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Abstract

The UiO-66 metal-organic framework (MOF) has been identified as a promising hydrophilic 

material for water harvesting. Recent studies show that its water uptake ability at low relative 

humidity (RH) can be improved by incorporating hydrophilic functional groups into the 

framework. In this work, we provide computational insights into the adsorption of water in 

UiO-66 and its functionalized derivatives to reveal the role played by different adsorption sites 

and functional groups in the adsorption mechanism. We started by developing molecular 

models for UiO-66, UiO-66-NH2, UiO-66-OH, and UiO-66-(OH)2 compatible with the MB-

pol data-driven many-body potential of water. We then benchmarked these models against ab 

initio data. We used these models to perform molecular dynamics simulations and calculate 

radial distribution functions, IR spectra, and two-dimensional density distribution maps for 
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water in the MOFs. These results consistently show that the μ3-OH sites are the preferential 

interaction sites for water in UiO-66 and all its variants, and the formation of localised water 

clusters inside the octahedral pores is responsible for the abrupt step in the experimental 

adsorption isotherms. Furthermore, the presence of functional groups in the framework allows 

water to cluster in the octahedral pores at lower RH, thus making the MOF a more efficient 

water harvester. Overall, this study provides molecular-level insights into the pore filling 

process of UiO-66 and its functionalized derivatives, which are needed for the design of 

efficient water harvesting materials based on MOFs.

Introduction

Freshwater is an essential resource for human lives and is needed for many critical 

aspects, such as drinking, energy production, irrigation, and industry. Currently, around two-

thirds of the world’s population suffer severe clean freshwater shortage for at least one month 

each year.1 The shortage of freshwater is thus a significant global concern exacerbated by the 

growing world population, expansion of agriculture irrigation, and increasing industrial 

pollution. Generally, wastewater purification and seawater desalination plants are located in 

coastal regions and long-distance transportation is required to deliver freshwater to inland and 

higher mountain regions.2 Thus, the exploitation of new readily accessible water resources is 

crucial for the expansion of freshwater availability to address the water scarcity issue 

worldwide. Water is present in the air in the form of vapor and droplets. This atmospheric water 

represents a potential source of freshwater that is not restricted by geographical conditions and 

could provide more freshwater than all the rivers on Earth.3 The development of efficient 

atmospheric water harvesting methods is thus a critical step towards addressing the growing 

demand for freshwater resources. The methods currently available such as conventional fog 
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capture and dewing require either large energy inputs or high relative humidity (RH) which 

make their application in arid regions unfeasible.4–6 Therefore, an ideal atmospheric water 

harvesting system should be able to collect water from dry air (low RH) with a low energy 

supply. 

Recently, metal-organic frameworks (MOFs) have garnered significant interest in the 

scientific community as promising water harvesters.7 MOFs are crystalline porous materials 

constructed from inorganic secondary building units (SBUs) and organic linkers. The MOF 

properties are determined by the linkers and SBUs topologies, with thousands of combinations 

discovered to date.8 This offers a systematic way to design an ideal water harvester with high 

stability,7,9–11 high water capacity,7,12–14 low energy consumption,7,15–17 and high water affinity 

with hydrophilic functional groups (e.g. -OH) incorporated within the framework.18–21 In spite 

of these promising features, the application of MOFs in water harvesting technologies is still 

an emerging area of research and more fundamental insights into the adsorption mechanisms 

are required in order to scale up this technology.

UiO-66 is a well characterized and established hydrophilic water-stable MOF. It is 

composed of zirconium oxide SBUs (Zr6O4(OH)4) that are 12-fold connected in a face-

centered-cubic arrangement by 1,4-benzenedicarboxylic acid (H2BDC) organic linkers.10 The 

high connectivity and strong Zr-O coordination bonds within the SBU contribute to the 

outstanding water stability of UiO-66.10,22 Experimental studies have demonstrated that UiO-

66 can undergo multiple water adsorption-desorption cycles with steady adsorption 

performance and minimum distortion of the structure.7,11,23 In addition, the water adsorption 

isotherms of UiO-66 can be tuned by introducing hydrophilic functionalized BDC linkers, 

which allow for significantly improving the adsorption ability at lower RH.18–20 Overall, the 

outstanding stability, reversible water uptake ability, and the possibility to tailor the physical 
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and chemical properties of UiO-66 through functionalization make it an extremely promising 

material for water harvesting and an excellent system to study in order to develop improved 

MOFs for water harvesting. 

