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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: The behavior of Heterogeneous Lyophobic Systems (HLSs) comprised of a lyophobic porous material
Wetting-drying and a corresponding non-wetting liquid is affected by a variety of different structural parameters of the porous
Hydrogen-bonding

material. Dependence on exogenic properties such as crystallite size is desirable for system tuning as they are

x?; much more facilely modified. We explore the dependence of intrusion pressure and intruded volume on crystallite
HLS size, testing the hypothesis that the connection between internal cavities and bulk water facilitates intrusion via

Shock-absorbers hydrogen bonding, a phenomenon that is magnified in smaller crystallites with a larger surface/volume ratio.
Experiments: Water intrusion/extrusion pressures and intrusion volume were experimentally measured for ZIF-8
samples of various crystallite sizes and compared to previously reported values. Alongside the practical research,
molecular dynamics simulations and stochastic modeling were performed to illustrate the effect of crystallite size
on the properties of the HLSs and uncover the important role of hydrogen bonding within this phenomenon.
Findings: A reduction in crystallite size led to a significant decrease of intrusion and extrusion pressures below
100 nm. Simulations indicate that this behavior is due to a greater number of cages being in proximity to
bulk water for smaller crystallites, allowing cross-cage hydrogen bonds to stabilize the intruded state and lower
the threshold pressure of intrusion and extrusion. This is accompanied by a reduction in the overall intruded
volume. Simulations demonstrate that this phenomenon is linked to ZIF-8 surface half-cages exposed to water
being occupied by water due to non-trivial termination of the crystallites, even at atmospheric pressure.

1. Introduction phenomenon plays a fundamental role in governing a wide range of
mechanisms.

Natural and technological processes revolve around wetting — the Controlled/selective wetting can be utilized for applications such as
interaction between fluids and solids. From self-cleaning leaves [1] and the separation of two liquids, the separation of a liquid-gas mixture, or
rapidly drying feathers [2] to the behavior of adhesives in bonded indeed chromatography. Porous crystalline materials can preferentially
wood products [3] and new methods of gas storage [4], the wetting retain one of the components of a mixture to facilitate separation. This
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finds its roots in the intrusion/extrusion of materials into/from their
pores.

Wettability is also fundamental to the penetration and evaporation
of liquids in porous media. The process of a liquid entering into a
previously vapor/gas-filled cage bounded by some walls is known as
intrusion; the opposite process of water leaving the cages is extrusion.
The pressures required to drive intrusion and extrusion are vital for
the applicability of the system. For liquid separation [5-7], a lower in-
trusion pressure is preferred as cost can be reduced, whereas others,
such as energy conversion, correlate a higher pressure with a greater
quantity of energy stored per unit mass [8,9]. The intrusion/extrusion
mechanism has many technological applications, amongst which are
liquid phase chromatography [10,11], energy damping, conversion, and
storage [12,13], porosimetry [14-16], biological and bioinspired chan-
nels [17-20], as well as the aforementioned and many more.

Both macroscopic [16,21-23] and microscopic [24,25] theories al-
low for the association of the intrusion and extrusion pressures with
the presence of free energy barriers between the intruded and extruded
states. For example, in spite of the fact that the free energy of the
intruded state is lower than the extruded one, intrusion might be pre-
vented by an energy barrier separating these two states (see Figure 1lc-f
of Lisi et al. [22]). In turn, the barriers depend on the characteristic
size of the cages, on the surface chemistry, and on the topology [26] of
the pores. More recently it has been shown that the intrusion/extrusion
characteristics depend on the presence of small apertures in the pore
walls, allowing the formation of hydrogen bonds across cages or with
the bulk water outside the material [27,28].

To maximize the efficiencies of technologies based on hydrophobic
MOFs and water, a greater understanding of the parameters that govern
the intrusion/extrusion phenomenon is required. Of particular interest
is the tuning of intrusion/ extrusion characteristics via the optimiza-
tion of exogenic parameters, which do not require the modification of
crystalline structure, pore size, grafting, etc. Following this approach,
various contributors to this work have recently presented results that
show that the tight packing of ZIF-8 crystallites into monolithic particles
significantly alters the energy dissipated per water intrusion/extrusion
cycle and, to some extent, the intrusion pressure itself [29].

