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We present a multiscale computational study on water adsorption and transport in pristine and metal-
functionalized MOF-303 frameworks for Atmospheric Water Harvesting (AWH). Using Grand Canonical Monte
Carlo (GCMC), Kinetic Monte Carlo (KMC), and Molecular Dynamics (MD) simulations, we evaluated the ther-
modynamic uptake, adsorption kinetics, and mobility of water under varying humidity. Post-synthetic metal-
ation with Cu(I) and Ag(l) increased the hydrophilicity of the framework, with Cu@MOF-303 and Ag@MOF-303
achieving a 37 % and 27 % higher uptake and faster saturation kinetics, respectively. Density Functional Theory
(DFT) calculations revealed enhanced binding energies and localized polarization effects at Cu sites, supported
by electrostatic potential maps and charge redistribution analyses. Radial distribution function (RDF) analyses
revealed that metalation, especially with Cu, enhances water structuring near specific adsorption sites through
localized polarization and extended electronic redistribution. Reduced water diffusion in Cu@MOF-303,
observed via mean square displacement (MSD) profiles, confirmed stronger confinement. Additionally,
temperature-dependent desorption analyses indicated that Ag@MOF-303 offers a more favorable balance be-
tween high uptake and moderate regeneration temperatures, reinforcing its practical viability under solar-driven
AWH conditions. These results underscore the potential of targeted metal docking to fine-tune MOF performance
for water harvesting in low-humidity and off-grid environments.

1. Introduction Metal-Organic Frameworks (MOFs) have emerged as a highly

attractive class of materials due to their exceptional surface area,

Water scarcity is one of the most pressing global challenges facing
humanity today [1]. With increasing population growth, industrializa-
tion, and climate change, the availability of clean and freshwater re-
sources is rapidly declining. Consequently, finding efficient and
sustainable methods to harvest water from the atmosphere has gained
attention in recent years [2]. Solar-driven Atmospheric Water Harvest-
ing (SAWH) stands out as a promising solution for obtaining potable
water from the ambient air, especially in arid and semi-arid regions [3].
As illustrated in Fig. S1, SAWH works by adsorbing atmospheric mois-
ture at night and releasing it during the day through heat-driven
desorption, followed by condensation and water collection. The effi-
ciency of this cycle depends heavily on the adsorbent material used [4,
51.

tunable porosity, and structural flexibility, making them ideal candi-
dates for water adsorption in SAWH systems [4]. MOFs are a diverse
group of materials composed of metal ions or clusters linked by organic
ligands [6-9]. Their highly porous structure offers an enormous surface
area for the adsorption of water molecules. MOF-303, chemically
formulated as {[Al(OH) (PZDC)] with PZDC?~ representing 1-H-pyra-
zole-3,5-dicarboxylate}, exhibits an extended framework structure and
is constructed from infinite rod-like secondary building units (SBUs)
[10]. These SBUs consist of alternating cis-trans corner-sharing AlOg
octahedra, interconnected via HoPZDC linkers [10]. The framework
features one-dimensional hydrophilic channels approximately 6 A in
diameter, which support both a highly open architecture and the effi-
cient diffusion of water molecules, key attributes for enhanced water
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Fig. 1. (a) Structural model used in simulations, showing the pore size. The ligand and metal cluster are also depicted separately. Zone A highlights the organic
fragment used to study adsorption behavior without the metal cluster. Simplified DFT models are shown for (b) pristine MOF-303, (¢) Cu@MOF-303, and (d)

Ag@MOF-303. In all cases, key bond lengths and angles are presented separately.

adsorption performance. MOF-303 displays an exceptional water uptake
capacity of up to 0.48 g g~ and outstanding hydrolytic stability, with-
standing 150 adsorption-desorption cycles without any detectable
structural degradation [11]. Under operational conditions of 30 °C and
relative humidity (RH) between 20 and 40 %, MOF-303 achieves its
maximum uptake within just 15 min, with adsorption capacities ranging
from 0.35 to 0.45 g g~ ! depending on RH [12,13]. Its practical potential
has been validated through integration into water harvesting systems,
capable of producing 1.3 L kg™! day ! in controlled indoor environ-
ments (32 % RH, 27 °C), and 0.7 L kg’1 day’1 under desert-like con-
ditions (10 % RH, 27 °C) such as those in the Mojave Desert [13].
MOF-303 can be synthesized on a large scale using various methods,
including solvothermal, microwave-assisted, flask reflux, and vessel
reflux, achieving up to 3.5 kg per batch with 91 % yield through a rapid,
water-based, and environmentally friendly process [14].