Computational chemistry methods are widely applied and effective tools for the study 

of MOFs due to their predictive power and their ability to provide molecular-level insights 

inaccessible to experiments.24–26 Previous computational studies of UiO-66 have employed 

generic force fields13,21,27,28 to conduct classical molecular dynamics (MD) simulations aimed 

at understanding the key water-MOF interactions and the diffusion process of water across the 

MOF cavities.  An exception to this, is the vibrational spectroscopy study of water within 

defective UiO-66 performed by Caratelli et al. using ab initio MD simulations.29 In this work, 

we introduce a family of force fields for UiO-66 and its functionalized derivatives that are 

derived from ab initio data and can model the frameworks as flexible objects. Recent 

simulation studies investigating the influence of guest molecule adsorption in the UiO-66 

framework have highlighted the importance of considering framework flexibility to accurately 

reproduce experimental results.30 These newly developed force fields  are specifically designed 

to be compatible with the MB-pol data-driven many-body potential for water.31–34 MB-pol has 

been shown to accurately predict the properties of water from the gas to the condensed 

phases.34–37  We employ the newly developed force fields in MD simulations to investigate 

structural and dynamical properties of water in UiO-66 and its functionalized derivatives. In 

particular, we compute radial distributional functions (RDF), two-dimensional density 

distribution maps, and infrared (IR) spectra for water as a function of RH. These computed 

properties provide general insights into the pore filling process and the driving force that 

initiates water adsorption and the formation of water clusters within the frameworks. Moreover, 

the dynamical properties help us unravel the influence of -NH2, -OH and -(OH)2 

functionalization on the MOF’s water adsorption ability. The understanding of these 
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mechanisms at the molecular level is critical to establishing design principles of new porous 

materials for atmospheric water harvesting purposes with improved water adsorption abilities.  

Computational details

Force field

We developed a family of force fields for UiO-66 and its functionalized derivatives by 

using a genetic algorithm (GA)38 to fit all the parameters describing the UiO-66 SBU and the 

framework-water interactions to reference energies obtained from density functional theory 

(DFT)39,40 calculations.38 The DFT reference energies were obtained for a cluster model of the 

UiO-66 framework representing the local environment around the inorganic metal node. The 

cluster model was prepared by truncating the periodic MOF structure and replacing the 12 BDC 

linkers with formate capping groups (Figure S1). This cluster structure includes all the relevant 

atoms for an accurate description of all the interaction sites for hydrogen-bonding with water. 

These include the linker carboxylate oxygen atoms (Olinker), the hydroxide group (μ3-OH) and 

the oxygen atoms (μ3-O) interconnecting the Zr atoms (Figure S1). 

The periodic MOF structure was optimized using the Vienna Ab initio Simulation 

Package (VASP)41–44 with the PBE functional and Grimme’s D3 dispersion correction.45–47 The 

electronic wavefunction was described using a plane-wave basis with 700 eV kinetic energy 

cutoff and the projector-augmented-wave (PAW) potentials available in VASP. The Brillouin 

zone was sampled using a 2 × 2 × 2 k-point mesh generated based on the Monkhorst−Pack 

scheme. All the calculations involving the metal node cluster were performed with the B97X-𝜔

D3BJ functional46–49 using the ORCA software package (version 5.0.1).50–52 Geometry 

optimizations were performed using the def2-SVP53,54 basis set for all the atoms except for Zr 
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atoms. A larger def2-TZVPP53,54 basis set and the effective core potential def2-ECP55 were 

used to describe the valence and core electrons for Zr atoms, respectively. Single-point energy 

refinements were performed using the def2-TZVP53,54 basis set for all atoms and the def2-

TZVPP53,54 basis set (with the def2-ECP) for the Zr atoms. 

The bonded force field parameters for the UiO-66 inorganic units were fitted to single-

point energies of 300 configurations of the cluster model with one of the Zr atoms distorted 

relative to its equilibrium position. The bonded force field parameters for the atoms of the 

organic linkers were extracted from the General Amber Force Field (GAFF).56 In addition, the 

bond force constants for the N-H and O-H groups of BDC-NH2, BDC-OH and BDC-(OH)2 

were modified to align with the experimental infrared (IR) spectra for UiO-66-NH2,57–59 UiO-

66-OH and UiO-66-(OH)2 (Figure S3).59–61 In the simulations, only the neutral state of these 

functional groups has been considered. The occurrence of proton exchange reactions between 