Several works report the effect of crystallite size on the intrusion/ex-
trusion pressures. Khay et al. explored the shape and size of MOF
crystals and their effect on energetic performance, finding that an in-
crease in crystallite size from nanoscale to microscale led to an increase
in intrusion and extrusion pressure [30]. Two following works, Sun et
al. [9] and Zajdel et al. [29], reported a similar trend: higher intru-
sion/extrusion pressures for larger crystallite size ZIF-8. Despite this
being an intriguing opportunity to tune the intrusion/extrusion pres-
sure by altering crystallite size [9,29,30], the mechanism behind this
effect remains elusive.

In this work, by applying atomistic simulations, stochastic model-
ing, and water intrusion/extrusion experiments to several ZIF-8 samples
of different sizes, we unexpectedly discovered the paramount role of
hydrogen bonding between intruded and bulk water on the wetting
characteristics of ZIF-8. Additionally, we have demonstrated the wet-
ting behavior of the non-trivial termination of ZIF-8 crystals. These two
insights allowed us to explain the effect of crystallite size on the wet-
tability of ZIF-8 and propose it as an alternative approach for tuning
the intrusion/extrusion pressure of hydrophobic MOFs without altering
their chemistry and/or morphology.

2. Materials and methods

2.1. ZIF-8

The sample with the largest crystallite sizes, referred to as ZIF-8,
was acquired from Merck as Basolite 21200, CAS#59061-53-9.

Journal of Colloid And Interface Science 645 (2023) 775-783
2.2. nanoZIF-8a-c synthesis

The syntheses of the samples with nanoscale crystallite size, referred
to as nanoZIF-8a, nanoZIF-8b and nanoZIF-8c, were performed accord-
ing to a protocol already reported in the literature [31], which is further
detailed in the Supporting Information.

2.3. Water porosimetry

ZIF-8 and nanoZIF-8 samples (a-c) were mixed with water and en-
capsulated into flexible, hermetic Teflon capsules prior to testing. High-
pressure compression/decompression experiments were performed us-
ing an Auto Pore IV 9500 porosimeter (Micromeritics Instrument Cor-
poration, Norcross, USA), where the penetrometer was evacuated to a
pressure less than 7 Pa, followed by filling with mercury to 55 MPa. The
system was compressed/decompressed in the required pressure range to
observe the intrusion/extrusion phenomenon. Each material was evalu-
ated with a minimum of three compression/decompression cycles.

2.4. X-ray diffraction

A Bruker D8 Discover X-ray diffractometer was used with a
LYNXEYE-XE detector using CuKael radiation (4 = 1.5418 10\) and
Bragg-Brentano 6:20 geometry. The data collection was conducted
at room temperature, between 5° and 40° with a step of 0.02° and
a dwell time of 2s per step. Crystallite size (coherent domain size)
was estimated using the LeBail [32] method implemented in Fullprof
Suite [33]. ZIF-8 patterns were generated assuming ideal cubic symme-
try with space group I-43m (#217) and laue class m-3m. The diffraction
peaks were visibly broadened in comparison to the standard pattern of
Al,0;, which was used to measure the machine resolution function.
The quantitative analysis of the size broadening was achieved using the
spherical harmonics formalism defined by Jarvinen [34]. The model for
Laue class m-3m possesses only 5 parameters: KOO, K41, K61, K62, K81,
from which only the first 2 were used. Possible strain effects were mod-
eled using the parametric approach introduced by Stephens et al [35].
The refined patterns and the data are presented in Figure S1 and Table
S2, respectively.

