
Articles
https://doi.org/10.1038/s41563-021-00977-6

1Department of Engineering Science, University of Oxford, Oxford, UK. 2School of Engineering, University of Birmingham, Edgbaston, Birmingham, UK. 
3Center for Molecular Modeling (CMM), Ghent University, Zwijnaarde, Belgium. 4These authors contributed equally: Yueting Sun, Sven M. J. Rogge. 
✉e-mail: Y.Sun.9@bham.ac.uk; Sven.Rogge@UGent.be; Veronique.VanSpeybroeck@UGent.be; jin-chong.tan@eng.ox.ac.uk

Energy absorption during mechanical impact plays a crucial role 
in modern society, from injury prevention and safety measures 
in industrial settings to cushioning systems that increase user 

comfort1. As current state-of-the-art energy absorption materials 
rely on processes such as extensive plastic deformation, cell buck-
ling and viscoelastic dissipation2,3, a major dilemma is the conflict 
between the required high energy density and the desire for reus-
ability, to afford protection from multiple impacts. This challenge 
motivates the development of efficient energy-absorbing systems 
that are intrinsically recoverable, which requires one to identify and 
leverage fundamentally new energy absorption mechanisms.

In this regard, the pressurized intrusion of liquid water and aque-
ous solutions in hydrophobic nanoporous materials such as zeolites 
and metal-organic frameworks (MOFs) has emerged as a promis-
ing mechanism to yield high-performance energy-absorbing sys-
tems4–6. In this process, a hydrostatic pressure forces water to intrude 
into the hydrophobic nanopores, thereby converting mechanical 
work into interfacial energy. Given the exceedingly large surface 
area of MOFs (typically 1,000–10,000 m2 g−1) combined with their 
highly tuneable framework architecture and chemical composi-
tion7, MOFs are emerging as an attractive platform for nanofluidic 
energy absorption. Hitherto, among the huge family of MOFs8, a 
few materials have been identified for this application9–13, mainly 
hydrothermally stable zeolitic imidazolate frameworks (ZIFs) con-
sisting of hydrophobic nanocages14–16. However, current research 
has focused only on their performance under quasi-static loading 
conditions, that is, through slow intrusion and extrusion processes 
with typical strain rates of 10−5–10−3 s−1 (refs. 4,17). Some studies 
have started to investigate the influence of loading speed10,18,19, but 
remain far from realistic strain rates, which can exceed 103 s−1 for 
impact-attenuating materials.

Herein, we systematically investigate the response of various 
promising impact-attenuating MOFs, namely ZIF-8, ZIF-7, ZIF-9,  
ZIF-67 and ZIF-71, under practically relevant strain rates of up  

to 103 s−1. Hereto, dynamic water intrusion–extrusion experiments 
using the dedicated high-rate experimental platform depicted in 
Fig. 1a–c were conducted. The energy absorption densities of the 
investigated ZIF materials improve substantially on increasing strain 
rate. Molecular dynamics (MD) simulations demonstrate that this 
beneficial effect originates from the intrinsic nanosecond timescale 
necessary for water molecules to cluster in the ZIFs’ hydrophobic 
nanocages and to facilitate transport across nanocages. This fun-
damental timescale, which increases the water intrusion pressure 
and energy absorption density at higher strain rates, depends on 
the cage-type geometry of the framework materials and is absent in 
channel-containing zeolites (ZSM-5, zeolite-β, mordenite). On the 
basis of these findings, four rules are formulated to design efficient 
and reusable energy-absorbing materials for high-rate mechanical 
impacts via the pressurized liquid intrusion mechanism, identifying 
ZIFs as a unique class of energy-absorbing materials. These gener-
ally applicable design rules are important to further the develop-
ment of nanofluidics, which has become a flourishing field over the 
last decade20.

Rate-dependent water intrusion of ZIF-8
We started our investigation with ZIF-8 (ref. 21), which is argu-
ably the best-known ZIF for liquid intrusion studies9,17,18,22,23. ZIF-8 
adopts the sodalite topology with relatively narrow apertures com-
prising six-membered rings (6MR) (aperture size roughly 3.40 Å) 
connecting larger internal cages (roughly 11.6 Å, Fig. 1d and 
Supplementary Fig. 1)15. These two geometrical parameters corre-
spond with the pore-limiting diameter (PLD) and the largest cavity 
diameter (LCD), respectively.

Figure 2b shows the water intrusion and extrusion of ZIF-8 at 
different strain rates, ε̇, encompassing six orders of magnitude from 
10−3 s−1 to 103 s−1. As schematically indicated in Fig. 2a, three stages 
can be identified during loading. Initially and up to a strain, ɛ, of 
about 0.05 (equivalent to a specific volume change ΔV of roughly 
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0.17 cm3 g−1), the pressure increases linearly with the reduction in 
system volume. This is attributed to the elastic compression of the 
{ZIF-8 + water} system, without any pore intrusion owing to ZIF-8’s  
hydrophobicity. Next, the intrusion of water in the ZIF-8 nano-
cages gives rise to a plateau at the intrusion pressure Pin, until water  
molecules occupy the entire accessible pore volume. Afterwards, a 
linear reduction in system volume with increasing pressure is again 
observed. Similarly, the unloading curve shows an extrusion pla-
teau, albeit at a lower extrusion pressure, Pex, than the intrusion 
pressure, during which water escapes from the ZIF-8 cages.