MOFs and water is influenced by the phase of water and the pH of the environment, and it is 

important to note that the adsorbed water cannot be definitively categorized as either liquid or 

gas.62 In gas phase, the ionic dissociation energy of water is observed to be prohibitively 

high.63–65 On the other hand, studies on -NH2, -OH and -(OH)2 functionalized MOFs exposed 

to liquid water at neutral pH show that the protonation or deprotonation of these groups does 

not occur.66–68 The many-body potential energy function (MB-pol)31–34 was used to model 

water within the system. MB-pol has been shown to accurately reproduce the properties of 

water for both gas and condensed phases,34–36 which is well suited for an accurate 

representation of the properties of water adsorbed in MOFs.62,69,70

All  Lennard-Jones (LJ) force field parameters were taken from GAFF56  except for Zr 

for which the parameters were obtained from the Universal Force Field (UFF).27 The LJ 

parameters for the description of the interaction between different atom types were derived 
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using Lorentz-Berthelot mixing rules.71 When applying Lorentz-Berthelot mixing rules71 to the 

interactions involving water, the LJ parameters of the TIP4P/2005 water model72 were used 

since TIP4P/2005 is the closest empirical water model to MB-pol.62,69,70 This strategy has 

proven successful in previous MD simulations incorporating MB-pol water model to study 

water-MOF interactions.62,70,73 In addition, Buckingham force field parameters describing the 

van der Waals (vdW) interactions between the oxygen atoms (OW) of the water molecules  

with μ3-OH, and the hydrogen atoms (HW) of the water molecules with μ3-O and Olinker 

interaction sites were specifically fitted to DFT reference energies using the GA to obtain a 

more accurate representation of these interactions. To this end, we first optimized cluster model 

structures with a water molecule hydrogen-bonded to the μ3-OH, μ3-O and Olinker sites (Figure 

S4). These geometry optimizations were performed with constrains applied to the entire cluster 

model in order to maintain the rigidity of the framework. We then generated 110 configurations 

with the water molecule located at varying distances from the μ3-OH, μ3-O and Olinker 

interaction sites for which the interaction energies were calculated at the DFT level of theory 

and corrected for the basis set superposition error (BSSE) using  the counterpoise method.74,75 

Finally, the partial charges of the atoms in the metal node and organic linkers were calculated 

using the Charge Model 5 (CM5)76 as implemented in Gaussian 1677 with the same DFT 

functional and basis set used for the single point energy refinements.

Molecular dynamics simulations

All MD simulations were performed with an in-house software based on the 

DL_POLY_2 simulation package78 using the force fields described in the previous sections for 

all MOF variants and the MB-pol31–34 model for water. The equations of motions were 

propagated using the velocity-Verlet algorithm79 with a time step of 0.2 fs33 and the non-bonded 

interactions were truncated at 9.0 Å with long-range electrostatics calculated by Ewald 
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summation,80 the time step was established according to the study by Medder et al.33 The initial 

configurations of UiO-66 and its functionalized derivatives interacting with water molecules 

were generated using PACKMOL.81 The number of water molecules in the MOF structure  at 

different RH  values was derived from the experimental water adsorption isotherm for UiO-66 

(see Section 3 in the Supporting Information).11 The water molecules were randomly 

distributed into the 1 × 1 × 1 cubic unit cell of the UiO-66 framework (20.7465 Å cell 

parameter). Each system went through a randomization at 1000 K and 1 atm for 10 ps, followed 

by a 40 ps gradual cooling process carried out in the isothermal-isobaric ensemble (constant 

number of atoms, pressure, and temperature, NPT) at 1 atm and 500 K for 20 ps, and at 1 atm 

and 298 K for 20 ps. The production runs were then carried for 1 ns in the NPT ensemble at 1 

atm and 298 K.  In all NPT simulations the temperature was controlled using a massive Nosé-

Hoover chain thermostat where each degree of freedom was coupled to a Nosé-Hoover 

thermostat chain of length four, while the pressure was controlled by a Nosé-Hoover barostat 

based on the algorithm introduced by Tuckerman.79 The RDFs, two-dimensional density 

distribution maps, and infrared spectra were averaged from five independent trajectories of 50 

ps carried out in the microcanonical ensemble (constant number of atoms, volume, and energy, 

NVE) with the volume fixed at the average value calculated from previous NPT simulations. 

