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ABSTRACT: Chemically-stable metal-organic frameworks (MOFs) featuring interconnected hierarchical pores have proven
promising for a remarkable variety of applications. Nevertheless, framework susceptibility to capillary-force-induced pore
collapse, especially during water evacuation, has often limited practical applications. Methodologies capable of predicting the
relative magnitudes of these forces as functions of pore size, chemical composition of the pore walls, and fluid loading would
be valuable for resolution of the pore collapse problem. Here, we report that a molecular simulation approach centering on
evacuation-induced nanocavitation within fluids occupying MOF pores can yield the desired physical-force information. The
computations can spatially pinpoint evacuation elements responsible for collapse and the chemical basis for mitigation of
collapse of modified pores. Experimental isotherms and difference-electron-density measurements of the MOF NU-1000 and
four chemical variants validate the computational approach and corroborate predictions regarding relative stability, anoma-

lous sequence of pore-filling, and chemical basis for mitigation of destructive forces.

INTRODUCTION

The broad synthetic availability of metal-organic frame-
works (MOFs) that are chemically stable toward water has
opened-up applications in vapor- and condensed-phase
chemical separations, bio-catalysis, chemical catalysis cap-
ture of aqueous pollutants, and even water-harvesting from
low-humidity environments.> Essential for these applica-
tions is chemical stability of the framework itself toward hy-
drolysis, where the point of hydrolytic attack typically is the
MOF node:linker junction. The factors responsible for such
stability are reasonably well understood; they include: a)
framework hydrophobicity, b) thermodynamically strong
node-linker bonding, and/or c) kinetically-inert/substitu-
tion-resistant node-linker bonding.6-%

When polar functional groups imbue pore walls with hy-
drophilic character, MOF pores can spontaneously fill with
water when exposed to humid atmospheres, where the re-
quired relative humidity (RH) can be as low as 10%.1° In-
deed, spontaneous pore-filling is key to certain applications
- most notably, cyclical water-harvesting,!! heat-pump be-
havior,2 and hydrolytic degradation of volatile chemical
threats.13-14 Subsequent decrease of the RH leads to evapo-
rative removal of pore-condensed water. Accompanying the
removal are attractive (i.e.,inward directed) capillary forces
that can collectively engender mechanical fracture of

node-linker bonds, collapse of MOF channels/pores, and
degradation of MOF performance.l4 Qualitatively, collapse
due to capillary forces tends to be more prominent for hy-
drophilic than hydrophobic pores and for mesopores com-
pared to micropores. Nevertheless, for mesoporous (> 2
nm), microporous (< 2 nm), and hierarchically porous
MOFs, performance-predictive elucidation and quantifica-
tion of these forces has proven elusive. Indeed, in a recent
perspective/review article on water harvesting, Hanikel
and co-authors remarked,!! regarding MOF stability, that:
“hydrolysis can easily be predicted based on basic chemical
principles and steric effects, but architectural stability is ra-
ther difficult to predict...”. For MOF “architectural stability”,
the predictive computational challenges stem, in part, from
the molecular granularity of real solvents. Granularity ren-
ders the continuum-fluid-based Kelvin equation inadequate
on the length scales typical of MOF pores. The challenges
also stem from strong hydrogen-bonding interactions be-
tween captured solvent molecules and between these mol-
ecules and the host framework.

Here, we describe a molecular-simulation-based
nanocavitation approach to quantifying potentially MOF-
destructive capillary forces. This approach derives from our
previous work on density-depletion-induced formation of
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Figure 1. (a) Structural representation of NU-1000, a Zr-MOF, featuring a csq topology, that consists of Zre(p3-0)4(us-
OH)4(H20)4(OH)48+ (Zre) nodes and tetratopic 1,3,6,8-tetrakis(p-benzoate)pyrene (TBAPy#-) linkers. The characteristic 1D hexago-
nal and triangular channels (ca. 3.0 and 1.2 nm in diameter, respectively) along the crystallographic c axis are cross-connected by
pores of ca. 0.8 nm diameter; (b) Node structures of NU-1000 variants, including (x) NU-1000, (v) NU-1000-Formate, (z) NU-1000-
Cl, (y) NDC-NU-1000, and (w) NDC-NU-1000-Cl. Aqua and hydroxyl ligands on the variable nodes provide hydrogen bond donor and
acceptor sites for interactions with water molecules. Transparent aqua ligands were removed after vacuum-heated dehydration

treatment.

