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D. Dubbeldam e and S. Calero *ab

Materials used for water treatment purposes need to be stable for easy handling and cost-effectiveness.

UiO-66 has been identified as a promising option. In this work, we investigate the impact of water loading

on the structural and mechanical properties of pristine and defective UiO-66 using classical molecular

simulations. We employ and compare two approaches for modeling non-bonded interactions between the

framework and water molecules: direct Lorentz–Berthelot (L–B) mixing and hybrid mixing. We conducted

molecular dynamics simulations to examine the spatial arrangement of water molecules within the

framework, water affinity for specific framework interaction sites, and their impact on the framework's

structural parameters under atmospheric conditions, high hydrostatic pressures, and increased water

loading. Our results indicate that both methods predict water affinity near zirconium clusters, but differ in

identifying principal interaction sites and interaction strength. L–B mixing predicts strong binding to linker

oxygen atoms, restricting water movement, while hybrid mixing indicated dynamic water behavior, with

site-to-site hopping and pore-to-pore movement observed at moderate and high loadings. Structural

analysis at increased water loadings showed adsorption-induced expansion using L–B mixing due to

linker–cluster bond stretching, contrasting with slight system contraction predicted by hybrid mixing.

High-pressure NPT simulations evidence that water loading reduces amorphization pressure, although

values obtained using both approaches differ significantly at moderate and high loadings.
Introduction

Water pollution is an escalating concern in the world, as diverse
sources such as sewage, wastewater, agricultural pesticides, and
industrial waste continually introduce harmful substances into
natural water bodies.1–3 This contamination poses signicant
threats to ecosystems, the environment, and human health.
Recent research has highlighted the potential of metal–organic
frameworks (MOFs) in addressing wastewater treatment
challenges.4–7 MOFs have demonstrated effectiveness in elimi-
nating a variety of pollutants, including phosphates,8,9 uo-
rides,10,11 heavy metals,12,13 pharmaceuticals,14,15 and chemical
warfare agents.16,17 The limitations of traditional water
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harvesting methods, such as their reliance on high humidity
and energy inputs, further underscore the need for innovative
and efficient approaches like using MOFs.18–20

For industrial applications, it is crucial that materials used in
water treatment exhibit structural stability under moist condi-
tions to ensure ease of handling and cost-effectiveness. Despite
the development of numerous MOFs, only a select few are
chemically stable enough for such applications.21–24 Among these,
UiO-66, a Zr-based MOF, is particularly noteworthy for its
exceptional water stability, which is attributed to the robustness
of the Zr–O bond and a unique geometry that minimizes water
inclusion and reduces hydrolysis reactions.13,21,25–27 UiO-66
features zirconium-based Zr6O4(OH)4 clusters interconnected by
1,4-benzenedicarboxylic acid (BDC) ligands. In its pristine,
defect-free state, each inorganic cluster is 12-fold coordinated,
contributing to its remarkable structural stability under high
pressure conditions.25,28–32 Functionalized derivatives of UiO-66,
developed to tune hydrophobicity, also exhibit impressive
stability, further underscoring the potential of Zr-based MOFs in
advanced water treatment applications.7,17,33–36 Most synthesis
procedures for UiO-66 result in a defective structure with missing
linkers, typically reducing the coordination number of each
zirconium cluster to 11, indicating one missing linker per unit
cell on average.30,37–40 Defects increase the porosity and surface
area, enhancing adsorption behavior,31,32,41,42 catalytic
J. Mater. Chem. A, 2024, 12, 25233–25243 | 25233

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ta04252b&domain=pdf&date_stamp=2024-09-21
http://orcid.org/0000-0002-0539-8236
http://orcid.org/0000-0001-8224-839X
http://orcid.org/0000-0002-4382-1509
http://orcid.org/0000-0001-9535-057X
https://doi.org/10.1039/d4ta04252b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta04252b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA012037


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

7/
20

25
 3

:4
7:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
properties,37,43 and proton conductivity.44,45 However, defects also
reduce structural stability, creating a trade-off between improved
adsorption and mechanical integrity.38,41,46

Molecular simulations provide a reliable means to analyze
the relationships between the material structure and specic
properties, particularly when adsorbates or defects are present.
Over the past decade, computational studies have extensively
examined the adsorption properties of pristine and defective
UiO-66, focusing primarily on water and CO2 adsorption.47–51

These simulations have offered valuable insights for industrial
applications such as water harvesting and gas separation, oen
modeling UiO-66 as a rigid structure interacting with guest
molecules solely via non-bonded potentials.

