2 and cage 3 get both filled initially, the formed water cluster is not necessarily stable. For instance, 

in simulation 4 of Supplementary Figure 63, cage 2 fills initially but contains too few water molecules 

to provide sufficient stabilisation. As a result, during simulation 4, the small water cluster formed in 

cage 2 disappears again as water molecules move back to cage 1, against the water gradient. A similar 

observation was also made in the section ‘The intrinsic water mobility timescale revealed by molecular 

dynamics simulations’ of the main text, in which the initial filling of cage 3 was insufficient to provide 

a sufficiently stabilised cluster, eventually leading to the evacuation of cage 3 in Figure 4b. Also here, 

the equivalency of cage 2 and cage 3 is apparent and similar observations can be drawn in the other 

simulations in Supplementary Figure 63 and Supplementary Figure 64. 

Finally, by fitting the number of water molecules in the different cages as a function of time using the 

same exponential fit as in the main text, 𝑎(1 − e−𝑡/𝜏), the timescale τ for the formation of stable water 

clusters can be deduced. A time constant is extracted for each cage that is initially empty and contains 

at least two water molecules at the end of the simulation, in order to obtain a good fit. The so obtained 



- 78 - 

time constants are visualised in Supplementary Figure 65 and largely fall within the [0.5 ns, 1.5 ns] 

range, further confirming the nanosecond intrinsic timescale proposed in the main text. 

 

Supplementary Figure 63 | Evolution of the number of water molecules per cage during a 5 ns MD 

simulation at 300 K and 0 MPa of a 1×1×2 ZIF-8 supercell with an inhomogeneous water distri-

bution. All simulations initially contained 42 water molecules in cage 1 while all other cages were 

initially empty. These simulations were initialised with different initial velocities for the water mole-

cules, which were drawn randomly from a Maxwell-Boltzmann distribution at 300 K. The cage indexing 

is identical to Figure 4a of the main text. Figure continued in Supplementary Figure 64. 
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Supplementary Figure 64 | Evolution of the number of water molecules per cage during a 5 ns MD 

simulation at 300 K and 0 MPa of a 1×1×2 ZIF-8 supercell with an inhomogeneous water distri-

bution. All simulations initially contained 42 water molecules in cage 1 while all other cages were 

initially empty. These simulations were initialised with different initial velocities for the water mole-

cules, which were drawn randomly from a Maxwell-Boltzmann distribution at 300 K. The cage indexing 

is identical to Figure 4a of the main text. Figure continued from Supplementary Figure 63. 
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Supplementary Figure 65 | Distribution of time constants for the formation of critically sized wa-

ter clusters with different setups as discussed in Supplementary Sections S8.1 and S8.2, each re-

peated tenfold. For each setup the raw data points are shown, as well as the median, the interquartile 

range, and the interdecile range. All simulations started from an inhomogeneous water distribution, as 

shown in the x-axis labels and further explained in the text. Time constants were derived based on an 

exponential fit as in Figure 4b of the main text, taking into account cages that (i) were initially empty, 

(ii) contained at least two water molecules at the end of the simulation, and (iii) had a fitted total cage 

filling lower than 42 water molecules. This last condition excludes some poor fits due to a limited 

amount of water molecules in this cage after the total simulation time, which would correspond to ex-

tremely large time constants. The values obtained here, for which all medians fall inside the [0.5 ns, 1.5 

ns] range, will hence be a slight underestimation of the time needed to form critically sized clusters.   
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S8.2 Effect of the ZIF-8 model size 

To investigate whether the intrinsic nanosecond timescale for the formation of critically sized clusters 

is independent of the ZIF-8 model size, 2×2×6 and 2×2×12 supercells of ZIF-8 were considered, con-

taining 6,624 and 13,248 framework atoms and having dimensions of 33.2 Å × 33.2 Å × 99.5 Å and 

33.2 Å × 33.2 Å × 199 Å, respectively. Given that each conventional unit cell of ZIF-8 contains two 

inequivalent cages, the 2×2×6 and 2×2×12 supercells contain 48 and 96 inequivalent cages. For the 

2×2×6 supercell, visualised in Supplementary Figure 66a, these 48 inequivalent cages can be grouped 

together in 12 layers, each containing four cages that are located at the same z coordinates in equilibrium. 

For the 2×2×12 supercell, this procedure would lead to 24 layers, again with four cages each.  

In ZIF-8, each cage is connected to eight adjacent cages through one of its 6MR apertures. When col-

lecting the cages into layers as in Supplementary Figure 66a, the eight cages that neighbour a given cage 

are located in the two layers that are adjacent to the layer of the original cage, as shown in Supplementary 

Figure 66c. Especially, a cage is not directly connected to other cages in the same layer, nor is it directly 

connected with any cage that is located in layers that are not adjacent to the original layer. 

The aim of this section is twofold. First, it is the intention to confirm the cage-by-cage process by which 

critically sized water clusters are formed, as observed earlier for the 1×1×2 ZIF-8 supercell. Given the 

discussion of the cage geometry above, such a process would correspond here with a layer-by-layer 

filling process. Second, it is the intention to verify whether the intrinsic nanosecond timescale is also 

retrieved for these larger systems. 

To create an inhomogeneous water distribution in these models, seven different setups were simulated: 

three corresponding with a 2×2×6 ZIF-8 supercell and four corresponding with a 2×2×12 ZIF-8 super-

cell. Each of the setups consists of a slab of 2n adjacent layers in which all four cages per layer are 

completely filled (40 water molecules per cage or, equivalently, 160 water molecules per layer and 320n 

water molecules in the complete material) at the onset of the simulation, while all remaining layers only 

contain completely empty cages. For the 2×2×6 ZIF-8 supercells, the three different setups correspond 

with either two (320 water molecules), four (640 water molecules), or six (960 water molecules) adjacent 

layers that are completely filled, resulting in respectively ten, eight, or six adjacent layers that are ini-

tially empty. For the 2×2×12 ZIF-8 supercells, the four different setups correspond with either two (320 

water molecules), four (640 water molecules), six (960 water molecules), or eight (1280 water mole-

cules) adjacent layers that are completely filled, resulting in respectively 22, 20, 18, or 16 adjacent layers 

that are initially empty.  

For each of the seven setups, a series of ten independent (𝑁, 𝑃, 𝝈𝒂 = 𝟎, 𝑇) MD simulations were started, 

in which the velocities of the water molecules were drawn randomly from a Maxwell-Boltzmann distri-

bution at 300 K. The movement of these water molecules at 0 MPa and 300 K for each of these 70 MD 
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simulations was then tracked for the total simulation time of 1, 2, or 3 ns, depending on the system size. 

As in Supplementary Section S8.1, these large systems were modelled by interfacing our in-house Yaff 

software package48 with LAMMPS to calculate the long-range interactions more efficiently.49 After-

wards, each water molecule was assigned to a specific cage based on the shortest distance between the 

oxygen atom of the water molecule and each of the cage centres.  

To provide a systematic overview of the formation of stable water clusters across these 70 MD simula-

tions, the colour scheme as shown in Supplementary Figure 66b is adopted. In this colour scheme, six 

distinct colours are used to distinguish between the different layers based on their initial filling: 

i. If the cages inside a given layer are filled and the two adjacent layers are also completely filled, 

there is no empty adjacent cage to which the water molecules can move. The cages in such 

layers are coloured in different brown shades. In Supplementary Figure 66b, there are 2n-2 

such layers, with n = 1, 2 or 3 for the 2×2×6 supercell and n = 1, 2, 3, or 4 for the 2×2×12 

supercell. 

ii. If the cages inside a given layer are empty and the two adjacent layers are also completely 

empty, the cages cannot be directly filled. The cages in such layers are coloured in different 

gray shades. In Supplementary Figure 66b, there are 2×(6-n)-2 such layers for the 2×2×6 ZIF-

8 supercell and 2× (12-n)-2 such layers for the 2×2×12 ZIF-8 supercell. 

iii. If the cages inside a given layer are filled and one of the adjacent layers contains empty cages, 

the water molecules can diffuse from this layer to a nearby empty cage. Given that all 2n filled 

layers are adjacent, there are always exactly two such layers, as shown in Supplementary Figure 

66b. These two layers are shown in green and blue shades; their eight cages are equivalent at 

the onset of the simulation similar to cage 2 and cage 3 for the 1×1×2 ZIF-8 supercell. 

iv. If the cages inside a given layer are empty and one of the adjacent layers has cages that are 

filled, the water molecules can diffuse into this cage from this adjacent layer. Given that all 

empty layers are adjacent, there are always exactly two such layers, as shown in Supplementary 

Figure 66b. These two layers are shown in purple and orange shades; their eight cages are 

equivalent. 

