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Water motifs in zirconium metal-organic
frameworks induced by nanoconfinement
and hydrophilic adsorption sites

Aran Lamaire , Jelle Wieme , Sander Vandenhaute , Ruben Goeminne ,
Sven M. J. Rogge & Veronique Van Speybroeck

The intricate hydrogen-bonded network of water gives rise to various struc-
tures with anomalous properties at different thermodynamic conditions.
Nanoconfinement can further modify the water structure and properties, and
induce specific water motifs, which are instrumental for technological appli-
cations such as atmospheric water harvesting. However, so far, a causal rela-
tionship between nanoconfinement and the presence of specific hydrophilic
adsorption sites is lacking, hampering the further design of nanostructured
materials for water templating. Therefore, this work investigates the organi-
sation of water in zirconium-based metal-organic frameworks (MOFs) with
varying topologies, pore sizes, and chemical composition, to extract design
rules to shape water. The highly tuneable pores and hydrophilicity of MOFs
makes them ideally suited for this purpose. We find that small nanopores
favour orderly water clusters that nucleate at hydrophilic adsorption sites.
Favourably positioning the secondary adsorption sites, hydrogen-bonded to
the primary adsorption sites, allows larger clusters to form at moderate
adsorption conditions. To disentangle the importance of nanoconfinement
and hydrophilic nucleation sites in this process, we introduce an analytical
model with precise control of the adsorption sites. This sheds a new light on
design parameters to induce specific water clusters and hydrogen-bonded
networks, thus rationalising the application space of water in
nanoconfinement.

Liquid water is well-known for its anomalous behaviour in comparison
with other liquids, including a density maximum at 4 ∘C—resulting in
the famous expansion upon freezing—and a high surface tension1.
These anomalies are linked with the unusual structure of water, which
is determined by an intricate network of hydrogen bonds2,3. At lower
temperatures, the hydrogen bond networks manifest most orderly in
ice crystals4 or in clathrate hydrates, which are ice-like cage structures
that encapsulate clean energy vectors such as methane or hydrogen5,6.
When confining water molecules to nanosized pores or channels, the
hydrogenbondnetwork can be heavily disrupted, thereby significantly
altering the physical properties of nanoconfined water compared to

bulk water. A reduced dielectric constant can for instance persist in
water layers up to 100 nm before recovering bulk behaviour7. A thor-
ough understanding of the different factors that influence the nano-
confined water’s intricate hydrogen bond network is critical to exploit
these unusual properties towards practical applications such as water
harvesting8–10 or shock absorbers11. Herein, we further contribute to
such understanding by systematically investigating the origins of dif-
ferent hydrogen bond motifs in structurally nanoconfined water.

Carbon nanotubes (CNTs) were one of the first materials investi-
gated in the context of water confinement. Depending on the nano-
tube diameter and thermodynamic conditions, water molecules in
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CNTs were reported to form one-dimensional hydrogen-bonded
chains along the hydrophobic nanotubes12,13, as well as shell-chain
structures with a cylindrical square-ice shell surrounding the water
chain14, or structured stackings of n-membered water rings15,16. The
one-dimensional cylindrical confinement of water thus induces the
formation of ice-like phases which are unstable in a bulk phase and
possess altered properties such as an enhanced diffusion rate. In the
case of two-dimensional water confinement, for instance between two
graphene sheets, transmission electron microscopy (TEM) measure-
ments showed the existenceof a square-icephase,whichdeviates from
the tetrahedral hydrogen bond coordination of bulk ice17. For the
specific case of a monolayer of nanoconfined water, Kapil et al.18

demonstrated that the phase diagram also contains other stable
polymorphs of ice, such as hexagonal, pentagonal, and hexatic ice.

