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Compressibility is a fundamental property of all materials. For fluids, that is,
gases and liquids, compressibility forms the basis of technologies such as
pneumatics and hydraulics and determines basic phenomena such as the
propagation of sound and shock waves. In contrast to gases, liquids are
almost incompressible. If the compressibility of liquids could be increased
and controlled, new applications in hydraulics and shock absorption could
result. Here, it is shown that dispersing hydrophobic porous particles into
water gives aqueous suspensions with much greater compressibilities than
any normal liquids such as water (specifically, up to 20 times greater over
certain pressure ranges). The increased compressibility results from water
molecules being forced into the hydrophobic pores of the particles under
applied pressure. The degree of compression can be controlled by varying the
amount of porous particles added. Also, the pressure range of compression
can be reduced by adding methanol or increased by adding salt. In all cases,
the liquids expand back to their original volume when the applied pressure is
released. The approach shown here is simple and economical and could
potentially be scaled up to give large amounts of highly compressible liquids.

become occupied by molecules of the
liquid.®) Either process would result in
a decrease in the overall volume of the
liquid. Such processes could potentially
be reversible or irreversible depending on
the nature of the chemistry involved. Al-
though liquids that contain empty spaces
may seem counterintuitive, recently such
liquids, termed “porous liquids” (PLs), have
begun to emerge as a new class of fluid
materials.**! They have been noted for
their ability to absorb large amounts of
gases into their empty pores, but their
compressibility has not yet been explored.

A promising class of PLs with re-
gard to compressibility studies are Type-
IIT PLs, which are formed by dispers-
ing small particles of solid porous materi-
als into a carrier liquid whose molecules
are size-excluded from the pores of the
particles.*] Type-III PLs are promising for

1. Introduction

Strategies to create a liquid with high compressibility can be
based on engineering empty spaces in the liquid.[*! When pres-
sure is applied, these empty spaces could: i) collapse, or ii)

achieving compressibility because the to-
tal void volume can be relatively high
(e.g., up to around 20%), and because
their design can benefit from existing physical knowledge of their
porous solid components. For example, some porous solids are
known to be compressible, that is, they collapse into denser forms
under applied pressure.l®! Therefore, Type-III PLs that consist of
dispersions of particles of such solids in carrier liquids could also
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Figure 1. The principle demonstrated here to achieve high compressibility in a liquid. a) Conventional liquids are almost incompressible, this is because
there is very little space between the molecules of the liquid. b) To create a compressible liquid, porous particles (yellow) are dispersed into a liquid
phase. The molecules of the liquid do not enter the porous particles at low pressures and so the particles remain empty, that is, the liquid phase is porous
and a substantial proportion of it is empty space (white). However, when pressure is applied the liquid is forced into the pores of the dispersed particles
causing a decrease in the total volume, that is, resulting in high compressibility. c) The molecular structure of ZIF-8, a material with hydrophobic pores
used as the porous particles in this work. d) Representation of the empty pores of ZIF-8 which can potentially be accessed by molecules through the

open windows.

be expected to be compressible. Alternatively, as demonstrated
here, compressible liquids could be based on Type-III PLs in
which the application of pressure forces molecules of the lig-
uid into the dispersed porous particles (Figure 1a,b). However,
realizing such behavior will require a very fine control over the
size-exclusion of the liquid molecules, which may be challeng-
ing to achieve. A more tractable variation on this approach is to
use Type-III PLs in which the exclusion of the liquid phase from
the pores is not based on size-exclusion but on solvophobicity. In
particular, using pressure to force water into the pores of a range
of hydrophobic porous solids has been studied in the literature,
including modifying the pressure range of intrusion by adding
alcohol or salts.”-'8] This provides a basis for forming compress-
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ible liquids by dispersing particles of hydrophobic porous solids
in aqueous phases.