MOFs can be tailored at the molecular level to perform efficiently
under specific environmental conditions [15]. Functional group modi-
fication enhances their water adsorption capacity, selectivity, and sta-
bility across varying humidity and temperature [16]. Incorporating
external metal ions is an effective strategy, either through coordination
with the secondary building units or attachment to organic linkers

containing chelating sites such as bipyridyl [16]. Post-synthetic modi-
fications are also commonly used. These strategies and their applications
have been reviewed by Li et al. [17]. This structural engineering strategy
has been successfully applied to MOF-303 through precise post-synthetic
metalation. By leveraging the orientation of uncoordinated nitrogen
atoms along the Al-O SBUs, monovalent metal ions such as Cu(I) and Ag
() were efficiently incorporated into specific chelation sites [16]. The
resulting metalated MOF-303 showed excellent xenon adsorption ca-
pacity and selectivity, confirming its potential in advanced gas separa-
tion. Beyond gas applications, Ag-MOF-303 with reduced pore size was
integrated into nanocomposite membranes, leading to improved nano-
filtration performance, including better selectivity, antifouling proper-
ties, and antibacterial activity [18]. MOF-303 has also served as a
platform for immobilizing Cu species for radioiodine capture, where
both Cu®" and Cu’-loaded frameworks exhibited high uptake and sta-
bility under humid, high-temperature conditions due to dual-pyrazole
coordination and active copper sites [19]. While the role of MOF-303
in SAWH is established, the potential of transition metal incorporation
to synergistically enhance both water uptake and regeneration effi-
ciency remains unexplored and represents a promising direction for
future research.
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To investigate the impact of Cu(I) and Ag(I) docking on the structural
and adsorption-desorption behavior of MOF-303 in SAWH, a hierar-
chical multiscale computational framework was employed. This inte-
grated approach combines complementary simulation methods, each
addressing a distinct physical scale and property of the water harvesting
process. First, Density Functional Theory (DFT) calculations were per-
formed to understand metal-water binding geometries, adsorption en-
ergetics, and charge redistribution at the quantum level, thereby
supplying the partial atomic charges and binding energy that served as
the quantum-scale baseline for parametrizing the subsequent simula-
tions. Using this electronic-level information, Grand Canonical Monte
Carlo (GCMC) simulations were employed to obtain equilibrium water
adsorption isotherms, which were subsequently quantitatively analyzed
using established Langmuir, Sips, and Toth isotherm models to extract
adsorption parameters and assess energetic heterogeneity. After that,
Kinetic Monte Carlo (KMC) simulations were conducted to capture time-
resolved adsorption kinetics, extending the accessible simulation time-
scales beyond those achievable with standard molecular dynamics.
Finally, Molecular Dynamics (MD) simulations were employed to
analyze molecular transport and water structuring within the pores.
Static properties, including Radial Distribution Functions (RDFs), were
used to characterize local water ordering, while diffusion-related de-
scriptors, such as Mean Square Displacements (MSDs) and diffusivity,
were calculated to quantify molecular transport. To complete the full
SAWH cycle, temperature-dependent desorption analyses were further
performed using DFT-derived adsorption energies to evaluate the
regeneration temperature and time. This workflow ensures the consis-
tent propagation of information from electronic to macroscopic scales,
enabling a more rigorous assessment of water uptake and regeneration
efficiency compared to general MC-MD hybrid schemes, which do not
explicitly account for either quantum-scale binding energetics or kinetic
resolution. While the actual methodological workflow proceeds from
DFT to GCMC, KMC, and MD, the order of presentation is arranged to
provide a clearer and more intuitive flow from macroscopic adsorption
behavior to atomistic, kinetic, dynamic, and thermodynamic insights.