2.5. Molecular dynamics simulation

Classical Molecular Dynamics simulations were conducted using the
LAMMPS code [36] using the force field for the ZIF-8 proposed by
Zheng et al. [37] in combination with the TIP4P/2005 model of wa-
ter [38]. The interactions between ZIF-8 and water were calculated via
electrostatic potentials plus the modified 4¢[(c/1)'? - c(6/r)°] Lennard-
Jones interaction to tune the hydrophobicity of ZIF-8 [39]. This setup
has already been successfully used in the previous work of some of the
co-authors of this manuscript [29,40]. Three different computational
samples of ZIF-8 were investigated: the first system is a tri-periodic
2x2x 2 supercell containing 640 water molecules, 40 water molecule
per cage. With this computational sample we compute the effect of
hydrogen bond bridging across 6 MR apertures, as measured by the av-
erage value and distribution of the potential energy and the “effective”
contact angle of inner ZIF-8 surface. Here, the contact angle does not
have to be understood in the geometrical sense, as the angle formed
by a droplet deposited on ZIF-8 cages. Rather, in the present case the
contact angle is just a convenient measure of the dependence of the
repellence of ZIF-8 inner surface for water, its hydrophobicity, on the
possibility to form hydrogen bonds across 6 MR apertures. For comput-
ing this “effective” contact angle we rely on the Young-Dupreé equation,
already used in the past in atomistic simulations [41]. This required the
calculation of the energy of separated bulk ZIF-8 and water, plus the
wet ZIF-8 sample mentioned here. Concerning the size of the system,
for an accurate estimate of these energies it is sufficient that the simu-
lation box is large enough to allow a proper calculation of the real space
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"\ Pre-filled
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Fig. 1. a) Truncated octahedral ZIF-8 cages: 6-membered ring (6 MR) and 4-membered ring (4 MR) windows are represented in yellow and cyan respectively. 6 MR
are large enough to let water molecules pass through, whereas 4 MR are considered too narrow. b) the cubic ZIF-8 crystallite. Surface and core cages are indicated
in yellow (transparent) and green respectively. Four surface cages and one subsurface cage combine to form top half-cages. ¢) 2D cartoon of the cubic crystallite
systems used to develop the stochastic model of intrusion/extrusion. The crystallites are made of cages, here represented by circles, connected along the (111)
direction. One identifies three types of cages: i) surface half-cages, colored in light blue, the same color used for water in order to highlight that they are pre-filled;
ii) surface cages (yellow), where hydrogen bonds form across 6 MR apertures with water in the pre-filled half cages; iii) core cages (green), which might or might not
form hydrogen bonds across 6 MR apertures depending on whether the neighboring cages are intruded. (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

part of the Ewald sum to solve electrostatic interactions, and our sam-
ple, ~3.5x3.5x 3.5 nm, is significantly larger than twice this cutoff, 1.3
nm.

The second one is a 7-unit cell-thick slab (~ 19.0nm), with a 2x2
di-periodic surface extending in the x-y plane (~ 3.5x 3.5nm) and 5200
water molecules. Furthermore, this system has already been used in
previous works [40] and the sample is large enough for the correct com-
putation of electrostatics. Moreover, the state of the system for which
we computed the single cage intrusion free energy barrier has been se-
lected from previous extensive simulations of the overall intrusion in a
slab [40], hence the sample is a realistic representation of the system
along the process. The single cage intrusion free energy barrier is com-
puted using the restrained molecular dynamics technique, discussed in
detail in the Supplementary Material. In practice, here we run 41 inde-
pendent simulations of a duration of ~4ns with an increasing number
of water molecules in the selected ZIF-8 cage. From these simulations
we estimate the derivative of the free energy along the process, which
is then numerically integrated using the trapezoid rule.

The third sample consists of a 2 x 8-unit cells wide slab, with a thick-
ness of 4 unit cells. This sample has been used to investigate the wetting
of surface half-cages before the application of any pressure. As in the
other cases, the sample is large enough to allow a proper calculation of
interatomic forces, including the real-space contribution to long range
electrostatics. On this slab we deposit either a liquid droplet (3000
molecules) or a film (~ 5300 molecules).

2.6. Stochastic models

The ZIF-8 crystal was presented in a lattice model, as described in
Fig. 1. To mimic the inter-cage interactions of ZIF-8, we chose to have
each lattice site interact with its diagonal neighbors instead of with
those that were directly adjacent.

Each site of the square lattice had two different states, filled
or empty, corresponding to the filled or empty ZIF-8 crystal cage
states. Following the capillary theory of wetting/drying of hydropho-
bic pores [23] and the observations reported in the main text on the
effective hydrophobicity of hydrogen bonding across 6 MR apertures,
the rate of filling of an initially empty site, or the reverse, depends on
the state of the neighboring sites and the applied pressure. Here, we
consider that the average time of filling/emptying a ZIF-8 cage, t,/,,
can be expressed with an Arrhenius-like law:

Q25

ty= t(}e"BT (€]
L

1, =10eksT 2

Where t?/ is the characteristic time of filling/emptying, Q,, is the
filling/emptying barrier, and KzT is the thermal energy at operative
conditions, with K is the Boltzmann constant and T is temperature.
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For the sake of simplicity, we considered 1% and /0 to be the same and
independent of pressure. This may not always be true, but an empiri-
cal analysis of their effect on the in silico liquid porosimetry revealed
that the key qualitative findings are independent of their values (see
supporting information).

