Supplementarynformation
for

High rate nanofluidic energy absorption in porous zeolitic frameworks

Yueting Suf - 33ven M.J. Rogde* Aran Lamaird, Steven VandenbrantidelleWiemé,

Clive R. Siviout, Veronique Van SpeybroetKinChong Tah

Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, United King-

dom.

2Center for Molecular Modeling (CMM), Ghent University, Technologiepark 46, 905id&@avde, Bel-

gium.

3School of Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, United King-

dom.

AThese authors contributed equally to this work



Table of Contents

S1 Material synthesis and characterisatian...........cccccccciiiiccceeiiiiiiecieecceeeeeeeeers e
S1.1 Molecular structure of ZIFs and zeolites investigated..................ccceceiiiinnnnns 4
S1.2 Material SYNTNESIS.......ccoo i e 6
S RS I V[ Tod (oL Tolo] o) VTP PP PPPPPPRPPPPP 8
S1.4 Powder Xray daraction (PXRD)........cccueiierieiieiriemmmeeseeieseesseesseesssemmnsesssessesssessseesnes 9

S2  Additional experimental results of hydrophobic cagee frameworks........................ . 14
S2.1 Water intrusion and extrusion Of ZBE............cooiiiiiiiiieen e 14
S2.2 Water extrusion of ZIFB revealed by higlnate experiments............cccccvvvvvvivieenne e, 16
S2.3 Water intrusion pressure of ZIFs at different strain rates..............evvevviceeviiieeeeeeeennn. 18
S2.4 High-rate water intrusion GEIF-71...........cuuuiiiiiiiiiiieemn e e 19
S2.5 ZIFs under multiple dynamic loading CYCLES............coviieiiiiiiiemnniiieeee e 20
S2.6 Waterintrusion of ZIF11 and ZIFL2.........ccooiiiiiiiiiiiiiceeeeeee e 21
S2.7 Stability of ZIF-8 for water intrusion applications.............cccuvvviiiiiieeeeeee s 23
S2.8 Generalisation of the design rules to hydrophobic ¢tgge zeolites.............cccvvvvvnvinnnn 25
S2.9 Effect of crystal size on water intrusion and energy absorption............cccccvvieeeeeennnn.. 27
S2.10 Energy absorption performance of other nanoporous materials...............ccccoeeeeenn... 30

S3  FOrce field deriVation............oouuiiiiiiiii ettt reei e rmmee e 32
S3.1 Ab initioenergy equation Of STAE.............uuiiiiiiiiiiee e 32
S3.2 FOrce field A rVALION.......cciii ittt ettt e e e e e e e eeereeeeeees 33

S4  Grand canonical and canonical Monte Carlo reSults............cccccovviceeeeiiieiiiiieec i 35
S41 Determining water Saturation iN ZB.........ooooiiiiiiiiiiceeee e 35
S4.2 Water distribution at different [0adings.............uuvviiiiiiiieec e 36

S5  The ZIF8 structure at different water loadings and pressures............ccoooeveeecvvvnnnnnnnes 39
S5.1 Simulated powder Xay diffraction patterns..........ccoooiviiii oo 39
S5.2 Distribution of the SWing angle...........ooo o e 45

S6  Swing angle distribution frorab initio molecular dynamics simulations......................... 49

S7  The distribution and mobility of confined water in Z8An equilibrium..............cccccce 50
S7.1 Distribution of water inside the Cages.............ooi i ccee e 50



S7.2 Quantifying the hopping of water between the cages..........cccooiimmmriiiiiiie 62
S7.3  The mobility of water INSIde ZHB ............cooiiiiiiiiiie e 64
S8  Theintrinsic timescale for the formation of stable water clusters.............cccccoveeeeeinns 76

S8.1 Statistical analysis through MD simulations of a 1x1x2 -&IFsupercell with an
inhomogeneous water diStrDULIQN............ooiiiiiiii e e 76

S8.2 Effect Of the ZIF8 MOUEI SIZE.....c..oeeee ettt eee et e e e e aeead 81

S8.3 Connection between the intrinsic timescale for the formation of stable water clusters and the

experimental intrusion times and Strain FaleS.............vvvviiiiiieeee e 100
S9  The nucleation and structure of critieated water clusters inside the BFcages............ 102
S9.1 Critical-sizedcluster nucleation according to classical nucleation theary................ 102

S9.2 Critical-sized clusters derived from MD simulations with @amhomogeneous water
distribution and GCMC SIMUIALIONS .........uuuiiiiiiieeii e rrmeee s ee e e e e e e e sae 106

S9.3 Umbrella sampling simulations to determine the critical cluster sidaglanassociated free

ENEIGY DAITIEL.....oeiiieeeeeeee et ———e e e e e e e e e e e e e e e e e aaeeeaeeean 109
S9.4 Water organisation inside the critical CIUSIEIS..........uuviiiiiiiiiiie e, 117

S10 Classification of ZIFs as effective impact absorbers undertaighwater intrusion according to

the formulated deSIgN UIES...........uviiiiiiii e e mnmr e e e e e e 120
S11 Additional experimental results of hydrophobic chars@itaining frameworks.............. 125
S11.1 Water intrusion and extrusion Of ZSM..........ccoiiiiiiiiiiiieeeiiieccee s 125
S11.2 Waterintrusion and extrusion of zeolfteand mordenite..............ccceeeviiiiiieeenniivinnnn. 126
S11.3 Energy absorption density of zeolites at different strain rateS.........cccccvvvvieeeeeeeenn... 127
S11.4 Zeolites under multiple dynamic loading CYCIES..........covvvvviieiiic e 128
S11.5 Effect of sample mass of zeolites in higtie experiments.............ccccvvvveiiiiieeeeeeeeens 129
S11.6 Effect of heat treatment Of ZEOIIES..........covv it 130
SUPPIEMENTANYEIEIENCES. ...ttt e e e e e s rmmne e e e eaeeees 131