nanobubbles in water.15 We apply it to water uptake and re-
lease from several versions of NU-1000,16-20 3 MOF that is
chemically stable in water, but susceptible to physical col-
lapse during water evacuation.21-22 NU-1000 is character-
ized by 1D hexagonal and triangular channels of ca. 3.0 and
1.2 nm diameter, respectively, aligned along the crystallo-
graphic c axis. The channels are cross-connected by pores of
ca. 0.8 nm diameter (Figure 1a). We find that the overall
computational approach reproduces experimental water-
sorption isotherms, accounts for isotherm differences for
variants of NU-1000 and unveils the sequence of pore-filling
for these architecturally complex materials - a sequence
that is, for the first time, experimentally validated by differ-
ence electron density (DED) analysis of powder X-ray dif-
fraction (PXRD) data collected at differing RHs. The
nanocavitation component of the computations yields me-
chanically relevant values for the otherwise elusive capil-
lary force(s) across the entire range of vapor-pressure
driven pore evacuation. The nanocavitation treatment also
pinpoints the evacuation steps responsible for pore collapse
and reveals why seemingly minor chemical modifications to
the MOF impart salutary resistance to framework collapse.
Finally, by introducing statistical-mechanics concepts, such
as the virial pressure, the nanocavitation treatment yields
useful, MOF-generalizable, mechanical and structural in-
sight into stabilization of these ubiquitous materials against
sorbate-caused framework collapse.
RESULTS AND DISCUSSION

We hypothesize that in addition to contributions from
weak dispersion interactions, substantial pore-destabiliz-
ing capillary-force contributions might derive from compar-
atively strong and directional hydrogen-bonding interac-
tions between channel-sited water molecules and the O-H
rich nodes of NU-1000 (sixteen O-H bonds/node in Figure
1b-x, deriving from bridging-hydroxo, terminal-hydroxo,
and terminal aqua ligands). We further hypothesize that H-
bonding contributions could be systematically diminished
by introducing NDC? (naphthalene-dicarboxylate) as an

auxiliary structural ligand along the MOF c-axis to make
NDC-NU-1000 (Figure 1b-y) or by converting terminal
aqua/hydroxo ligand pairs to aqua/aqua pairs and then hy-
drogen-bonding these ligands to charge-balancing second-
sphere chloride ions to make NU-1000-Cl (Figure 1b-z).
Each incorporated NDC eliminates two aqua/hydroxo lig-
and pairs.1? From single-crystal X-ray diffraction measure-
ments, each second-sphere chloride hydrogen-bonds with
two node aqua ligands.16