The probability that a transition from a filled state to a dry state or
from a dry state to a filled state is given by the equations:
—dt/ty

3
4

where dr is the time interval used for integration. Further details on
the specific values used in this work are reported in the supporting
information.

pf=1—e

P, = 1— e—d!/te

3. Results and discussion

3.1. Experimental observations of the crystallite size effect on water
intrusion/extrusion pressure and intrusion volume of ZIF-8

ZIF-8 is an iconic example of a hydrophobic MOF with Sodalite
type topology (SOD) (Fig. 1): stable, well-researched, and the first com-
mercial hydrophobic MOF. Several samples of nanoZIF-8 of various
crystallite sizes (henceforth denoted as a, b, and c — see SI for synthesis
protocols and Figures S1-S6 for their characterization) were synthesized
before being subjected to water intrusion/extrusion experiments. These
data were complemented with other crystallite sizes that have been re-
ported in the literature [9,29,30] to give a comprehensive exploration
of the relationship between crystallite size and intrusion/extrusion char-
acteristics.

Fig. 2 shows the effect of crystallite size on the intruded volume,
and intrusion and extrusion pressures. Liquid porosimetry and liter-
ature data (Fig. 2a-b) report a reduction in intrusion and extrusion
pressures when the crystallite size falls below 500nm: it is easier to
intrude into the material, but harder to extrude from it, although the
extrusion pressure remains well above atmospheric pressure. Despite
the order of magnitude difference in crystallite size and the shifts in
intrusion and extrusion pressures, the hysteresis of the system appears
constant at ~4 MPa within the explored range of crystallite sizes. Some
scattering observed in Fig. 2a-b can be due to differences in ZIF-8 sam-
ples (synthesis protocols), water purity, equipment, testing conditions
(compression/decompression rate, for example) used by different re-
search groups.

First, we examine if the observed trend (Fig. 2a-b) could be due to
the effect of crystallite size on the flexibility of ZIF-8. Tian et al. [42]
and Tanaka et al. [43] have discussed the alteration of ZIF-8 flexibility
with a change of grain size and therefore the effect on the free move-
ment of mIM (the gate-opening). This reduction in mobility is associated
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Fig. 2. The dependence of water intrusion/extrusion pressure and intruded volume with crystallite size of ZIF-8. Experimental data show that there is a steep
dependence of both the intruded volume (a) and the intrusion (blue) and extrusion (red) pressures (b) on the crystallite size below 500 nm. These results are
compiled from four different works [9,29,30] including this one. Panels (c) and (d) show the steep dependence of intruded volume (c) and intrusion/extrusion
pressures (d) from stochastic modeling on the size of the grid. When considering the intruded volume, the surface of the crystal is not included because, as
demonstrated experimentally, the surface termination of ZIF-8 does not constitute a pore. This gives rise to the dependence seen in panel (c), with the intruded
volume eventually stabilizing as the surface contributions become negligible in comparison to the overall volume. Panel (d) also shows the importance of the
surface contributions to the reduction of the intrusion/extrusion pressure at smaller crystallite sizes, and indeed the increase at larger crystallite sizes, as the surface

contribution becomes smaller.

with a higher energy penalty to permit the structural transition for the
additional uptake of Ar and N, molecules. Similarly, higher pressure is
required to intrude water into stiffened ZIF-8 (J. D. Littlefair, 2023, in
preparation). Considering that smaller crystallite size results in stiffer
ZIF-8 [29], the trend of P,,, with size in Fig. 2b is the opposite of what
is expected from the flexibility effect: crystallite-size-induced stiffening
should result in a higher intrusion pressure. Thus, the effect of flexibil-
ity appears to be overshadowed by another effect, which is solely and
directly related to size. For this reason, it was neglected in the subse-
quent analysis.