As shown in Fig. 2c, the strain rate strongly affects the intrusion 
pressure, which almost triples from 25 MPa during the quasi-static 
compression to 70 MPa during the high-rate experiment. In con-
trast, the extrusion pressure experiences a drop with increasing 
strain rate. This yet-unidentified behaviour substantially increases 
the hysteresis and hence absorption capacity at the high loading 
rate compared to the quasi-static behaviour, eventually absorbing 
85% of the mechanical energy stored during the intrusion process 
compared to only 17% at quasi-static conditions. Consequently, 
the energy absorption density, Eab, is enhanced 17-fold, from 
roughly 3 J g−1 under quasi-static compression to roughly 47 J g−1 
under high-rate loading representative of impact events. In con-
trast to other size-dependent MOF phenomena24,25, this enhanced 
absorption density can be obtained with different crystal sizes 
(Supplementary Figs. 20–21).

To use this promising {ZIF-8 + water} system as a reusable shock 
absorber, the intruded water molecules should eventually extrude 
from the framework. Figure 2d presents five consecutive high-rate 
experiments, which exhibit a consistent performance subject to 
multiple impact cycles. Since the applied mechanical pressure is not 
yet high enough to cause structural amorphization26, the molecu-
lar structure of ZIF-8 remains intact, as evidenced from the X-ray 
diffraction patterns (Supplementary Fig. 4). Figure 2e demonstrates 
that even when considering 1,000 loading–unloading cycles (at a 
strain rate of 0.03 s−1), the performance reveals only a slight ini-
tial drop in the intrusion and extrusion pressure in cyclic loading. 
Furthermore, Fig. 2e shows that the system can be fully recovered 
after a 24 h relaxation (that is, with mechanical pressure removed), 
indicating that all water molecules extrude from ZIF-8 given suf-
ficient relaxation time. To further confirm the material stability 
and reusability, Supplementary Fig. 18 demonstrates that ZIF-8 is 
stable after 20 high-rate intrusion–extrusion cycles or after being 
immersed in water for over a week.

While the water intrusion rate during these experiments as 
well as its extrusion rate in the low-rate and medium-rate experi-
ments are externally controlled through the displacement rate, the 
high-rate split-Hopkinson-pressure-bar (SHPB) setup of Fig. 1a 
leads to a free water extrusion process that represents the perfor-
mance under realistic impact and reveals the intrinsic timescale of 
water mobility in ZIF-8. Figure 2c reveals that this intrinsic water 
extrusion occurs at a much lower rate than its externally driven 
intrusion process (102 s−1 versus 103 s−1, see also Supplementary  
Fig. 12), corroborating the earlier observation that some water  
molecules remain in the structure when the system is not allowed 
to relax sufficiently between different cycles. High-rate experiments 
with different loading pulses indicate that water extrusion starts at 
a higher rate, which then gradually decreases, indicating a higher 
water mobility when more water is present inside the framework 
(Supplementary Fig. 13).

Intrinsic water mobility revealed by MD simulations
These experiments unveil a highly interesting mechanism, in 
which the ZIF-8 energy absorption capacity critically increases 
with increasing strain rate. While this is expected to be related to 
the mobility and reorganization of water in the nanocages, it is nec-
essary to understand the nanoscale origin of this phenomenon to 
fully explore the potential of the rate-dependent intrusion–extru-
sion performance and generalize it towards other materials. To this 
end, MD simulations were conducted using a fully flexible and ab 
initio derived ZIF-8 force field. This force field is validated in the 
Supplementary Information and complemented by the flexible 
TIP4P/2005f water model27, given its agreement with experimental 
adsorption isotherms16,28,29.

First, grand canonical Monte Carlo (GCMC) simulations were 
performed, revealing that water saturation in ZIF-8 is obtained 
at roughly 80 molecules per unit cell (Supplementary Fig. 23) or, 
equivalently, roughly 40 molecules per cage, in excellent agreement 
with previous studies16,28,29. Subsequently, snapshots at different 
water loadings were extracted to start separate canonical Monte 
Carlo simulations. Figure 3a reveals the distribution of these water 
molecules in ZIF-8 for the different cross-sections defined in Fig. 3b. 
At low water loading, distinct crystallographic adsorption sites are 
detected, which can be compared to the experimental argon adsorp-
tion sites by Hobday et al.30. For water, the most favourable adsorp-
tion sites are located between the four-membered ring (4MR) and 
6MR apertures (site Ar-2 in ref. 30) and near the 4MR apertures (site  
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Fig. 1 | Experimental setup. a, SHPB setup for high-rate experiments (103 s−1). b, Hydraulic compression setup for medium-rate experiments (1–102 s−1), 
with a pair of LVDTs for displacement measurement. c, Water suspension of ZIF-8, which is sealed in stainless-steel chambers each with a pair of pistons 
(shown in a,b). d, Nanoporous framework structure, building blocks and sodalite topology of ZIF-8 with indication of the 4MR and 6MR apertures. Low-rate 
experiments (up to 0.1 s−1) are performed on a commercial screw-driven testing machine (Instron 5582) using the stainless-steel chamber shown in b.
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Ar-4 in ref. 30). Notably, no water is adsorbed directly inside either 
the 4MR or 6MR apertures, although the 6MR apertures are the 
most favourable adsorption sites for argon30. At high water loadings,  