S1 Material synthesis andcharacterisation

S1.1 Molecular structure of ZIFs and zeolitesinvestigated

As a subfamily of MOFs, ZIFs haweolitic topologies constructed from divalent cations connected
through imidazolatdased ligandsThe hydrgohobic ZIFs investigated in this workSQupplementary
Figure 1) are of different chemical compositions and topologiag, all of them arecomposed of
nanaages connectethroughrelatively narrowwindow aperture In contrat, most of the zeolites

shown inSupplementary Figur2 havechannelcontainingframeworls except for chabazite

ZIF-71

sod topology sod topology sod topology sod topology rho topology
PLD [A] 24 34 2.4 3.4 5.5
LcD [A] 5.6 11.4 5.6 11.4 17.0
LCD/PLD 2.3 33 2.3 33 3.1

Supplementary Figurel | Overview of the five ZIFs discussed in this workShown are their struc-
ture, their building blocks, and their pore limiting diameter (window aperture size, PLD) and largest
cavity diameter (LCD). bim = benzimidazolate, mim-m2thylimidazolate, dcim = 4-8ichloroimid-
azolate.
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Supplementary Figure2 | Overview of the zeolites discussed in this worlShown are theiréme-
work structuregbrown: oxygen; light navy: siliconZSM-5, mordenite, and zeolife havechannel
containing frameworke/hile chabazitédhas a cagéype frameworkNote that zeolitéh is an intergrowth
material of polymorph A and B, which are built from different stacking of the same building layer



S1.2 Material synthesis

ZIF-8 was purchased from Aldrich Sigma (Basolite® Z12a0)e metal sourcefor the other ZIFs
include zinc nitrate hexahydrate (&s)2-6H.0, 98%, Acros Organics), cobalt nitrate hexahydrate
(Co(NGy)2-6H,0, 98%, Acros Organics), zinc acetate dihydrate (ZR(B).-2H.0, 98%, Acros Or-
ganics), and cobalt acetate dihydrate (Cof@B}).-2H.0, 98%, Acros Organics); the organic sources
include benzimidazole (Hbim, 98%, Acros Organicsimethylimidazole (HmIm, 99%, Acros Organ-
ics), and 4,Hichloroimidazole (Hdclm, 98%, Alfa Aesar); the solvents inclb&l-dimethylforma-
mide (DMF, 99.5%, Fisher Chemical), methanol (MeOH, 99.8%, Fisher iCaintoluene (analytical,
Fisher Chemical), and ammonium hydroxide gNEB% aqueous solution, Alfa Aesar).

ZIF -67.In a typical synthesis of Z#67, 4.37 g Co(Ng).-6H.0O (15 mmol) and 4.93 g HmIm (60 mmol)
were dissolved in 303 mL MeOH (7.5 mol), withmlar ratio of 1 Co: 4 Hmim: 500 MeOH. The
resultant solution was stirred continuously at room temperaturetfofie precipitates were separated
from the solvent through a centrifuge (10,000 rpm for 10 min) and washed three times with MeOH.

Then the poduct was dried at room temperature overnight.

ZIF-71.In a typical synthesis of ZH1, 0.18 g Zn(CkCO;)2:2H,O (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 H@4lad

MeOH. The resultant solution was kept at room temperature without stirring forT2¥ 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 dfiat room temperature overnight. A similar synthesis
method has been reported previoudsly.

ZIF -7.1In a typical synthesisf ZIF-7, 2.35 g Zn(NG)2-6H,0 (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 temperaturenfidoRowed by22 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? Finally, the product was dried at room temperature overnight, and then heated in aif@t 200

for 12h, to obtain the guedtee Phase Il of ZIF #

ZIF-9. As the structural analogue of ZIF ZIFF9 was synthesized in a similar way, but using
Co(NGs)2-6H,0 instead of Zn(Ng).-6H.,O as the metal source. In a typical synthesis, 0.77 ¢
Co(NGs)2:6H,0 (2.64 mmd 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 24h. The suspended precipitates were separated from the solrgrtta centri-

fuge (12,000 rpm for 45 min) and then washed for three times with DMF. Finally, the product was dried



at room temperature overnight, and then heated in air tQ@8r 12h, to obtain the guestee Phase
Il of ZIF-9.

ZIF -11.ZIF-11wassyntesized by adopting a reported methdua typical synthesis of ZHE1, 0.45¢g

HbIim (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. Aftewards 0.41 g Zn(CkCO;).-2H.0O (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 8. The precipitates were separated from the solventghra 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 ZD@or 2h.

ZIF-12. As the structural analogue of ZIH, ZIF12 was synthesized ithe same way, but using
Co(CHCOy)2-2H:0 instead of Zn(CECO,)2-2H.0O as the metal source. In a typical synthesis, 0.45g
HbIim (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 mma) Niter stirring at room temper-
ature. Afterwards 0.47 g Co(GEIO,)2-2H,0 (1.88 mmol) was added. Thesultant solution, which had

a molar ratio of 1 Co: 2 Hbim: 2 NH300 MeOH: 100 toluene, was stirred continuously at room tem-
perature for 31. The precipitates were separated from the solvent through a centrifuge (8,000 rpm for 2
min) and then washedfthree times with MeOH. Finally, the product was dried at room temperature
overnight and then heated in air at 2@for 2h.

ZIF -8 nanocrystals.To investigate the effect of crystal size (Supplementary Se8fidh nanocrystals

of ZIF-8 were synthesized. In a typical synthesis, 3.0 g Zg{N&H,O (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 HmIim: 500 M&0é1
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 temperaturerght.