We note that as-synthesized NU-1000, if conventionally
activated via heating in dimethylformide + aq. HC], recruits
~ 3 node-bridging formate ions/Zrs;2023 these displace
three aqua/hydroxo ligand pairs to yield NU-1000-Formate
(Figure 1b-v). While indefinitely persistent in vacuum, we
have previously shown that MOF immersion in liquid water
leads, within hours, to loss of adventitious formate ions and
replacement by aqua/hydroxo ligand pairs. Thus, on the
timescales relevant for experimental measurements (water
isotherms, DEDs, and solid-state NMR), formate is antici-
pated to: a) desorb if sufficient water is present, and there-
fore, b) exert little influence upon NU-1000 stability against
water-engendered pore collapse. Nevertheless, for com-
pleteness, we also included results for NU-1000-Formate.
To understand how a formate-like entity would affect sta-
bility if desorption could be suppressed, we have intention-
ally neglected formate labilization in computations.
Synthesis and Characterization. NU-1000, NU-1000-Cl, NU-
1000-Formate, NDC-NU-1000, and NDC-NU-1000-Cl were
synthesized using previously reported procedures and de-
tailed characterization can be found in these reports.16-19
Benzoic acid and trifluoroacetic acid were used as modula-
tors to suppress unwanted co-crystallization and mixed
crystallization of NU-901, a polymorph of NU-1000.24-25
With the combined aims of: a) removing modulators, b)
avoiding replacement of coordinated modulators with coor-
dinated solvent-decomposition products, e.g. formate, c)
avoiding synthesis-solvent coordination, and d) adding Cl-
to the second coordination-sphere of NU-1000’s Zrs-oxy
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Figure 2. (a) First-cycle plots of gravimetric uptake (bold) and release (light) of water vapor (298 K) by five variants of thermally-
treated NU-1000 showing cm3 and gram of water adsorbed per gram of MOFs vs. RH, (b) Three to five successive water-vapor ad-
sorption/desorption isotherms for NU-1000, (c) NDC-NU-1000, (d) NU-1000-Formate, and (e) NU-1000-Cl. (f) Differential gravimet-
ric water uptake between RH=80% and 20% with NU-1000-Cl for twenty-two cycles.

node, and charge-balancing H* to the node’s first coordina-
tion-sphere via terminal hydroxo-to-aqua ligand conver-
sion, as-synthesized MOFs were treated with HCl in dioxane
at ambient temperature.1618 Repetitive rinsing with weakly
basic aqueous triethylamine accomplishes aqua-to-hydroxo
ligand conversion, removes chloride, and yields node-acces-
sible NU-1000 - elsewhere termed NU-1000-FF for for-
mate-free.16-18 X-ray absorption spectroscopy (Figures S1-
S8 & Tables $1-S8) further informed us regarding node co-
ordination, while X-ray photoelectron spectroscopy was
used to determine the Cl loading (Figure S9).

Water Adsorption-Desorption Isotherms. Samples were vac-
uum-heated (120°C) to remove physisorbed solvent. Also
removed are node aqua ligands,'7-18 where the number re-
moved ranges from ~1 to 8; see Figure 1b. In contrast, NDC
and formate are retained, as is second-sphere chloride - al-
beit, via reversible coordination by Zr(IV) (Tables S1, S5 &
$8). From Figure 2a, and consistent with the presentation
of three pore-types, water pore-filling for all five variants
occurs in three stages: gradual filling to no more than 10%
of saturation; starting at ~50-60% RH, rapid filling to ca.
90% of saturation; further gradual filling toward saturation.
For guest-host systems with stronger guest-host interac-
tions than guest-guest interactions (usually the case for ar-
gon and Nz), pores are filled in order from smallest to larg-
est. Here the order is strikingly different, with NU-1000’s
largest pores - high-volume mesoporous channels - being
filled mainly in the second stage of water uptake, likely re-
flecting an outsized role for guest-host and guest-guest H-
bonding.

From Figure 2a, incorporation of second-sphere chlo-
ride (NU-1000-Cl and NDC-NU-1000-Cl) shifts the onset of
the steep uptake from ~ 60% to ~ 50% RH, no doubt reflect-
ing enhanced mesopore hydrophilicity.2¢-2° Table S9 sum-
marizes 1st-cycle gravimetric uptake data at RH = 90% and
298 K for all versions NU-1000 examined. Figures $10-S15

reveals a rough proportionality between water uptake and
total pore volume as determined from N: isotherms. For
some applications, a more meaningful metric is volumetric
uptake (cm3 water/cm3 sorbent). Table S10 shows that the
Cl-containing MOFs reach ~ 940 cm3/cm3, placing them the
highest among the materials in our study.