the water molecules agglomerate around the cage centre due to  
ZIF-8’s hydrophobicity, partaking in a hydrogen-bonded cluster that 
provides more favourable interactions than the ZIF-8 framework.
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Fig. 2 | Water intrusion and extrusion of ZIF-8 at low-rate, medium-rate and high-rate loading conditions. a, Schematic overview of the different processes 
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conditions, plotted as a function of the intrusion and extrusion strain rates measured by the SHPB technique (see also Supplementary Fig. 12). The error 
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Subsequently, 300 K MD simulations of fully flexible ZIF-8 
structures were performed, confirming that water avoids the 6MR 
apertures irrespective of the applied pressure (Supplementary Figs. 
38–48). As a result, without a driving force, water molecules seldom 
hop between ZIF-8 cages. However, an increasing water loading facil-
itates hopping and hence enables water transport (Supplementary 
Figs. 49–51). This agrees well with the higher water mobility at the 

onset of the extrusion experiments, when more water is present 
in the cages (Supplementary Fig. 13). To understand whether this 
water mobility can be attributed to structural effects such as gate 
opening, the swing angle defining the 6MR aperture and the associ-
ated PLD (Fig. 3b) are monitored31. As shown in Fig. 3c and ref. 23, 
higher water loadings do not lead to the anticipated gate opening 
but rather close the 6MR aperture even further.
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Fig. 4 | Determining the intrinsic timescale for water mobility in the ZIF-8 nanocages by non-equilibrium MD simulations. a, A 1 × 1 × 2 ZIF-8 supercell 
with four inequivalent cages connected through 6MR apertures. b, Evolution of the number of water molecules per cage at 300 K and 0 MPa when starting 
from 42 water molecules in cage 1 while all other cages are initially empty. The best exponential fit of a

(

1− e−t/τ
)

 to the filling of cage 2 (red line) 
yields a time constant τ ≅ 1 ns (see the statistical analysis in Supplementary Fig. 65). c, Visualization of water-filled ZIF-8 structures at five representative 
points during the simulation; a full water cluster analysis is provided in Supplementary Fig. 87. d, Free energy profiles associated with a water molecule 
transitioning from cage 1, containing a critical-sized water cluster of five additional molecules, to cage 2, initially containing between zero (first transition) 
and five (sixth transition) water molecules. Results obtained through six independent sets of umbrella sampling (US) simulations using a similar CV 
(inset) as in ref. 40. Additional US simulations are reported in Supplementary Figs. 84–85.
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To mimic water mobility more closely, an inhomogeneous water 
distribution inside a 1 × 1 × 2 supercell of ZIF-8 was created, which 
only contains 42 water molecules in cage 1, as shown in Fig. 4a. 

During the MD simulation, this water gradient steers the molecules 
from cage 1 towards the neighbouring cages 2 and 3 through the 
6MR apertures, despite their hydrophobicity (Fig. 4b). After 0.45 ns, 
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six and two water molecules have diffused to cages 2 and 3, respec-
tively (Fig. 4c(ii)). While the six water molecules in cage 2 form a 
stable hydrogen-bonded cluster, the two molecules in cage 3 are 
insufficiently stabilized and diffuse back into cage 1—against the 
water gradient. The water cluster inside cage 2 continues to grow as 
the existing cluster facilitates further hopping from cage 1 to 2. An 
exponential fit to the number of water molecules in cage 2 reveals 
that this nucleation process occurs on a nanosecond timescale  
(Fig. 4b), independent of the cages in which the cluster nucleates 
and the ZIF-8 model size (Supplementary Figs. 63–80).

To further quantify the free energy barrier of the nucleation pro-
cess, the umbrella sampling free energy profiles associated with a 
water molecule transitioning from cage 1 to 2 are shown in Fig. 4d 
and Supplementary Figs. 84–85. Herein, besides the water molecule 
that undergoes the transition, cage 1 contained a critical-sized clus-
ter of five water molecules while cage 2 contained in between zero 
and five water molecules. Figure 4d and Supplementary Table 3 
indicate that, while the empty cage 2 (collective variable (CV) > 0 Å) 
is substantially less favourable than cage 1 (CV < 0 Å), with free 
energy differences ΔF up to 15 kJ mol−1, the transition of additional 
water molecules is facilitated once a critical-sized cluster of about 
four water molecules is present in cage 2. Figure 4d therefore con-
firms that the slow nucleation of such critical-sized water clusters 
is crucial to facilitate water diffusion through ZIF-8’s hydrophobic 
cages, in agreement with Fig. 4b.