At first instance, consider the 10 MD simulations performed for the 2×2×6 ZIF-8 supercell with two 

layers completely filled with water, as shown in Supplementary Figure 67 and Supplementary Figure 

68. These simulations show a consistent behaviour: the eight cages that were originally filled (green and 

blue shades) gradually empty into the nearby cages (orange and purple). While the different orange and 

purple cages – corresponding to cages 9, 10, 11, 12, 45, 46, 47, and 48 – are all equivalent, the exact 

cages that are filled depend on the initial conditions. For instance, cages 10, 12, 45, 46, 47, and 48 are 

filled in simulation 1, while cages 9, 11, 46, 47, and 48 are filled in simulation 2. This behaviour is 

conceptually the same as the filling of cages 2 and 3 in the 1×1×2 ZIF-8 supercell, and depends on the 
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initial conditions. The further characteristics of the formation of critically sized water clusters in the 

1×1×2 ZIF-8 supercell are also observed here. First, if a cage is insufficiently filled so that no sufficiently 

stabilised water cluster can form, the cage empties again, against the water gradient. This is for instance 

the case for cage 45 in simulations 2 and 4, and for cage 9 in simulation 5. Second, the cages of initially 

empty layers that are not adjacent to initially filled layers, indicated in gray, are never filled over the 

course of the simulation, similar to the earlier observation that cage 4 was never filled over the course 

of the 5 ns simulations on the 1×1×2 ZIF-8 supercell. This further establishes the cage-by-cage (or here 

layer-by-layer) character of the intrusion process; the layers shaded in gray are mere spectator layers 

that do not play a role on this nanosecond timescale. 

These observations – the equivalency of the different cages in a given layer, the cage-by-cage process 

of forming stabilised water clusters, and the necessity of forming a sufficiently large water cluster – can 

also be made when either four layers (Supplementary Figure 69 and Supplementary Figure 70) or six 

layers (Supplementary Figure 71 and Supplementary Figure 72) are initially filled with water. Again, 

the cages shaded in gray do not play a role on this nanosecond timescale, and the filled cages that are 

not adjacent to empty cages – coloured in brown shades – empty more slowly since the adjacent cages 

are already filled with water molecules. 

For each of these 30 simulations of the 2×2×6 ZIF-8 supercell, the timescale for the formation of stable 

water clusters has been extracted. To this end, the time constant τ and the total water cluster size a are 

fitted according to the exponential equation 𝑎(1 − e−𝑡/𝜏) that was also adopted for the 1×1×2 ZIF-8 

supercell models. Again, cages were only considered in this analysis if (i) they were initially empty and 

(ii) they contained at least two water molecules at the end of the simulation. This effectively reduced 

the cages in this analysis to a subset of the purple- and orange-shaded cages, as they are the only ones 

being filled in the process. In addition, a third criterion was added: (iii) the total water cluster fitting 

parameter a should not exceed 42 water molecules. This last criterion is added with respect to the 1×1×2 

ZIF-8 supercell model given the shorter simulation times. Due to these shorter simulation times, cages 

that only start to fill later on in the process or do not fill appreciably during the simulation time (for 

instance cage 18 in simulation 10 of Supplementary Figure 70) would be poorly fit by the exponential, 

with a very slow time constant τ for the formation of critical-sized water clusters (up to several hundreds 

of nanoseconds) and an associated large total water cluster size a. Since this is a consequence of the 

limited simulation time, such cages are not retained in the analysis, which will lead to an underestimation 

of the intrinsic timescale for the cage filling process. 

For all cages that satisfy criteria (i) to (iii), the distribution of the fitted time constants τ is shown in 

Supplementary Figure 65 alongside the results obtained earlier for the 1×1×2 ZIF-8 supercell. Also from 

this visualisation it is clear that the model size does not affect the intrinsic time scale for the formation 

of stable water clusters appreciably, with most results again falling inside the [0.5 ns, 1.5 ns] interval. 
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These 2×2×6 ZIF-8 supercell simulations therefore confirm the intrinsic nanosecond timescale obtained 

for the 1×1×2 ZIF-8 supercell. 

To qualitatively confirm these results for even large ZIF-8 models, the results for 1 ns MD simulations 

of a 2×2×12 ZIF-8 supercell are shown in Supplementary Figure 73 and Supplementary Figure 74 (two 

layers filled initially), Supplementary Figure 75 and Supplementary Figure 76 (four layers filled ini-

tially), Supplementary Figure 77 and Supplementary Figure 78 (six layers filled initially), Supplemen-

tary Figure 79 and Supplementary Figure 80 (eight layers filled initially). These 40 simulations confirm 

the earlier observations: 

1. Purple- and orange-shaded cages, describing initially empty layers that are adjacent to filled 

layers, are the only cages that get filled appreciably during the simulation time. Initially empty 

layers that are not adjacent to filled layers, coloured in a gray shade, are spectator layers that 

remain largely empty throughout the simulation. The water intrusion process is therefore a cage-

by-cage process. 

2. The exact cages that get filled through the simulation depend on the initial conditions, although 

each of these purple- and orange-shaded cages is equivalent when averaging over the ten inde-

pendent simulations for each setup. 

3. If a cage gets filled, one of two phenomena occur. If the cage is filled with a sufficient amount 

of water molecules that are sufficiently stabilised, the cage will fill further (see for instance cage 

11 in in simulation 1 of Supplementary Figure 73). In contrast, if the water cluster inside the 

cage is insufficiently stabilised, the cage empties again back into the originally filled cage, 

against the water gradient (see for instance cage 9 in in simulation 1 of Supplementary Figure 

73). 

4. While the simulations performed for the 2×2×12 ZIF-8 supercell are too short to extract accurate 

time constants for the formation of critical-sized water clusters, the qualitative behaviour of the 

2×2×12 ZIF-8 supercell is very similar to the 2×2×6 and 2×2×1 ZIF-8 supercells, for which an 

intrinsic nanosecond timescale for the formation of stable water clusters was extracted. 

In conclusion, the 70 MD simulations on larger ZIF-8 models performed here demonstrate that there are 

no appreciable effects of the model size on the formation of stable water clusters and the associated 

intrinsic timescale. 
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Supplementary Figure 66 | Nomenclature and colour code for the 2×2×6 and 2×2×12 ZIF-8 super-

cells. a, Atomic representation of the 2×2×6 ZIF-8 supercell showing the 12 inequivalent layers along 

the z-axis that each contain four cages. The layers with indices 12 and 12’ are the same due to periodic 

boundary conditions. Cages of a given layer only connect to cages of one of the two adjacent layers (see 

panel c). A similar figure with 24 inequivalent layers could be made for the 2×2×12 ZIF-8 supercell. b, 

Colour code used to represent the different layers, here illustrated for the 2×2×6 ZIF-8 supercell. The 

cages of 2n of these layers are initially filled, while the remaining 2×(6-n) layers and 2×(12-n) layers of 

the 2×2×6 and 2×2×12 ZIF-8 supercells, respectively, are initially empty. If the cages in the layer are 

initially filled and are not adjacent to a layer with initially empty cages, the layer is coloured in a brown 

shade. If they are initially filled but also adjacent to a layer with initially empty cages, they are coloured 

in either a green or a blue shade. If the layer contains cages that are initially empty and is not adjacent 

to a layer with initially filled cages, the layer is coloured in a grey shade. Finally, if the layer contains 

cages that are initially empty but are adjacent to a layer with initially filled cages, the layer is coloured 

in a purple or an orange shade. c, Indexing and location of the cages in each layer, showing the cage 

connectivity between adjacent cages that belong to adjacent layers. Cages within a given layer that are 

the same due to periodic boundary conditions have the same index. 
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Supplementary Figure 67 | Evolution of the number of water molecules per cage during a 3 ns MD 

simulation at 300 K and 0 MPa of a 2×2×6 ZIF-8 supercell with an inhomogeneous water distri-

bution in which two layers, corresponding to a 2×2×1 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 320 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued in Supplementary Figure 68. 
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Supplementary Figure 68 | Evolution of the number of water molecules per cage during a 3 ns MD 

simulation at 300 K and 0 MPa of a 2×2×6 ZIF-8 supercell with an inhomogeneous water distri-

bution in which two layers, corresponding to a 2×2×1 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 320 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued from Supplementary Figure 67. 
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Supplementary Figure 69 | Evolution of the number of water molecules per cage during a 2 ns MD 

simulation at 300 K and 0 MPa of a 2×2×6 ZIF-8 supercell with an inhomogeneous water distri-

bution in which four layers, corresponding to a 2×2×2 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 640 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued in Supplementary Figure 70. 
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Supplementary Figure 70 | Evolution of the number of water molecules per cage during a 2 ns MD 

simulation at 300 K and 0 MPa of a 2×2×6 ZIF-8 supercell with an inhomogeneous water distri-

bution in which four layers, corresponding to a 2×2×2 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 640 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued from Supplementary Figure 69. 
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Supplementary Figure 71 | Evolution of the number of water molecules per cage during a 2 ns MD 

simulation at 300 K and 0 MPa of a 2×2×6 ZIF-8 supercell with an inhomogeneous water distri-

bution in which six layers, corresponding to a 2×2×3 ZIF-8 supercell, were initially filled. All filled 

layers initially contained 40 water molecules per cage, while all other cages were initially empty, leading 

to a total of 960 water molecules in the system. These simulations were initialised with different initial 

velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann distribution 

at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary Figure 66. 

Figure continued in Supplementary Figure 72. 
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Supplementary Figure 72 | Evolution of the number of water molecules per cage during a 2 ns MD 

simulation at 300 K and 0 MPa of a 2×2×6 ZIF-8 supercell with an inhomogeneous water distri-

bution in which six layers, corresponding to a 2×2×3 ZIF-8 supercell, were initially filled. All filled 

layers initially contained 40 water molecules per cage, while all other cages were initially empty, leading 

to a total of 960 water molecules in the system. These simulations were initialised with different initial 

velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann distribution 

at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary Figure 66. 