2. Results and Discussion

2.1. Design and Synthesis

ZIF-8 is a solid, crystalline metal-organic framework material
which is highly porous (260% of its total volume is empty
space, Figure 1¢,d).*! It is a highly hydrophobic material. In
particular, its internal pores have very low water affinity,?°! and
it exhibits a high water-contact anglel?!l (142°) on its external
surface. Consequently, water does not enter its pores at ambient
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pressure. However, water can be forced in at pressures of ~#200—
300 bar.”"'7] We therefore sought to disperse particles of ZIF-8
into water to form a homogeneous dispersion, in the expectation
that such a dispersion should exhibit unusually high compress-
ibility, according to our strategy outlined above (Figure 1). How-
ever, to obtain a stable, homogeneous dispersion of a solid in a
liquid, the solid particles should normally be as small as possi-
ble to exhibit a high external surface area (per unit volume) and
thereby maximize interactions between the particles and the lig-
uid phase in which they are dispersed. Also, the external surface
of the particles should ideally exhibit attractive interactions with
the liquid. Indeed, stable dispersions of the hydrophobic porous
solid silicalite-1 have recently been reported based on these two
considerations.[??] Further, stability can be increased by match-
ing the densities of the liquid phase and the dispersed particles.
ZIF-8, as prepared by standard methods (crystallization from so-
lution), here designated ZIF-8S, normally consists of relatively
large particles (several hundred nm), has hydrophobic external
surfaces as noted above and low density (crystallographic den-
sity 0.95 g cm~3)."1 Correspondingly, we found that ZIF-8S did
not form stable dispersions in water. Specifically, after vigorous
stirring for several hours to disperse the solid, the solid particles
floated to the top of the water (creamed) within 2 days. Scanning
electron microscopy (SEM) of the solid ZIF-8S showed polyhe-
dral particles of ~400 nm (Figure S1, Supporting Information).
Dynamic light scattering (DLS) of the aqueous dispersion be-
fore creaming occurred showed particles principally of #1000 nm
suggesting there is aggregation of the particles in water. Consis-
tent with the low stability of this dispersion, and in agreement
with literature,[?) the external surface of the ZIF-8S material
was confirmed to be strongly hydrophobic as indicated by a high
water-contact angle of 139.45 + 2.54° (Figure S11b, Supporting
Information). The stability of these dispersions was deemed in-
sufficient for performing compression studies.

To improve the dispersion stability, we sought an alter-
native form of ZIF-8. It has been previously noted that
mechanochemical, solvent-free synthesis of related porous ma-
terials can give rise to smaller particles than standard solution-
based methods.?’] We therefore investigated ZIF-8 made by
this less conventional method (specifically by using solvent-
free twin screw extrusion, as reported previously).?*! We
further noted that if the reaction conditions were selected
such that incomplete conversion of the reactants to ZIF-8
occurred,?’! then the product, here termed ZIF-8E, was found
to contain ~15 wt% of the basic zinc carbonate reactant,
[ZnCO;],[Zn(OH),];, as shown by TGA and solid state *C
NMR spectroscopy. Being more dense (crystallographic density =
3.5 g cm~?) than ZIF-8,1%] the presence of [ZnCO;],[Zn(OH),],
should prevent the creaming of the particles and so improve
the stability of aqueous dispersions. ZIF-8E was found to con-
sist of relatively small particles (30-200 nm) as revealed by
SEM, transmission electron microscopy, and DLS (Figures S2
and S14, Supporting Information). Analysis of particle size dis-
tribution by DLS coupled with visual nanoparticle tracking for
aqueous dispersions gave qualitatively similar differences in
particle size distribution between ZIF-8S and ZIF-8E (Figure
S13, Supporting Information). Analysis by confocal Raman spec-
troscopy did not detect any [ZnCO,],[Zn(OH),]; on the sur-
faces of the particles of ZIF-8E, suggesting that it is contained
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within the particles. This is consistent with the mechanochemi-
cal method of synthesis in which particles react initially on their
surfaces, and remaining unreacted material is expected to be
buried within the particles.””] Correspondingly, the presence of
[ZnCO;),[Zn(OH),]; in ZIF-8E made little or no difference to the
water-contact angle (121.54 + 6.65°, Figure S11c, Supporting In-
formation) or the zeta potential of ZIF-8E compared to those of
ZIF-8S. However, as hoped, ZIF-8E was easily dispersed into wa-
ter at 12.5 wt% by vigorous magnetic stirring for 24 h to form a
milk-like dispersion, hereafter designated as “Compressible Lig-
uid 1”7 (CL1). The physical stability of the dispersion was quanti-
fied through space- and time-resolved extinction profiles gener-
ated using 870 nm light (Figure S15, Supporting Information).
The derived instability index for the aqueous ZIF-8S dispersion
was 0.55 whereas for CL1 it was 0.21 (Figure S17, Supporting
Information) confirming the greater stability of the latter. ZIF-
8E could be recovered from CL1 by filtration, and powder X-
ray diffraction analysis showed that it retained its crystal struc-
ture even after CL1 had aged for 1 week in air. CL1 was stable
to sedimentation for at least 11 days and therefore amenable to
study by compression experiments. Also, despite the presence
of [ZnCO;),[Zn(OH),];, ZIF-8E exhibits at least 85% of the pore
volume of ZIF-8S, so that the degree of compression of CL1
should still be far higher than that of conventional liquids. Over-
all, the increased physical stability of aqueous dispersions of ZIF-
8E compared to those of ZIF-8S can be attributed the increase in
particle density and reduced particle size.