This observation also explains the substantial increase in intru-
sion pressure and energy absorption density at higher strain rates 
in Fig. 2c. Since the intrinsic intrusion process is predicted to occur 
through the nucleation of critical-sized water clusters, the times-
cale for nucleation can be associated with an intrinsic strain rate 
(Supplementary Information). If the externally applied strain rate 
is lower than this intrinsic rate, critical-sized water clusters will 
spontaneously nucleate in cages neighbouring already filled cages, 
facilitating the further intrusion process. However, if the strain rate 
exceeds this intrinsic rate, critical-sized water clusters cannot orga-
nize in time and additional work needs to be exerted—through an 
increased input pressure—to help overcome the free energy bar-
rier of the 6MR aperture. This also indicates that water molecules 
remaining in the ZIF-8 cages during the extrusion process due to 
insufficient relaxation will facilitate the subsequent intrusion pro-
cess and lower the intrusion pressure, as confirmed by Fig. 2e.

Generalization of the rate effect and design rules
The here-established water intrusion mechanism for ZIF-8 sug-
gests that other materials that are constructed from nanocages con-
nected through hydrophobic narrow apertures could also exhibit the 
rate-dependent water intrusion behaviour. To derive generally appli-
cable design rules, we repeated the water intrusion experiments on a 
group of hydrophobic ZIFs, namely ZIF-67, ZIF-7, ZIF-9 and ZIF-71 
(Supplementary Fig. 1), leading to the energy absorption densities 
and intrusion pressures shown in Fig. 5a and Supplementary Fig. 14.

Figure 5b,d and Supplementary Fig. 16 demonstrate that ZIF-67  
and ZIF-71 exhibit the attractive rate dependence and reusabil-
ity, confirming the ZIF-8 as proof-of-concept. For ZIF-71, a very 
high intrusion pressure, exceeding 150 MPa, under a loading rate 
of roughly 2,000 s−1 is expected (Supplementary Fig. 15). However, 
for ZIF-7 and ZIF-9, water is permanently trapped inside (Fig. 5c). 
This is probably due to their smaller PLDs, as their hydrophobic 
apertures are narrower than the size of water molecules12. Therefore, 
ZIF-7 and ZIF-9 can only be reused after evacuating the intruded 
water molecules by heat treatment to regain the original poros-
ity12, in contrast to ZIF-8, ZIF-67 and ZIF-71, which can be directly 
reused to absorb multiple impacts. Finally, the comparison between 
the structural analogues, ZIF-8 versus ZIF-67 (Fig. 5d) and ZIF-7 
versus ZIF-9 (Fig. 5c), suggests that the influence of the chemical 
moieties is very limited.

On the basis of these experimental observations, four general 
rules emerge that can be used to design mechanical impact absorb-
ers leveraging the high-rate water intrusion mechanism. First, the 
material should be hydrophobic. Second, the material should consist 
of nanocages, that is, LCD > PLD. Third, the apertures connecting 
the nanocages should be sufficiently large to ensure reusability. On 
the basis of our experimental observations on ZIF-11 and ZIF-12  
(Supplementary Fig. 17), the PLD threshold value is roughly 3 Å for 
water intrusion systems. Finally, larger nanocages can accommo-
date larger water clusters and hence increase the energy absorption 
density at high strain rates.

In Fig. 5e and Supplementary Tables 5–8, the 105 ZIF-like mate-
rials tabulated in ref. 32 are tested against these design rules. Figure 5e  
demonstrates that, besides the here-validated ZIF-8, ZIF-67 and 
ZIF-71, our design rules identify an additional 17 materials as 
potential high-performance impact-attenuating materials via the 
high-rate water intrusion mechanism depicted in Fig. 2a. These 
design rules can furthermore be generalized to other porous zeolite 
frameworks, as validated for chabazite in Supplementary Fig. 19.

Contrasting against channel-containing frameworks
To further test our hypothesis that the cage-type structure is  
essential for the rate-dependent intrusion–extrusion phenom-
enon of ZIFs (design rule no. 2), we performed water intrusion  
experiments for several typical channel-containing zeolites,  
namely ZSM-5, zeolite-β and mordenite (Supplementary Fig. 2). 
Supporting our hypothesis, Fig. 6a reveals that the rate dependence 
of their intrusion pressure is considerably weaker than for ZIFs.  
The same is true for their extrusion pressure, which is always 
located near the magnitude of the intrusion pressure, leading to a 
hysteresis area and energy absorption density that are not substan-
tially enhanced by high loading rates (Fig. 6d and Supplementary 
Figs. 88–90).