Figure continued from Supplementary Figure 71. 
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Supplementary Figure 73 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which two layers, corresponding to a 2×2×1 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 320 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued in Supplementary Figure 74. 
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Supplementary Figure 74 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which two layers, corresponding to a 2×2×1 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 320 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued from Supplementary Figure 73. 
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Supplementary Figure 75 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which four layers, corresponding to a 2×2×2 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 640 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued in Supplementary Figure 76. 
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Supplementary Figure 76 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which four layers, corresponding to a 2×2×2 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 640 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued from Supplementary Figure 75. 
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Supplementary Figure 77 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which six layers, corresponding to a 2×2×3 ZIF-8 supercell, were initially filled. All filled 

layers initially contained 40 water molecules per cage, while all other cages were initially empty, leading 

to a total of 960 water molecules in the system. These simulations were initialised with different initial 

velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann distribution 

at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary Figure 66. 

Figure continued in Supplementary Figure 78. 
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Supplementary Figure 78 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which six layers, corresponding to a 2×2×3 ZIF-8 supercell, were initially filled. All filled 

layers initially contained 40 water molecules per cage, while all other cages were initially empty, leading 

to a total of 960 water molecules in the system. These simulations were initialised with different initial 

velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann distribution 

at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary Figure 66. 

Figure continued from Supplementary Figure 77. 
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Supplementary Figure 79 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which eight layers, corresponding to a 2×2×4 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 1280 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued in Supplementary Figure 80. 
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Supplementary Figure 80 | Evolution of the number of water molecules per cage during a 1 ns MD 

simulation at 300 K and 0 MPa of a 2×2×12 ZIF-8 supercell with an inhomogeneous water distri-

bution in which eight layers, corresponding to a 2×2×4 ZIF-8 supercell, were initially filled. All 

filled layers initially contained 40 water molecules per cage, while all other cages were initially empty, 

leading to a total of 1280 water molecules in the system. These simulations were initialised with different 

initial velocities for the water molecules, which were drawn randomly from a Maxwell-Boltzmann dis-

tribution at 300 K. The cage indexing and colouring follows the scheme outlined in Supplementary 

Figure 66. Figure continued from Supplementary Figure 79. 
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S8.3 Connection between the intrinsic timescale for the formation of stable water clus-

ters and the experimental intrusion times and strain rates 

Based on the discussion above, we can establish a simple analytical model to describe the intrinsic mac-

roscopic behaviour of a ZIF-8 crystal. This model will connect the intrinsic nanosecond timescale with 

an intrinsic macroscopic timescale for the total intrusion of experimental ZIF-8 crystals and with an 

intrinsic strain rate, which can be directly compared with the experimental strain rates.  

To derive such an analytical model, four assumptions need to be made: 

(i) The crystal has a conventional unit cell with unit cell parameter a (for ZIF-8, a is approximately 

1.66 nm) and can be modelled as a spherical particle with a radius r. 

(ii) The intrusion phenomenon occurs in a cage-by-cage process, similar to the cage-by-cage process 

observed for the formation of critical water clusters, established in Supplementary Sections S8.1 

and S8.2. 

(iii) The complete filling of a cage with water molecules follows an exponential distribution, 

𝑎filling(1 − e−𝑡/𝜏filling ), similar to the formation of a critical water cluster in such a cage (Supple-

mentary Sections S8.1 and S8.2), and is characterised by a timescale τfilling. Note that τfilling will be 

substantially larger than the intrinsic timescale for cluster formation, τ, derived before. Supple-

mentary Figure 63 and Supplementary Figure 64 indeed show that, even after 5 ns of simulation 

time, none of the initially empty cages are completely filled. After 5 ns, none of the originally 

empty cages contain more than 20 water molecules, far below the saturation limit, although some 

do contain a critical-sized water cluster. Therefore, we will assume that τfilling = 10τ and hence that 

the complete filling of a cage occurs on a timescale of a few tens of nanoseconds. 

(iv) Water intrusion starts at the same time for all crystals and the complete intrusion of the crystal 

results in a strain difference Δ𝜀 of the {ZIF+water} system. For the ZIF-8 crystals measured here, 

this strain difference amounts to about 0.1, as can be deduced from the length of the intrusion 

plateau in Figure 2b of the main text.  

Based on assumption (i), the amount of conventional unit cells along the radius of the spherical particle 

can be determined as r/a, while the number of cages along this radius is double that, 2r/a, given that 

there are two cages per conventional unit cell. Assuming the same exponential behaviour of the number 

of water molecules in a cage as before (assumption iii), the amount of time needed for a cage to fill to 

about 98% when adjacent to a saturated cage amounts to 4τfilling, or approximately 40τ, with τ the intrinsic 

nanosecond timescale derived from MD simulations. Since water intrudes from the outer surface in-

wards, the cage-by-cage intrusion process (assumption ii) ensures that the total time for all cages to be 

completely intruded via the formation of critical-sized clusters, as described above, is an experimental 

observable that amounts to 
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𝑇filling =
80𝑟𝜏

𝑎
 

For a ZIF-8 particle with a crystal size of about 250 nm, such as the ones used to measure the intru-

sion/extrusion curves of Figure 2 in the main text, the total intrinsic intrusion time according to this 

model would be on the order of 12 μs, close to the intrusion times observed for the high-rate experiments 

(ca. 50 μs). For experimental intrusion times faster than this intrinsic intrusion time, the intrusion process 

will not take place through the formation of critical-sized clusters as these clusters have insufficient time 

to nucleate. As explained in Supplementary Section S9.3, critical-sized water clusters facilitate intercage 

water hopping through the formation of hydrogen bonds. Experimental intrusion time faster than the 

intrinsic intrusion time can therefore only be reached if additional energy is supplied to the system to 

overcome the free energy barrier for intercage hopping, explaining the increased intrusion pressure for 

faster intrusion times, as explained in Supplementary Section S9.3. 

Based on this observation, one can also define an intrinsic strain rate. If total water intrusion of the ZIF-

8 crystals occurs through the cage-by-cage nucleation of critical-sized water clusters and effectuates a 

strain difference Δ𝜀, the accompanying intrinsic strain rate is, on average, given by 

𝜀̇ =
Δ𝜀

𝑇filling
=

𝑎Δ𝜀

80𝑟𝜏
 

For the submicron ZIF-8 crystals discussed in Figure 2b of the main text, Δ𝜀 amounts to about 0.1, 

resulting in an intrinsic strain rate of about 8×103 s-1. As explained above, if a strain rate higher than this 

intrinsic strain rate is applied to intrude liquid water, critical-sized water clusters cannot form, and ad-

ditional input pressure is necessary. For strain rates lower than this intrinsic strain rate, in contrast, the 

cage-by-cage process of critical-sized cluster formation as outlined above can take place. 

This analytical model yields an intrinsic strain rate very close to but slightly higher than the strain rate 

of 2×103 s-1 for the high-rate experiment of Figure 2b of the main text. The origin of this overestimation 

of the intrinsic strain rate or, equivalently, the underestimation of the intrinsic total filling time, can be 

ascribed to three factors. First, the time constant τ for critical water cluster nucleation and hence also 

τfilling is underestimated given that cages in which a stable water cluster forms very slowly, beyond the 5 

ns simulation limit, do not contribute to the estimation of τ as those cages are not retained in the analysis 

of Supplementary Sections S8.1 and S8.2. This also explains why certain cages that are adjacent to fully 

saturated cages do not form critical-sized water clusters during these simulations. Second, the relation 

τfilling = 10τ is an order of magnitude estimation. Substantially longer simulation times on larger ZIF-8 

models are necessary to accurately estimate this parameter. Third, the intrusion process is assumed to 

start and stop at the same time for all crystals (assumption iii), which is very challenging to achieve 

experimentally. The current analytical model should therefore foremost be regarded as a qualitative 

model to explain the strain rate-dependence of the intrusion pressure. 
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S9 The nucleation and structure of critical-sized water clusters 

inside the ZIF-8 cages 

From Figure 4b in the main text and the discussion in Supplementary Section S8, it seems that the 

timescale for water intrusion is defined by the intrinsic timescale for critical-sized and stabilised water 

clusters to nucleate inside the hydrophobic ZIF-8 cages, as the latter defines the rate-limiting step of the 

process. In this section, the size and structure of these critical-sized water clusters will be discussed. To 

this end, Supplementary Section S9.1 will give a brief introduction to classical nucleation theory, in 

which the concept of the critical nucleus as a rate-limiting step is defined. Although classical nucleation 

theory is not expected to hold in the nanoconfinement of the ZIF-8 cages, various parallels can be drawn 

with water intrusion studied here. In Supplementary Section S9.2, the size of critical-sized water clusters 

will be inferred both from the MD simulations with an inhomogeneous water distribution, which were 

discussed in the section ‘The intrinsic water mobility timescale revealed by molecular dynamics simu-

lations’ of the main text and Supplementary Section S8 and from the grand canonical Monte Carlo sim-

ulations, discussed in Supplementary Section S4. As this preliminary analysis shows that critical-sized 

water clusters contain about four water molecules, the free energy barrier associated with the nucleation 

of such a water cluster will be further quantified in Supplementary Section S9.3 using dedicated um-

brella sampling (US) simulations, confirming that the nucleation of critical-sized water clusters is the 

rate-limiting step in this process. Finally, in Supplementary Section S9.4, the internal structure of such 

critical-sized water clusters will be quantified using an analysis of the hydrogen-bond network.  