The system is incredibly complex, with some of the properties hav-
ing been investigated in a previous paper by some of the co-authors
of this work [29]. Gas adsorption and mercury porosimetry techniques
were used for porosity characterization in these samples. Moreover, as
has been previously mentioned, the extreme case of agglomeration (a
monolith) was studied in this reference, and some effects due to the tex-
tural characteristics were witnessed. These effects were not taken into
account by the stochastic model, and yet in spite of this, this system
captures the effect of crystallite size on the intrusion/extrusion charac-
teristics that was found experimentally. Thus, we hypothesize that the
observed trends in intrusion/extrusion pressures and intrusion volume
are predominantly a consequence of crystallite size. Indeed, the very
fact that the model is relatively simplistic, whilst capturing the main ef-
fects of the system, makes it even more useful as the computational cost
is reasonable.

The distribution of water within the ZIF-8 cages has been previously
investigated by Wolanin et al. [44] and by some of the co-authors of
this work in Tortora et al. [40]. Figure SI7 from the supporting infor-
mation of Tortora et al. [40] indicates the presence of water molecules
in close proximity to the 6 MR windows, which should be energetically
unfavorable, but is indeed stabilised by the hydrogen-bonding that can
take place across the window.

In spite of the fact that ZIF-8 is hydrophobic, once intruded, there
is a degree of textural changes caused by swelling, and indeed there
is an effect of crystallite size on the degree of this inflation. Some of
the co-authors of this work have already conducted some in operando
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structural analysis experiments on ZIF-8 [40] and on other MOFs [45]
upon water intrusion/extrusion.

In figure 1a-b of Tortora et al. [40] one can clearly see a pronounced
swelling of the framework as water intrusion takes place. This expan-
sion of the lattice during liquid intrusion is the result of two phenomena:
rotation of Znlm4 tetrahedra (where Im stands for 2-methylimidazole)
and stretching of the bonds (see Figure 1h and Figure SI6 in Tortora et
al.). These processes are mainly induced by water molecules occupying
the pseudohexagonal windows joining ZIF-8 cavities (see Figure SI7 in
Tortora et al.), thus pushing apart the corresponding Im ligands and Zn
atoms associated with them.

As has been alluded to already, there are many factors that could
contribute to this effect. In order to have as much information as
possible, a comprehensive approach was adopted, with laboratory ex-
periments, molecular dynamics simulations, and most importantly the
stochastic model which, despite its simplicity, is able to capture the ex-
perimentally observed effect of crystallite size. The fact that this model
captures this effect on the intrusion/extrusion pressures and intrusion
volume suggests that the observed trends are primarily related to crys-
tallite size.

3.2. Molecular dynamics simulations of the ZIF-8 + water system

From high resolution TEM characterization of ZIF-8, it is known that
the termination of its crystal is not trivial and half-cages are observed
on the crystal surface [46]. To capture this observation, a MD simula-
tion campaign was performed using ZIF-8 surfaces terminated with such
half-cages. A key result presented here is that, despite the hydrophobic-
ity of the material, the half-cages present on the surface, which are
exposed to bulk water, are filled with liquid, as illustrated in Fig. 3.
Figure S10 in the Supporting Information shows that this is not due to
the liquid being deposited as a droplet; the same phenomenon is ob-
served when one places a liquid film on the same, overall hydrophobic
ZIF-8 surface. In other words, these half-cages are already wet at ambi-
ent conditions and therefore do not contribute to the intruded volume
at the intrusion pressure.
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Fig. 3. Water contact angle on the ZIF-8 surface. Despite the hydrophobicity of ZIF-8, confirmed by a contact angle > 90°, surface half-cages are filled with water.
This allows for hydrogen bonds between water in the surface cages and the bulk liquid.
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Fig. 4. Distribution of the potential energy per water molecule in the samples where hydrogen bonding across 6 MR apertures is allowed (red - see also panel b) and
forbidden (blue - see also panel c). Energies are shifted so that the average value of the potential energy per atom of the sample where hydrogen bonding across 6 MR
is allowed is equal to zero. This allows us to focus on the difference of potential energy between the two samples. One notices that the two distributions are shifted
by ~ 0.2 kcal/mol, confirming that the stabilization effect of hydrogen bond across 6 MR apertures is non-negligible. Panels b and ¢ show a snapshot taken along MD
for the cases in which hydrogen bonds across 6 MR are allowed and forbidden respectively. When not forbidden, hydrogen bonding occurs, with water molecules
approaching the center of the 6 MR aperture despite its narrow size, highlighted in yellow. d) The free energy profile of the water intrusion in a single ZIF-8 cavity
in the core region of the computational slab. The shadow around the line represents the statistical error associated with the free energy calculation, determined by
the limited duration of the simulation (see SI for a detailed discussion). It is of note that an energy barrier of ~ 2.5k ;T must be overcome for intrusion.