Over the past few years, water confined in three-dimensional
nanostructures has systematically gained more attention in view of
several applications. To exploit the extraordinary properties of three-
dimensionally confined water, metal-organic frameworks (MOFs) are
ideal host materials, thanks to their highly tunable nature19–21. Their
modular composition ofmetal nodes and organic linkers gives rise to a
wide variation in water-confining environments so that they can be
tailored for various applications. Just as in the case of one- and two-
dimensional confinement of water, also three-dimensionally confined
water in the pores of MOFs behaves differently from bulk water. In
flexible MOFs, such as MIL-53(Ga), water adsorption can induce new
phases besides thenarrow- and large-porephases known for the empty
framework22. Furthermore, the confinement of water in MOFs is also
known to slow down the water reorientation dynamics and affect the
hydrogen bond network, along with the related tetrahedral order22,23.

The most notable opportunities three-dimensional water confine-
ment in MOFs offers are atmospheric water harvesting8–10, water
purification24–26, shock absorption11, and adsorbent-based heat pumps
and chillers with water as a green working fluid27–29. Some frameworks
with a hydrophobic character, such as the zeolitic imidazolate frame-
work ZIF-8, possess the ability to function as shock absorbers due to
their resistance to water intrusion. In ZIF-8, the spontaneous intrusion
of water requires the formation of water clusters with a critical number
ofmolecules to start filling one of the nanopores. If the strain rate of the
water intrusion exceeds the intrinsic rate for the nucleation of critical-
sized water clusters, the high-rate mechanical impact is attenuated as a
consequence of the energy dissipated in the forced intrusion process11.

In many MOFs, however, both hydrophilic and hydrophobic sites
are present, which determine the specific adsorption behaviour of the
material. The aromatic linkers are typically hydrophobic, while open
metal sites and μ-OH groups are hydrophilic and act as nucleation sites
in the formation of water clusters30,31. This initial step in the water
adsorption process was labelled the seeding stage by Hanikel et al.32 in
the analysis of water adsorption in MOF-303, a MOF that is excep-
tionallywell suited for atmospheric water harvesting. After the seeding
stage, water adsorption in MOF-303 continues through a clustering
andnetworking stage, duringwhich thefirst adsorbedwatermolecules
grow into clusters and eventually unite into an extended hydrogen-
bonded water network. This adsorption mechanism occurs in many
MOFs (e.g. CAU-10-H31, MOF-80127,33,34, MIL-10135, Co2Cl2BTDD

23), as
well as in the purely covalently bonded equivalent of MOFs, known as
covalent organic frameworks (COFs)36.

During the seeding stage, the hydrophilic sites in the framework
play a decisive role, which can be easily demonstrated by the addition
or removal of such sites. When pyrazole is substituted by less hydro-
philic furan32 or thiophene37 inMOF-303, the primarywater adsorption
sites of the framework are altered, which diminishes the water uptake
at low relative humidities. Similarly, the incorporation of hydrophilic
linker functionalities for UiO-66 enhances the water uptake at low
pressures, whereas incorporating hydrophobic linker functionalities
has the opposite effect38,39.

In this work, we present a systematic investigation of how the
meticulous tuning of nanoconfinement, hydrophobic, and hydrophilic
sitesmay induce the formationof particularwater clusters. To this end,
a series of zirconium MOFs with different topologies but similar
building units are considered, including UiO-66, UiO-67, UiO-68, MOF-
801, MOF-808, MOF-841, and NU-1000, as shown in Fig. 1. This specific
choice of materials allows to evaluate the influence of varying pore
sizes (see Fig. 1 and Supplementary Table 1) and degrees of hydro-
philicity on the water organisation in highly similar frameworks. MOF-
801, UiO-66, UiO-67, and UiO-68 share for instance the same topology
and metal nodes, which are connected by linkers of different lengths,
leading to various degrees of confinement. The selected systems can
thus be seen as model systems for highly tunable nanostructures,
which enable a systematic investigation of the features affecting the
organisation of nanoconfined water.