S9.1 Critical-sized cluster nucleation according to classical nucleation theory 

Under certain assumptions, as mentioned below, classical nucleation theory describes the growth of a 

stable phase β out of a metastable parent phase α.50,51 The overall stability of phase β implies that the 

difference in potential difference between the two phases, ∆𝜇 = 𝜇𝛼 − 𝜇𝛽, is positive, and that it is ther-

modynamically favourable to undergo the transformation from phase α to phase β. For a nucleus con-

sisting of 𝑁 particles, this driving force amounts to ∆𝐺𝑣 = −𝑁∆𝜇 and is proportional to the number of 

particles inside the nucleus. When this nucleus of phase β starts to form, however, its interface with 

phase α results in a repulsive interfacial term ∆𝐺𝑠 = 𝐴𝛾, in which 𝐴 is the area of the surface and 𝛾 is 

the surface tension. For a spherical particle with radius 𝑟, ∆𝐺𝑣 ∝ 𝑟3 and ∆𝐺𝑠 ∝ 𝑟2 ∝ 𝑁2/3. The combi-

nation of both effects leads to the typical free enthalpy profile as a function of the nucleus size reported 

in Supplementary Figure 81. 
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Supplementary Figure 81 | Schematic overview of an illustrative total free enthalpy barrier and 

its contributions for phase nucleation according to classical nucleation theory. The total free en-

thalpy is obtained as the sum of a volume and a surface contribution. In addition, the location of the 

critical-sized nucleus and its dependence on the degree of supersaturation are indicated. 

 

As shown in Supplementary Figure 81, the total free enthalpy of the nucleus can be divided into two 

regions as a function of its size, separated by the maximum in the profile which corresponds with the 

critical nucleus. On average, for nuclei smaller than this critical nucleus size – so-called subcritical 

nuclei – the nucleus will dissolve again, while for nuclei larger than this critical nucleus size – so-called 

supercritical nuclei – the nucleus will grow further. The nucleus size at which the maximum  free en-

thalpy barrier ∆𝐺‡ is reached is therefore a critical parameter in classical nucleation theory as it charac-

terises the rate-limiting step for nucleation, and corresponds with the critical nucleus size.   From this 

knowledge, one can define the nucleation rate per unit volume at a given temperature 𝑇 as:50 

�̇� = 𝑗𝒵𝜌 exp (−
∆𝐺‡

𝑘𝐵𝑇
) 

In this expression, 𝑘𝐵 is the Bolzmann constant, 𝑗 is the rate at which molecules attach to the nucleus, 𝜌 

is the density of nucleation sites, and 𝒵 is the so-called Zeldovich factor that defines the probability of 

a critical-sized nucleus to further grow into the new phase rather than dissolving again. 
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By altering the external conditions to further favour the chemical potential of phase β, resulting in su-

persaturation, the thermodynamic driving force ∆𝜇 for nucleation is increased. As indicated schemati-

cally in Supplementary Figure 81, this results in a decrease in both free enthalpy barrier ∆𝐺‡ and critical 

nucleus size, facilitating the growth of phase β. 

Having briefly summarized classical nucleation theory, it is important to note that the extreme confine-

ment of water in the hydrophobic ZIF-8 cages and other single-digit nanopores (pores with a diameter 

smaller than 10 nm) leads to significant guest-host interactions and altered guest-guest interactions com-

pared to the bulk water phase.52,53 This poses several nontrivial challenges to describe these systems 

when compared to traditional homogeneous and heterogeneous nucleation, as recently summarized in 

seven key challenges.54 Specifically, as a result of this nanoconfinement, several assumptions in classical 

nucleation theory are violated for the {ZIF-8+water} system considered here: 

1. The assumption of having a well-defined phase in extreme nanoconfinement is violated.54 Nano-

confined solutions often show properties that are substantially different from their bulk counter-

parts due to the extensive host-guest interactions. Moreover, these properties are not homogene-

ous throughout the adsorbed phase, but rather change depending on the distance from the interface 

and the location inside the material.54,55 This implies that there isn’t a single and well-defined 

thermodynamic bulk phase present in the cage; in some cases even leading to the observation of 

phase separation.54 

2. The capillarity approximation, the fundamental assumption of classical nucleation theory, as-

sumes that the nucleus can be viewed as a (thermodynamically) large and homogeneous spherical 

droplet of a well-defined radius with bulk properties of the target phase β inside it and bulk prop-

erties of the original phase α outside it.50,51 In our {ZIF-8+water} system, the water clusters remain 

small even at full saturation as they are sterically hindered by the cage walls and, as a result, the 

nuclei do not grow large enough to properly define its bulk properties in a thermodynamic sound 

way. This is not limited to the system studied here. Rather, it is a well-known observation that in 

extreme nanoconfinement, such as in MOFs, the fundamental properties of water are substantially 

different from the thermodynamic properties in bulk water.55,56  

3. Even if one would be able to soundly define a thermodynamic phase in the ZIF-8 cages, phase 

transitions in nanoconfined systems are strongly distorted.54 Several phenomenological correc-

tions have been introduced to account for this, but understanding phase transitions in single-digit 

nanopores remains one of the recently defined key challenges for this class of materials.54 Faucher 

et al. recognise that the thermodynamics and phase behaviour of confined water represent a sig-

nificant knowledge gap that needs to be understood with new theory and modelling approaches 

supported by comprehensive experimental data.54
   

4. There is not a unique, well-defined nucleation barrier during the intrusion process. For water to 

transport from one ZIF-8 cage to a neighbouring ZIF-8 cage, it has to overcome the free energy 
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barrier associated with the hydrophobic 6MR aperture. Once this barrier has been overcome, this 

water molecule adheres almost directly to the existing water cluster. As a result, as every addi-

tional water molecule needs to diffuse through the 6MR aperture before potentially adhering to 

the existing nucleus, each of these addition steps is characterised by its own free energy barrier, 

as demonstrated in Supplementary Section S9.4. This violates the assumption of nucleation as a 

one-step process.50  

Despite the fact that these essential assumptions for classical nucleation theory are not satisfied here, 

the concepts of a critical nucleus size, the free energy barrier of the rate-limiting step for nucleation, and 

oversaturation have natural analogies for the {ZIF-8+water} system, as discussed in Supplementary 

Sections S9.2, S9.3, and S9.4. 
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S9.2 Critical-sized clusters derived from MD simulations with an inhomogeneous water 

distribution and GCMC simulations 

From the discussion of classical nucleation theory in Supplementary Section S9.1, a subcritical water 

cluster inside a given hydrophobic cage can be defined as a water cluster that is insufficiently stabilised, 

so that it dissolves again. Consider for instance the ten simulations performed on the 1×1×2 ZIF-8 super-

cell, which are visualised in Supplementary Figure 63 and Supplementary Figure 64, and the simulation 

discussed in Figure 4b of the main text. In those simulations, six subcritical nuclei can be defined: the 

nuclei formed in cage 3 of Figure 4b and simulation 5 in Supplementary Figure 63, and the nuclei formed 

in cage 2 of simulations 4, 6, 8, and 9 of Supplementary Figure 63 and Supplementary Figure 64. In all 

those simulations, the originally formed water cluster is insufficiently stabilised and spontaneously dis-

solves, against the water gradient, hence corresponding to subcritical water clusters. One observes that 

these subcritical water clusters contain at most four water molecules, which establishes a first lower 

limit for the size of a critical-sized water cluster. The same analysis also holds for the MD simulations 

with inhomogeneous water distributions performed for other ZIF-8 model sizes, as discussed in Supple-

mentary Section S8.2.  

A similar approach can be followed to estimate the critical cluster size from the grand canonical Monte 

Carlo simulations discussed in Supplementary Section S4.1. To this end, consider the GCMC simulation 

at a water pressure of 6 kPa and a temperature of 298 K, as discussed previously in Supplementary 

Figure 23. This simulation was performed on a 2×2×2 ZIF-8 supercell, containing 16 cages, to speed up 

convergence, and afterwards averaged and normalized per conventional unit cell. In Supplementary Fig-

ure 82, this same information is present in the top panel, additionally showing the filling of the different 

invididual cages in the bottom panel.  

From the bottom panel of Supplementary Figure 82, it is clear that each of the pore filling processes 

consists of three steps. Initially, the cage is empty, and small fluctuations up to about three water mole-

cules per cage take place. These clusters are subcritical, as they quickly dissolve again. After a variable 

number of Monte Carlo cycles, different for each of the cages, a steep increase in the number of water 

molecules is observed as a function of the MC cycles, quickly reaching saturation around 40 water 

molecules per cage. Finally, once saturation is reached, again small fluctuations are present, but this 

time around the saturation limit. This occurs for each cage separately, confirming the statement that 

water intrusion is a cage-by-cage process.  
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The behaviour found in Supplementary Figure 82 is completely in line with what would be expected 

from a hydrophobic material and the concept of critical-sized cluster formation: 

1. The initial pore filling is not favourable due to the hydrophobicity of the material. Water mole-

cules that are adsorbed, have the tendency to desorb again rather rapidly. This corresponds to the 

concept of a subcritical nucleus. 

2. This changes once a critical amount of water molecules are present in the cage, which occurs here 

around four to five water molecules per cage. At that moment, trying to adsorb additional water 

molecules becomes favourable thanks to the extensive hydrogen bonds with the already existing 

cluster.  