At RH <50%, water uptake is defined mainly by c-pore
filling - both conventional sorption and re-recruitment of
node aqua ligands. The differences in uptake in Figure 2a
are attributable, in part, to differences in the number of
aqua ligands recruited. Note that in the absence of heating,
aqua ligands are retained in subsequent desorption cycles.
For all samples, mesopore evacuation is characterized by
hysteresis - an expected finding when pore diameters ex-
ceed ~22 A, and a signature of fluid cavitation during evac-
uation.!?

Figures 2b reveals a catastrophic loss of uptake capacity
for NU-1000 in the 21 cycle, attributable to capillary-force
induced mesopore collapse in the 1st desorption half-cy-
cle.22 Figure 2c shows that buttressing the MOF with sec-
ondary structural ligands along the c-axis is ineffective in
suppressing collapse. The relevant components of the chan-
nel-collapsing force evidently are cross-sectionally di-
rected. Figure 2d shows that replacing hydrophilic
aqua/hydroxo pairs with formate ligands (with the non-po-
lar C-H group pointing toward the pore interior) does not
stop capacity loss - consistent with the known susceptibil-
ity of formate toward gradual displacement when pores are
water-infiltrated.2230 In contrast, introduction of chlorides
as second-sphere ligands engenders a remarkable and salu-
tary partial-suppression of subsequent capacity loss?® that
persists for at least twenty cycles (Figures 2e, 2f, and S15).

Guided by the insights from molecular simulations, we
also restricted humidity cycling to low, intermediate, or
high ranges (Figures 3a,b) to pinpoint the part of the de-
sorption process that leads to structural damage.
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Figure 3. (a) Ten successive water adsorption-desorption cy-
cles, stepping between RH=5 and 55%, then between 65 and
90% for NU-1000 and NU-1000-Formate, and between 5 and
45%, followed by 65-90%, for NU-1000-Cl. (b) Ten successive
water adsorption-desorption cycles for NU-1000 & NU-1000-
Formate between RH ~55 and ~65%, and for NU-1000-CI be-
tween RH ~45 and ~65%. Adsorption-desorption cycling of
water in NU-1000 at high (c) and low (d) RH conditions from
NpT-GEMC simulations. The progression of the water loading
during adsorption and desorption segments are shown in blue
and red, respectively. Beyond the initial period, each segment
consists of 10,000 MC cycles. The cycling at high RH is from
70% to 100%, and for low RH is from 5% to 65%.

No capacity loss is engendered by repetitively partially
evacuating frameworks at low or high RHs, and it is appar-
ent that MOF collapse derives exclusively from evacuation
of mesopores at intermediate RH.

DED Assessment of Water Siting. PXRD data (Figures S16-
$21) collected in the presence and absence of humidity can
be used to locate adsorbed water - evident as excess elec-
tron density - within the corresponding hierarchically po-
rous networks. These experiments (see SI) were executed
in much the same fashion as previous reports of DED map-
ping of molecule, cluster, and nanoparticle siting within
MOFs,31-33 but with X-rays from a conventional source3# ra-
ther than a high-intensity synchrotron. At low water load-
ings (20% and 50% RH (points (i) and (ii) in Figure 4a,b)),
the observed water electron density is exclusively located
in the ultramicroporous c-pore. As RH is increased to yield
roughly half of the saturation loading (65% RH shown as
(ili) in Figure 4a,b), water density spreads to the meso-
pores. Near saturation (90% RH shown as (iv) in Figure
4a,b), water density finally appears in triangular mi-
cropores. The nonstructural formate ligands do not change
this sequential water capture process (Figures $22-S26).
For NU-1000-Cl, which features eight aqua ligands and is al-
ready half-filled at 50% RH (Figure 4d), the detailed, pore-
specific pattern of water uptake revealed by DED plots (Fig-
ure 4c (ii-iv)) is altered such that the mesopores fill more
readily.