2.2. Compression Experiments

The volume change of CL1 was measured using an Instron test-
ing machine with a stainless-steel chamber to apply hydrostatic
pressure to the sample inside (Figure 2 and Figure S21, Support-
ing Information). Pressure was increased from 1 bar to 500 bar at
a constant rate of 0.5 mm min~! and then decreased to 1 bar at the
same rate. Figure 2a shows that the volume of CL1 had reduced
by 7% at 500 bar, with most of this compression (~4%) occur-
ring above 220 bar, the pressure at which water starts to be forced
into ZIF-8. In contrast, under the same conditions, pure water
only gave a compression of 2.3% at 500 bar, approximately one-
third that of CL1. Note that for compressible liquids, the amount
of compression is governed by the total pore volume available
and it therefore can be adjusted by changing the amount of ZIF-
8E dispersed in CL1. Correspondingly, doubling the amount of
ZIF-8E in CL1 to give a 25 wt% dispersion was found to result
in a compression of #11% at 500 bar, and simultaneously gave a
wider range of working pressure (Figure S25, Supporting Infor-
mation). Also notable is that the presence of [ZnCO;],[Zn(OH),],
in CL1 does not dramatically affect the ease with which water
molecules can enter the ZIF-8E pores, since the observed intru-
sion pressure for CL1 is very similar to that of pure ZIF-8.[*]
The compressibility (8), defined as the relative volume change
in response to the change in pressure, of CL1 is plotted in
Figure 2a, bottom. CL1 has a similar compressibility to pure wa-
ter at pressures above or below the intrusion process, but deviates
greatly from that of water and gains its highest compressibility
during the intrusion process (Figure 2a). Specifically, the com-
pressibility of CL1 peaks at a value of around 10 GPa™!, twenty
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Figure 2. Compression tests on various compressible liquids, including the volume changes during compression—-decompression cycles, and compress-
ibility at different pressures. a) Comparison between CL1 (ZIF-8E dispersed in H,0) and pure water, b) Comparison between different compressible
liquids (CL1 to CL4) containing different concentrations of methanol (0, 1, 5, or 10 wt%). Replacing part of the water with methanol makes intrusion of
the liquid into the porous particles easier and thus the compression occurs at lower pressures. Over certain pressure ranges, the compressibility of CLs
is more than an order of magnitude greater than that of pure water or methanol solutions.

times that of pure water (0.5 GPa™!). The compressibility of a ma-
terial at a given pressure is often reported as its reciprocal quan-
tity, the bulk modulus, which is plotted in Figure S22, Supporting
Information. As expected, the increase in compressibility corre-
sponds to a remarkably large (20-fold) reduction of bulk modulus,
from above 2 GPa for pure water to ~0.1 GPa for CL1. At pres-
sures above and below the intrusion process, the bulk moduli of
CL1 and water are similar, showing that the compression occur-
ring in these regions is that of the interstitial water in CL1. The
double maxima in the compressibility data show clearly that the
compression occurs in two steps. This can be related to a struc-
tural change in the ZIF-8 which occurs during the filling process
as discussed further below.