3. Once the cage is completely filled, there is a small chance of water molecules being desorbed 

from the cluster again, but this desorption is quickly counteracted by a subsequent adsorption. As 

a result, once saturated, the water loading around each of the cages fluctuates around the saturation 

limit. 

Based on this explanation, one would therefore expect a critical nucleus size of about four to five water 

molecules, in line with the estimate based on the MD simulations with an inhomogeneous water distri-

bution. 

 

 

  



- 108 - 

 

Supplementary Figure 82 | Filling of the ZIF-8 cages during a grand canonical Monte Carlo sim-

ulation: (top) averaged over a 2×2×2 supercell, (bottom) for each of the 16 cages separately. Results 

obtained at a water pressure of 6 kPa and a temperature of 298 K. The top figure corresponds with 

Supplementary Figure 23. 
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S9.3 Umbrella sampling simulations to determine the critical cluster size and the asso-

ciated free energy barrier 

To quantify the size of the critical water nucleus, the associated barrier for nucleation, and the effect of 

oversaturation, a series of umbrella sampling (US) simulations have been carried out using our in-house 

software code Yaff and a 2×2×2 ZIF-8 supercell.48,57 In all these US simulations, the collective variable 

(CV) as visualised in Supplementary Figure 83 has been used to describe and steer the transition of a 

water molecule from cage 1 to an adjacent cage 2 through the 6MR window that separates them, while 

the other cages were all empty. To define this CV, first define the relative position of the centroid of the 

water molecule that undergoes the transition with respect to the centre of the 6MR window through 

which the transition occurs: 

𝒓rel = 𝒓centroid,H2O − 𝒓centre,6MR 

Second, let 𝒏6MR be the normal of the 6MR aperture, defined such that it points from the original cage 

1 to cage 2. Similar to our earlier work on diffusion in related zeolite systems,58 the CV is then defined 

as the orthogonal projection of the earlier defined relative position of the water molecule onto this nor-

mal: 

CV = 𝒓rel ∙ 𝒏6MR 

The CV defined here has the dimension of ångström and separates cage 1 (CV < 0 Å) from cage 2 (CV 

> 0 Å) through the 6MR aperture (CV = 0 Å). To define the average free energy of both cages, the free 

energy has been averaged over all CV values smaller than -2.5 Å (cage 1) or larger than 2.5 Å (cage 2), 

thereby excluding the [-2.5 Å, 2.5 Å] region where the hydrophobic effect of the 6MR aperture is pre-

sent, which will result in a diffusion free energy barrier (vide infra).  

Using this CV, twenty different sets of US simulations have been performed. The first ten sets of US 

simulations describe the gradual filling of cage 2 when a critical-sized cluster is present in cage 1. There-

fore, cage 1 is filled with five water molecules (in addition to the water molecule that undergoes the 

transition), based on the estimation of the size of a critical-sized cluster in Supplementary Section S9.2. 

The filling of cage 2 varies between the different sets of US simulations, starting at zero water molecules 

for the first transition to nine water molecules for the tenth transition, excluding the water molecule that 

undergoes the transition.  

The second ten sets of US simulations describe the gradual filling of cage 2 when a supercritical-sized 

cluster is present in cage 1. It is conceptually identical to the first ten sets of US simulations, except that 

cage 1 is initially filled with a supercritical cluster of thirty water molecules rather than a critical cluster 

of five water molecules as before. 
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Supplementary Figure 83 | Definition of the collective variable (CV) used during the US simula-

tions. Inset shows a cluster of five water molecules present in cage 1. 

 

For each of the twenty different transitions, the collective variable was divided into 47 equidistant win-

dows centred at CV values between -11.5 Å and 11.5 Å, yielding in total 940 distinct US simulations. 

To restrict the simulation to each individual window i, a harmonic bias potential as a function of the CV 

was applied with a force constant K1 = 25 kJ mol-1 Å-2 and centred around the centres of these equidistant 

windows, defined by CVi: 

𝑉bias
𝑖 =

1

2
𝐾1(CV − CV𝑖)2 

The combination of this force constant with the definition of the different US windows ensures that there 

is substantial overlap between neighbouring windows, as shown in Supplementary Figure 86 for the 

case of the fifth transition of Supplementary Figure 84. This is a requirement to construct the total free 

energy profile from the sampling probability distributions within each separate US window. 

To prevent the other water molecules from escaping from their respective cages, an additional harmonic 

bias potential with a force constant K2 = 100 kJ mol-1 Å-2 was applied to each of those other water 

molecules if the centroid of the molecule was at least at a distance r0 = 9 Å from the respective cage 

centre rcentre, cage j; this bias potential disappeared as long as the water molecules remained within a radius 

of 9 Å from their respective cage centres: 

𝑉sphere
𝑗

=
1

2
𝐾2(|𝒓centroid,H2O − 𝒓centre,cage𝑗| − 𝑟0)

2
 ℍ(|𝒓centroid,H2O − 𝒓centre,cage𝑗| − 𝑟0) 

In this expression, ℍ denotes the heaviside step function. This “spherical” bias was also applied to the 

water molecule that undergoes the transition, in addition to the harmonic bias defined by the umbrella 

sampling, but only when the molecule was sufficiently far from the 6MR aperture and hence sufficiently 

committed to either cage 1 or cage 2 (|CV| ≥ 3 Å). In this case, the additional spherical bias, which adds 

to the harmonic bias defined by the umbrella sampling, does not influence the transition through the 

6MR aperture that is used in the definition of the CV, but only prevents the water molecule from leaving 
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the cage through a different 6MR aperture, similar to the effect of the spherical bias on the spectator 

water molecules. 

Each of these 940 US simulations was run for 2.25 ns, including 10 ps equilibration time. After this, the 

free energy profile for each of the transitions was obtained from the sampling distribution in each win-

dow by the weighted histogram analysis method (WHAM).59,60 The resulting free energy profiles are 

visualised in Supplementary Figure 84 and Supplementary Figure 85 for the case of a critical and a 

supercritical cluster in cage 1, respectively. 

In Supplementary Figure 84, the diffusion free energy profiles are shown when a critical cluster of five 

water molecules is present in cage 1, with key free energy differences tabulated in Supplementary Table 

3. For CV < 0 Å, this means a total of six water molecules are present in cage 1, including the water 

molecule that undergoes the transition, while for CV > 0 Å only the critical cluster of five water mole-

cules remains in cage 1 as the water molecule that undergoes the transition is in cage 2. A maximum in 

free energy is always present at CV = 0 Å, corresponding with the hydrophobic 6MR aperture. For the 

first transition, when cage 2 is initially empty, a large difference in mean free energy of the two cages 

is observed, amounting to 14.6 kJ mol-1. This large difference reflects that the water molecule that leaves 

cage 1, with a critical water cluster that stabilises the presence of the water molecule through hydrogen 

bonds, enters cage 2 in which no other water molecules are present with which it can potentially hydro-

gen bond. As a result, the forward free energy barrier is large (23.4 kJ mol-1), while the reverse free 

energy barrier is rather low (8.7 kJ mol-1). This indicates that it is much more likely that the water 

molecule will spontaneously return from cage 2 to cage 1, against the water gradient, than that it would 

make the transition to cage 2 in the first place. This is qualitatively the same behaviour as observed for 

subcritical water clusters in our MD and GCMC simulations. These same observations – a mean free 

energy of cage 2 that is substantially larger than the free energy of cage 1 and a large forward free energy 

barrier – can also be made for the second and the third transition, when respectively one and two water 

molecules are present in cage 2 before the additional water molecule makes the transition. This indicates 

that also clusters with either two or three water molecules are subcritical. In all these cases, the reverse 

transition is more likely than the forward transition. 

Supplementary Figure 84 demonstrates that this picture changes from the fourth transition onwards. In 

the fourth transition, the water molecule that makes the transition can hydrogen bond with the three 

water molecules that are already present in cage 2, thereby forming a cluster of four water molecules. 

In this case, the difference in mean free energies of the two cages is small (2.1 kJ mol-1) and the forward 

and reverse barriers are similar and relatively small compared to the first transition (16.3 and 18.3 kJ 

mol-1), confirming the formation of a stable hydrogen-bonded water cluster in cage 2. These observa-

tions – a small difference in mean free energies (< 5 kJ mol-1) and a relatively small forward free energy 

barrier (< 20 kJ mol-1) can be consistently drawn from the fourth transition onwards.  
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With these observations, one can explain how increasing the strain rate above a certain threshold – the 

intrinsic strain rate defined in Supplementary Section S8.3 – leads to a substantial increase in intrusion 

pressure and energy absorption capacity, as observed experimentally. If the strain rate is sufficiently 

small, water clusters can nucleate spontaneously in cages adjacent to filled cages. To this end, water 

molecules have to temporarily overcome the free energy barrier for cage hopping located at the 6MR 

window, which is the rate-limiting step in this process, through thermal fluctuations and steered by the 

water gradient. Once a critical-sized cluster has nucleated, it facilitates the hopping of subsequent water 

molecules into this cage. In contrast, if the strain rate is too high, water clusters do not have sufficient 

time to organise in cages adjacent to filled cages and hence do not form such critical-sized water clusters. 

In this high-rate regime, additional energy needs to be provided to the system for the water molecules 

to cross the 6MR aperture and overcome the higher diffusion barrier. This additional energy is then 

dissipated once the water molecules have crossed the 6MR aperture. This additional energy is provided 

through the additional work exerted on the system, which implies that a higher intrusion pressure is 

needed in this case, as observed experimentally. 