Generalizing, water begins to adsorb in the hydroxylated
c-pore pocket between pairs of Zrs nodes, accumulates
around the nodes and linkers in the mesopores to form
larger water clusters at higher water loading, and eventu-
ally fills the most hydrophobic triangular micropores under
conditions approaching saturation. This picture is

supported by our computational studies discussed in detail
below.
Solid-state 1H Magic Angle Spinning (MAS) NMR. SSMAS 'H
NMR is increasingly used to explore chemical structures,
dynamic behavior, and host-guest interactions in MOFs.35-38
Results for exposure of thermally treated (i.e., 0% RH) NU-
1000, NU-1000-formate, and NU-1000-Cl to controlled-hu-
midity atmosphere (i.e, 50% RH) are presented and dis-
cussed in Figure S27. Resonances from higher water load-
ing tends to overlap with other resonances and, hence, are
excluded from this study. Briefly, the experiments reveal: a)
repopulation of Zrs nodes with aqua ligands; b) hydrogen
bond formation between node hydroxo ligands and incor-
porated water molecules; c) at high RH, formation of bulk-
like water in the pores; but d) no perturbation of linker res-
onances by sorbed water molecules.
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Figure 4. (a) Initial adsorption isotherm for NU-1000, with (b)
DED maps of water siting at RHs of 20% (i), 50% (ii), 65% (iii),
and 90%(iv). (c) and (d) present analogous plots for NU-1000-
Cl. The electron density from 20% RH NU-1000-ClI ((i) in (c))
was used as background to obtain water sitting in NU-1000-Cl
under higher RHs to avoid the influence from phase change in
0% RH NU-1000-Cl. Note, the left columns in (b) and (d) stand
for the a,b plane of the hexagonal lattice, and the right columns
stand for the perpendicular plane to a,b plane.
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Molecular Simulations. These studies were aimed at under-
standing: a) via NpT Gibbs ensemble Monte Carlo (GEMC)
simulations, the pore-sequence of water uptake and release,
and b) via NVT molecular dynamics (MD) simulations (see
SI for details), the water-loading-dependent magnitude of
forces that may engender pore collapse - in each case, as a
function of MOF-variant composition. Our approach to the
latter relies upon recent (non-MOF) work on cavitation and
nanobubble formation in water.1 Briefly, the approach cen-
ters on computation of the virial pressure (P,,,;) from inter-
molecular forces within the pores. Remarkably, when pore-
confined water is present at densities (p,4.) less than that
of unperturbed bulk water, P,,. can be negative. If
stretched water (p,,.:< bulk) undergoes a transition to
bulk-like water + vapor nanobubbles, i.e. nanocavitation,
the pressure effects due to the water molecules can be cal-
culated. The virial pressure in this circumstance again can
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Figure 5. (a) Molecular simulation data for the virial pressure, the magnitude of which is a proxy for the contractive forces experi-
enced by the framework, as a function of water loading for different chemical functionalization of the nodes. Lines connecting data
points are a guide for the eye. The minimum near 1.0 g/g is pronounced in all system sizes investigated, while additional features
seen above 1.2 g/g are washed out when larger systems are considered (Figure $28). The minimum near 1.0 g/g is deepest for NU-
1000, while the addition of chloride partially mitigates this effect. Numerical data are provided in Tables S11-S18. (b) Representa-
tive simulation snapshots illustrating water localization tendencies as the framework is emptied for NU-1000 at a system size of
2x2x2 unit cells. From (i)-(ix), micropores evacuate sequentially. From (x)-(xii), mesopores evacuate sequentially. Note, water mol-
ecules are colored blue. The conversion factor from (g water)/(g MOF) to (cm3 water vapor)/(g MOF) is 1244 cm3/g.

be negative and can be viewed as a proxy for the collapse-
inducing force experienced by MOF pores. The dependence
of calculated virial pressures on system (sorbate + sorbent)
properties and composition can then be used to understand,
interpret, and semi-quantitatively map/predict the nature
and magnitude of forces that have the potential to induce
pore collapse.