S1.3 Microscopy

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

the neaSNOM microscop@easpecpperating under the tapping mode. A silicon probe, Scout 350
(NuNano) was employed, which consistsaadBi cantilever with a conical tip at its efreminalradius

5 nm). The cantilever waand24. 5memonlgi, cBO EmMmswidgon
kHz andits spring constant was 42 N/m. Additional scanning electron microscopy (SEM) imeages

collected for ZIF8 and ZIF71 samplesthe SEM image of ZIFB was obtained from Zeiss Evo 1S,

while the one for ZIF71 wasobtainedfrom Hitachi TM3030Plus.

Supplementary Figure 3| AFM and SEMimages of the ZIFs before water intrusion. a, ZIF-8 (left:
SEM, right: AFM), b, ZIF-71 (left: SEM, right: AFM) ¢, ZIF-7, d, ZIF-9, e, ZIF-67. f, ZSM-5, g,
zeolite b, h, mordenite. ZIF7 and ZIF9 are theguestifree phase Il samplesand the three zeolite
samples are after the heating treatmentGaQ°C.



S1.4 Powder X-ray didraction (PXRD)

Before the water intrusion experiments, the crystallinity of the powdered samples wasiednfging

powder Xray diffraction (PXRD)experimentsThe PXRD patterns after water intrusignarked with

i WIinbSupplementary Figuréto Supplementary Figurgl) at different loading rates are included as

well, showing that the molecular structures of these frameworks are intacthatdguasistaticand
high-rateexperimers. PXRD patterns were rerded on the Rigaku Miniflex 600 using®iJ r adi at i on
(15 mA and 40 kV) at a scan rate 6frin using a2d stepsize of0.01°

WI_1000 cycles
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Supplementary Figure4 | PXRD patterns of the ZIF -8 samples In addition to the XRDpatterns of
ZIF-8 samples after lowate and higirate water intrusion experiments, the result affe@Q intrusion
extrusioncycles(shown inFigure2eof the main textis also includedThe samples maintatheirintact
crystalline structure after watt intrusion which isconsistent with the retained level of accessible pore
volumein the multicycle experiment$he XRD intensities have been normalized (a.u.) with respect to
the highest peak of eagiattern
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Supplementary Figure5 | PXRD patterns of the ZIF -67 samples.The XRD intensities have been
normalized (a.u.) with respect to the highest peak of pattbrn
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Supplementary Figure6 | PXRD patterns of the ZIF -7 samples.The obtained XRD pattesragree

well with the reportedesultsin Ref. 4. The broadening of the Bragg peaks is due to the nanocrystal size
of the samplesThe XRDintensities have been normalized (a.u.) with respect to the highest peak of each
pattern
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Supplementary Figure7 | PXRD patterns of the ZIF -9 samples As the structural analogue of ZIF
7, ZIF-9 has a XRD patternsimilar tothat of ZIF7 (Supplementary Figur®. The XRD intensities
have been normalized (a.u.) with respect to the highest peak gbattetm
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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 patthrn
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Supplementary Figure9 | PXRD patterns of the ZSM-5 samples The XRD intensities have been

normalized (a.u.) with respect to the highest peak of patthrn
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Supplementary Figure10| PXRD patterns of the zeolite-b samples.Zeolite-b is an intergrowth of
polymorph A and B diffang in the stacking of the 1@ng channelsand therefore has a single broad
peak in the 510° range which agrees well with those reported in the literaflie XRD intensities
have been normalized (a.u.) with respect to the highest peak gbattetm
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Supplementary Figure11| PXRD patterns of the mordenite samples.The XRD intensities have
been normalized (a.u.) with respect to the highest peak ofpadienn
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S2 Additional experimental results of hydrophobic cagetype

frameworks

S2.1 Water intrusion and extrusion of ZIF-8

Here we show a complete profile -8 data for Figuréb-c of the main texincluding the strain rate
history. The three complete intrusion/extrusion curves are plotted into Figure 2b and the extracted in-
trusion pressures, extrusion pressures, and gragprption densities are plotted into Figure 2c as a
function of the different strain rates during intrusion and extrusiothe lowrate and mediumate
tests(Supplementary Figurg2a-b), the unloading process is also externally driven, and controlled at
the same rate as the loading process. However, thedtiglexperiment has an uncontrolled free un-
loading procesg&Supplementary Figurg2c), which is dependent on the material respofike recoded
reflected waves ithe SHPB experiments allow us meeasurehestrainrate history during the intrusion

and extrusion procesAs shownby the dasidline in Supplementary Figuré2c, the extrusion rate is

one order ofnagnituddower than the intrusion rat@(? s* vs 10° s1).

a 4 b
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Supplementary Figure 12 | Water intrusion and extrusion of ZIF-8. a, Low-rate,b, mediumrate,
andc, high-rate conditionscorresponding to the result of Figitlec in the maintext Solid lines rep-
resent the pressure; dastines represent the corresponding strain rate.
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The uncontrolled free water extrusion process represents the performggtie -8ftwater} systems
unde 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 thiaditt recovery of thémpacted targeti-or this

reasonwe do not require the loading and unloading rates to be theisamehigh-rateexperiments.

There are two challenges to measuring energy absorption at an extrusion or unloading rate matching the
intrusion rate of 10s®. 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 impactorn.g., 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 absorptionsisaat égh as the

values reported in the main text.

-15-



S2.2 Water extrusion of ZIF-8 revealed by highrate experiments

To understand the factors influencing #gxtrusion ratef water molecules from ZH8, a series ohigh-

rate experiments with different iigent pulsesvere carried out Threedifferent incidentpulseswere
designedas shownin Supplementary Figur&3a, and theircorresponding water intrigm-extrusion
curvesareplotted inSupplementary Figurg3b. The incident pulses are designed so that two of them
(light purple and lighgreen curvesreatepartialwaterintrusiors (defined as having maximal strdih

= 0.13)up to a similar volumatc strainat different intrusion ratesvhile the other onegfey curve
results ina completewvaterintrusion (defined ashaving maximal straitd= 0.2) at thesame intrusion
rate as the light purpleurve(H= 2,000 s').