The above observations indicate that the concept of a critical cluster – here a water cluster of four water 

molecules – and the barriers associated with the formation of this critical cluster as the rate-limiting 

steps are similar to these concepts within classical nucleation theory (see Supplementary Section S9.1), 

although the presence of multiple roughly equivalent barriers in this nucleation process contradicts the 

assumption of a one-step process in classical nucleation theory. A final parallel with classical nucleation 

theory can be drawn by exploring the concept of supersaturation. Here, supersaturation will be modelled 

by considering a supercritical instead of a critical water cluster in cage 1. 

In Supplementary Figure 85, the free energy profiles are shown for the first ten transitions of a water 

molecule from cage 1, with a supercritical cluster of an additional thirty water molecules, towards cage 

2, which initially contains in between zero (first transition) and nine (tenth transition) water molecules. 

The tabulated free energy differences in Supplementary Table 4 show the same qualitative behaviour as 

for the critical water cluster discussed before. The first few transitions are accompanied by a substantial 

forward free energy barrier and exhibit a large difference in mean free energy between the two cages, 

whereas for further transitions the forward free energy barrier decreases and the mean free energy dif-

ference between the cages largely disappears. We observed before in Supplementary Figure 84 that, if 

a critical cluster is present in cage 1, a critical cluster in cage 2 is formed when four molecules are 

present in this cage, as for the fourth transition onwards a small difference in mean free energies (< 5 kJ 

mol-1) and a relatively small forward free energy barrier (< 20 kJ mol-1) were observed consistently. In 

the case of supersaturation, shown in Supplementary Figure 85, applying the same criteria would lead 

to the definition of a critical cluster already at the third transition, when three molecules are present in 

cage 2. The only small deviation from these criteria occurs in transition 7, when a free energy difference 

of 5.1 kJ mol-1 is observed, which falls inside the numerical accuracy. Hence, supersaturation as defined 
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here seems to decrease the size of the critical water cluster from four to three water molecules, in line 

with the effect of supersaturation in classical nucleation theory (see Supplementary Figure 81). In con-

trast to classical nucleation theory, however, no appreciable decrease in nucleation free energy barrier 

is observed at supersaturation, although this can be explained through the limited validity of classical 

nucleation theory for this process and the limited amount of supersaturation that can be reached, given 

that at most about 40 water molecules can enter a single cage.   

 

Supplementary Figure 84 | Critical nucleus size and nucleation free energy barriers determined 

via ten sets of US simulations describing the transition of a selected water molecule from a critical 

cluster of an additional five water molecules present in cage 1 (CV < 0 Å) to cage 2 (CV > 0 Å), 

which is filled with in between 0 (first transition) and 9 (tenth transition) water molecules. Visual-

ised are the free energy profiles for each of the ten transitions, with the forward (∆𝐹𝑖,𝑓
‡

) and reverse 

barrier (∆𝐹𝑖,𝑟
‡

) and the difference in mean free energy between the two cages (Δ𝐹𝑖) tabulated in Supple-

mentary Table 3. 
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Supplementary Figure 85 | Critical nucleus size and nucleation free energy barriers determined 

via ten sets of US simulations describing the transition of a selected water molecule from a super-

critical cluster of an additional thirty water molecules present in cage 1 (CV < 0 Å) to cage 2 (CV 

> 0 Å), which is filled with in between 0 (first transition) and 9 (tenth transition) water molecules. 

Visualised are the resulting free energy profiles for each of the ten transitions, with the forward (∆𝐹𝑖,𝑓
‡

) 

and reverse barrier (∆𝐹𝑖,𝑟
‡

) and the difference in mean free energy between the two cages (Δ𝐹𝑖) tabulated 

in Supplementary Table 4. 
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Supplementary Figure 86 | Overview of the values of the CV attained during the 47 different US 

simulations for the fifth transition of Supplementary Figure 84. The overlap between each pair of 

adjacent windows ensures that the overall free energy profile can be reconstructed via WHAM. 

 

Supplementary Table 3 | Free energy differences as extracted from the US simulations with a 

critical cluster of five water molecules in the first cage, as shown in Supplementary Figure 84. The 

mean free energies of the two cages are defined by averaging the free energy over either CV < -2.5 Å 

(cage 1) or CV > 2.5 Å (cage 2). From transition 4 onwards, the free energy differences between the 

cages is consistently below 5 kJ mol-1 and the forward free energy barrier is below 20 kJ mol-1. 

 

Transi-

tion # 

 

Mean  

free energy 

cage 1  

(kJ mol-1) 

 

Mean  

free energy 

cage 2  

(kJ mol-1) 

 

Free energy dif-

ference between 

the cages 𝚫𝑭𝒊 

(kJ mol-1) 

 

Forward free en-

ergy barrier 

∆𝑭𝒊,𝒇
‡

 (kJ mol-1) 

 

Reverse free en-

ergy barrier 

∆𝑭𝒊,𝒓
‡

 (kJ mol-1) 

 

1 2.2 16.9 14.6 23.4 8.7 
 

2 2.0 15.3 13.3 25.0 11.7 
 

3 2.4 8.2 5.7 20.9 15.2 
 

4 4.9 2.8 -2.1 16.3 18.3 
 

5 4.2 2.6 -1.6 19.9 21.5 
 

6 2.3 4.5 2.2 18.0 15.8 
 

7 2.3 3.8 1.5 18.4 16.9 
 

8 4.4 2.4 -1.9 16.2 18.1 
 

9 4.8 2.5 -2.3 16.7 19.0 
 

10 6.6 2.4 -4.2 16.9 21.1 
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Supplementary Table 4  | Free energy differences as extracted from the US simulations with a 

supercritical cluster of thirty water molecules in the first cage, as shown in Supplementary Figure 

85. The mean free energies of the two cages are defined by averaging the free energy over either CV < 

-2.5 Å (cage 1) or CV > 2.5 Å (cage 2). 

 

Transi-

tion # 

 

Mean  

free energy 

cage 1  

(kJ mol-1) 

 

Mean  

free energy 

cage 2  

(kJ mol-1) 

 

Free energy dif-

ference between 

the cages 𝚫𝑭𝒊 

(kJ mol-1) 

 

Forward free en-

ergy barrier 

∆𝑭𝒊,𝒇
‡

 (kJ mol-1) 

 

Reverse free en-

ergy barrier 

∆𝑭𝒊,𝒓
‡

 (kJ mol-1) 

 

1 2.6 22.8 20.2 24.0 3.7 
 

2 1.9 15.4 13.5 20.3 6.8 
 

3 3.7 8.0 4.2 14.8 10.6 
 

4 2.2 5.5 3.2 16.8 13.6 
 

5 3.5 6.6 3.1 17.3 14.2 
 

6 3.6 7.7 4.1 18.5 14.4 
 

7 3.8 8.9 5.1 17.8 12.7 
 

8 2.3 6.7 4.4 16.4 12.1 
 

9 2.2 3.7 1.5 14.9 13.4 
 

10 3.3 2.5 -0.8 14.6 15.4 
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S9.4 Water organisation inside the critical clusters 

To obtain further insight in the local structure of the water clusters formed during the cage hopping 

process, the organisation of the water molecules of the MD simulation of a 1×1×2 ZIF-8 simulation cell 

with an inhomogenous water distribution discussed in Figure 4b of the main text is analysed.  

To this end, at each of the twenty snapshots shown in Figure 4b, all water molecules were selected, and 

hydrogen bonds between each pair of molecules were identified when the distance between the hydrogen 

atom of the hydrogen-bond donor molecule and the oxygen atom of the hydrogen-bond acceptor mole-

cule was below 2.5 Å and when the two atoms were not covalently bound. In this way, a hydrogen-

bonded graph is created that describes the connectivity of the different water molecules inside the hy-

drophobic cages. Second, in line with the concept of a water cluster, this total graph was divided into 

subgraphs by requiring that all water molecules inside a given subgraph would still be connected with 

all other water molecules inside that given subgraph if a single hydrogen bond were to be cut. Third, for 

each of the so created subgraphs, each combination of three to ten hydrogen-bonded water molecules 

was selected and compared with the 36 local water clusters containing at least three water molecules 

identified in Ref. 61, which act as a reference set. If the connectivity of the selected combination of 

water molecules is the same as the connectivity of the reference water cluster, this reference water cluster 

was said to be present in this specific subgraph. This process was repeated for each subgraph and for 

each reference water cluster of Ref. 61. Since a water molecule can form part of multiple reference 

clusters, the number of identified local clusters can be larger than the number of water molecules in the 

system. Finally, the identified local clusters are combined into superclusters, which are defined as the 

maximum combination of local clusters that form part of the same hydrogen-bonded network. In prac-

tice, this always clusters the local water clusters in cage 1 and cage 2, but may also combine these two 

superclusters to a single supercluster that extends over the two cages if the two superclusters are con-

nected via a hydrogen bond through the 6MR aperture.  

When applying this procedure to the simulation shown in Figure 4b of the main text, the result as shown 

in Supplementary Figure 87 is obtained. Of the 36 local water clusters with at least three water molecules 

described in Ref. 61, fourteen are identified in the simulation. All identified local clusters, shown in the 

top part of the figure, contain in between three and nine water molecules. In all cases, all local clusters 

in cage 1 are part of the same supercluster, and all local clusters in cage 2 are part of the same super-

cluster. Both superclusters are intermittently connected through a hydrogen bond at various instances 

throughout the simulation, allowing water molecules to move from cage 1 to cage 2 through the 6MR 

aperture. 