The fact that the surface cages are filled with water allows us to
explain the intrusion volume trend (Fig. 2a and 2c) by deriving a math-
ematical relation between the crystallite size and the intrusion volume
per unit mass of the MOF, which, for cubic crystallites (Fig. 1), is found
in equation (5), where V is the intruded volume of a crystallite compris-
ing N cages, V, is the corresponding volume per unit mass of the MOF
of an infinite crystallite, and m is the mass of the crystallite. A complete
derivation of this formula is presented in Section 3 of the Supporting
Information: the key element is to consider that only the volume of the
internal cages contributes to the intrusion volume, while atoms forming
pre-filled top cages contribute to the mass of the crystallite.

1- 2,
V__ w'> (5)
m m

To explain the origin of the reduction of the intrusion pressure
with crystallite size, it is convenient to summarize the results recently
reported in the literature. Water molecules within the cage form hy-
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drogen bonds across the 6-membered ring (6 MR) apertures with water
molecules outside, either in neighboring cages or in the outer, pre-filled
half-cages [40]. These cross-cage hydrogen bonds stabilize the intruded
state. This is shown by the comparison between the potential energy
of water embedded in a ZIF-8 sample when cross-cage hydrogen bond-
ing is allowed or forbidden (Fig. 4a-c, see supporting information for
computational details). To express this differently, following Bushuev
et al., cross-cage hydrogen bonding lowers the effective hydrophobicity
of ZIF-8, which, in turn, reduces both the intrusion and extrusion pres-
sures [27,47]. Following the approach introduced by Caddeo et al. [41],
based on the Young-Dupré equation, we show that the effective contact
angle of ZIF-8 goes from 114° when cross-cage hydrogen bonding is for-
bidden to 101° when it is allowed (see Supporting Information Section
4 Table S2).

Thus, surface ZIF-8 cages (the first layer of the complete cages im-
mediately in contact with external water through the pre-filled surface
half-cages (Fig. 1c, yellow cages)) are easier to intrude as their effective
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hydrophobicity is lower. This suggests that in smaller crystallites, char-
acterized by a larger surface/volume ratio, intrusion is easier, and the
corresponding pressure is reduced.

Our simulations reveal that at 50 MPa (the theoretical intrusion pres-
sure for the atomistic model used in the simulations [40]), the intrusion
barrier of a single cage is ~5k;T, i.e., five times the thermal energy
at room temperature, Fig. 4d. Following Giacomello et al. [48], the in-
trusion barrier reduces with increasing pressures, while the opposite
extrusion barrier decreases at lower pressures [27]. Due to hydrogen
bonding across the 6 MR apertures, the intrusion barrier of a cage,
and thus its intrusion probability, depends on the number of already
intruded nearest neighboring cages: the greater the number of neigh-
boring cages that are already intruded, the lower the intrusion barrier
and thus the higher the intrusion probability at a given time.

3.3. Stochastic modeling of the crystallite size effect on water
intrusion/extrusion pressure and intrusion volume of ZIF-8

The experimental results (Fig. 2a-b) were interpreted in terms of a
stochastic model, which captured clearly the main experimental trends
(Fig. 2c-d) as well as details of the intrusion/extrusion cycle (Fig. 5a vs
3b). For a detailed description of the model, see section 2 of the Sup-
porting Information. Briefly, we presented the ZIF-8 crystal in a lattice
model, as described in Fig. 1. The main assumptions, which were intro-
duced into this model are as follows:

1. The filling and emptying of the cages of the ZIF-8 crystal can be

modeled using a stochastic process.

Surface cages of the ZIF-8 crystal (Fig. 1b) are filled with water

under ambient pressure. Therefore, they do not contribute to the

intrusion/extrusion volume at high pressure.

. The probability of each cage to get intruded by water at high pres-
sure is proportional to the number of neighboring cages that are
already wet.

2.

The first assumption is discussed in the Stochastic Model methods
subsection, whilst the other two arise from the independent atomistic
simulations described above in the MD Simulations subsection.