Theoretical infrared spectra

The infrared (IR) spectra of water adsorbed in the different UiO-66 variants were 

calculated according to 

𝐼 = [ 2𝜔
3𝑉ℏ𝑐𝜖0]tanh ( ℏ𝜔

𝑘𝐵𝑇)∫∞

―∞
𝑒𝑖𝜔𝑡〈𝜇(0)𝜇(𝑡)〉 𝑑𝑡 (1)
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where  is the system volume,   is the reduced Planck’s constant,  is the speed of light,  is 𝑉 ℏ 𝑐 𝜖0

the permittivity of free space,  is the Boltzmann’s constant,   is the simulation temperature, 𝑘𝐵 𝑇

and  is the (ensemble-averaged) dipole-dipole time correlation function. The dipole 〈𝜇(0)𝜇(𝑡)〉

moment of water (  in Eq. 1) was represented by the many-body dipole moment function (MB-𝜇

).36,37 The MB-  depends also on the induced dipole moment created when MOF atoms 𝜇 𝜇

polarize the MB-pol water molecules.36,37 Since all MD simulations were carried out at the 

classical level, the simulated spectra IR were red-shifted by 60 cm-1 and 175 cm-1 in the H-O-

H bending and O-H stretching regions, respectively, to effectively account for zero-point 

energy effects as discussed in the studies by Medders et al.36,37 

Results and discussion

Figure 1: (a) The experimental adsorption isotherm of UiO-66 at 0-80% relative humidity (RH) and room 

temperature. The left y-axis represents the weight percentage (wt%) of water in the MOF measured experimentally, 

while the right y-axis represents the number of water molecules per UiO-66 unit cell included in the simulation. 

Data sourced from Furukawa et al.11 (b) Pores and bonding sites for water adsorption in UiO-66; each octahedral 

pore (purple sphere) is surrounded by eight tetrahedral pores (blue spheres); the three bonding sites (μ3-OH, μ3-O 

and Olinker) available for water in the pores are labelled with black arrows.
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UiO-66 has a type V isotherm (Figure 1a), displaying a gradual increase in water 

adsorption at 10-30% RH, followed by a sudden rise at 30% RH. The first step towards a 

molecular-level understanding of the pore filling process behind these experimental 

observations is the identification of the possible interaction sites for water. There are two types 

of cavities within UiO-66, the octahedral and the tetrahedral pores. Each octahedral pore is 

interconnected to eight tetrahedral pores.10,22 The octahedral and tetrahedral pores in UiO-66 

provide different interaction environments for water (Figure 1b). In the octahedral cavity, the 

Olinker from the BDC ligands are the only accessible sites for the formation of hydrogen-

bonding interactions with water. In contrast, water molecules in the tetrahedral pores can 

interact with the μ3-O and μ3-OH sites, in addition to the Olinker sites.10,22 

Figure 2: The radial distribution function (RDF) between the oxygen of water (OW) and the oxygen or nitrogen 

atoms in (a) the μ3-OH, μ3-O and Olinker interaction sites in UiO-66 and (b) in the -NH2 and -OH function groups 

in the three functionalized derivatives of UiO-66. All plots were obtained from simulations with the same number 

of water molecules per unit cell as UiO-66 at 10% relative humidity (RH). 

The RDFs between the oxygen atom (OW) of water and the oxygen atoms of the 

interaction sites within UiO-66 at 10% RH were calculated to determine the initial binding sites 

(Figure 2a). The RDF describing the spatial correlation between the oxygen atoms of the water 

molecules (OW) and the oxygen atoms of the μ3-OH groups peaks at a shorter distance (2.7 Å) 
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compared to the corresponding peaks in the RDFs between OW and the oxygen atoms of μ3-O 

(4.4 Å) and Olinker (3.4 Å). This reveals that the affinity between water and the three interaction 

sites on the SBUs follows the trend: μ3-OH > Olinker > μ3-O. Furthermore, the amplitude of the 

OW··· -OH RDF is significantly higher compared to that of the OW···Olinker RDF, thus μ3

confirming that the -OH is the most favorable binding site at low RH. This finding is μ3

consistent with previous computational studies showing that water preferentially binds to the 

μ3-OH in UiO-66.13,21,28,29 Moreover, this aligns with the experimental observation that -OH μ3

is the primary adsorption site for water in MOF-801, a MOF containing the same inorganic 

SBUs as UiO-66.11 Although the RDF peak positions show that the Olinker is more attractive to 

water compared to the μ3-O, the intensity of OW···μ3-O RDF is significantly higher compared 

to OW···Olinker. This apparent contradiction is easily explained by the fact that the μ3-O sites 

are present in the tetrahedral cavities with the μ3-OH sites; the two peaks at 4.4 Å and 6.5 Å 

for the OW···μ3-O correspond to the distance between the μ3-O and the water molecules 

bonded to neighboring μ3-OH sites. Hence, at 10% RH water does not bind to the μ3-O sites in 

UiO-66. 