To accurately study the structural and mechanical properties
of UiO-66, a exible model of the framework is essential. Flex-
ible models, such as the Rogge et al. force elds developed in
2016,46 have been extensively validated for predicting the
properties of unloaded UiO-66. These models employ ab initio
derived parameters tailored to each specic structure, con-
structed through the QuickFF procedure52,53 developed by the
same group. However, these force elds were primarily vali-
dated by reproducing the structural and mechanical properties
of evacuated systems, where interactions with adsorbate mole-
cules were not considered. Recent studies54,55 have demon-
strated that when adsorbates such as acetone and isopropyl
alcohol are introduced, the Rogge potential inadequately
captures adsorbate–framework interactions, particularly
hydrogen bonding with the inorganic clusters. This limitation
underscores the need for modications to the force eld to
accurately model the interaction between Zr clusters and
adsorbates in loaded UiO-66 systems.

The primary objective of this work is to determine how water
loading affects the structural and mechanical properties of ex-
ible UiO-66. Given the established reliability of the Rogge force
elds in accurately predicting these properties, we prioritized
maintaining their original parameters for simulating water-
loaded frameworks. Instead of altering these parameters, we
assessed and compared two approaches for modeling the inter-
action between the framework and water molecules: direct Lor-
entz–Berthelot (L–B) mixing and hybrid mixing. The hybrid
mixing method has been previously employed to study the pore
lling process and water diffusion within UiO-66,56 using sepa-
rate water force elds to model water–water interactions (MB-
pol57) and water–framework interactions (TIP4P2005 (ref. 58)). In
our study, the hybridmixingmethod utilizes the Rogge force eld
for interactions between framework atoms and the UFF59 force
eld for interactions between the framework and water mole-
cules. By systematically evaluating these approaches, we aim to
provide a deeper understanding of how water impacts the
stability and performance of UiO-66, with signicant implica-
tions for its use in industrial water treatment applications.

Methodology

Along with the pristine structure, we considered the eight
defective structures (and corresponding force elds) proposed
by Rogge et al.,46 each containing linker defects: one of them
25234 | J. Mater. Chem. A, 2024, 12, 25233–25243
(type 0) corresponds to a system with one linker vacancy per unit
cell, while the rest (types 1–7) represent structures in which an
additional, distinct linker defect is introduced to the type
0 parent structure (Fig. S1†). Further details on the force elds
and the construction of the structures are provided in the rst
portion of the ESI.† Before the production simulations, these
structures were loaded with different amounts of water mole-
cules, from 10 molecules per unit cell of the framework (cor-
responding to a relative humidity of 5%) to 120 molecules per
unit cell (80% RH), near the water saturation point at room
temperature. As was done in recent published work,47,56,60 the
quantity of water molecules within the MOF structure at various
relative humidity levels was determined using the experimental
water adsorption isotherm for UiO-66.51,61

Force elds and models

We model the pristine and defective frameworks using the
group of force elds proposed by Rogge et al.46 which have
proven to provide an accurate prediction of the structural and
mechanical properties of the unloaded systems. The functional
form for the interactions between framework atoms, regardless
of the inclusion of linker vacancies, is the following:

U = Ubonded + Unon-bonded (1)

where the covalent interactions between neighboring atoms are
mediated through harmonic and Fourier-style potentials

Ubonds ¼
XNbonds

N¼1

1

2
Kr;nðrn � rn;0Þ2 (2)

Ubends ¼
XNbends

N¼1

1

2
Kq;nðqn � qn;0Þ2 (3)

Udihedrals ¼
XNdihed

N¼1

1

2
Kf;nð1� cosðmf� f0ÞÞ (4)

Uoopd ¼
XNoopd

N¼1

1

2
Kd;nðdn � dn;0Þ2 (5)

Two terms contribute to the non-bonded portion of the
potential energy function. The electrostatics are described by
the Coulomb interaction between spherical Gaussian densities
with distinct radii di and dj containing charges qi and qj,
respectively. The potential energy term for particles separated
by a distance of rij is:

UElectrostatic ¼ 1

2

X
i;j¼1
isj

qiqj

4p30rij
erf

0
B@ rijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

di
2 þ dj

2
q

1
CA (6)

The second term models the van der Waals interactions
between two atoms i and j separated by a distance rij using the
two-parameter molecular mechanics (MM3)62,63 Buckingham
potential:
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta04252b


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

7/
20

25
 3

:4
7:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
UVdW ¼ 3ij

�
1:84� 105exp

�
�12

rij

sij

�
� 2:25

�
sij

rij

��
(7)

For bonded atoms, different scaling and exclusion rules are
applied for each contribution to the non-bonded part of the
potential energy. As dened by the MM3 force eld, 1–2 and 1–3
exclusion rules for bonded pairs are applied to VdW interac-
tions, with no scaling applied to atoms separated by two or
more atoms (1–4). For framework atoms of different species, the
equilibrium distance (sij) and well depth (3ij) parameters are
determined via the empirical Lorentz–Berthelot mixing rules:

sij ¼ 1

2

�
si þ sj

�
; 3ij ¼ ffiffiffiffiffiffiffi

3i3j
p

(8)

The interaction parameters of the energy equation depend
on the particular structure to be modelled, that is, each of the 9
structures simulated (pristine, type 0 defective and type 1–7
defective) has distinct associated sets of parameters, and they
are provided in the original publication of the force eld.46

The water molecules were modeled using the extended SPC
model,64,65 although the Tip4P2005 (ref. 58) force eld was
initially implemented and considered as well. The SPC/E model
was selected primarily due to its lower computational cost, as it
involves taking into account fewer interactions, and because
early results showed that both models inuenced the frame-
work similarly. The non-bonded parameters for the description
of water–water interactions were derived using Lorentz–Ber-
thelot mixing rules as well.

Two distinct methods for modeling the interaction between
water molecules and the framework atoms were employed; in
both cases the VdW interactions are modelled using the
Lennard-Jones potential and the electrostatics are modelled
using the canonical Coulomb potential for point charges. In
the rst method, the Lennard-Jones parameters for the
description of the water–framework interaction were derived
by applying Lorentz–Berthelot (L–B) mixing rules directly.
Here, it should be noted that although the empirical combi-
nation of L-J parameters from popular rigid water models and
generic force elds have been used extensively in published
work to study this and similar systems, this is not the case for
the combination of SPC/E and MM3 parameters. This rst
mixing methodology is thus implemented as an intuitive point
of reference, reective of the usual default choice in the
simulation community. In the second method, the Lennard-
Jones contribution of the water–framework interaction was
modied by employing universal force eld (UFF)59 3 and s

coefficients for the framework atoms instead of the MM3 force
eld (MM3)62,63 parameters used for intra-framework non-
bonded interactions, therefore making use of two framework
force elds in a hybrid manner.
Simulation details

The pressure-volume behavior of UiO-66 structures was deter-
mined using molecular dynamics (MD) simulations in the
exible NPT ensemble (N,P,sa = 0,T). This ensemble allows
This journal is © The Royal Society of Chemistry 2024
dynamic changes in both simulation cell volume and shape,
enabling the estimation of the amorphization pressure (Pam) of
the framework. For each system, exible NPT simulations were
conducted starting from a high pressure. The unloaded struc-
tures were rst energy minimized and equilibrated under
atmospheric conditions to record the reference volume (Vr).
Aer loading with water molecules, the structures were equili-
brated at high pressure, monitoring the instantaneous volume
(Vi). Amorphization was deemed to occur if Vi dropped below
a predened threshold (Vt), proportional to Vr. The pressure was
adjusted in subsequent simulations based on whether
amorphization occurred, using a step size (DP) of 0.005 GPa.
The nal Pam was determined as the highest pressure at which
the structure remained stable. Large simulation cells were used
to mitigate uctuations in instantaneous pressure, which can
induce phase transitions at articially low pressures, particu-
larly in exible MOFs.66,67