Isotherms from GEMC Simulations. These were carried out to
yield water adsorption and desorption isotherms in NU-
1000 at 298 K. During the adsorption half-cycle, the load-
ings range from ~12 molecules/unit cell at RH=25% to ~15
molecules/unit cell at RH=70% (Figure S29), with the for-
mer corresponding to water binding on the 12 H.0/0H
pairs present on the three Zrs nodes, and the latter corre-
sponding to the adsorption of an additional 3 water mole-
cules, each of which forms transient hydrogen-bonding
bridges in the c-pore. The steep water uptake at RH~72%
corresponds to mesopore filling. For the desorption branch,
water evacuation occurs sequentially from the micropores
(~70% and ~55% RH), to the mesopores (~47% RH), and
to the c-pores (0% RH). The computational observation that
water evacuation starts from micropores is consistent with
these being the most hydrophobic feature of the pore envi-
ronment. Further, the sequence of pore evacuation is in line
with the MD simulations (below), as well as with experi-
mental observations. The loading of ~550 water molecules
per unit cell at saturation, ~1.5 g/g,3° corresponds to ~400
waters in mesopores + c-pores, with the remaining ~150
waters filling the triangular micropores. When considering

the pore-accessible volume, this loading is near the bulk lig-
uid density of water (see Figure S30).

Molecular Dynamics Simulations. MD simulations for vari-
ous water loadings in NU-1000 and its three variants were
performed in the canonical ensemble (fixed loading and
random initial positions of water molecules) to probe the
water-induced stresses experienced during the evacuation
process. The qualitative characteristics of the virial pres-
sure, P,4;, as a function of the water loading (given here as
DPwat) are the same for the three node chemistries consid-
ered here (Figure 5a). Off-diagonal components of the pres-
sure tensor were examined and conveyed no additional in-
formation. When p,,,; is decreased from its saturation load-
ing (ie., 1.5 g water/g MOF), P, decreases sharply as wa-
ter is homogeneously stretched within the porous matrix. A
negative pressure of the water molecules indicates that con-
traction of the system would lower its potential energy, and
such negative pressures can be observed experimentally in
bulk water.#0 For the smallest system size studied here,
1x1x2 unit cells, two local minima for P,,,; are observed for
Pwar®1.25 and =1.40 g/g that correspond to the reduction
in the stress as water evacuates the triangular micropores
that are less hydrophilic due to a paucity of node-based sites
for H-bonding (Figure 5b-ii-ix). Maps of the number of hy-
drogen bonds that water molecules participate in as a func-
tion of location confirm that triangular channels are geo-
metrically constraining, with waters near the walls involved
in fewer hydrogen bonds (Figures S31 & S32). A broader
minimum, PS%7, follows near p,,,.*1.05 g/g just before cav-
itation of a bubble in the liquid occupying the mesopore
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(Figure 5b-x). This finding supports our previous inference
that the cavitation process in the mesopore contributes to
the structural collapse during the 1st water desorption step.
The inference is also supported by our simulated adsorp-
tion-desorption cycling over limited pressure regions that
do not show hysteresis since filling-evacuation of the meso-
pore is not encountered (Figure 3c,d). The simulation data
indicate that |Pg%7| is largest for NU-1000, which is indeed
most susceptible to collapse. Modification of nodes with
chloride or formate ions reduces the stress during cavita-
tion, following a pattern that corresponds to the ability of
the ligands to participate in hydrogen bonds (if, for simplic-
ity, we overlook the ps-hydroxo and ps-hydroxo ligands
common to all versions, NU-1000 can donate or accept H-
bonds, NU-1000-CI can only accept, and NU-1000-formate
cannot do either). It should be noted that the virial pres-
sures reported are measures of the stress induced on the
MOF and are distinct from the MOF’s ability to withstand
such stresses. Analysis of the simulation trajectories indi-
cates nanobubbles are initially formed from density fluctu-
ations along the hydrophobic walls of triangular pores and
then expand to hexagonal pores (Figure 5b). The nanobub-
bles observed in the mesopore are rod-shaped and, as they
grow, quickly extend through the entire periodic simulation
box along the c-direction (i.e., two unit-cells). The bubble
tends to adhere to the walls of NU-1000 rather than forming
in the center of the mesopore, as is observed for other
guests, such as ammonia#*! and methanol (Figure S33). The
locations of these bubbles within NU-1000 persist through-
out the length of a simulation (Figure S34), despite that in-
dividual water molecules are able to explore the entire pore
environment as indicated by molecular diffusion estimates
from directional mean-square displacements (Figure S35).