In the functionalized UiO-66 MOFs the -NH2, -OH and -(OH)2 functional groups are 

the secondary preferential bonding sites, with the RDFs between OW and the nitrogen or 

oxygen atoms in the -NH2 (3.0 Å), -OH (2.9 Å) and -(OH)2 (2.9 Å) functional groups peaking 

at a larger distance compared to μ3-OH (2.7 Å) and at a lower distance compared to Olinker (3.4 

Å), as shown in Figure 2b. We note that the OW···μ3-OH and OW···Olinker RDFs for the 

functionalized MOFs (Figure S7) peak at the same distance as for UiO-66.
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Figure 3: The theoretical IR spectra of water within the UiO-66 confinement at 10-80% RH in the range (a) 500-

2600 cm-1 and (b) 2600-3900 cm-1.

The simulated IR spectra of water in the framework as a function of RH monitors the 

change in the hydrogen-bonding topology of water confined in the MOF pores at the different 

stages of the adsorption process. In Figure 3a, the far infrared region (< 1000 cm-1) describes 

the collective librational modes (i.e., rocking, wagging, and twisting motion) of water that are 

difficult to isolate. The peak around 1650 cm-1 represents the H-O-H bending mode of water 

which aligns with the experimentally observed water bending signal.82,83 The relatively weak 

and wide band centered at 1979 cm-1 (highlighted in the inset of Figure 3a) is the combination 

band that arises from the coupling of the bending vibration with one or more librational modes. 

Beyond 2600 cm-1 the IR spectrum is characterized by the broad band of hydrogen-bonded 

(3400-3500 cm-1) and non-hydrogen-bonded (~3713 cm-1) O-H stretching vibrations of water 

adsorbed in the MOF pores (Figure 3b). The latter arises at low RH due to the presence of water 

molecules bound to the μ3-OH groups of the framework which are not hydrogen-bonded to 

other water molecules. As RH increases, an extended hydrogen-bonding network forms, which 

weakens the intramolecular bond of water. This leads to a red-shift of the free O-H stretch and 

a broadening of the band in the 3400-3500 cm-1 region. 
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Figure 4: (a) Calculated IR spectra of water within UiO-66 at 10% relative humidity (RH) and 20% RH in the 

O-H stretching region. (b) Breakdown of the contributions to the IR spectrum at 10% RH from water locating 

around the μ3-OH sites (yellow), water interacting with the Olinker group (red), and water dimers interacting with 

the μ3-OH sites (blue); the solid black line represents the combined IR spectrum resulting from summing these 

contributions. MD simulation snapshots showing water located around the (c) Olinker and (d) μ3-OH sites, as well 

as (e) a water dimer located around the μ3-OH site. Zr atoms are represented by green spheres, O atoms by red 

spheres, H atoms by white spheres, and the benzene rings by grey lines.

To further investigate the hydrogen-bonding connectivity in the pores of pristine UiO-

66, we calculated the IR spectra of water molecules located at different interaction sites within 

the MOF pores (Figure 4b) at 10% RH where the contribution of water-MOF and water-water 
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interactions can be identified more easily. Based on the RDFs, μ3-OH and Olinker are the 

preferential binding sites at 10% RH, where approximately 67% and 13% of the water are 

located around the μ3-OH sites and Olinker, respectively. When interacting with the Olinker, water 

acts as a hydrogen-bond donor, which gives rise to the non-hydrogen-bonded O-H stretch and 

the hydrogen-bonded O-H stretch in the IR spectrum (Figure 4a) at ~3713 cm-1 and ~3582 

cm-1, respectively.10,59 The water hydrogen-bonded to the μ3-OH acts as a hydrogen-bond 

acceptor, resulting in symmetric (~3632 cm-1) and asymmetric (~3743 cm-1) O-H stretches. 