In the main text, point (ii) in the simulation, at 0.45 ns, was identified as a crucial point. At that point, 

two water molecules were present in cage 3, which were insufficient to stabilise a water cluster, while 

six water molecules were present in cage 2, forming a critical water cluster that could grow further. 
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From Supplementary Figure 87, the local cluster in cage 2 at this point is identified with local cluster 

#17, demonstrating that all water molecules in cage 2 are indeed connected through hydrogen bonds. In 

contrast, no local cluster is identified in cage 3, neither at snapshot (ii) nor at any other point during the 

simulation, explaining why the few water molecules in cage 3 are insufficiently stabilised. 

While point (ii) was indicated as a critical point in the main text, Supplementary Figure 87 shows that a 

first critical cluster in cage 2 is formed already after 0.15 ns. At that moment, a local cluster #3 connects 

all four water molecules in this cage. Both at 0.15 ns and 0.45 ns, the local cluster in cage 2 is connected 

to the supercluster in cage 1 via a single hydrogen bond through the 6MR aperture, so that additional 

water molecules can move from cage 1 to cage 2 and join the cluster in cage 2. Therefore, at 0.15 ns, it 

seems that the nucleation of such a local cluster of four water molecules is already sufficient to promote 

the further growth of the water cluster in this cage; local cluster #3 in this simulation can therefore be 

regarded as a critical cluster. 

In between point (ii) and point (iii), Figure 4b of the main text indicates that the cluster in cage 2 persists 

but does not grow. This is also clear from Supplementary Figure 87: between these two points, there is 

no hydrogen bond between the supercluster in cage 1 and the supercluster in cage 2. Even more, at point 

(iii), the water molecules in cage 2 do not form a closely-packed cluster, but are rather extended, as 

shown in Figure 4c of the main text. It is only after point (iii) that local clusters form again in cage 2 

and hydrogen bond with the supercluster in cage 1, resulting in the growth of the water cluster of cage 

2 (see Figure 4b of the main text ). 

From this systematic analysis, it is clear that the critical water nucleus defined in Supplementary Section 

S9.3, containing about four water molecules, is a prerequisite to further grow the water cluster in cage 

2. This observation further confirms that the process with which water moves through the hydrophobic 

cages of ZIF-8 crucially depends on the formation of such water clusters, which can be systematically 

defined using the procedure discussed above.    
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Supplementary Figure 87 | Analysis of the hydrogen-bond network and organisation of local water 

clusters and superclusters for the MD simulation with inhomogenous water distribution of Figure 

4b in the main text. Number and organisation of local clusters as a function of the simulation time. 

Local clusters are hydrogen-bonded networks that can be identified with the organised clusters defined 

in Ref. 61; the identified clusters are numbered according to this reference and are colour coded accord-

ing to the top part of the figure. Superclusters are defined as the maximum combination of local clusters 

that form part of the same hydrogen-bonded network. In each frame, all clusters inside a given cage are 

part of the same supercluster, intermittently those two superclusters are connected via hydrogen bonds 

through the 6MR aperture separating cages 1 and 2. A water molecule can form part of multiple local 

clusters; the total number of local clusters can hence exceed the total number of water molecules. Labels 

(i) to (v) correspond to the labels discussed in Figure 4c of the main text. 
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S10 Classification of ZIFs as effective impact absorbers under 

high-rate water intrusion according to the formulated design 

rules 

To demonstrate the general applicability of the approach formulated in the main text, we have classified 

the 105 ZIF-like materials tabulated in Ref. 62 according to the four design rules. This leads to four 

classes of materials: those that fail the first design rule and are not completely hydrophobic (Supple-

mentary Table 5), those that are hydrophobic but are not cage-type materials (Supplementary Table 6), 

those that are formed by hydrophobic nanocages but have an insufficient aperture size such that they are 

not recoverable under water intrusion (Supplementary Table 7), and finally those materials that are pre-

dicted to be good candidates for energy absorption by leveraging the high-rate water intrusion mecha-

nism (Supplementary Table 8). These results are visualized in Figure 5e of the main text. 
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Supplementary Table 5 | Materials that violate design rule 1. CCDC code, name, topology, pore-

limiting diameter (PLD), and largest cavity diameter (LCD) for the 30 ZIF-like materials tabulated in 

Ref. 62 that are at least partially hydrophilic (as determined by their linkers) and hence violate the first 

design rule. They are indicated with open circles in Figure 5e of the main text. 

 

CCDC code 

 

Name 

 

Topology 

 

PLD (Å) 

 

LCD (Å) 

 

Refs 

 

GIZJOP 

 

ZIF-62 

 

cag 

 

1.4 

 

1.3 

 

63 

MIHHOB ZIF-23 dia 1.1 4.2 64 

VIGHID N/A dia 0.7 1.7 65 

XASGON N/A dia 0.2 1.8 66 

MOXKEQ BIF-6 fes 1.3 2.2 67 

GITVOV ZIF-73 frl 1.0 1.0 63 

GITWIQ ZIF-77 frl 2.9 3.6 63 

GITVUB ZIF-74 gis 1.2 2.6 63 

GITWAI ZIF-75 gis 1.2 2.62 63 

GITTUZ ZIF-68 gme 7.5 10.3 63 

GITVAH ZIF-69 gme 4.4 7.8 63 

GITVEL ZIF-70 gme 13.1 15.9 63 

ZIF-78 ZIF-78 gme 3.8 7.1 68 

ZIF-79 ZIF-79 gme 4.0 7.5 68 

ZIF-80 ZIF-80 gme 9.8 13.2 68 

ZIF-81 ZIF-81 gme 3.9 7.4 68 

ZIF-82 ZIF-82 gme 8.1 12.3 68 

MIHHAN ZIF-20 lta 2.8 15.4 64 

MIHHER ZIF-21 lta 2.8 15.4 64 

MIHHIV ZIF-22 lta 2.9 14.8 64 

EGEHOO usf-ZMOF med 4.3 9.7 69 

NOFQEF ZIF-100 moz 3.4 35.6 70 

TEFWIL rho-ZMOF rho 5.7 26.9 71 

WOJGEI ZIF-90 sod 3.5 11.2 72 

GITTIN ZIF-65 sod 3.4 10.4 63 

TEFWOR sod-ZMOF sod 1.2 8.1 71 

ZIF-91 ZIF-91 sod 3.2 11 72 

ZIF-92 ZIF-92 sod 0.0 5.2 72 

MOXKOA BIF-8 srs-c-b 0.8 4.2 67 

MOXKIU BIF-7 ths-c-b 1.7 5.5 67 
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Supplementary Table 6  | Materials that violate design rule 2. CCDC code, name, topology, pore-

limiting diameter (PLD), and largest cavity diameter (LCD) for the 14 ZIF-like materials tabulated in 

Ref. 62 that are hydrophobic but are not cage-type (the LCD is not larger than the PLD) and hence 

violate the second design rule. They are indicated with open triangles in Figure 5e of the main text. 

 

CCDC code 

 

Name 

 

Topology 

 

PLD (Å) 

 

LCD (Å) 

 

Refs 

 

MECWIB ZIF-14 ana 2.2 2.2 63, 73  

EQOCES01 N/A cag 2.4 2.4 74 

NAFGOR N/A cag 1.0 1.0 74 

VEJYUF01 N/A cag 0.8 0.8 75 

VEJYEP01 N/A crb 2.2 2.2 75 

LEMVOP N/A crs 1.6 1.6 76 

MOXKUG BIF-2Li dia-c-b 2.4 2.4 67 

MUCLIG BIF-2Cu dia-c-b 2.6 2.6 67 

GIZJUV ZIF-72 lcs 1.9 1.9 63 

GITWEM ZIF-76 lta 1.9 1.9 63 

HICGEG N/A zec 5.0 5.0 75 

GITTAF ZIF-61 zni 0.7 0.7 63 

IMIDZB N/A zni 3.6 3.6 77 

IMZYCO01 N/A zni 3.7 3.7 78 

 

 

Supplementary Table 7 | Materials that violate design rule 3. CCDC code, name, topology, pore-

limiting diameter (PLD), and largest cavity diameter (LCD) for the 41 ZIF-like materials tabulated in 

Ref. 62 that are formed by hydrophobic nanocages but have an insufficient aperture size such that they 

are not recoverable under water intrusion (PLD ≤ 3 Å) and hence violate the third design rule. They are 

indicated with open diamonds in Figure 5e of the main text. 