As p,q: is decreased further, the volume of the bubbles
increases and the pressure curve changes sign in its first
and second derivatives and asymptotically approaches zero
pressure from below, similar to the case of bulk liquid wa-
ter.15 This is true for all node chemistries considered (Fig-
ure S36). Analysis of simulation trajectories reveals that at
exceptionally low densities (p,,4:<0.15 g/g), the most favor-
able location for water is within the c-pore between two Zrs
nodes, forming hydrogen bonded bridges between proximal
nodes (Figures S37). Beyond the maximum loading of the
c-pore itself, additional waters may localize within the mi-
cropores, so as to maintain hydrogen bonding with those
confined in the c-pores. Beyond p,,,;%0.3 g/g, the hexagonal
mesopore becomes preferable to triangular micropore (Fig-
ure S37). These sittings are consistent with a prior simula-
tion study using a different force field.42

When the simulated system comprises only one unit cell
in the ab-plane (two micropores and one mesopore), we
find that complete evacuation of one micropore (i.e., 50% of
the micropores) is preferable to partial occupation of all mi-
cropores. For a more extended system in the ab-plane, we
find a smoothing of the sawtooth pattern as emptying of one
micropore corresponds to only a small fraction of the mi-
cropores (Figure 5a). Two local minima in P,,,, persist, one
at p,,q:*1.4 g/g corresponding to cavitation in the first mi-
cropore (above which the pore volume is filled with a ho-
mogeneously stretched liquid with no bubbles), and the
other near p,,; 1.0 g/g, P& (below which bubbles can be
observed in the mesopores). Similar behavior in P,,; is

observed when the unit cell is further replicated along the
c-axis, although in this case the sawtooth pattern is
smoothed out because the micropores are large/long
enough to be partially filled after bubble nucleation (Figure
$38). Across all system sizes investigated, |P,.| is greatest
at PS%Y, preceding bubble nucleation in the mesopore, at a

value of p,q: (pi%4:) at which all micropores are vacant. At

densities lower than p5%;, the combination of pores that are
vacant is far less prescriptive, and micropores that were va-
cant at higher densities may re-fill (Figure $39). This unex-
pected behavior minimizes the surface area of the bubble,
which may span multiple unit-cells laterally. At p,,o; >pSis,
a subset of micropores is vacant, and their distribution in
the ab-plane is uncorrelated (Figure 5b(i)-(ix)).
CONCLUSIONS

Crucial for many applications of MOFs is mitigation of
structural damage caused by capillary forces associated
with evacuation of water from MOF pores. We find that the
nature and magnitude of these forces can be quantitatively
understood by framing evacuation in terms of nanocavita-
tion. When coupled with molecular dynamics data,
nanocavitation-centered modeling discloses the depend-
ence of forces on pore loading, pore size, pore identity, and
pore composition, and reveals why sorbed water presents
unique challenges. Experimental isotherms, DED, and XAS
measurements with five variants of NU-1000 validate and
corroborate the computational findings, including findings
regarding sequence of pore-filling, mitigation of capillary
forces, and MOF compositional stabilization against water-
evacuation-based structural degradation.
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