All simulations were performed using the LAMMPS
package.68 The Verlet integrator with a timestep of 1 fs ensured
energy conservation, while independent thermostats optimized
equilibration times by grouping atoms of the framework and
water. A Nose–Hoover thermostat (300 K, 100 fs relaxation time)
and an MTTK barostat (1000 fs relaxation time) controlled
temperature and pressure, respectively. Radial distribution
functions (RDFs) and 3D water density distribution maps69 were
averaged from 500 ps NVT ensemble runs aer equilibration.
Simulations used a 2 × 2 × 2 supercell with non-bonded
interactions truncated at 14.0 Å and long-range electrostatics
calculated via Ewald summation. Periodic boundary conditions
were applied in all dimensions, with specic scaling of 1–2, 1–3,
and 1–4 non-bonded interactions as per the force eld
requirements.
Results and discussion
Effect of water loading on the pristine structures

In order to evaluate the performance of each parameter mixing
method, we start by analyzing the spatial arrangement of water
molecules inside the undefective framework at different water
loadings. The Radial Distribution Function (RDF) describes
how the average density varies as a function of distance from
a chosen reference particle. By selecting framework atoms as
references, they can be used to identify preferential adsorption
sites within its surface and characterize the interaction envi-
ronment in the vicinity of the metal clusters and organic
ligands.

Regarding the initial interaction sites, at low loadings both
models predict that water molecules tend to agglomerate
around the metal clusters while keeping away from the central
portion of the organic ligands, in line with previously published
research.47,56,70 However, each model suggests different species
near the metal cluster as the primary interaction site for water.
L–B mixing predicts that the oxygen atoms connecting the Zr
atoms with the linkers are the main interaction site, whereas
hybrid mixing points to the hydroxyl groups within the inor-
ganic cluster.
J. Mater. Chem. A, 2024, 12, 25233–25243 | 25235
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For the L–B mixing simulations at low loadings, the RDF
describes the spatial correlation between OH2O and OL peaks at
a radial distance of 1.9 Å, contrasting with a clear separation
from OOx and OOh sites (Fig. S2a†). This behavior is not
consistent with previous computational studies indicating that
water preferentially binds to the hydroxyl hydrogens in the
zirconium clusters. Recently published computational studies
of water diffusion and pore lling processes in UiO-66 predict
an interaction site affinity order of OOh > OL > OOx.56 Further-
more, the peak distance indicates heavy perturbation of the Zr–
OL bond electronic environment. While the interaction site
water affinity order predicted by hybrid mixing (Fig. 1) is qual-
itatively congruent with said ndings and the radial distance to
OOh is the same (z2.8 Å) the density of water molecules near the
preferential site at low loadings is underestimated by 36%. The
RDFs between water oxygen atoms (OH2O) and potential bonding
sites were analyzed at higher loadings of 40 and 100 water
molecules per unit cell using both mixing methods (Fig. S2†).
Hybrid mixing predicts a broadening of RDF peaks with
increasing water content, indicating a more dispersed distri-
bution of water molecules. As loading increases, more water
molecules shi away from the zirconium clusters toward the
pore centers, forming one-dimensional water chains and clus-
ters (Fig. S3†). In contrast, L–B mixing shows a slight decrease
in water presence around zirconium clusters, with less
pronounced occupancy within the pore volume.

A series of 3 ns simulations in the NVT ensemble were con-
ducted at increasing loadings to monitor water molecule posi-
tions and analyze their trajectories. Fig. S4† compares the mean
square displacement (MSD) of water molecules for the two
interaction methods at a moderate loading of 40 water mole-
cules per unit cell. As shown in Fig. 2, L–B mixing results in
water molecules remaining highly localized near the linker
oxygen, with minimal dimer formation. In contrast, hybrid
mixing simulations exhibit diffusive behavior around the pre-
dicted adsorption sites, with occasional formation of water
dimers.
Fig. 1 (a) RDF calculated using hybridmixing betweenwatermolecules a
at a temperature and pressure of 300 K and 1 atm, respectively, with a w
sites in the inorganic cluster are the linker oxygen OL, the hydroxyl grou

25236 | J. Mater. Chem. A, 2024, 12, 25233–25243
To assess how differences in predicted adsorption sites affect
the framework structure, NPT simulations were performed
under atmospheric conditions with increased water loadings.
System volume and bond distances between inner-cluster
atoms were monitored and averaged. As shown in Fig. 3, L–B
mixing predicts a signicant increase in the unit cell lattice
parameter with loading, reaching a 7% volume increase at 80
molecules per unit cell compared to the unloaded structure. In
contrast, hybrid mixing simulations indicate a slight decrease
in lattice parameters, suggesting water-induced framework
contraction.