The results are zoomed in fodatailed analysisfahe extrusion pressur&@pplementary Figurg3c)
and extrusion rate&Supplementary Figur&3d). Forthe twopartial intrusiorcaseglight purple and light
green curveswe found the& extrusion performances to be very similgspitether differentintrusion
rates. This isexpected, as the extrusion of water molecules is governed by the infzl#si8+water}

behaviour

The comparison between the complete (grey) and partial (light purple) intrusion cases suggests that
water extrusion starts at a relatively higher rate @mas$sure, which then gradually decresae the

extrusion progresses. This agrees well with the observation in the meatitest the 20s? curve in

Figure2b of the main teXt where the pressure drogsaduallynear the end of the extrusion: the wate
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 mofehem are present inside thenoporougrame-

work, whichagrees with thsimulated results dfiopping evergtat differentwater loadings Supple-
mentarySectionS7.2.

Not e doniplatd & o d fvaen inttusioeatedefined onlyto aid the discussion ihis section

These labels aressentiallydistinguished by their different maximal strains, ipdedent of the com-

pleteness of water intrusion atthmaximal strais. From the low and mediunrate experimea re-

sultsin Supplementary Figuré2a-b, once the strain goes up to around 0.2, the entire accepsitgle

volumehas beemccupiedthe intrusion plateausdrandt he system undergoes a m
reduction in volumavith increasing pressure, corresponding to the elastic compression in step 3 of Fig.

2a of the main textIn highrate experiments, due to the increased gradient of intrusion plateaus, it
becomes harder to identify tlaetualcompletion of water intrusiofrom the highrate stresstrain

curves.

-16-
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Supplementary Figure 13 | Water intrusion and extrusion of ZIF-8 in the high-rate experiments
usingdifferent incident pulses.a, Threeincident pulses of different time durations and intensities were
designedas theenergy input to drive the water intrusjamhichwas achievedby using different strikers
launched at different levels of air pressures, together with different desigriseo§papers the SHPB
experimentsb, Corresponding testingesults. The grey and ligpurple curves show the complete in-
trusion and partial intrusion respectively at a higher intrusion rate of about x1®hile the light

green curve shows a pattiatrusion at a relatively lower intrusion rate of about 1>€0¢, Comparing

the stresstrain curves during the water extrusidnComparing the strain rate during the water extru-
sion.The arrows irc andd indicate that the extrusion pressure and extrusion rate gradually decrease as

the extrusion progressdsom the complete intrusionase(grey)to the partial intrusion (lighpurple)
case.
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S2.3 Water intrusion pressure of ZIFsat different strain rates

Supplementary Figur&4 shows the intrusion pressuresacfyroup of hydrophobic ZIFat different
strain rates. Evidently, the ratiependence of thHatrusion pressure is observed for all these dgge
ZIFs. Although the intrusion pressures of ZIE, ZIF-7, and ZIF9 are not available at high rates, these
materials display a strong rate effect at low and medium rates, and we estimate-ffilathAEa very
high intrusion pressure exceeding 150 MPa at a rate,0082! (seeSupplementary Figurgs). The
rise in intrusion pressure and fall in exdien pressureanenlargethe hysteresis area at increasing strain
rate, resulting in a greater energy absorption dersstgan be seen in the resulZéF-71 (seeFigure

5b of the main text

The comparison between the structural analogues8xE-ZIF-67, and ZIF7 vs ZIF-9, suggests that
the ratedependece ofintrusionpressurds primarily contributed by the cadgpe structure, whereas
the influence of chemical moieties (ZaNs CoNy) is limited. One minor differenceobserved ighe

slightly higher intrusion pressure of the zihased frameworks (Z¥# and ZIF8) compared to the co-

baltbased frameworks (ZIB and ZIF67) at low to medium strain rates.
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Supplementary Figurel4| Water intrusion pressure of a variety of ZIFs as a function of intrusion
rate, showing a significant ratedependence for all the ZIFsSince ZIF7 and ZIF9 have limited
pore volume, their intrusion plateaus are difficult to recognize at higher loadesy eetd therefore
corresponding intrusion pressures are not available. The intrusion pressure/@fatifigh 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 ZIF71 has a very strong ratiependence. As shown in Figutedd the main text

its intrusion pressure already doubtetweerow-rateandmediunirate conditios. Therefore, ZIF71

is expected to have a very high intrusion pressaoder highrateconditiors, which unfortunately cannot

be captured using the current SHPB selmmrder to prove that it indeed has a high intrusion pressure
atahigh strainrate, we attempteah SHPBexperimentand obtained the linear curve showwrsupple-
mentary Figurel5. There is no intrusion plateapservedwithin this range, indicating that the water
intrusion pressure of ZH£1 underthis condition (an average strain rate of 186pis at least 150 MPa.
The overall gradient of the plot corresponds to the elastic compression{@fél+wate} system,

which isreminiscent othe elastic pamf the curves in Figure 5tf the main text

150 1

Supplementary Figure 15| The testing result of{ZIF -71+water} systemin the high rate experi-
ment. The absence of an intrusion plateau indicttasthe intrusion pressuexceed450 MPa.