Explicitly contrasting ZSM-5 and ZIF-8 in Fig. 6c,d reveals a 
much higher spontaneous extrusion rate in the former. Furthermore, 
ZIF-8 exhibits a slight increase of the gradient with the intrusion rate  
(Fig. 2b), which is absent for ZSM-5 (Fig. 6b). Both observations  
indicate that the water flow inside channel-containing structures 
experiences a much lower transport resistance, in agreement with 
previous reports observing enhanced flow in small channels33–38. 
This suggests the advantage under high-rate mechanical impact of 
cage-type structures, which can be made into efficient and reusable 
energy absorbers thanks to the intrinsic nanosecond timescale for 
water organization, over more frequently used channel-containing 
structures, which perform as non-linear springs with a very limited 
rate dependence.

Discussion
Developing efficient impact-attenuating materials is an important 
societal challenge for a wide variety of applications, with current 
state-of-the-art energy absorption materials often showing a poor 
efficiency or recoverability in cyclic loading. Herein, we discovered 
a promising approach to mitigate mechanical impact under indus-
trially relevant impact conditions and associated high strain rates. 
We revealed that the energy absorption density associated with the 
forced intrusion of liquid water in framework materials containing 
nanocages separated by hydrophobic apertures critically depends 
on the strain rate. On the basis of this concept, {ZIF + water} sys-
tems are effective as high-rate nanofluidic energy absorbers for  
mitigating mechanical impacts at realistic strain rates of 103 s−1.

The ZIF-8 material serves as a proof-of-concept, for which we 
observed a sharp rise in energy absorption density with elevating 
strain rates, stemming from the major enhancement of the hysteresis  
bound by the water intrusion–extrusion curves. The fundamen-
tal process underpinning this rate-dependent water intrusion did 
not depend on the gate-opening mechanism that dominates its gas 
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adsorption behaviour. Instead, we established that the unique rate 
dependence is controlled by the intrinsic timescale to form criti-
cally sized and stable hydrogen-bonded clusters in the hydropho-
bic cages, as they facilitate the inefficient water transport through 
the hydrophobic apertures separating adjacent cages. Because 
externally controlling the water intrusion beyond this intrinsic 
timescale requires substantially higher intrusion pressures, we 
observed a substantial rise in energy absorption density at higher 
strain rates. We showed that this ZIF-8 proof-of-concept can be 
generalized to several other cage-type ZIFs, whereas it is absent 
for channel-containing zeolites. Four design rules were formu-
lated, based on these theoretical and experimental observations, 
to construct high-rate energy absorption materials, thereby iden-
tifying 17 more potential candidate materials. These generally 
applicable design rules shed light on the synergistic role played 
by the framework architecture and hydrophobicity during forced 
water intrusion, which are key to the design and tuning of nano-
porous materials such as ZIFs towards practical and reusable 
impact-attenuating materials.
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Methods
Material synthesis and characterization. ZIF-8 was purchased from Aldrich 
Sigma (Basolite Z1200). Other ZIFs were synthesized using chemical compounds 
without further purification following the protocols outlined in the Supplementary 
Information. Zeolites ZSM-5, zeolite-β and mordenite were purchased from Alfa 
Aesar (45883, 45875, 45877 respectively). All of them were heated at 1,000 °C for 
3 h and cooled in air, to obtain higher hydrophobicity before use. The chabazite 
was obtained from Johnson–Matthey (1318-02-1 22:1 CHA) and was heated at 
950 °C for 3 h before use. This heat treatment procedure can increase the Si/Al ratio 
through dealumination, and therefore has been established as an efficient way to 
enhance the hydrophobicity of zeolites41,42. The effect of different heat treatment 
conditions on their water intrusion behaviours is shown in Supplementary Fig. 93.  
Microscopy imaging and X-ray diffraction of the synthesized samples were 
performed, and results are also shown in the Supplementary Information.

Sample fabrication. The obtained ZIFs and deionized water were combined and 
sealed in a stainless-steel chamber by precisely fitting sealing rings. As shown 
in Fig. 1, the thickness of the sample is always 3 mm. In the low-rate Instron 
experiments and medium-rate hydraulic experiments, we adjusted the diameter 
of the sample to 6 mm, which includes 25 mg of ZIF material. In the SHPB 
experiments, we scaled the sample up to 12.7 mm in diameter, which includes 
112 mg of ZIF material. As such, the pistons of the sealing chamber have the same 
diameter as the bars of SHPB, which means they can be impedance matched to 
avoid reflection of stress waves at the piston-bar interface.

Because of the relatively lower pore volume of zeolites compared to ZIFs, 
a higher amount of zeolite was used per sample, so that the lengths of water 
intrusion and extrusion plateaus are comparable to those of the ZIFs. This allows 
better identification of the corresponding pressures from the pressure–volume 
curves. Using a different amount of zeolite does not affect our observations, as 
shown in Supplementary Fig. 92. To fabricate a sample of 6 mm in diameter, we 
adopted 100 mg for ZSM-5, 50 mg for zeolite-β and 50 mg for mordenite. For 
the larger sample, 12.7 mm in diameter, we used 448 mg for ZSM-5, 224 mg for 
zeolite-β and 224 mg for mordenite.