 

CCDC code 

 

Name 

 

Topology 

 

PLD (Å) 

 

LCD (Å) 

 

Refs 

 

VEJYUF ZIF-4 cag 2.0 2.1 10 

QOSYAZ TIF-4 cag 2.0 6.9 65 

EQOCOC N/A coi 2.5 6.0 78 

IMZYCO N/A coi 2.5 6.0 79 

GITTEJ ZIF-64 crb 2.5 7.9 63 

NAFGOR01 N/A crb 0.9 3.0 74 

ZIMMEN N/A dia 0.2 2.8 80 



- 123 - 

BAYPUN N/A dia-c 1.0 5.3 81 

BAYQAU N/A dia-c 0.8 6.0 81 

BAYQAU01 N/A dia-c 2.0 3.3 78 

BAYQAU02 N/A dia-c 2.0 3.3 82 

VEJZAM ZIF-5 gar 1.7 3.03 10 

EQOCOC01 ZIF-6 gis 1.5 3.03 10 

QOSYIH TIF-5Zn gis 1.0 6.0 83 

QOSYED TIF-5Co gis 0.7 5.0 83 

DAYVIJ N/A mab 1.1 3.2 84 

CUIMDZ03 N/A mog 1.3 3.5 85 

IMIDFE N/A mog 1.9 3.1 86 

IMIDFE01 N/A mog 1.9 3.1 87 

IMIDZA N/A mog 2.0 3.3 77 

EQOBUH N/A neb 0.6 6.7 78 

EQOCES N/A neb 1.8 7.1 78 

EQOCIW N/A neb 1.6 6.9 78 

QOSXUS TIF-3 pcb 2.2 6.2 83 

CAGLIF N/A qtz 2.6 6.0 88 

MECWOH N/A rho 1.3 21.6 73, 89 

VEJZOA ZIF-11 rho 3.0 14.6 10 

VEJZUG ZIF-12 rho 3.0 14.6 10 

AKUGES N/A sod 2.4 5.2 89, 90 

MECWEX N/A sod 3.0 14.2 73 

VEJZEQ ZIF-9 sod 2.4 5.6 90 

VELVIS ZIF-7 sod 2.4 5.6 90 

MUCLOM BIF-3Li sod-b 2.7 10.0 67 

MOXJOZ BIF-3Cu sod-b 2.7 9.9 67 

QOGPIM TIF-1Zn zea 3.0 4.1 91 

TIF-1Co TIF-1Co zea 3.0 4.1 91 

MOXJEP BIF-1Li zni-b 3.0 4.4 67 

MOXJIT BIF-1Cu zni-b 2.9 3.7 67 

BETHUE N/A N/A 2.1 2.8 89, 92 

MOXJUF BIF-4 N/A 0.7 3.6 67 

MOXKAM BIF-5 N/A 2.6 3.3 67 
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Supplementary Table 8 | Materials that satisfy all design rules. CCDC code, name, topology, pore-

limiting diameter (PLD), and largest cavity diameter (LCD) for the 20 ZIF-like materials tabulated in 

Ref. 62 that satisfy all four design rules and are hence expected to form effective and reusable materials 

to absorb energy through the here identified high-rate water intrusion mechanism. They are indicated 

with filled squares in Figure 5e of the main text. 

 

CCDC code 

 

Name 

 

Topology 

 

PLD (Å) 

 

LCD (Å) 

 

Refs 

 

LODCUC 

 

N/A 

 

crb 

 

4.8 

 

8.0 

 

93 

VEJYEP ZIF-1 crb 6.3 6.94 10 

VEJYIT ZIF-2 crb 6.4 6.9 10 

VEJYIT01 N/A crb 5.4 5.7 75 

HIFVOI N/A dft 6.6 9.6 75 

VEJYOZ ZIF-3 dft 4.6 6.0 10 

HIFVUO N/A gis 5.2 8.6 75 

GITSUY ZIF-60 mer 7.2 9.4 63 

VEJZIU ZIF-10 mer 8.2 12.2 63 

AFIXAO N/A nog 4.1 5.5 94 

AFIXAO01s N/A nog 3.9 5.5 78 

AFIXES N/A nog 3.5 5.9 94 

HIFWAV N/A nog 4.7 8.2 75 

NOFQAB ZIF-95 poz 3.7 24.0 70 

GITVIP ZIF-71 rho 5.5 17.0 63 

CUIMDZ01 N/A sod 4.6 7.3 85 

GITTOT ZIF-67 sod 3.4 11.4 63 

OFERUN N/A sod 3.1 14.2 95 

VELVOY ZIF-8 sod 3.4 11.4 90 

QOSXOM TIF-2 zeb 9.6 10.0 83 
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S11 Additional experimental results of hydrophobic channel-con-

taining frameworks 

S11.1 Water intrusion and extrusion of ZSM-5 

Here we show a complete profile of ZSM-5 data for Figure 6b-d of the main text including the strain 

rate history. In the low-rate and medium-rate tests (Supplementary Figure 88a-b), the unloading process 

is externally driven, while the high-rate experiment has an uncontrolled free unloading process (Supple-

mentary Figure 88c). The strain rate history shown as the dashed line in Supplementary Figure 88c 

suggests that the extrusion rate is relatively high, especially compared with that of ZIF-8 (Supplementary 

Figure 12c). 

 

Supplementary Figure 88 | Water intrusion and extrusion of ZSM-5. a, low-rate, b, medium-rate, 

and c, high-rate loading conditions, corresponding to the results of Figure 6b-d in the main text. 
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S11.2 Water intrusion and extrusion of zeolite-𝛽 and mordenite 

The performance of zeolite-𝛽 and mordenite at different strain rates are shown in Supplementary Figure 

89. They have a non-linear spring-like performance which is similar to ZSM-5. They have limited en-

ergy absorption capacity and are not sensitive to the loading rate.  

 

Supplementary Figure 89 | Water intrusion and extrusion of zeolite-β and mordenite. a, Water 

intrusion and extrusion of zeolite-β at three different strain rates, which correspond to a specific volume 

change rate ∆�̇� of 5×10-3, 20, and 3×103 cm3g-1s-1, respectively. b, Water intrusion and extrusion of 

mordenite at three different strain rates, which correspond to a specific volume change rate ∆�̇� of 5×10-

5, 5×10-3, and 5×10-1 cm3 g-1 s-1, respectively. The inset shows the gradient ΔP/Δε during loading, from 

which the intrusion plateaus and pressures can be identified. 

  



- 127 - 

S11.3 Energy absorption density of zeolites at different strain rates 

Supplementary Figure 90 reveals that for channel-containing zeolites, the rate dependence of their en-

ergy absorption density is considerably weaker than the one detected for cage-type ZIFs. There is no 

significant change in their intrusion and extrusion behaviours at different strain rates, as shown in Figure 

6b of the main text and Supplementary Figure 89.  

 

Supplementary Figure 90 | Energy absorption density as a function of strain rate for the channel-

containing zeolites. These results are compared to the behaviour of cage-type ZIFs. Due to the limited 

pore volume of mordenite, its energy absorption density at high strain rates is not available. The error 

bars represent the uncertainty due to the incomplete unloading curves at high strain rates. 
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S11.4 Zeolites under multiple dynamic loading cycles 

Here we show the water intrusion of zeolites under cyclic loading. All zeolites show consistent perfor-

mance against multiple dynamic loading cycles. Therefore, they can work as a non-linear liquid spring, 

which is reusable but unfortunately cannot absorb much mechanical energy.  

 

Supplementary Figure 91 | Cyclic water intrusion and extrusion of the channel-containing zeolites. 

a, ZSM-5 at high strain rate, b, zeolite-𝛽 at high strain rate, and c, mordenite at 0.3 s-1.   
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S11.5 Effect of sample mass of zeolites in high-rate experiments 

In this work, we used a higher amount of zeolites per sample compared to ZIFs, so that the lengths of 

water intrusion and extrusion plateaus can be made comparable to those of the ZIFs and corresponding 

pressures can be better recognized. One may have the concern whether the mass of zeolites available 

for water intrusion will affect the observed rate-dependence, especially under high-rate loading condi-

tions. Therefore, we carried out a group of experiments comparing samples with different masses of 

zeolites. Supplementary Figure 92 provides their high-rate experimental results at the strain rate of 

~2,000 s-1, which shows that the mass of zeolites has no significant influence on the intrusion pressure 

and extrusion performance. This should be attributed to the overall weak rate-dependence of water in-

trusion and extrusion inside these channel-containing zeolite structures.  

As expected, the length of the intrusion plateaus indicates the available pore volume of a sample, which 

is proportional to the amount of zeolites. Note that the sample length is kept at 3 mm in these experiments 

despite the different amount of zeolites inside the samples.   

 
Supplementary Figure 92 | Influence of the zeolite mass on the high-rate intrusion and extrusion 

behaviour of water into the zeolite. a, High-rate water intrusion and extrusion in 112 mg, 224 mg, and 

336 mg of ZSM-5. b, High-rate water intrusion and extrusion in 112 mg and 224 mg of zeolite-𝛽. These 

are the amount of materials to make a sample of Ø12.7 mm in diameter used in the SHPB experiments. 

For ZIFs, 112 mg is used for each sample.  
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S11.6 Effect of heat treatment of zeolites 

In this work, zeolites were heated at 1,000 °C for 3 h before use. Heat treatment increases the Si/Al ratio 

and hydrophobicity through dealumination of the zeolites. This method has been used and reported be-

fore on ZSM-5 and zeolite-𝛽,96,97 but the water intrusion behaviour of mordenite is presented here for 

the first time. Supplementary Figure 93 presents the water intrusion and extrusion curves of the three 

zeolites heated at different temperatures. It is shown that the intrusion pressure increases with the heating 

temperature, and more nanopore volume becomes accessible after the treatment.  

 

Supplementary Figure 93 | Water intrusion and extrusion of zeolites heated at different tempera-

tures under quasi-static loading conditions (3×10-3 s-1). a, ZSM-5, b, zeolite-𝛽, and c, mordenite.  
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