-19-



S2.5 ZIFs under multiple dynamic loading cycles

Here we show thevater intrusion of ZIFsindercyclic loadings The result of ZIF8 has been presented
in Figure 2i-e of the main textSupplementary Figurg6a-b show that ZIF67 and ZIF71 also have
consistent performanaiuringmultiple dynamicloading cyclesThis suggest thatthe intrusion ofZIF-

8, ZIF67, and ZIF71 is recoverable, anthereforetheir energy absorptiosystens can be reusetb
cope withmultiple impacs. ZIF-7 and ZIF9, however perform differently Figure 5cof the main text
shows that there is no extrusion plateau in their unloading € Bupplementary Figurgéc-d present
theirsecond loading cycggwhich confirm that no further intrusiaran be observeds all the nanopores
have been occupied by the wateoleculesn the first loading cycle. This means that ZIand ZIF9
cannotbe reused for water intrusiomhis can be explained by their very small apertw@spared with
the size of water moleculé€ne way tareactivatethese materiak is to evacuate theater molecules

by heat treatment, as reported in Ref
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Supplementary Figure16| Cyclic water intrusion and extrusion of different ZIF materials. a,
ZIF-67 at high strain ratd, ZIF-71 at medium strain rate, ZIF-7 at 0.3 §, andd, ZIF-9 at 0.3 8.
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S2.6 Water intrusion of ZIF-11 and ZIF-12

Supplementary FigurE7 shows the cyclic water intrusion of ZIFL andZIF-12 underquastistatic con-
ditions, together with their PXRD patterns and SEM images before the experilentate that water
intrusion into ZIF11 has been attempted in a recent sfualyt its water intrusion behaviour was not

successfully detectegpssiblydue to the crystal size effeftt

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 he nonreusable performance of ZFand ZIF9 (Figure 5c¢ of the main text and
Supplementary Figur&éc-d). The pore limiting diameter (PLD) oZIF-11 ard ZIF-12is 3.0 A (see
Supplementary Tablgof SupplementargectionS10, meaning thaPLD must be larger tha®i0A to

enable e reusability.

Note that the PLD of ZIF8 and ZIF67 is3.4A, only slightly higher tha®.0A, but they have a reusable
performance (Figure 2d of the main text). Aerefore, for the design rule #8 the reusability of water

intrusion energy absorbirgystemsthe PLD threshold valueas determined to be3 A.
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Supplementary Figure 17 | ZIF-11 and ZIF-12 samples and their water intrusion experimental
results. Cyclic water intrusion of, ZIF-11 andb, ZIF-12 under quasstatic loading conditions €10
3s1). PXRD patterns o€, ZIF-11 andd, ZIF-12 samples, which were recorded by the Rigaku Miniflex
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S2.7 Stability of ZIF -8 for water intrusion applications

Material stability is craial for practical applications. Figes 2d-e of the main texdemonstrate that
ZIF-8 exhibits consistent behaviour during the midticle energy absorption tests without noticeable
decay in performancd his indicateghatits molecular structure remaiintact, which is further sup-
ported bythe X-ray diffraction patternsbtainedoefore and aftethe testgSupplementary Figurd). To
further confirm the stability of ZIFB for this application, we designéike following two experiments

with results shown iSupplementary Figurs.

The first experiment iglesigned t@onfirm thestability of ZIF-8 under repeateligh-ratewater intru-
siontestson the{ZIF -8+water}sample We carried ou set of twenty higkrate tests on fIF -8+wa-

ter} sample afterwhichwe measured the pressw@ume change responde-¢V) of the tested ZIf8
sample to evaluate its porosity bastatidwatenintri-he con
sion andextrusion. Water porosimetry is a technique equivalent to the more conventional mercury in-
trusion porosimetry but is dedicated for measuring hydrophobic porous matéfiaks obtained result

was then compared with that of a fresh-BlBample to identify any potential change of porosity caused
by material degradation during the repedtiggh-rateexperiment. The length of the intrusion plateau of
the P-q curves repesents the total pore volume or porosity of the material. According to the results
shown inSupplementary Figurg8a, there is no significant change between the observed intrusion/ex-
trusion behaviour before and after tiepeated higiate experiments. This demonstrates that multiple
high-ratewater intrusiorextrusion cycles do not cause ZBRo degrade, meaning thatan bestable
afterrepeated mechanical impacts. We did not extend ourrhigitestsup to hundreds of cycles due

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

in real impaciattenuating appdiations.

It is worth noting that all experiments in thésearchvere carried out at room temperature. The earlier
reported temperature effect of quagtic water intrusion into ZH8 demonstrated the possibility of
structural degradation during the temintrusion, but only at high temperatuca.(90 °C).° The struc-

tural degradation in that wiorcan be explained by the synergetic effechigh temperature antigh

pressure; by working at room temperature in this work, this synergetic effect is ditseobserved

high structurafailure resistance of ZH8 against the impaairiven water intrgion 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 obsentbd @ctiondrhe intrinsic water mo-

bility timescale revealed by rfrezular dynamics simulatiof®f 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 experimeatms to examine the lonaggrmwaterstability of ZIF-8 in this researchZIF-8

was initially thought to be stable in watéhut some reent studies reported tha--8 is stable in water
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only for a period of time and can dissolve imboc and imidazolate iorend form new substanem the

long term!*14 To this engdwe designednexperiment to determine the possible change of&péros-

ity after being immersedhiwater for over a week. We used the water porosimetry technique to establish
a pressur@olume changeR-qV) relationship for porosity evaluation. The specific procedures are as
follows: we fabricated §ZIF -8+water} sample by immersing ZIB in water, ad one cycle of water
intrusion was conducted on the sample to ensure that water molecules were in sufficient contact with
the ZIF-8 crystals. Therthe{ZIF -8+water}sample was kept inside the testing chamber, With ZIF-

8 in water) for 8 days, followmig which itsP-gq) curve was measured and compared with the curve
obtained before the 8 days immersion. fgpplementary Figuré8b shows, no significant change of

ZIF-8 porosity can be observed before and after thetemg stability test.

The good water stability of ZIB in this research is likely attuted tothe hgh mass ratio of ZIF8 to
water.A highermass ratio of ZIF8 to wateri.e., moreZIF-8 or less water can inhibit tlessolutionof

ZIF-8, asthe highconcentration solution can be easily saturated with the inhibitive imidazolate lig-
andstt?In this researchwe used 25 wt% as the mass rati@ié-8 to water (.e., 25 mg ZIF8 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%$.We used such a high mass ratio mainly because it can
increase the porosity and energy absorption capacity §ZtRe8+water}system, but the high stability

of ZIF-8 becomes another benéefit.