In Fig. 5, we compare experimental a) and in silico b) liquid
porosimetry results; the latter of which was obtained by the stochas-
tic model. As in the experiments, this simple model reproduces the
increase of the intrusion and extrusion pressures with the size of the
crystallite. Since they are based on the same hypotheses, the model also
produces a trend of the intruded volume with crystallite size consistent
with the theoretical equation derived above, and both are consistent
with the experimental trend. Remarkably, the stochastic model applied
to samples of same volume but different shape (cubic, prolate, oblate)
returns almost indistinguishable liquid porosimetry results (see Figure
S8), confirming that it is the volume of the crystallite the key property
governing the intrusion/extrusion characteristics of the material. This
analysis also shows the key role of pre-wet surface half cages in driving
intrusion (see Supplementary Information).

One notices that the stochastic model does not completely capture
the slopes associated with the intrusion and extrusion process nor the
almost constant hysteresis observed experimentally, as the model shows
a larger change in the intrusion pressure than it does in the extrusion
pressure. These differences can be attributed to the simplifications used
for computing the probabilities that govern the stochastic model, the
much greater pressure scanning rates that are necessary in simulations
due to the high computational costs, the shape and characteristics of
crystallites in the experimental sample, as well as the size distribution.
Conversely, in this model an ideal monodispersed sample was consid-
ered. However, these details are a matter of fine-tuning the stochastic
model to better match the experimental results.

The consistency between the experimental results and our simple
model confirms the hypothesis discussed above: the relationship be-

780

Journal of Colloid And Interface Science 645 (2023) 775-783

T T T T T T T T T T
50 - a) = ZIF-8 Intrusion - b) —— 86-87nm Crystallite 450
— — ZIF-8 Extrusion —— 10-12nm Crystallite
nanoZIF-8 Intrusion
— — nanoZIF-8 Extrusion f
- 440
©
o
£
o - <30
=
n
n
o
o
_ =420
- 410
L e B e e L
00 01 02 03 04 05 00 02 04 06 08 10

Intruded Volume /
Total Grain Volume

Volume (ml/g)

Fig. 5. a) experimental and b) calculated water intrusion/extrusion cycles for
ZIF-8 of different crystallite dimensions. For a), the solid line represents intru-
sion, and the dashed line represents extrusion. Different crystallite sizes of ZIF-8
yield different intrusion/extrusion pressures and total intruded volume. For reg-
ular ZIF-8, in black, where the crystallite size is ~300 nm, the intrusion pressure
is 27 MPa and the extrusion pressure is 23 MPa. nanoZIF-8, in red, which has a
crystallite size of ~35nm, has a lower intrusion pressure of 22 MPa and a lower
extrusion pressure of 18 MPa. b) PV isotherms of two systems: one is made of
10x10x 10 cages and thus has dimensions that are 10 times the unit cell of ZIF-
8 (~ 17 nm), whereas the other is a model for a crystallite of 170 nm in length.
In both cases, the curves are displaced along the x-axes for ease of comparison,
and the intrusion pressure is extracted at V;,, /2.

tween the intrusion and extrusion pressures and the crystallite size
is due to the (relatively) greater number of surface cages in smaller
crystallites, which are more easily intruded because of the hydrogen
bonding across the 6 MR apertures with bulk water. This interpretation
is confirmed by the observation that the outer cages are filled first (Sup-
porting Information, Figure S8) before the liquid proceeds towards the
center of the crystallite, which occurs as they are in contact with al-
ready filled surface half-cages prior to the application of hydrostatic
pressure.

Conversely, extrusion requires a lower pressure (extrusion is less
favorable) and the process starts from the center of the crystallite: extru-
sion of the outer cages is more difficult, and requires a lower pressure,
for the same reason: they are in contact with pre-filled surface half-
cages, allowing hydrogen bonds between intruded and bulk water to
stabilize the intruded state. Incidentally, the consistency of the experi-
mental and theoretical trend is the first experimental validation of the
theory recently proposed [27,47] that hydrogen bonding across narrow
apertures connecting the cages of porous materials with others and with
bulk water facilitates intrusion.

4. Conclusion

Based on new experiments and recently reported data on ZIF-8 [9,
29,30] this work has demonstrated that the wetting-drying of ZIF-8 can
be tuned using the exogenic property of crystallite size, thus making it
a viable option for a greater number of applications, such as shock-
absorber technology. As ZIF-8 synthesis is a simple process and it is
already a commercial product, this makes it a perfect candidate for
technological applications, as it does not require the development of
novel lyophobic nanoporous and sub-nanoporous materials, and can be
readily tuned via simple modifications to the synthesis protocol [58,59].