The expansion correlates with stretching of Zr–OL bonds. In
L–B mixing, increased water presence near OL results in
noticeable elongation of Zr–OL bonds, while hybrid simulations
show a more pronounced effect on OOh–H bonds. Non-
preferential site bonds, such as Zr–Ox and Zr–Oh, experience
minimal changes in L–B mixing (Fig. S5†). The observed
weakening of framework bonds, particularly Zr–OL, suggests
a reduction in cluster–linker coordination and a decrease in
mechanical stability upon water loading.

The UiO-66 crystal structure is known for its stability under
high pressure, remaining intact up to approximately 1.4 GPa.33

To assess the impact of water loading on structural stability,
NPT simulations were conducted under varying hydrostatic
pressures and water loadings. Fig. 4 shows that the amorph-
ization pressure (Pam) decreases with increasing water loading.
At low loadings (10–20H2O molecules per unit cell), Pam values
are similar for both models. However, at intermediate loadings
(30–40 H2O molecules), signicant differences emerge, due to
the hybrid model predicting water dimer and cluster formation
at lower water concentrations than the L–B model. The water
groupings tend to occupy space closer to the middle of the pores
and away from the metal clusters, thus contributing less to
cluster–linker weakening. L–B mixing likely predicts unreal-
istically low Pam values, and the use of hybrid mixing is sug-
gested at moderate and low loadings.
nd framework interaction sites near the zirconium (Zr) cluster. Obtained
ater loading of 10 molecules per unit cell. (b) The identified interaction
p OOh and the dehydroxylated group OOx within the cluster.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Average bond lengths between (a) Zr and OL and (b) OOh and its bonded hydrogen. The unit cell lattice parameter is indicated above each
bar. The data for (a) and (b) at a given loading are from the same four simulation sets.

Fig. 2 Trajectories described by water molecules inside the framework over a simulation period of 500 picoseconds at moderate loading (40
molecules per uc) using (a) L–B and (b) hybrid mixing under atmospheric conditions. On the left side, the cumulative trajectories of all O(H2O)
atoms are pictured. On the right side a subset of trajectories is presented, representative of 3 types of observed behavior: (A) molecules bound to
an interaction site, (B) molecules orbiting already occupied sites, and (C) molecules of the previous type hopping from one interaction site to
another within the same pore. Trajectories are colored based on a gradient from red (start of the trajectory) to blue (end of the trajectory).

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 25233–25243 | 25237
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Fig. 4 Amorphization pressure (Pam) with increased water loading at
300 K. Both models show similar Pam values at low loadings but
diverge at higher loadings. Hybrid mixing predicts a higher Pam at high
loadings, reflecting methodological limitations.
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At high loadings (>80 molecules per uc), simulations using
hybrid mixing exhibit a noticeable increase in Pam values,
a behavior absent in L–B mixing simulations. This difference
stems from the water distribution within the crystal and high-
lights a limitation in our framework collapse detection meth-
odology, in which a framework collapse is dened by a system
volume drop below a threshold during equilibration. At high
particle loadings, the collapse may be impeded or masked,
preventing detection using our criteria.

Our ndings indicate that in a system as complex as UiO-66
and water, the selection of guest–host interaction parameters
signicantly inuences the distribution of the former within the
available pore volume. When comparing the employed
Fig. 5 Amorphization pressure predicted with increasedwater loading fo
mixing. The color of the curve indicates the average linker–cluster coor
obtained for structures with an average cluster coordination of 11.0, wher
3) and least stable (type 5) structures. The results for the pristine structu

25238 | J. Mater. Chem. A, 2024, 12, 25233–25243
methodologies, hybrid mixing predicts water molecule behavior
more in line with previously published simulation studies on
the diffusion and pore-lling process of different adsorbates in
UiO-66 and analogous structures.47,54–56 The results obtained
when employing direct Lorentz–Berthelot mixing rules predict
an unusually strong coordination between the water molecules
and the framework oxygen atoms connecting the organic
linkers with the zirconium cluster, heavily restricting the
movement of individual water molecules and inhibiting the
formation of water clusters at moderate loadings. Moreover, in
both cases, the results indicate that the particular spatial
arrangement of the water molecules at different loadings
inuences both inner-cluster and framework structural
parameters. This is more evident when employing L–B mixing,
as water coordination causes a stretching of the linker–cluster
bonds and a subsequent increase in system volume. This
mechanical response to loading also impacts loss of crystallinity
pressures and is uncharacteristic of a MOF as rigid as UiO-66,
and it might be evidence of poor cross-interaction parameter
selection.
Effect of water loading on defective structures