It is worth noting however that this experirant has not ruled out the possibility of ZBFdegradation

if immersed in water for months or yeawghich wouldneed further investigation. Currently, there is a
growing interest on the water siiitly of ZIFsandMOFs, and sme approaches have been psgubto
enhance the water stability of Z8such as surface ligand exchaftfé These can be considered in the
future to exted the lifecycle othe nanofluidic energy absorption systems proposed in this work.

a b
ZIF-8: 20 cycles of high-rate intrusion ZIF-8: 8 days in water
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Supplementary Figure 18 | P-gq/ curves of ZIF-8 before and after: a, 20 cycles ofhigh-ratewater
intrusion.b, 8 days in watefo appreciable change in behaviour is observed, confirming the stability
of ZIF-8 with respect to multiplenpactdriven water intrusiomndlong-termwaterimmersion
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S2.8 Generalisation of the design rules to hydrophobic caggpe zeolites

In order toprove that our strategy can generalised to porous zeolitic framewqnie tested it against
chabazite, a caggpe zeolite which meets all the design rules. Chabazite consists of rhombohedral
cages with 8nembered ring (BMR) apertures. The material neated at 9560C for 3h to enhance the
hydrophobicity (design rule #1). Its largest cavity diameter (LCD) amounts to 7.4 A, higher than the
value of the pore limiting diameter (PLDyhich amounts t8.8 A (design rule #2). Meanwhile, its PLD

is over 3 A(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 chabazitenderquasistatic conditios has been reported befdfeshowing a
limited energy absorption capacity. Herein, we carried out the water intrusion experimeinébazite

at different grain ratesSupplementary FigurBa-b shows that the strain rate strongly affects the energy
absorption density during the water intrusion and extrnysie expected from our design rules. A sub-
stantially larger energy absorption is obtained at the high strain rate, which increases frofrudide’ g
guasistatic compression to 22.3 3 gt highrate loading conditiong=urthermore, to check the reusa-
bility of the {chabazitewate} system, we carried out cyclic intrusion tests at different condit®uap-
plementary Figurd 9c presents two consecutive highte experimental resulthich are highly con-

sistent.

With these, we proved that the ceagpe zeolite, by meeting all the design rules, can also have reusable
and efficient energy absorption upon impact. This demonstiaesur strategy is not limited to ZIFs,

but that it can be generalised to porous zeolitic framewét&siever, comparing between ZIFs and
zeolites, it is worth noting that maiFs have a relatively larggravimetricpore volume, meaning

that they carhave a relatively higher energy absorption density using the water intrusion mechanism.
For example, ZIFB (47 J ¢) can absorb twice the energy that can be absorbed by chabazite§22 J g
at the same highate loading conditiorThe observation that gatype zeolites can absorb mechanical
energy also agrees with some reported results at low strain rates, whetgpeagguctures show a

slightly larger hysteresis than chantgbe structures under water intrusién.

It is worth noting that, although the intrusion process and pressure at high strain rates cannot be easily
identified in Supplementary Figur&9 from the small gradient change of the loading curves before and
after the start of water intrusion chabazite, thexgrusion plateaus can still be identified from the un-
loading curvesThe hysteresis area clearly demonstrates that the energy absorption capacity is highly
rate dependent. To further confirm that the obtained-ragh stresstrain curves are underpinnbg

the water intrusion and extrusion process, we carried outrhtghexperiments on samples wétdif-

ferent amount of chabazit&he resul in Supplementary Figur&9d show that with the increase of
sample porosityobtainedoy havinga higher amount of chabazite the samplethe extrusion plateau

becomes more evident, starting at a larger strain valbe. ektrusion plateau can be more easily
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identified in the higkrate experiments because the extrusion happens at a significantly lower rate than
the intrusion process. Shown as the dashed ligpplementary Figurgdd, the water extrusion from
chabazite happens at?3} while the intrusion happens at*&}, which are the same as the results from

the experiments on ZiB (see Figre2 of the main tet).
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Supplementary Figure19| Water intrusion of chabazite with cage structuresa, Stressstrain curves

at three different strain rates, which correspond to a specific volume chanié aft8x103, 20,and
3x1C cmP gl s?, respectivelyb, Energyabsorption densities as a function of the strain rate. The error
bars represent the uncertainty due to the incomplete unloading ctirdego consecutive highate
experiments showing consistent performancénfluence of the zeolite mass: highte water intrusion
and extrusion in 112 mg, 224 mg, and 336 mg of chabd#ise are the amowdf materialusedto
make a sample of @12.7 mm in diameter and 3 mm in length used in the SHPB experiments.
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S2.9 Effect of aystal size on water intrusion and energy absorption

In our previouswork we discovered that the crystal size of ZIFplays a role in the water intrusion
performancé.Due to the ultrasmall aperture (PLD) of ZIFwhichis smaller than the size of water
molecules, only nanocrystals of Zican be intruded by water moleculgglerquasistatic conditios,
while bigger crystals at micrometre scale are inaccessible to water moleculeX) &sbreporedthat
bigger ZIF8 crystals show a slightly higher water intrusion pressure than smalleundesgjuast

static conditios, explained by the possible local defactmanoparticles.

