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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 ɓ have channel-

containing frameworks while chabazite has a cage-type framework. Note that zeolite-ɓ 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. 

ZI F-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 ɛm long, 30 ɛm wide, and 4.5 ɛm 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- ɓ, 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 diǟraction (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 

ñWIò 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 KŬ radiation 

(15 mA and 40 kV) at a scan rate of 2°/min using a 2ɗ 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. 

5 10 15 20 25 30

  

N
o

rm
a

liz
e

d
 I

n
te

n
s
it
y
 (

a
.u

.)

2q 

Phase II_WI Low rate

 

Phase II_As synthesized

Phase I_As synthesized

Phase I_Simulated

5 10 15 20 25 30

 

WI_low rate

As synthesized

Simulated

2q

N
o
rm

a
liz

e
d
 I
n
te

n
s
it
y
 (

a
.u

.)

 

 



- 12 - 

 

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-ɓ samples. Zeolite-ɓ 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 Ң 

= 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 Ң = 0.2) at the same intrusion 

rate as the light purple curve (Ң = 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 ñcompleteò and ñpartialò 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 óstifferô 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 KŬ radiation (15 mA and 40 kV) at a scan rate of 2Á/min using a 2ɗ 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-ȹV) of the tested ZIF-8 

sample to evaluate its porosity based on the concept of ñwater porosimetryò 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-ȹV 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 óThe intrinsic water mo-

bility timescale revealed by molecular dynamics simulationsô 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 



- 24 - 

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-ȹV) 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-ȹV 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-ȹV 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 Ўὠ 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 Youngôs 

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-æV 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-ȹV 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 gī1) 

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 Kô (ï) 

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: 

ם ם ם ם ם ם ם ם Ȣ 

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

ם
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ς
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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 ά  of the dihedral angle: 

ם
Љ ὑ Љ
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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 ή were 

derived with the Minimal Basis Iterative Stockholder (MBIS) partitioning scheme.44 
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Gaussian charge distributions were used with a total charge ή and radius Ὠ centred on atom Ὥ. The 

mixed radius of the Gaussian charges were defined as Ὠ  Ὠ Ὠ.43 The electrostatic interactions 

depend on the distance ὶ between the two atoms. 

The van der Waals interactions were described by the 12-6 Lennard-Jones model: 
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The two parameters „  and ‐  are the equilibrium distance and the well depth of the potential. These 

parameters are determined with empirical mixing rules for the interaction between atom Ὥ and Ὦ: 

„
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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 ὔȟὖȟⱭ ȟὝ 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 

KŬ1 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 2ɗ ͯ 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 diffractio n patterns of ZIF-8 at different wa-

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

  






















































































































































