The compression of CL1 was rapidly reversed when the pres-
sure was reduced back to 1 bar, with good reproducibility being
observed over multiple cycles (Figure S26, Supporting Informa-
tion), although in some cases a period of relaxation was required
for full recovery.®] Hysteresis was observed in the pressure—
volume change relationship (Figure 2a), (consistent with previ-
ous studies of water intrusion into ZIF-8)31l indicating that
shock absorption might be a potential application of compress-
ible liquids. During the decompression process, the compress-
ibility and bulk modulus exhibit similar trends to those in com-
pression, except that the highest compressibility is gained at a
relatively lower pressure due to the hysteresis (Figure S22, Sup-
porting Information).

To examine how the pressure that offers the high compress-
ibility could be varied, experiments were conducted with a small
amount of water replaced by methanol, specifically 1, 5, or 10
wt%, to give CL2, CL3, and CL4, respectively. In each case, ho-
mogeneous 12.5 wt% dispersions of ZIF-8E formed readily with
only ~10 min stirring. Their compressibilities were all simi-
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lar to each other in terms of peak values and the width of the
pressure window that offers high compressibility (Figure S27,
Supporting Information). However, as hoped, the presence of
methanol lowered the intrusion pressure substantially to around
205 bar (CL2) and 90 bar (CL3), confirming that the high com-
pressibility can be gained at substantially lower pressure through
this strategy (Figure 2b).°! For greater methanol content such as
10 wt% the compression was linear over the full pressure range,
and CL4 actually behaves similarly to the pure water—-methanol
solvent (i.e., not containing ZIF-8E, Figure S27, Supporting In-
formation). This suggests that ZIF-8E already absorbed the sol-
vent under ambient conditions before the compression began.
Therefore, a low methanol concentration is required to make ef-
fective compressible liquids. The high compressibility can also be
gained at an increased pressure by dissolving salt in the liquid,
for example, CL5, made from 12.5 wt% ZIF-8E dispersed in 2 m
NacCl solution (Figure S28, Supporting Information), consistent
with previous findings on the osmotic effect regarding electrolyte
intrusions of ZIF-8.1'81 Therefore, this generic type of compress-
ible liquid is versatile and can be designed to exhibit high com-
pressibility at a predefined pressure.*1%%8 It is notable that the
compressibilities of CL1-4 of up 10 GPa™! are all far greater than
those of any conventional liquids, or mixtures thereof, which are
usually less than 1 GPa™' (Figure S29, Supporting Information).

2.3. Neutron Scattering Experiments
To explore any potential structural changes in the liquid during
compression, CL1 and CL3 were analyzed by neutron scattering

during the compression process. This was of particular interest
because ZIF-8 has previously been reported to change structure
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Figure 3. Experimental small-angle neutron scattering patterns for D,O, CL1, and simulated neutron scattering patterns of the empty ZIF-8 and D,O-
filled ZIF-8 structures. a) Experimental neutron scattering patterns at 50 and 400 bar for D, O; b) the experimental neutron scattering patterns at 50 and
400 bar for CL1; c) simulated data for the empty ZIF-8 and D, O-filled geometry-optimized ZIF-8 structure; d) simulated data for the D,O-filled fixed ZIF-8
and D,O-filled geometry-optimized ZIF-8; and e) simulated data for the D,O-filled fixed ZIF-8 and empty ZIF-8. Q (A~") indicates the scattering vector.
f) Overlay of the variation with pressure of the lattice parameter and compressibility with pressure of CL1 during compression (black) and decompression
(red). The turning point between the decrease and increase in lattice parameter is consistent with the local minimum (green A) in compressibility,
indicating that the two-step filling process can be related to structural change in the ZIF-8 particles.

under pressure under some conditions, a process referred to as
a gate opening/closing mechanism.[?°! It can be noted that al-
though a structural change such as this can contribute to hystere-
sis, hysteresis has also been observed during water intrusion into
structurally rigid hydrophobic porous materials.**) Data (from
Q=0.02-50 A=, where Q s the scattering vector) were collected
on the near intermediate range order diffractometer (ISIS Neu-
tron and Muon Source). The experimental set-up is described
in Figure S30, Supporting Information. Deuterated water (D,0O)
and deuterated methanol (CD,0D) were used as the liquid com-
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ponents to avoid high background scattering from H atoms. As
the pressure was increased, data were collected at 50, 100, 200,
300, and 400 bar and again at the same points while the pres-
sure was subsequently decreased. Each pressure point was main-
tained for 3 h to allow for data collection, giving a total experiment
run time of 27 h.