Using different structural identifiers,water confined in the smaller
MOFs is shown to deviate substantially from bulk water, as the struc-
tural organisation of water is strongly templated by the host frame-
work. To disentangle the role of confinement and the importance of
hydrophilic and hydrophobic regions within the framework, an ana-
lytical model is constructed to rationalise the observed behaviour in
the MOFs. This model provides a more fundamental insight into the
strong interplay between primary and secondary adsorption sites in
MOF-801 and UiO-66, which can significantly influence the clustering
and networking stages during water adsorption and thus shape the
water adsorption isotherms. This understanding canbe used to further
guide the design of tunable nanostructures for applications that
involve water confinement.

Results
For each of the zirconium MOFs in Fig. 1 different water loadings are
investigated,with amaximal loading determined fromgrand canonical
Monte Carlo (GCMC) simulations at 1 bar and 300 K. As explained in
more detail in the Methods section, path integral molecular dynamics
(PIMD) simulations are performed to determine the structural prop-
erties of the confinedwater. The computationallymoreexpensive path
integral formalism is used as water molecules are prone to nuclear
quantum effects (NQEs), which can significantly affect the description
of hydrogen bonds40. When introducing water molecules in the
nanoporous frameworks, eachMOF exhibits a cell volume contraction
(see Supplementary Fig. 2). Initially, this contraction increases with the
number of water molecules until a relative volume reduction of about
2% is reached. When more guests are added to the framework, the
material starts to expand again and can exceed the unit cell volume of
the empty framework.

To capture the structural organisation of a network of water
molecules, one can consider the number of hydrogen bonds in which
each molecule participates. In Fig. 2 and Supplementary Fig. 3 the
probability of different hydrogen bond connectivities is shown for the
different frameworks with various water loadings alongside the refer-
ence distribution of bulk water. For bulk liquid water, every molecule
tends to partake on average in 2.7 hydrogen bonds, as configurations
with 2 to 4 hydrogen bonds are most likely. For confined water, the
hydrogen bond network can be heavily disrupted by the confining
framework depending on the size of the pores. When few water
molecules are present, the hydrogen bond distribution is skewed
towards 0 or 1, as only a limited number of hydrogen bonds can be
formed. For higher water loadings, the influence of the framework
becomes apparent for smaller frameworks such as UiO-66, MOF-801,
and MOF-841, as their hydrogen bond distribution does not converge
to the one of bulk water. The materials with larger nanopores, such as
UiO-67, UiO-68, MOF-808, and NU-1000, do show hydrogen bond
distributions similar to liquid water.

Structural information beyond the first solvation shell around
every water molecule can be obtained from radial distribution
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functions (RDFs) of the oxygen atoms (see Fig. 3 and Supplementary
Fig. 4). The first peak of the RDF represents neighbouring water
molecules and thusprovides similar informationas thehydrogenbond
distributions. In comparison with ordinary liquid water, this peak is
mainly modulated in intensity, whereas its shape and position are only
minorly different. The first minimum, on the contrary, does show an
appreciable shift for the smaller UiO-66 and MOF-801 frameworks of
respectively, 0.2Å and 0.4Å towards larger interatomic distances. As
MOF-801 has the smallest pores, the structural perturbation is clearly
most pronounced for this framework, yielding a broader and flatter
minimum. This perturbation also pervades the second solvation shell
represented by the second RDF peak, which becomes sharper than in
bulk water and is shifted to larger distances by 0.4–0.5Å. For frame-
works containing larger pores, suchasUiO-67 andMOF-808, theRDF is
observed to closely approach the bulk equivalent for larger water
loadings, with only small shifts in the peak positions of about 0.15 Å.