Previous simulation studies show that although the inclusion of
defects corresponds to a negligible decrease in equilibrium
volume at a particular temperature, they introduce substantial
decreases in both amorphization pressure and bulk moduli.46,71

The effect of water loading at high pressure was investigated for
structures containing one and two linker defects per unit cell.
NPT simulations were conducted at 300 K, systematically
varying the water loading from 10 molecules per unit cell to 80.
The resulting Pam data obtained using both methods are visu-
ally presented in Fig. 5.

A decrease in amorphization pressure is predicted upon
increasing water inclusion for all defective structures, using
r structures containing linker defects using (a) L–Bmixing and (b) hybrid
dination per unit cell. The area in red indicates the Pam range of values
e the limiting upper and lower red curves indicate the most stable (type
res (blue) are included for comparison.

This journal is © The Royal Society of Chemistry 2024
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both parameter mixing methods. In terms of discerning the
relative stability of 11-fold coordination structures under
increasing water loading, both methodologies predict that
inclusion of type 3 vacancies yields the most stable congura-
tion, while type 5 defects exhibit the least stability to high
hydrostatic pressure. A close inspection of the results obtained
for the structure with 1 missing linker per unit cell (Fig. S6a†)
reveals a similar comparative behavior to the pristine struc-
tures, where the amorphization values predicted at low loadings
using both models are almost identical, followed by deviations
at middle and high loadings. Interestingly, a different trend is
observed for the 11-fold coordinated structures (Fig. S6b–d†),
where the hybrid mixing simulations predict a sharper decrease
in Pam values at low loadings when compared to the L–B mixing
results. Furthermore, unlike with the less-defective structures,
both methods predict comparable high-loading values for all
structures with two linker vacancies per unit cell.

Fig. 6 depicts the RDF of water molecules with respect to the
metal sites in a structure containing type 3 defects at low
loading. For this structure as well as all others containing two
linker vacancies per unit cell, when hybrid mixing is employed,
water molecules preferentially interact with open Zr atoms and
thus tend to agglomerate around them, evidencing strong OH2O–

Zr interactions between them. Furthermore, water molecules
bonded to the open metal sites exhibit reduced translational
and rotational movement, similarly to water molecules near the
OL atoms when using L–B mixing in the pristine structures.
Water molecules near defective inorganic clusters, but not
directly bonded to Zr, frequently change hydrogen-bond part-
ners and exhibit higher orientational mobility. As loading
increases water begins to occupy the pore regions, with mole-
cules near the center displaying less restricted movement
compared to those near interaction sites.
Fig. 6 (a) RDF between water molecules and the zirconium atoms for th
between H2O and open Zr2 sites, where all others show the average dens
snapshot along the XY plane of the structure containing type 3 defects
vacancies are highlighted in orange. Similar watermolecule behavior obse
hybrid mixing (Fig. S7–S12†).

This journal is © The Royal Society of Chemistry 2024
As was done for the pristine framework, the structural
properties of the defective systems under atmospheric condi-
tions, using both mixing methods, were also analyzed. Fig. 7a
illustrates the change in unit cell volume for pristine, type
0 defective, and type 3 defective structures when using hybrid
mixing. Although all three systems generally contract upon
loading, the defective structures show a slight expansion at low
loadings. This predicted volume expansion is more noticeable
in structures with more linker vacancies, as seen when
comparing the results for type 0 and type 3. The type 3 defective
structure, representative of other structures with two linker
defects per unit cell, exhibits a linear increase in system volume
followed by contraction once a loading of 20 molecules per unit
cell is reached. Comparing the trends for the type 0 and type 3
structures with that for the pristine one, the initial increase in
system volume is likely related to the number of open metal
sites available aer linker vacancies are introduced. When
employing hybrid mixing, water molecules bound to openmetal
sites contribute to the stretching of linker–cluster bonds, and
once these sites are occupied, the general trend of volume
contraction resumes.