Small-angle neutron scattering diffraction patterns for CL1 are
shown in Figure 3b. The expected Bragg peaks corresponding
to ZIF-8 are observed from Q = 0.5-1.7 A=’ superimposed
on a broad hump from Q = 1.2-2.0 A~' which is due to the
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bulk D,O liquid phase (Figure 3a, black). As the pressure was
increased from 50 to 400 bar, the intensities of the individual
peaks due to ZIF-8 systematically increased, systematically de-
creased or remained unchanged (Figure 3b, red). Changes in
peak intensity can in general be related to structural changes in
the ZIF-8 framework and/or to changes in scattering contrast due
to the pore-filling by D, 0. Most notable for the following discus-
sion are peaks at Q = 0.52, 0.74, and 0.91 A~!, which all decreased
in intensity, and the peak at 1.04 A" which increased in inten-
sity, as discussed below. When the pressure was decreased from
400 to 100 bar, the intensities of all peaks returned to their origi-
nal values, showing that the structure returns to its original state.
The pressure range over which the changes in peak intensity oc-
curred corresponded closely to the process of water intrusion as
determined from the compression experiments described above.
Similar overall behavior was observed for CL3 (Figure 2b), ex-
cept that the changes in peak intensity occurred at lower pres-
sure, again consistent with the compression press experiments
described above (Figure S27, Supporting Information).

2.4. Neutron Scattering Simulation and Interpretation

In order to understand the reason for the experimentally-
observed changes in peak intensities we generated computa-
tional structural models and thereby simulated the neutron scat-
tering patterns of empty ZIF-8 and D,O-filled ZIF-8, while either
fixing the ZIF-8 framework or allowing its geometry to equili-
brate after the pore filling process. The initial ZIF-8 atomic co-
ordinates used were based on a unit cell previously determined
from X-ray diffraction data®? and equilibration was done using
an infinite periodic repeating 2 X 2 X 2 supercell. A combination
of canonical Monte Carlo (MC) and molecular dynamics (MD)
methods was used to allow the structure to optimize and neutron
scattering data were simulated using Dissolve (1.0.0) software!**]
(see Figure S58, Supporting Information, for details). 640 water
molecules were loaded in the cavities of the supercell to simulate
the filled structure, a value calculated from the degree of com-
pression observed experimentally.

First, the combined effects of framework structural equilibra-
tion and D,O-filling were examined. Specifically, a comparison
was made between the predicted neutron scattering patterns for
the crystallographically-determined ZIF-8 structure in its empty
state (Figure 3c, black trace) with the pattern for the modeled
structure after it had been filled with D,0, and after the geome-
tries of both the framework and the contained water molecules
had been allowed to equilibrate (Figure 3c, red trace). The struc-
tural flexibility of the ZIF-8 framework is known to arise from ro-
tation of the methylimidazole groups, and is conventionally pa-
rameterized by the angle 6 between the planes defined by the
four Zn ions**] that define a four-membered pore opening. Dur-
ing the modeling of the filling and associated structural equili-
bration process, the average 6 value reduced from 61.0° (Figure
S57, Supporting Information) to 55.9° (Figure S68, Supporting
Information). It should be noted that the simulation method used
here does not encompass the bulk D,O outside the ZIF-8 nor
therefore the broad hump which this generates in the neutron
scattering data. Since this hump affects the ZIF-8 peak intensi-
ties at high Q, and because it has been found experimentally to
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vary with applied pressure,!**! we confine our discussion here to
the four peaks with Q < 1.1 A~1. For the first three peaks (Q =
0.52,0.74, and 0.91 A~") there is good qualitative agreement with
the experimental data, in that all peaks reduce in intensity (the
0.74 A-' peak vanishes altogether). Interestingly, whereas the
peak at 1.04 A~! increased in intensity during the experimen-
tal filling process, in contrast, the simulation predicts that it too
should decrease. To gain further insight into the reason for this
discrepancy, we conducted simulations that would distinguish
between the effects of a scattering contrast change due to the
pores filling with D, 0O, and the effects of equilibration in the ZIF-
8 framework structure itself. Specifically, by comparing the sim-
ulated neutron scattering data for empty, fixed ZIF-8 with that for
D, O-filled fixed ZIF-8, the effect of pore filling alone can be seen
(Figure 3e). The filling effect is predicted to decrease the intensi-
ties of all peaks below 1.1 A~!, and therefore this phenomenon
does not account for the experimentally-observed increase in the
1.04 A~ peak. Further, by comparing the simulated data for
the D,0O-filled fixed ZIF-8 structure (6 = 61.0°) with that of the
D,O-filled equilibrated ZIF-8 structure (6 = 55.9°) the effect of
the framework structural change alone can be seen (Figure 3d).
This reveals that the decrease in 0 causes the intensity of the
peak at 1.04 A~! to increase (see also Figure S70 and Table S20,
Supporting Information). This suggests that the experimentally-
observed increase in intensity at 1.04 A~! is due to a framework
structural change, specifically a decrease in the angle 6. It can
be noted that the 1.04 A~! peak is unique amongst peaks with
Q < 1.1 A-! in that pore-filling and decrease in 6 have mutu-
ally opposite effects on its intensity. Therefore, it is particularly
diagnostic in distinguishing between the effects of these two as-
pects on the experimental neutron scattering data. Overall, while
we note the limitations of this simulation procedure (specifically,
the effects of background bulk D, O, pressure, and potential or-
ganization of D,0 molecules in the pores are not accounted for)
the results point to a change in structure (reduction of 6) occur-
ring during the filling process. This is in agreement with predi-
cations made previously with regard to the effects of water-filling
in ZIF-8, although the specific underlying mechanism of how
water molecules initiate this structural change remains to be
elucidated.® As discussed below, this structural change has some
bearing on the observation of hysteresis.