Liquid intrusion experiments. Our liquid intrusion experimental platform is 
shown in Fig. 1. It is composed of a sealing chamber of the sample (Fig. 1c) and 
three different mechanical loading apparatus that provide appropriate driving force 
for water intrusion at different loading rates and allow the corresponding stress–
strain measurement. The loading apparatus includes a commercial screw-driven 
load frame (Instron 5582) for low-rate experiments (up to 0.1 s−1), an in-house 
hydraulic compression machine for medium-rate experiments (1–102 s−1) and 
the SHPB setup for high-rate experiments (103 s−1). By using this experimental 
platform, pressure–volume change (P − ∆V) curves or stress–strain curves along 
the water intrusion and extrusion process are obtained over a wide range of strain 
rates (10−5–103 s−1).

The efficacy of the low-rate experimental method has been reported in our 
recent work12,18. We applied a constant crosshead displacement rate, corresponding 
to a certain strain rate in the sample. Then, at a peak pressure at which water 
molecules have filled the framework porosity (for example, 56 MPa for ZIF-8), we 
reversed the crosshead direction to obtain the extrusion behaviour at the same 
displacement rate. The Instron records the force and displacement history during 
the loading and unloading cycles.

Medium-rate experiments were conducted on a hydraulic compression 
machine (Fig. 1b), consisting of a hydraulic actuator, a strain-gauge based force 
transducer and a pair of linear variable differential transformers (LVDTs) for 
displacement measurement. An appropriate peak displacement is preset, at which 
water molecules have filled up the framework porosity. We used the same strain 
rate for the loading and unloading process, which is controlled by the hydraulic 
actuator and measured by the displacement signals from the LVDTs.

High-rate experiments were carried out on a SHPB setup driven by a gas 
gun. In the experiment, the impact of a striker onto the incident bar produces an 
incident stress wave that propagates through the sample, with a certain amount 
being reflected, into the transmitted bar. The wave profiles recorded by the strain 
gauges on the incident and transmitted bars are used to calculate the forces and 
displacements at the specimen-bar interfaces and hence produce stress–strain 
curves using standard calculations43. The strain rate was also recorded using the 
reflected wave throughout the loading and unloading process. Stress equilibrium 
inside the sample during the impact is checked for each experiment, by confirming 
that the forces at the two interfaces have the same magnitude. All bars, including 
the piston of the sealing chamber, are made of the same material and have 
the same diameter, so as to match the impedances. Tungsten is selected as the 
bar material, to provide sufficient impact energy to drive the water intrusion 
process and allowing us to obtain experimental data at higher strain rates. Pulse 
shapers are used to achieve a constant strain rate during the loading process. The 
unloading process of the sample is uncontrolled, which means that the strain 
rate during the unloading process is not constant and can be different from that 
of the loading process. The unloading data were recorded and used to reveal the 
intrinsic extrusion behaviour of water from the nanoporous framework. This 
procedure is different from the low- and medium-rate experiments, where the 

unloading process is still displacement-controlled by the compression head and 
the unloading rate is set to be the same as the loading rate. Unfortunately, without 
any driving force, the SHPB technique does not allow us to capture a complete 
unloading curve, unless extremely long bars are used, which are not available. The 
uncontrolled free water extrusion process in high-rate experiments represents the 
performance of {ZIF + water} systems under realistic impact loading conditions, 
and the difference in the unloading setting for experiments at different strain 
rates does not affect our discussion on the rate-dependent energy absorption 
phenomenon (Supplementary Information).

On the basis of the obtained P–∆V or stress–strain curves, the intrusion 
pressure Pin is determined as the onset of the intrusion plateau, while the extrusion 
pressure Pex is determined as the midpoint of the extrusion plateau. For the 
incomplete extrusion plateaus in high-rate experiments, Pex is taken from the last 
data point. The plateaus of ZIF-7, ZIF-9 and mordenite are short; therefore, their 
Pin and Pex are determined on the basis of the gradient of the plot. The intrusion 
and extrusion rates are taken from the value of the selected data point of Pin 
and Pex. The strain rate history during the intrusion and extrusion is perfectly 
constant in the low-rate experiments but has some oscillations in the medium-rate 
and high-rate experiments. Energy absorption is defined as the hysteresis area 
enclosed by the loading and unloading curve, which is a certain percentage of the 
mechanical energy stored during the loading process.