The origin of the deviating structural organisation of water in
the MOF’s nanopores can be traced back to the formation of clusters
that nucleate at hydrophilic sites. Particular contributions of the
clusters to the RDFs of UiO-66 and MOF-801 are shown in the insets
of Fig. 3 and in Supplementary Fig. 5. To visualise the preferential
adsorption sites and the structures that emerge from it, the water
density in the MOFs is shown for different slabs in Fig. 4a and Sup-
plementary Figs. 6–9. A schematic representation of the MOFs with

an fcu topology is also depicted in Fig. 4a, with the tetrahedral pores
indicated in green and pink, whereas the octahedral pore of the
framework is filled with an orange sphere. Two types of tetrahedral
pores are present, with respectively μ-OH groups (green pores,
labelled T1) or μ-O groups (pink pores, labelled T2) on the cornering
metal clusters. For MOF-801, distinct geometrical water patterns can
be discerned, which closely reflect the framework’s structure. In the
tetrahedral T1 pores, the cornering μ-OH groups serve as anchor
points for the formation of a cubic structure that was also resolved
experimentally by Furukawa et al. through X-ray diffraction33. Start-
ing from the adsorbed water molecules at the four μ-OH groups
within the pore (site 1 in Fig. 4a), the cube is completed by additional
water molecules that hydrogen bond to these anchor points (site 2 in
Fig. 4a). Furthermore, these additional watermolecules, in their turn,
can engage in a hydrogen bond that connects the tetrahedral pore
with the neighbouring octahedral pore (site 3 in Fig. 4a). At lower
water loadings, the tetrahedral pore of MOF-801 can also accom-
modate a square cluster instead of a cubic cluster, as shown in
Supplementary Fig. 7.

When increasing the pore size by going from MOF-801 to UiO-66,
thus increasing the diameter of the tetrahedral pore by about 2 Å (by
changing the fumarate linkers by benzenedicarboxylate linkers), two
different density profiles appear within the T1- and T2-type tetrahedral
pores (in Fig. 4a). The T1-type pore still accommodates cubic water

Fig. 1 | Overview of the structures of the zirconium MOFs investigated in
this work. The pores of each framework are indicated with coloured spheres and
the corresponding pore diameters are listed below the figure. Note that the

structure of NU-1000 is rescaled with a factor of 0.65 compared to the other
structures. Hydrogen atoms are depicted in white, carbon in grey, oxygen in red,
and zirconium in cyan.
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clusters that nucleate at the μ-OH groups located in the corners of the
pore. The T2-type pore, on the contrary, has μ-O instead of μ-OH
groups in its corners, which displaces the primary adsorption sites. In
the T2-type pores, the primary adsorption sites are located closer to
the corners (site 4 in Fig. 4a), which misaligns the nucleation points for
a pore-filling cubic water cluster. The absence of an optimal water
cluster to fill the pore results in more freedom for the hydrogen bonds
formed with the adsorption sites, which is reflected in the reduced and
dispersed density surrounding these sites. For MOF-801, by contrast,
the smaller size of the tetrahedral pores allows to also stabilise the
cubic water cluster in the T2-type pore, as the adsorption sites are
located closer to the centre of the pore and thus provide the required
hydrogen bonds to complete the cube (just as in the T1-type pore).
Note that a distinction in adsorption sites between the tetrahedral
pores was also experimentally observed by Furukawa et al.33, but the
difference in adsorption sites was not resolved atomically with respect
to the patterns induced by the specific terminations of themetal nodes.

To rationalise the adsorption behaviour in a confined environ-
ment such as MOF-801 or UiO-66, an analytical potential was used to
separate the effects of geometrical confinement from the presence of
hydrophilic adsorption sites. To this end, a repulsive cubic box with
different side lengths was used, which contains either no adsorption
sites, tetrahedrally arranged adsorption sites, or cubically arranged
adsorption sites (see Fig. 4b, SupplementaryNote 10, and theMethods
Section). In the absence of hydrophilic sites (Supplementary Fig. 18), a
collection of eightwatermolecules only takes on a cubic shape for very
small box lengths (smaller than 6 Å). As the water molecules are
located closely near the edges of the box, attempting to escape the
box, it is rather unlikely that this number of water molecules would be
present in a realistic pore. In the presence of tetrahedrally arranged
hydrophilic sites, the adsorption patterns observed in UiO-66 can be
reproduced with an appropriate placement of the adsorption sites
(Supplementary Figs. 19–26). For box lengths varying from 6 to 10Å, a