As mentioned above, each of the compression and decompres-
sion processes occurs in two distinct steps as shown in the com-
pressibility data (Figure 3f). The neutron scattering analysis re-
veals that this behavior can be related to the structural change
which occurs in the ZIF-8 framework. In particular, analysis of
the lattice parameter (i.e., the edge length of the cubic unit cell),
as derived from variation in the position of the peak at ¥Q = 0.52
A1, shows that during the intrusion, there is initially a slight
decrease in the lattice parameter (between 50 and 200 bar) fol-
lowed by a larger increase (above 200 bar). Similar behavior has
been seen during intrusion of water into bulk ZIF-8 material.l'!]
Within the precision of these measurements (i.e., measurements
were only made at 50, 100, 200, 300, and 400 bar), the position
of the turning point in the size of the lattice parameter is con-
sistent with the local minimum observed in the compressibility
data at ~235 bar. Therefore, we suggest that the two-step intru-
sion relates to structural change in ZIF-8 during the process. We
note that the change in structure occurs, within the precision of
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Figure 4. a) Evolution of fractional saturation per cavity (instantaneous number of molecules divided by the average number of molecules at saturation)
of a ZIF-8 nanoparticle as solvent molecules intrude during compression simulations at 300 K and 800 bar. The stepwise intrusion of water in CL1
contrasts with the smoother and faster intrusion in the case of CL3. A simulation of the nanoparticle in pure methanol is included as a reference.
b) Probability that a ZIF-8 cavity containing a single water (left) or methanol (right) molecule will have n, molecules after time 7. These probabilities
were computed from compression simulations of the nanoparticle in neat water (CL1, left) and a 5 wt% methanol mixture (CL3, right). c) Simulation
snapshots of a nucleation event where a single methanol molecule in the central cavity (yellow spot) precedes the formation of a subcritical cluster and
the subsequent saturation of the cavity. A video and snapshots of other nucleation events induced by methanol are available in Figure S55, Supporting

Information.

these experiments, between the two steps of the intrusion pro-
cess, which might explain the origin of the two steps. However,
we also note the previous work!!! that has shown that the wa-
ter intrusion pressure into ZIF-8 can vary with particle size, with
smaller particles (e.g., 90 nm) absorbing at lower pressures than
larger ones (e.g., 130 nm). Since ZIF-8E consists of a range of par-
ticle sizes (30-200 nm), this could also be the origin of the double-
peak. Indeed related experiments in the literature with ZIF-8 did
not show a double peak.[!!! It can be noted that similar two-step
behavior is observed during decompression of CL1 (Figure 3f)
and for compression and decompression of CL3 (Figure S35,
Supporting Information).