Periodic ab initio simulations. Here, 0 K density functional theory (DFT) 
calculations were performed with the Vienna Ab initio Simulation Package 
(VASP)44 using the projector-augmented wave method45. The computational unit 
cell contained a total of 276 atoms, 12 of which are zinc atoms. The Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functional46 was combined with the 
DFT-D3 dispersion scheme using Becke–Johnson damping47,48. The recommended 
GW PBE projector-augmented wave potentials were used for all elements and 
functionals (v.5.4). For the zinc atoms, the 3s, 3p, 3d and 4s electrons were 
included explicitly. For the carbon and nitrogen atoms, the 2s and 2p electrons 
were considered as valence electrons. For the hydrogen atoms, the 1s electron 
was treated as a valence electron. These DFT calculations were performed with a 
plane-wave kinetic-energy cut-off of 800 eV and using Gaussian smearing with a 
smearing width of 0.05 eV. Projection operators were evaluated in reciprocal space. 
A Γ-point k-grid was used for all volumes. The real-space fast Fourier transfer grid 
was used to describe wave vectors up to twice the maximum wave vector present 
in the basis set. An augmentation grid that is twice as large was used to avoid 
wrap-around errors to obtain accurate forces. The electronic (ionic) convergence 
criterion was set to 10−9 (10−8) eV. The resulting energy equation of state, reported 
in Supplementary Fig. 22, was constructed by fixed volume relaxations in which 
the positions and cell shape were optimized49. Subsequently, the dynamical matrix 
was determined using 0.015 Å displacements for all atomic coordinates with 
respect to the equilibrium structure.

To probe the influence of temperature on the ZIF-8 swing angle, an additional 
set of (N, P, σa = 0, T) ab initio MD simulations50 was performed at temperatures 
of 100, 200 and 300 K and at 0 MPa using the CP2K software package51,52. In 
these calculations, the PBE-D3(BJ)46–48 level of theory was used in combination 
with Gaussian TZVP-MOLOPT basis sets53, a plane-wave basis set with a 
cut-off of 800 Ry and a relative cut-off of 60 Ry, and Goedecker–Teter–Hutter 
pseudopotentials54. The temperature of the simulations was controlled with a 
Nosé–Hoover chain thermostat consisting of three beads and with a time constant 
of 0.1 ps (refs. 55–58). The pressure was controlled with a Martyna–Tobias–Klein 
barostat with a time constant of 1 ps (refs. 59,60). These parameters were validated 
before to correctly capture the flexibility of MOFs50. The MD time step was set to 
0.5 fs. The total simulation time for the ab initio MD simulations comprised 11 ps, 
of which the first picosecond was discarded for equilibration.

Force-field derivation. From the dynamical matrix determined above, a flexible 
and ab initio-based force field for the empty ZIF-8 structure was derived. The 
covalent part of the force field, which contains diagonal terms that describe 
bonds, bends, out-of-plane distances and torsion angles as well as cross terms, 
was derived using the in-house QuickFF software package61,62. The Lennard–Jones 
parameters were obtained from the Dreiding force field63, whereas the electrostatics 
were modelled as Coulomb interactions between Gaussian charge distributions64 
with the atomic charges computed using the Minimal Basis Iterative Stockholder 
partitioning method65. More details about the ZIF-8 force-field derivation are 
provided in the Supplementary Information.

To describe the interactions between the different adsorbed water molecules 
and between the water molecules and the framework, a Lennard–Jones potential 
and point-charge electrostatics were used. The water molecules were described 
with the TIP4P/2005f model27. This model was chosen given its agreement with 
experimental water adsorption isotherms16,28,29, although the rigid TIP4P/2005 
model does underestimate the vapour pressure66.

Force-field-based Monte Carlo simulations. Canonical Monte Carlo and GCMC 
simulations were performed using the RASPA2 software package67 to extract 
the water density plots in the ZIF-8 framework. To this end, we first performed 
a series of GCMC simulations at a temperature of 298 K and a water pressure 
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that varied from 300 Pa to 6.6 kPa over the different simulations, using the 
Peng–Robinson equation of state to relate the water pressure and the chemical 
potential68. From these GCMC results, the saturation limit was determined and 
initial {ZIF-8 + water} snapshots were extracted at water loadings of 4, 8, 20, 40, 
60 and 80 water molecules. These snapshots were then used as the starting point 
for separate canonical Monte Carlo simulations, in which the water loading was 
kept constant and at a temperature of 298 K. In these canonical Monte Carlo 
simulations, the average density of the centres of mass of the water molecules was 
averaged over at least 2 million Monte Carlo cycles. The framework structures 
for the open- and closed-gate configurations of ZIF-8 were obtained from ref. 39 
(identifiers TUDHUW and TUDJOS in the Cambridge Crystallographic Database 
for the ambient- and high-pressure phases, respectively) and the simulations 
were performed in a 2 × 2 × 2 supercell. During these Monte Carlo simulations, 
the framework and the internal coordinates of the water molecules were kept 
rigid. The Lennard–Jones interactions were truncated at 12 Å with analytical tail 
corrections to correct for the finite cut-off. Electrostatic interactions were treated 
using the Ewald summation method69.

Force-field-based MD simulations. On the basis of the GCMC determined 
saturation limit of 80 water molecules per unit cell, 21 initial ZIF-8 structures were 
generated with 0, 4, 8, …, 80 water molecules per unit cell by varying the chemical 
potential during the GCMC simulations. To create an inhomogeneous water 
distribution, the initial structure with 80 water molecules was doubled along one 
of the crystal axes and all water molecules except for those in one out of four cages 
were removed (Fig. 4). For each water loading, 11 simulations were run at pressures 
spaced equally between 0 and 100 MPa.