The effect of the crystal size on water intrusion at dynamic loading conditions haet be¢n investi-
gated. To this end, we synthesil a ZIF8 sample with a smallerystal size than the one in thein

text Supplementary Figur20 shows the PXRD patterns and atomic force microscopy images ofthe as
synthested ZIF8 samples. In comparison with the larger -BlBample in this workSupplementary
Figure20c or Suppementary Figur&a), the AFM image shows that the newz8 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 Shqwn in
plementary Figur@1l. In general, the water intrusion and extrusion behavquite similar between

the two ZIF8 samples of different crystal size&Supplementary Figur2la), 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 smallstalsyis slightly lower§upplementary Figure

21b). A closer comparison between the two samples is preserfeghplementary Figur2lc-e, show-

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

comes smaller.
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Supplementary Figure 20| Two ZIF -8 samples with a different crystal size. aPXRD patterns of
the two ZIF8 samplesb, AFM image ofthe smalleZIF-8 samplec, SEM image othe largerZIF-8
sample(also shown irBuppkementary Figur&a).
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The decrease of intrusion and extrusion pressures witteduetion in sizef the crystals agrees well

with the previous work on ZH and ZIF8 under giasistaic conditions*?° This is likely due to the

higher structural flexibility at the crystal interfaces: near the outer sutfaaaysalsare more flexible,

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

sion pressure increases wititreasing ZIF8 crystal size?® and an ultréhigh intrusion pressure is re-

quired to intrude micrsized ZIF7 crystals which are conceived as being inaccessibles worth

noting that this phenomenon agrees with the reportedegiancy in CQadsorptionin ZIF-7 with dif-

ferent crystal sizes, which has been ascribed to their different degrees of structural fléxibititie.

larly,the i ncrease in flexibility by crystal downsi zi

moduli for the micreand nanesized ZIF8 crystals??

The higher structural flexibility anpossible presence of disordered structures near the outer shell of the
small crystalé! may also be the reason for the observed slightly lower energy absorption density for the
smaller ZIF8 sample. The energy absorbing chgecage water flow can be interrupted by the crystal
interfaces g 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, wihink crystal size can be a design paramftefZIF +water} systemswhich should

be kept within a reasonable range to achieve a balance between the effecasshéther water can

intrude) and efficiencyie., high energy absorption density¥e do not thinkhere would be a general
guantitative threshold that can be set on all ZIFs, as it is most probably a stdegiarelent threshold,

varying from one material to another. For example, we observed thatsirecbZIF7 cannot be in-

truded by water moleculésvhile microsized ZIF71 can be intruded (Fig. 5f the main text this

can be potentially explained by their different structures and aperture sizes. With the knowledge ob-
tained so far, we beliewat 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 aelativelyminor effect on the absorption capacity compdcetthe four design rules that were

formulated in this work
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Supplementary Figure21 | Water intrusion of the two ZIF -8 samples with different crystal sizes.

a, Stressstrain curves at three different strain rateish the plots offset horizontally for claritp, 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 higgle experiments (dashed) were obtainedfeardnt
maximum strains for the two Zi& samples. Detailed comparisons of g/ curves between the two
samples are shown @at low strain rated at medium strain rate, amdat high strain rate.
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S2.10 Energy absorption performanceof other nanoporous materials

Currently, the materials used for nanofluidic energy absorption mainly include zeolites, MOFs, and sil-
ica. Most of the experiments reportpeeviously have been performed undgiasistatic conditions.
This is the first time that stressrain o P-gV relationships are obtained at high strain rates for the liquid

intrusion of any porous material.

The performance of several microporous zeolgelscussed in this work and compared with ZIFs. For
some other microporous zeolites and MOFs, theasestatic water intrusion performanceshaeen
summarised irRef. 19,23 These rests show that most hydrophobic zeolites have a reusable spring
behaviour with a very small hysteresis (< 10%), resulting in a limited energy absorption demdity (

J g% underquasistatic conditions. According to this work, at a higher strain rateynetaype zeolites
such as ZSM will retain their limited energy absorption densities, while ggge zeolites such as
chabazite can obtain an enhanced energy absorption density (up to'16eeBgpplementargection
S2.89. Compared with the ZIFs that we suggesies, ZIF-8, ZIF67, and ZIF71), the reported hydro-
phobic cagetype zeolites also have smaller pore volume. 0.1 cn? gt) which limits their energy
absorption densities. Although most {zeotiteate} 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 gfocess.

26

Mesoporous and macroporous silica can be made hydrophobic by surface treatnienteSvienma-

rized some reported quastiatic testing results iBupplementary Tablg. In contrast to microporous
zeolites, the water intrusion of hydrophobic silica produces a relatively large hysteresis, and because
theyalso 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 irreveesgdrformance (representedBy= 0 MPa in
Supplementary Tabl&). The highest quasitatic energy absorption density, amounting to 1%,Jsy

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

gt under impact/ but it cannot be reusetlie to theabsence 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 againstratghmechanical impact. It is

worth noting that besides the forced liquid intamsimechanism, there are also some other energy ab-
sorption mechanisms of nanoporous materials, such as the structural transformaatipore collapse,

and chemical bontireakage of flexible MOF&2° These mechanisms are similar to the crushing of
macroscale metallic and polymeric for#$? 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 differerfitom the mechanism of thiesearchthey are not included here.
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Supplementary Tablel | Energy absorption capacities of selected hydrophobic silica materials
under quask-static water intrusion conditions.

Silica Poresize  Pore volume Py Pex Eab Refs
(nm) (cm’g?)  (MPa) (MPa)  (JdY
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 5.1 35
Fluka 100 C8 7.8 0.55 16 11 36,37
Zeoflo-TL 100 1.7 1.6 4.5 37

-31-



S3 Force field derivation

S3.1 Ab initio energy equation of state

As outlined in theMethods sectionof the main texta 0 K energy equation of state for ZBRvas deter-
mined with VASPF8 following the procedure outlined in R&9 at the PBED3(BJ) level of theoryThe
resulting dataverefitted to the Ros&/inet equation of state to obtain the equilibrium volume and bulk
modulus® as shown irBupplementary Figur22. The resulting parameters ditedin Supplementary
Table2. Starting from the determined equilibrium volume, the dynamical matrix was extracted using

0.015A displacements for all atomic coordinates.