For all three structures and over the loading range, the
simulations employing hybrid mixing predict an overall gradual
reduction in volume, eventually plateauing for loading values
close to saturation. As was the case for the pristine structure,
direct Lorentz–Berthelot mixing predicts a signicant volume
expansion (a 7% to 8% increase over the loading range) of
framework volume upon water loading for defective systems
(Fig. 7b). Although the results obtained using hybrid mixing are
more in line with the expected behavior of UiO-66 and its
employment over direct L–B mixing is recommended (compari-
sons in Fig. S13–S15†), further force eld renement might be
necessary to more accurately capture the interactions between
water molecules and open metal sites in the defective structures.
e structure containing type 3 defects. The blue curve depicts the RDF
ity of water with respect to fully coordinated Zr sites. (b) Representative
. Open metal sites are pictured in blue. 1D channels created by linker
rved in simulations with other defective structures at low loading, using

J. Mater. Chem. A, 2024, 12, 25233–25243 | 25239
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Fig. 7 System volume change upon water loading under atmospheric conditions, using (a) hybrid mixing and (b) L–B mixing. The results for the
pristine, type 0 (1 defect per uc) and type 3 (2 defects per uc) structures are presented. Unlike pristine behavior upon water loading, a slight
increase in framework volume is observed at low loadings for defective structures when using hybrid mixing (highlighted in orange).
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Conclusions

This work investigated the effect of water loading on the
stability of pristine and defective UiO-66 via molecular simula-
tions. We used two methodologies for modeling non-bonded
interactions: direct Lorentz–Berthelot (L–B) mixing and hybrid
mixing. L–B mixing combines Lennard-Jones parameters for
framework–framework and water–water interactions, while
hybrid mixing employs Universal Force Field (UFF) parameters
for the framework. We examined water distribution within the
framework under atmospheric conditions. Both methodologies
predicted water clustering around zirconium clusters, but RDF
analysis showed differences in interaction sites and strengths.
L–B mixing suggests strong binding of water to linker oxygen
atoms (OL), restricting movement and diffusion. Hybrid mixing,
however, shows interactions with the hydroxyl groups of the
inorganic cluster (OOh), resulting in dimer formation, site-to-
site hopping at low loadings, and pore-to-pore diffusion at
higher loadings, which aligns with recent studies on water
diffusion in UiO-66.

NPT simulations under atmospheric conditions demon-
strated that interaction strength signicantly inuences
structural parameters. At high water loadings, hybrid mixing
predicted slight contraction of the system, whereas L–Bmixing
indicated over a 7 percent expansion due to stretching of
linker–cluster bonds. This suggests that L–B mixing inade-
quately models the rigidity of UiO-66. High-pressure NPT
simulations showed that water loading decreases amorphiza-
tion pressure for both methodologies compared to the
unloaded structure. L–B mixing consistently predicted lower
amorphization pressures, with notable deviations at middle
and high loadings, consistent with previous studies where
water agglomeration reduces linker–cluster bond weakening.
Similar trends were observed for structures with one missing
linker per unit cell. For 11-fold coordinated structures, hybrid
mixing predicted a sharper decrease in amorphization
25240 | J. Mater. Chem. A, 2024, 12, 25233–25243
pressure at low loadings compared to L–Bmixing, though both
methods converged at high loadings for structures with two
linker vacancies per unit cell.

For structures with two linker vacancies, hybrid mixing
simulations showed water molecules preferentially interacting
with open Zr atoms, leading to agglomeration and strong OH2O–

Zr interactions. These water molecules exhibited reduced
movement, similar to those near OL atoms in L–Bmixing. Initial
volume expansion was observed at low loadings due to inter-
actions with open metal sites, which then resumed contraction
once these sites were lled. This indicates a need for rening
force eld parameters to better model interactions with open Zr
sites in defective UiO-66. Overall, our ndings emphasize the
signicant impact of water loading on UiO-66's structural
stability and the importance of selecting appropriate interac-
tion parameters for accurate simulations. The differences
between L–B and hybrid mixing highlight the need for careful
parameter selection and further development of force elds for
defective frameworks.
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