Interestingly, because of the electric coupling associated with the hydrogen bond between the 

μ3-OH group and water, the O-H stretching of water also reports on the vibration of μ3-OH at 

3526 cm-1 (Figure 4a), which is in agreement with the vibrational frequency of μ3-OH measured 

experimentally for UiO-66.10,59  We determined the IR signal of water induced by the vibration 

of the hydrogen-bond donating interaction sites on the framework (e.g., μ3-OH) by labeling the 

H atoms of the sites  with deuterium (D) (refer to Section 4 in Supporting information). The 

symmetric and asymmetric O-H stretch signals are only significant at low water loading (i.e., 

10% RH) since under these conditions water is not donating hydrogen bonds to neighboring 

water molecules.84 The remaining water molecules (approximatively 20%) are part of water 

dimers interacting with μ3-OH sites. These involve a water molecule accepting a hydrogen-

bond from a μ3-OH site while donating a hydrogen-bond to a neighboring water molecule. The 

signal at 3526 cm-1 is contributed by the hydrogen-bonded O-H stretch of the water dimer, 

while the non-hydrogen-bonded free O-H stretch can be observed at 3713 cm-1. All these 

observed vibrational modes of water are consistent with a recent study by Zhang et al,84 where 

they selectively measured the IR signals of the different O-H stretches in a water dimer.84 

As the water loading increases at 20% RH, there are two main signals with similar 

intensity around 3500 and 3700 cm-1 (Figure 4a). These peaks correspond to the vibrational 

signals of water dimers just discussed. In addition, the symmetric (~3632 cm-1) and asymmetric 
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vibrations (~3743 cm-1) corresponding to water acting as a hydrogen-bond acceptor have been 

weakened. These results indicate that an extended formation of hydrogen-bonds between water 

molecules occurs at 20% RH. Overall, the IR spectra of water in UiO-66 show that at low water 

loading (10% RH), the μ3-OH is the primary binding site and the formation of water dimers 

bonded to this site outweighs the interaction of water with the Olinker sites. As the water loading 

increases additional water tends to form water clusters around the μ3-OH site.

Figure 5: The theoretical IR spectra of water within UiO-66 and its -NH2, -OH and -(OH)2 functionalized 

derivatives, calculated with the same number of water molecules per unit cell as UiO-66 at (a) 10% and (b) 20% 

relative humidity (RH) in the range 2600-3900 cm-1.
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Figure 6: (a) Breakdown of the contributions to the IR spectrum of UiO-66-OH at 10% relative humidity (RH) 

from single water molecules locating around the μ3-OH sites, water interacting with the -OH functional group, 

water dimers occupying the μ3-OH sites, and the combined IR spectra resulting from summing these contributions; 

MD simulation snapshots showing (b) the water locating around the -OH functional group and Olinker; (c) the water 

dimer locating around the μ3-OH interaction sites. Zr atoms are represented by green spheres, O atoms by red 

spheres, H atoms by white spheres, and the benzene rings by grey lines.
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Figure 7: (a) Breakdown of the contributions to the IR spectrum of UiO-66-NH2 at 10% relative humidity (RH) 

from single water molecules locating around the μ3-OH site, water interacting with the -NH2 functional group, 

and water dimers occupying the μ3-OH sites, and the combined IR spectra resulting from summing these 

contributions; MD simulation snapshots showing (b) the water locating around the -NH2 functional group and 

Olinker; (c) the water dimer locating around the μ3-OH interaction sites. Zr atoms are represented by green spheres, 

N atoms by blue spheres, O atoms by red spheres, H atoms by white spheres, and the benzene rings by grey lines.

The IR spectra calculated for the functionalized MOFs (Figure 5) show similar profiles 

to the IR spectra of UiO-66 with some variations caused by the dipole moment induced by the 

presence of functional groups within the MOFs. In order to understand which interactions are 

responsible for the different features of the IR spectra for the functionalized MOFs we analyzed 

the contributions from water interacting with the different sites of the UiO-66 variants at 10% 

RH (Figure 6a and 7a). In these MOFs, ~10% of water is located around the Olinker sites. Since 

the -NH2 and -OH functional groups are located close to the Olinker, the water molecules at these 

sites can simultaneously interact with the adjacent -OH and -NH2 functional groups. Thus, in 

addition to the non-hydrogen-bonded (~3713 cm-1) and hydrogen-bonded O-H stretch (~3582 

cm-1)  associated with a hydrogen-bond donor, the O-H stretch vibrations of the water 

molecules located near the Olinker in UiO-66 (Figure 4b), also report on the vibrations of the -
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OH and -NH2 functional groups due to electric couplings (spectral features at ~3550 cm-1  in 

Figure 6a and 7a).  In UiO-66-OH, the remaining water molecules are bonded to the μ3-OH 

sites (~57%), or form dimers near the μ3-OH sites (33%). Similar results were obtained for 