cubic water cluster is formed when the tetrahedral adsorption sites
outline a cube with a side of about 3Å. In this case, the corners of the
cubewhich donot contain an adsorption site are located at a hydrogen
bond distance from the tetrahedral adsorption sites, thus favouring
the formation of a cubic water cluster. If the adsorption sites are fur-
ther apart and define a cube with a side of about 4Å, the tetrahedral
arrangement of the T2-type pores in UiO-66 is retrieved. When the
tetrahedrally arranged hydrophilic sites are replaced by a cubical
arrangement, the cubic water clusters can be stabilised at lower
adsorption energies and over a wider range of distances (i.e. a cube
with a side of about 3–4Å). This analytical model therefore not only
demonstrates the importance of hydrophilic sites in the formation of
water clusters, but also a possible design principle in which a set of
primary adsorption sites outlines a larger cluster with secondary
adsorption sites located at hydrogen bond distances from the primary
sites. By exploiting this principle, it is also possible to construct larger
clusters as shown in Supplementary Figs. 28–29.

The interplay between primary and secondary adsorption sites
also strongly influences thewater adsorption behaviour. In the context
of atmospheric water harvesting, the ideal adsorption behaviour is
characterised by a step-shaped isotherm with a steep uptake at a
relative pressure between 0.1 and 0.3, to allow for an easy adsorption
at low pressures while retaining moderate regeneration conditions8,41.
In Fig. 5, water adsorption isotherms are shown for a virtual cubic pore
with a side of 6Å and tetrahedrally arranged adsorption sites at dif-
ferent positions. With the aid of secondary adsorption sites, the
desired adsorption behaviour for atmospheric water harvesting canbe
retrieved for primary adsorption sites with a moderate strength of
35 kJ/mol. In the absence of secondary adsorption sites, a larger spa-
cing between the adsorption sites is observed to flatten the isotherm,
whereas a closer spacing of the sites shifts the isotherm to lower
relative pressures. Both mechanisms significantly reduce the working
capacity of the virtual pore. A more elaborate discussion of the

Fig. 2 | Probability distribution of the number of hydrogen bonds per water
molecule for confinement in different MOFs. For each framework, a gradient
colour scale is used to indicate the water loading in the unit cell. The hydrogen

bond distribution of bulk water is indicated with a grey dashed line. The specific
volume of each framework is indicated in the upper right corner of every pane.
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influence of different parameters on the adsorption isotherms,
including the adsorption strength, is given in Supplementary
Note 10.2.

A further increase of the pore size by going fromUiO-66 toUiO-67
yields amore attenuated imageof thewater density (Fig. 4a). Theμ-OH
groups in the T1-type pores remain preferential adsorption sites that
can branch out cubically, thus preserving a specific order within the
additional spatial freedom of the larger pore. A unique cubic cluster as
in the T1-type pores of UiO-66 is however no longer present. In the T2-
type pores, the spatial freedom further thins the water density,
although the adsorption sites near the corners of the pore are still
clearly visible. For UiO-68, the trend associated with increasing pore
sizes continues, with a more diluted density in the pores that remain
pierced by the adsorption sites (Supplementary Fig. 6). Alternatively,
the pore size of UiO-66 can also be increased by introducing defects in
the framework. By removing oneor two linkers in themodel of UiO-66,
along with the protons on the connected zirconium bricks for charge
balance, some primary adsorption sites change from μ-OH to μ-O, so
that together with the increase in pore size the preferential secondary
adsorption sites disappear (Supplementary Fig. 9). A specific organi-
sation of water in clusters is therefore only to be expected for MOFs
with appropriately tuned pore sizes and favourably located

hydrophilic sites, which are key features in the design and perfor-
mance of atmospheric MOF water harvesters.