2.5. Molecular Modeling

To gain molecular-level insight into the intrusion process, in-
cluding how methanol lowers the intrusion pressure, atomistic
Molecular Dynamics simulations were conducted for the instan-
taneous compression of a system consisting of a ZIF-8 nanopar-
ticle suspended in water, methanol, or mixtures thereof, at
300 K and 1, 500, 800, or 1000 bar (for more details see Figures
S50 and S51, and Table S19, Supporting Information). This
nanoparticle had the shape of a cube of edge length 51 A, cor-
responding to 3 unit cells (i.e., a 3 X 3 x 3 supercell matrix), with
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any surface-dangling vacant Zn coordination sites capped with
2-methylimidazolate ligands, and containing a total of 35 well-
defined pores (Figure S50, Supporting Information).

Where the liquid phase was pure water (CL1) intrusion into
the empty pores occurred in a stepwise manner, characterized
by sudden bursts of water molecules entering from either the
bulk water or from adjoining pores that had reached full occu-
pation (Figure 4a). In contrast, the system that contained 5 wt%
methanol (CL3) was found to fill the pores more quickly and more
smoothly (Figure 4a). These trends continued for systems with
greater proportions of methanol (e.g., pure methanol, Figure 4a
and CL4, Figure S52, Supporting Information), with an intrusion
rate comparable to that of neat methanol. Also notable for CL3
was that the methanol/water ratio in the pores was found to be
greater than that in the bulk solution during both the initial and
final stages of the intrusion process (Figure S52, Supporting In-
formation), in spite of the much slower diffusion rate of confined
methanol compared to that of water (Figures S46 and S47, Sup-
porting Information). This partition of the methanol and water
is consistent with the hydrophobic nature of ZIF-8 pores.

Analysis of the intrusion process involving CL3 suggests that
empty cavities fill rapidly once a single methanol molecule en-
ters them (Figure 4b,c and Figure S55, Supporting Informa-
tion). This tendency was quantified by calculating the condi-
tional probability that a cavity reaches occupation by n, molecules
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after some time 7, given an initial occupation by n, water and/or
methanol molecules. Figure 4b shows that cavities in CL3 were
more likely to fill within 50 ns when n; corresponded to one
methanol molecule, than for CL1 (where n, corresponds to one
water molecule). Moreover, methanol enhanced the formation
of small solvent clusters at short . These observations point to
methanol molecules acting as nucleation seeds that facilitate the
filling of the particle cavities, which in turn lowers the intrusion
pressure.

It can be noted that the trends in variation of the angle 6 within
the ZIF-8 framework that were observed in the neutron scatter-
ing simulation studies described above (based on an infinite pe-
riodic ZIF-8 lattice), were also observed in these molecular dy-
namics studies (which are based on small suspended ZIF-8 par-
ticles), showing good agreement between these two modeling ap-
proaches.

3. Conclusion

While liquids have traditionally been regarded as poorly com-
pressible, we show that the recent advent of porous liquids(*3¢!
opens up strategies for making liquids with high compressibility.
In this proof-of-principle work, and based on existing knowledge
of water intrusion into hydrophobic porous solids, we have exem-
plified a group of compressible liquids based on ZIF-8E dispersed
in various aqueous phases, in which the degree of compression is
much greater than for any existing liquids. Also, using this strat-
egy, the pressure range and degree of compression are shown
to be tunable. In situ neutron scattering and molecular dynam-
ics modeling have given insights into the structural changes and
molecular-scale processes occurring during compression. Com-
pressible liquids may potentially be formulated through a num-
ber of general strategies, as discussed in the introduction. Indeed,
based on previous water intrusion studies on the hydrophobic ze-
olite silicalite-1, aqueous PLs based on this material, such as that
recently reported,[??] should also exhibit high compressibility, al-
beit at higher pressures than those described here. Compared to
ZIF-8E-based PLs with equivalent weight-content, the degree of
compression should be lower, however, due to the lower gravi-
metric pore volume of silicalite-1 (0.2 cm? g=! vs 0.57 cm?® g for
ZIF-8).37] We further anticipate that related strategies can gener-
ate compressible liquids based on Type-I and Type-II porous lig-
uids, either based on cavity collapse or forced cavity occupation,
and further studies of physical aspects such as shock absorption
and acoustic properties will be of interest.
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