Comparison to literature data in Table 1[9,29,30,49-57] illustrates
the advantages of the nanoZIF-8 systems, demonstrating much lower
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Table 1

A summary of the results from this study [*] and previous investigations con-
ducted by Sun et al. [9], Zajdel et al. [29], Khay et al. [30,57], Grosu et al. [49],
Ronchi et al. [50,52-56], and Ryzhikov et al. [51] Crystallite sizes for sam-
ples nanoZIF8a-c were established from the Lebail refinement of XRD analyses
(See Table S1 and Figure S1) and TEM images (Figure S2-S5). Intrusion pres-
sure, extrusion pressure, and intrusion volume for HLSs comprised of samples
nanoZIF-8a-c were calculated from the intrusion curves (Figure S6).

Size (nm) P, (MPa) P, (MPa) V,,, (ml/g) Ref.
mono_nanoZIF-8 12 20.5 15.3 0.20 [29]
powder_nanoZIF-8 30 20.3 16.7 0.30 [29]
NRD-ZIF-8 90 21.0 19.0 0.41 [30]1
NS-ZIF-8 120 23.0 20.0 0.48 [30]
NC-ZIF-8 130 26.0 21.0 0.42 [30]
MRD-ZIF-8 3200 27.0 24.0 0.40 [30]1
MCTE-ZIF-8 1300 28.0 26.0 0.45 [30]
bigger ZIF-8 750 27.1 21.8 0.38 [9]1
smaller ZIF-8 200 23.1 17.1 0.40 [9]
ZIF-8 300 28.0 22,5 0.41 [*]
nanoZIF-8a 34 24.6 18.5 0.28 [*]
nanoZIF-8b 34 25.3 18.6 0.27 [*1
nanoZIF-8c 35 25.0 18.9 0.32 [*1
Cu, (tebpz) MOF - 35.7 35.4 0.12 [49]
DDR - 60.0 51.0 0.11 [50]
LTA - 20.0 - 0.17 [51]
CFI - 75.0 75.0 0.08 [52]
DON - 26.0 21.0 0.04 [52]
MTF - 125.0 125.0 0.01 [53]
FER - 150.0 143.0 0.06 [54]
CDO - 210.0 180.0 0.03 [53]
ITH - 82.0 - 0.08 [55]
BEC - 41.0 - 0.08 [56]
MFI - 96.0 95.0 0.10 [57]

intrusion/extrusion pressures compared to other materials, with the
exception of DON [52] and LTA [51]: the former having a very low
intrusion volume and the latter not extruding water after intrusion, ren-
dering it incapable of cycling.

Our theoretical analysis identified the microscopic origin of the in-
trusion pressure dependence on crystallite size, which is made easier
by the already wetted surface half-cages: water in these half-cages fa-
cilitates intrusion by the formation of hydrogen bonds with intruding
water molecules, stabilizing the intruded states. Since in smaller crys-
tallites the surface/volume ratio is larger, this effect is magnified and
intrusion pressure is significantly reduced. For the same reasons, extru-
sion pressure is also reduced in small crystallites.

Moreover, in this work we develop a comprehensive theory of the
intrusion/extrusion of liquids in lyophobic materials and provide a
stochastic model to simulate PV-intrusion/extrusion cycles of crystal-
lites of size comparable to those studied experimentally. Despite the
simplicity of the stochastic model, it accurately captures the effect of
crystallite size on the intrusion/extrusion characteristics. In the future,
we plan to generalize this theory and model to other porous materials
with different geometries, to provide the computational tools required
for the advanced design of heterogeneous lyophobic systems based on
nanoporous materials and non-wetting liquids.
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Appendix A. Abbreviations

MOF Metal-organic Framework

HLS Heterogeneous Lyophobic System
ZIF Zinc Imidazole Framework

SOD Sodalite type zeolites

6 MR 6-membered ring

4MR 4-membered ring

P, Intrusion Pressure

P, Extrusion Pressure

\Y Intrusion Volume

int
Appendix B. Supplementary material

Supplementary material related to this article can be found online
at https://doi.org/10.1016/].jcis.2023.04.059.
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