100 —@' | | | l ]

e PBE+D3 (B))
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Supplementary Figure22 | Energy equation of state for ZIF8. The equation of state was obtained
using thePBE+D3(BJ) levkof theory withthe RoseVinet fit.

Supplementary Table2 | ZIF -8 equilibrium parameters at 0 K. The equilibrium volure, the equi-
librium bulk modulus, and the pressure derivative of the bulk modulus at equilibrium. These data are
extracted from the Roséinet equation of state @upplementary Figura2.

o Equilibrium bulk Pressure derivative
Equilibrium volume V (A3)
modulus K (GPa) of the bulk modulusK i)
4981 9.7 1.3
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S3.2 Force field derivation

Theab initio-based force field used model ZIF8 was derivedrom the dynamical matrix determined
aboveusingthe QuickFFsoftware packag&“42Within this protocol, the guantum mechanical potential
energy surface (PES) is approximated by a sum of analytical functions of the nuclear coordinates that
describe the covalent and noncovalentraxtdons. The latter is composed of electrostatic and van der

Waals interactions:
D 0 D 0 0 0 0 n 8

The covalent interactions, which mimic the chemical bonds between the atoms, were approximated by
different terms aa function of the internal coordinates (bonds, bendspbplane distances, and dihe-

drals). The harmonic bond and bend terms are given by:
. o .. N
— 1 i
C
0
D — — — 8
C

Additionally, cross terms between thends and bends were included to improve the correspondence
with the ab initio data These cross terms comprise angle stretatich (ASS) terms between bonds
sharing a common atom and angle stretngle (ASA) terms, with the following mathematieabres-

sions:

D o "t o0 "1 — — 8
The outof-plane distances (oopd) wattescribed using a harmonic potential:
0
n ® —"q ., 0,8
q
This is a fouratom interaction, in which the internal coordinate is the distance between the central atom
and the plane determined by its thretghbours
The fourth covalent term is the dihedral energy term. Here, a cosine terfaragion of the dihedral

angleis used, which includethe multiplicityad  of the dihedral angle:

0 -
n ’® bep AT @ % n % n 8
The unknown parameters in albvalentterms (force constants, rest values] anultiplicities) were

directly estimatedising QuickFF
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The electrostatic interactions reemodéed asCoulomb interactiombetween Gaussian charge distri-
butions*® which allonedusto include all pairwise interactions. For Z&; the atomic charge§ were
derived with the Minimal Basis Iterative Stocktter (MBIS) partitioning schem®.

LN

— Ao,ées

D

P
Cp T

Gaussian charge distributions ieeused with a total charge and radiuf2 cented on atoniQThe

mixed radius of the Gaussian chargese defned ad2 Q  'Q .*Theelectrostatiénteractiors

dependon the distance between the two atoms.

The van der Waals interactionsnealescribed bthe 126 LennardJones model:

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 betweei@atdi

,, ATA T
q

For ZIF-8, these parameters were takesm the DREIDING force field® The £2 and 13 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 peBZifit cell, grand canonical Monte Carlo
(GCMC) simulations were performed on the ambiamrgssure (AP) phase at various water pressures.
At the highest pressure, saturation is redciteabout 80 water molecules per unit cell, or equivalently,
40 water molecules per cage (&gplementary Figur23for a representative convergendetp

80

70 — —

50 — —

40 — —

20 — —

Number of water molecules per unit cell

10 — —

. | | | |

0 50 000 100 000 150 000 200 000 250 000
Number of Monte Carlo cycles

Supplementary Figure 23 | Convergence of the number of water molecules as a function of the
number of GCMC cycles.Results are shown per conventional -Blinitcell, 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 Figurg4 to Supplementary Figur6 provide the distributions for loadis 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
2x2x2 ZIF-8 supercell at 298 K and afterwarttanslating the water molecules to one of the unit cells,

S0 to speed up the convergence.

4 H,0 molecules 8 H,0 molecules
) AP phase HP phase AP phase HP phase
1
o i
,.\'
z€[0.2,0.4] watgr
density
(kg 1)
1
0 '10
,100
z € [0.4,0.6]

n N

|
Y.

oA
1
y
0
¥
z€[0.6,08] Yy

-
"

z<[0.8,1.0]

%

0 X 1

Supplementary Figure24 | Distribution of the water molecules in both the ambient pressure (AP)
and high-pressure (HP) phase of ZIF8 at low loading Water distributions are shown as a function
of the fractional coordinates at loadings of either 4 or 8 water molecules per yrdtsagdtermined
from canonical MC simulations at 300 K.
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Supplementary Figure25 | Distribution of the water molecules in both the ambient pressure (AP)

and high-pressure (HP) phase of ZIF8 at intermediate loading Water distributions are shovati
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 Figure26 | Distribution of the water molecules inboth the ambient pressure (AP)
and high-pressure (HP) phase of ZIF8 at high loading Water distributions are shovat 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 powdenry diffraction pattern for each of the water loadings and mechanical
pressures, the totab i Fd R'Y simulation of 5 ns was divii 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 availgbleXrdPattgmrogram?® For this, the default copper

KUL wavelength (1.54058) was simulated, using a peak width of 0.572858'he PXRD patterns
reported irSupplementaryigure27to Supplementary Figuré2 are obtained by averaging over the 20
PXRD patterns of the sglmulations for each water loading and mechanical pressure separately. It is
shown that with a higher water loading inside -BlRhe intensities of some peaks changes, (@t 8,

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

(i.e., the Miller planes (110) and (211) afx2 8° and 13°, respectively) intersect the mim linkers of the

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

A 0 MPa
)
i 76 H,0
]
i
" 60 H,0
Il
z ':i
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E A.A gy e
| SN P e,
| | | |
0 10 20 30 40 50
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SupplementaryFigure 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 Figure28| Simulated powder Xray 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 Figure29| 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).
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