Similarly toMOF-801 andUiO-66, other framework-inducedwater
motifs can be observed in zirconium MOFs with a different topology.
In the tetrahedral MOF-841 crystal, the μ-O and μ-OH adsorption sites
are again surrounded by a second layer of adsorbed water molecules,
but are no longer enclosed in a cubical pore (Supplementary Fig. 6). In
MOF-808, the μ-O(H) adsorption sites are located both in the smaller
tetrahedral pores and in the large adamantane cages, which yields a
layer of water molecules that envelops the framework. In the larger
pores, just as for UiO-68, the spatial freedom of the molecules dilutes
the density. Also in NU-1000 (Supplementary Fig. 8), a specific clus-
tered water organisation is absent in the large pores, but in the space
confined between the linkers, ring-like structures can be discerned.

As illustrated by this selection of zirconium MOFs, structured
water clusters can be formed within MOFs in the presence of hydro-
philic adsorption sites. If the confining pore is sufficiently small, it fully
templates the hydrogen-bonded network of water molecules it con-
tains. Another example of this behaviour is for instance given by the
one-dimensionalwater wires that are present in the narrow-pore phase
of MIL-5342,43. However, when the volume of the framework increases
and the material transitions to the large-pore phase, the larger pores

Fig. 3 | Radial distribution functions (RDFs) between the oxygen atoms of the
water molecules in different MOFs. For each framework, a gradient colour
scale is used to indicate the water loading in the unit cell. The O--O RDF of bulk
water is indicated with a grey dashed line. The insets for UiO-66 and MOF-801

(labelled 1--3) show the contributions of representative O--O pairs to the second
peak of the RDF. The inset for UiO-67 shows the bulk-like shell structure in the
octahedral pore.
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Fig. 5 |Water adsorption isotherms for watermolecules confined in a repulsive
cubicboxwitha side lengthof6Å and tetrahedrally arrangedadsorption sites.
Theposition of the adsorption sites is variedwith theparameter ε. The four primary

adsorption sites have a strength of 35 kJ/mol and are indicated in red. The sec-
ondary adsorption sites only occur for ε = 1.5Å and are indicated in orange.

Fig. 4 | Spatial distribution of the water density in different confining envir-
onments. a considers the water density in different MOFs, whereras b considers a
repulsive cubic box (see "Methods" section). a also contains a schematic repre-
sentation of a water-filled MOF, with examples of the water clusters present in the
T1 and T2 pores. The different adsorption sites are labelled as follows: (1) adsorbed
at a μ-OH group of the metal node, (2) hydrogen-bonded to sites 1, (3) connecting
tetrahedral and octahedral pores, and (4) adsorbed at a μ-O group of the metal
node (see also Supplementary Fig. 10). Densities lower than 0.001 g/cm3 are

attributed the colour black. The densities of the MOFs are symmetrized using the
spacegroupof the framework (seeSupplementaryNote 8) so thatonly four slabs of
one half of the framework are shown. The densities of the repulsive cubic boxes are
symmetrised using the P43m space group so that only the density in the top half of
the box is shown. The box has a side L = 8Å and adsorption sites with a strength of
K = 20kJ/mol. Results for different box parameters are reported in Supplementary
Note 10.

Article https://doi.org/10.1038/s41467-024-54358-z

Nature Communications |         (2024) 15:9997 6

www.nature.com/naturecommunications


can adsorb more water molecules and a more disordered water net-
work replaces the water wires. Also in Co2Cl2BTDD water wires are
formed, which nucleate at the open metal sites of the framework and
instigate the subsequent pore-filling process23. In PCP-1, an ordered
stacking of two-dimensional squarewater structureswas revealedwith
single-crystal X-ray diffraction44, which demonstrates once more the
possibility to form ice-like ordered structures at room temperature. In
CAU-10-H, a water cluster is built around a double pentamer, which
cannot be hosted in CAU-10-CH3 due to the presence of the methyl
groups31.