For each of these structures and pressures, an (N, P, σa = 0, T) MD 
simulation50 has been performed using our in-house developed software code 
Yaff70 for a total simulation time of 3 ns (inhomogeneous water distribution) or 
5 ns (homogeneous water distribution). Furthermore, for the longer simulations 
and the larger ZIF-8 models discussed in the Supplementary Information, the 
Yaff software package was interfaced with LAMMPS to calculate the long-range 
interactions more efficiently71. During these (N, P, σa = 0, T) MD simulations, the 
temperature was controlled to be on average 300 K using a Nosé–Hoover chain  
thermostat consisting of three beads and with a time constant of 0.1 ps (refs. 55–58).  
The pressure was controlled with a Martyna–Tobias–Klein barostat with a time 
constant of 1 ps (refs. 59,60). The integration time step was limited to 0.5 fs to ensure 
energy conservation when using the velocity Verlet scheme. The long-range 
van der Waals interactions were cut off at a radius of 12 Å, which was compensated 
by tail corrections. The electrostatic interactions were efficiently calculated using 
an Ewald summation with a real-space cut-off of 12 Å, a splitting parameter α of 
0.213 Å−1 and a reciprocal space cut-off of 0.32 Å−1 (ref. 69). The snapshots in Fig. 4c  
were generated using VMD72, while the PLD and LCDs were calculated with 
Zeo++ (ref. 73).

Force-field-based umbrella sampling simulations. To quantify the free energy 
associated with the hopping of a water molecule from one cage to an adjacent 
cage in ZIF-8, umbrella sampling simulations were performed using our in-house 
developed software code Yaff70,74. A 2 × 2 × 2 ZIF-8 supercell was adopted to avoid 
potential, spurious interactions between periodic images of the water molecules. 
From the 16 cages in this supercell, 14 cages were kept empty, leaving only two 
adjacent cages that were potentially filled, named cage 1 and cage 2. The CV used 
in these umbrella sampling simulations is based on earlier diffusion work in related 
zeolite materials and is defined as follows40. First, the relative vector between 
the centroid of the selected water molecule that undergoes the hopping and the 
centre of the 6MR aperture separating cages 1 and 2 is determined. The CV is then 
defined as the oriented, perpendicular projection of this relative vector on the 
outwards normal of this 6MR aperture as observed from cage 1. Hence, CV = 0 Å 
corresponds to the water molecule being in the 6MR aperture, while CV < 0 Å and 
CV > 0 Å correspond to the molecule being in cages 1 and 2, respectively.

For each of the 20 different transitions (vide infra), the CV was divided into 
47 equidistant windows centred with CV values between −11.5 Å and 11.5 Å. 
To restrict the simulation to each individual window, a harmonic bias potential 
at the centres of these equidistant windows was applied with a force constant of 
25 kJ mol−1 Å−2. Each of these umbrella sampling simulations was run for 2.25 ns, 
including 10 ps of equilibration time. After this, the free energy profile for each of 
the transitions was obtained from the sampling distribution in each window by 
the weighted histogram analysis method (WHAM)75,76. To prevent the other water 
molecules from escaping from their respective cages, an additional harmonic bias 
potential with a force constant of 100 kJ mol−1 Å−2 was applied to each of those 
other water molecules whenever the centroid of the molecule was at least at a 
distance of 9 Å from the respective cage centre; this bias potential disappeared as 
long as the water molecules remained within a radius of 9 Å from their respective 
cage centres. This bias was also applied to the water molecule that undergoes 
the transition, but only when the molecule was sufficiently far from the 6MR 
aperture and hence sufficiently committed to one cage (|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 prevents the water molecule from leaving the cage 

through a different 6MR aperture, similar to the effect of the spherical bias on the 
spectator water molecules.

The above procedure was followed for 20 different transitions. In the  
first set of ten transitions, besides the biased water molecule, cage 1 was filled  
with a critical cluster of five water molecules, while cage 2 was filled with in 
between zero (first transition) and nine (tenth transition) water molecules.  
The results of the first six of these simulations are shown in Fig. 4d. In the  
second set of ten transitions, this procedure was repeated but with a supercritical 
cluster of 30 molecules instead of a critical cluster of five water molecules in 
cage 1 to quantify the effect of supersaturation. All results are discussed in 
Supplementary Figs. 84–85.

Data availability
Source data for the main paper figures are provided with this paper. Additional 
experimental data generated during the current study are available from the authors 
upon request. Relevant configurations for the optimizations and MD simulations 
are available through Zenodo77. Additional computational data supporting the 
results of this work are available from the online GitHub repository at https://
github.com/SvenRogge/supporting-info or upon request from the authors.

Code availability
The Yaff software used to perform the MD simulations in this paper is freely 
accessible via https://molmod.ugent.be/software/yaff. Representative input and 
processing scripts are available at https://github.com/SvenRogge/supporting-info.
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