UiO-66-NH2, with 63% of the water molecules involved in μ3-OH···H2O interactions and 27% 

in water dimers hydrogen-bonded to the μ3-OH sites. Overall, while the μ3-OH···H2O 

interaction remains the preferred interaction, there are more water dimers formed in the 

functionalized MOFs compared to UiO-66. The spectral feature corresponding to the 

hydrogen-bonded O-H stretch in the water dimers occurs at a lower frequency in UiO-66-OH 

(3492 cm-1) relative to UiO-66-NH2 (3515 cm-1) as shown in Figure 5 at both 10% and 20% 

RH. This is due to water interacting with the -OH functional groups being more polarized and 

forming stronger hydrogen-bonds with the water hydrogen-bonded to the μ3-OH sites. This 

finding aligns with the calculated RDFs showing that -NH2 interacts less strongly with water 

relative to -OH. Overall, the formation of more water dimers and larger polarization effects 

associated with the –OH group are responsible for the broadening of the hydrogen-bonded O-

H stretching signal observed in -OH functionalized MOFs compared to UiO-66. 

Another change in the IR spectra of the functionalized MOFs is that the signal 

corresponding to non-hydrogen-bonded O-H stretching vibrations of water is slightly red-

shifted to 3709 cm-1 (Figure 5a) compared to UiO-66 (3723 cm-1). This redshift can be 

explained by the fact that water bonded to the μ3-OH sites in the functionalized MOFs has a 

higher tendency to donate hydrogen bonds to either water (thus forming dimers) or nearby 

functional groups. This leads to a greater contribution of non-hydrogen-bonded O-H stretching 

from hydrogen-bond-donating molecules in the spectra of the functionalized MOFs relative to 

UiO-66 (mostly asymmetric O-H stretch contribution from hydrogen-bond accepting waters 

above 3700 cm-1, Figure 4b). This explanation is supported by the fact that the peak 

corresponding to the non-hydrogen-bonded O-H stretch of μ3-OH···H2O in the IR spectra of 
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water in the functionalized MOFs (yellow curve in Figure 6a and 7a) arises at a slightly lower 

frequency (3713 cm-1) than the same peak (3743 cm-1) in the UiO-66 spectrum (yellow curve 

in Figure 4b). This observation is consistent with the study performed by Zhang et al. that 

reported the non-hydrogen-bonded signal of a hydrogen-bond donating water molecule at a 

lower frequency than the asymmetric stretch of a hydrogen-bond accepting water molecule.84 

Thus, we find that the presence of the -OH and -NH2 functional groups can (1) provide an 

additional attractive force for water to locate  near the Olinker atoms and (2) stabilize the 

formation of water dimers. The former aids the formation of water clusters within the 

octahedral pores, while the latter allows water to form hydrogen-bonded chains anchored in 

the tetrahedral pores (where the strongest μ3-OH adsorption sites are located) and reaching into 

the octahedral pores. Both features seed the formation of water clusters within the larger 

octahedral pores, thus explaining why the burst uptake of water is observed at lower RH for 

the functionalized MOFs in several experimental studies.20,85,86
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Figure 8: Two-dimensional density distribution maps for water within UiO-66 at 10-40% relative humidity (RH) 

along the xy-plane. Refer to Figure 1b to identify the position of the different pores and relevant interaction sites 

in the density maps. The scale bar indicates the density of water relative to the highest density region in the unit 

cell.

The two-dimensional density distribution maps of water within UiO-66 when RH = 10-

40% provide further insights into the pore filling process. At low water loading (RH = 10%, 

Figure 8), the water is predominantly located at the μ3-OH sites in the tetrahedral pores. This 

aligns with our RDF results and predicted IR spectra, as well as previous findings in the 

literature, showing that at low water loading water occupies the tetrahedral pores first.13,28 

Subsequent adsorbed water (RH = 20-30%) tends to form hydrogen-bonded networks with 

water molecules adsorbed at the μ3-OH sites within the tetrahedral pores. This results in water 

being preferentially located in the tetrahedral pores at these RH levels. Moreover, the water 

molecules tend to fill the tetrahedral pores that already contain water molecules rather than 

evenly distribute across all tetrahedral pores (Figure S8), suggesting that the formation of water 
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clusters stabilizes the water molecules within the tetrahedral pores. This observation is 

consistent with the IR spectra showing that the extended formation of hydrogen-bonded water 

chains is mainly responsible for the IR signal at 20% RH (Figure 4). Due to the symmetry of 

the UiO-66 framework, water clusters can form in any of the tetrahedral pores without a bias 

for specific ones (Figure S8). A similar phenomenon also occurs at 30% RH, where the 

formation of water clusters is preferred within the tetrahedral pores. However, the tetrahedral 

pores become unable to accommodate the water molecules as water loading increases beyond 