Additional information about the substructure of the hydrogen-
bonded network can be obtained by means of a graph search for
specific structures. More particularly, one can scan the network for
square, pentagonal, and hexagonal ring structures, which are the
constituents of clathrate hydrates or ice4,5. In bulk water, the penta-
gonal and hexagonal rings aremore prevalent than the square ones, as
shown in Supplementary Figs. 14–16. In confinement, the pore size and
shape determine the relative occurrence of the different ring struc-
tures. The small tetrahedral pores in UiO-66 and MOF-801 result in a
larger amount of square rings, which makes them equally or more
prevalent than the larger pentagonal and hexagonal rings. When the
pore size of the framework increases, the bulk-like behaviour re-
emerges for high water loadings and the pentagonal and hexagonal
rings are again most numerously present.

Discussion
Using a diverse set of zirconium MOFs, with similar building units but
varying topologies and pore sizes, the organisation of water in differ-
ent nanoconfining environments was systematically investigated to
unravel to which extent water can be templated by the host frame-
work. Only for large pores, the bulk-like behaviour of water can be
retrieved. In the smaller pores, the network of water molecules—and
the resulting properties—are shaped by the pore that hosts them. To
form orderly water clusters in a pore, hydrophilic adsorption sites play
a pivotal role, as demonstrated by the analytical model that was
devised in this work. Besides the importance of hydrophilic sites in the
nucleation of water clusters, they may also induce secondary adsorp-
tion sites through hydrogen bonding, which allows for the construc-
tion of larger orderly water clusters with a limited number of
hydrophilic sites. The cubic water cluster observed in the tetrahedral
pores of MOF-801 and UiO-66 is an example of such an interplay of
primary and secondary adsorption sites, as rationalised by the analy-
tical model. Given the decisive role of water clusters in the adsorption
behaviour of nanoporous materials, secondary adsorption sites can
assist in shaping the water adsorption isotherms by improving
the adsorption capacity of the material while maintaining modest
desorption energies, as required for instance in atmospheric water
harvesting.

Methods
Force fields
For eachMOF considered in this work, a flexible forcefieldwas derived
from first-principles data using the QuickFF protocol45. By relying on
the equilibrium structure and the Hessian of isolated clusters distilled
from the framework, the potential energy surface of the framework
can be cast into an analytical representation. The first-principles cal-
culations of the clusters were performed with Gaussian 1646, using a
B3LYP level of theory47, a LanL2DZ basis set and effective core
potential for the zirconiumatoms48, and a6-311g(d,p) basis set49 for the
hydrogen, carbon, and oxygen atoms. The framework charges were
obtained from MBIS partitioning50 of the electron density calculated
with GPAW51, whereas the van der Waals interactions were described
with Dreiding Lennard-Jones parameters52. For the water molecules,
the q-TIP4P/f force field was used to avoid a double counting of the
nuclear quantum effects (NQEs) when using path integral molecular

dynamics (PIMD)53. More details regarding the energy expression of
the force fields are provided in Supplementary Note 2.1.

ForMOF-801, the force field simulations were also comparedwith
PIMD simulations performed with a machine learning potential (MLP),
to assess the robustness of the results. In the MLP, the atomic inter-
actions are represented by a neural network with a MACE54 archi-
tecture that is trained on PBE-D3(BJ)55,56 energies and forces of
configurations generated with the Psiflow57 methodology, as detailed
in Supplementary Note 2.2. Both descriptions of water inMOF-801 are
observed to yield similar results, as demonstrated in Supplemen-
tary Note 8.