30% RH (Figure 8). The additional water molecules tend to diffuse across the octahedral 

cavities interconnecting the tetrahedral pores and achieve a relatively more even distribution 

compared to water within UiO-66 at 20% RH. As the RH increases beyond 30%, water clusters 

start to form within the octahedral pores as shown in Figure 8. This RH level corresponds to 

the adsorption step (burst uptake of water) in the experimental adsorption isotherm (Figure 

1a).11 Thus, we conclude that the hydrogen-bonded chains of water anchoring on the μ3-OH 

sites in the tetrahedral pores and reaching into the octahedral pores provide the driving force 

for water clusters to form in the larger octahedral cavities, resulting in the burst uptake of water.
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Figure 9: Two-dimensional density distribution maps for water within UiO-66-NH2, UiO-66-OH, UiO-66-(OH)2 

with the same number of water molecules per unit cell as UiO-66 at 20% (top panel) and 30% (bottom panel) 

relative humidity (RH) along the xy-plane. Refer to Figure 1b to identify the position of the different pores and 

relevant interaction sites in the density maps. The scale bar indicates the density of water relative to the highest 

density region in the unit cell.

The two-dimensional density distribution maps for the functionalized MOFs show that, 

although water preferentially occupies the μ3-OH sites at low water loading, some water 

molecules are located near the functional groups of the linkers at 20% RH (Figure 9). Moreover, 

water molecules are distributed more evenly across the framework compared to UiO-66 at the 

same water loading. In fact, significant numbers of water molecules are in the octahedral pores 

in the presence of functional groups (Figure 9) compared to unfunctionalized UiO-66 at 30% 

RH (Figure 8). This result aligns with the IR spectra, which indicate that the presence of 

functional groups favors the formation of H2O···H2O hydrogen-bonded chains that facilitate 

the diffusion of water molecules across the pores and help stabilize water near the Olinker 

interaction sites within the octahedral pores. Overall, these results provide a molecular-level 
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understanding of why functionalized UiO-66 MOFs show an abrupt increase in water uptake 

at lower water loadings relative to UiO-66.

Conclusions

The UiO-66 MOF is a promising material for atmospheric water harvesting and 

experimental studies have demonstrated that its adsorption performance at low RH (10-30%) 

can be further improved via the introduction of hydrophilic functional groups.7,20,86 Molecular-

level insights into the interaction between water and MOFs are required to maximise the 

performance of these materials in water harvesting and use this technology at the industrial 

scale.  In this work, we developed MD force field models for UiO-66 and its -NH2, -OH and -

(OH)2 functionalized derivatives based on results from DFT calculations and experimental IR 

spectra. We then used MD simulations to compute the RDFs, IR spectra, and two-dimensional 

density distribution maps of water in the MOFs to gain a molecular-level understanding of 

water adsorption in UiO-66 and the influence of functionalization on this process. The pore 

filling process initiates at the μ3-OH sites, which have the highest affinity for water in UiO-66 

and its functionalized derivatives. When an adequate amount of water has been adsorbed and 

the tetrahedral pores have been filled as RH increases, hydrogen-bonded water chains 

anchoring on the μ3-OH sites in the tetrahedral pores and reaching into the octahedral pores 

start to form. This phenomenon can be linked to the burst uptake of water shown in the 

experimental adsorption isotherm in UiO-66.11 The presence of hydrophilic functional groups 

such as -OH provides an additional driving force for the formation of hydrogen-bonded water 

chains leading to the octahedral pores being filled with water at lower relative humidity. In 

addition to functional groups, recent studies have demonstrated that missing linker and missing 

cluster defects that are commonly present in UiO-66 can significantly increase its adsorptive 
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performance.12,13,87 Work is currently underway in our group to develop an accurate force field 

for defective UiO-66 and study its interaction with water. Overall, the present work provides a 

molecular-level understanding of why the functionalized MOFs show the adsorption step to 

occur at lower RH compared to unfunctionalized UiO-66. This knowledge can be used for the 

design of improved MOFs for water harvesting.
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