PIMD simulations
To generate initial configurations with different water loadings for
eachMOF, grand canonical Monte Carlo (GCMC) simulations at 300 K
and 1 bar were performed with RASPA58, using equal translation,
rotation, and insertion probabilities. Subsequently, the GCMC snap-
shots were used as initial configurations for path integral molecular
dynamics (PIMD) simulations performed with i-PI59. PIMD was used
instead of regular MD as nuclear quantum effects (NQEs) can play an
important role in the description of water40. A brief outline of PIMD is
provided in Supplementary Note 3. The temperature of the PIMD
simulations was set to 300 K and controlled by a Langevin
thermostat60 with a time constant of 100 fs. The pressure was set to 1
bar and controlled by a Raiteri-Gale-Bussi barostat61 with a time con-
stant of 1 ps. For every atom, 32 beads were used to evaluate the short-
range interactions, whereas the long-range interactions were eval-
uated on a contracted ring-polymer of 8 beads. The force evaluation in
i-PI was delegated to Yaff62 in combination with LAMMPS63 to speed
up the calculation of the non-covalent interactions. Every simulation
was run with a time step of 0.25 fs and had a total simulation time of
250ps. The reference simulation for bulk water used a box with 216
water molecules with a density of 997 kg/m3. This simulation was run
for 200ps with a constant volume.

Analytical model
As a toy model, three artificial confining environments were con-
sidered (see Fig. 4). A first environment consists of a repulsive cubic
box in which water molecules can move freely and are restrained by
repulsive walls modelled by the following potential:

V ðx, y, zÞ= κ
2
ðx � x0Þ2 Hðx � x0Þ+

κ
2
ðy� y0Þ2 Hðy� y0Þ

+
κ
2
ðz � z0Þ2 Hðz � z0Þ+

κ
2
ðx + x0Þ2 ð1�Hðx + x0ÞÞ

+
κ
2
ðy+ y0Þ2 ð1�Hðy+ y0ÞÞ+

κ
2
ðz + z0Þ2 ð1�Hðz + z0ÞÞ,

ð1Þ

withH theHeaviside function, κ the strength of the repulsivewalls, and
2 r0
�
�

�
� the length of a side of the repulsive cube. For all simulations, a κ

value of 100 kJ/(molÅ2) was used. The second and third confining
environments closely mimic the tetrahedral pores of UiO-66 by
introducing local adsorption sites in the above-mentioned repulsive
cubic box with the following analytical potential:

V ðx, y, zÞ= � K
X

i

cos
π
w

r� r0, i
�
�

�
�

� �

H � r� r0, i
�
�

�
�+

w
2

� �

, ð2Þ

with K,w, and r0,i respectively the strength, width, and position of the
adsorption sites. Both a tetrahedral and a cubic arrangement of the
adsorption sites were considered, as illustrated in Fig. 4, with
r0, i = ± L

2 � ε
� �

, ± L
2 � ε
� �

, ± L
2 � ε
� �� �

and L the box edge length. The
width w of the adsorption sites was set to 3 Å.

To construct water adsorption isotherms for the analytical
models with adsorption sites, the transition matrix Monte Carlo
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methodology (TMMC) was used64. After an initial canonical
Monte Carlo equilibration of 105 steps at 300K, a classical MD
simulation of 500 ps is performed with a virtual Widom insertion and
deletion after every MD step. By performing these simulations for
different water loadings, the water adsorption isotherm can be
determined. A more elaborate discussion of the water adsorption
isotherms for the analytical models, using both the q-TIP4P/f force
field and the MB-pol water model65, can be found in Supplementary
Note 10.

Data availability
The structure and force field input files are available from the online
GitHub repository at https://github.com/AranLamaire/Supporting_
Information. Any additional data is available from the authors upon
request.

Code availability
YAFF (https://github.com/molmod/yaff), i-PI (https://github.com/i-
pi/i-pi), Psiflow (https://github.com/molmod/psiflow), MACE (https://
github.com/acesuit/mace), and CP2K (https://github.com/cp2k/cp2k)
are open source codes which are freely available at the provided links.
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