2. Models and methods
2.1. Models

In this study, the three-dimensional crystal structure of MOF-303 was
obtained from the Cambridge Crystallographic Data Center (CCDC)
[20]. To assess the water adsorption behavior, a central portion of a
four-unit-cell supercell was extracted and subjected to MD, GCMC, and
KMC simulations, as depicted in Fig. 1a. The extracted region does not
represent a complete unit cell but rather a central segment of the
supercell large enough to preserve the intrinsic pore geometry and local
coordination environment while minimizing edge effects and compu-
tational cost. For a more thorough interpretation of the simulation
outcomes and to highlight the role of the inorganic cluster and metal
coordination, a representative fragment excluding the metal cluster was
selected, as indicated by zone A in Fig. la. Additionally, for
quantum-level analysis, a simplified molecular model shown in Fig. 1
(b-d) was adopted for electronic structure calculations based on DFT.
This truncated fragment preserves the essential Al-O coordination ge-
ometry and nearby pyrazole linker environment, accurately capturing
the local electronic characteristics around the adsorption site, while
terminal atoms were fixed to mimic the rigidity of the periodic frame-
work. Although this model accurately captures local metal-ligand in-
teractions and charge redistribution, it does not explicitly account for
long-range electrostatic effects inherent to the periodic lattice. All
computational procedures were performed on corresponding metalated
MOF-303 models, alongside the pristine structures. Cu(I) and Ag(I) ions
are docked at specific sites formed by pairs of adjacent uncoordinated
nitrogen atoms on the pyrazole dicarboxylate linkers within MOF-303.
Previous experimental studies demonstrate that these sites provide a
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precise and stable coordination environment for these metal ions [16].
The spatial arrangement of these nitrogen atoms along the rod-shaped
Al-O secondary building units in MOF-303 create distinct metal bind-
ing sites, which are confirmed by 3D electron diffraction and X-ray ab-
sorption spectroscopy techniques. Thus, the docking locations chosen in
this study align with experimentally validated metalation sites in
MOF-303. It is important to note that, to isolate the intrinsic effect of the
metal center itself, no additional ligands (e.g., halides or anionic species
such as NO3) were included in the metal coordination sphere. This
modeling strategy allows for a clearer interpretation of how the metal
identity alone modulates the electronic environment and adsorption
characteristics, independent of secondary ligand effects.

2.2. Density Functional Theory calculations

To elucidate the interaction mechanisms between water molecules
and the pristine MOF-303 as well as the metalated MOF-303 structures,
a comprehensive set of DFT calculations was carried out using the
Gaussian 16W software package. All calculations were performed at the
B3LYP level of theory using a combination of SDD and LANL2DZ basis
sets, which provides a reliable compromise between computational cost
and accuracy for transition-metal-containing MOF cluster models
[21-24]. To represent the extended periodic structure of MOF-303,
cluster models were constructed by extracting chemically relevant
fragments from the crystal structure. The terminal atoms were con-
strained to their crystallographic positions to simulate the rigidity of the
periodic framework, while the remaining atoms were allowed to relax
during full geometry optimization. Following geometry optimization,
harmonic vibrational frequency calculations were performed to confirm
that all structures corresponded to true minimum on the potential en-
ergy surface, as indicated by the absence of imaginary frequencies. The
strength of water adsorption was estimated by calculating the single
point energy as follows:

Eads = EMOF+water - (EMOF +Ewater) (1)

where Epop;waeer iS the total energy of the water-MOF complex, E,qr is
the total energy of the isolated water molecule, and Eyor is the total
energy of the isolated MOF [25,26].

Furthermore, a series of electronic structure analyses were con-
ducted to gain deeper insight into the electronic properties of the sys-
tem. Molecular Electrostatic Potential (MEP) maps were generated to
visualize regions of electrophilicity and nucleophilicity on the surface of
the pristine and metaled MOF structures. To further assess the intrinsic
electronic properties of the frameworks, Natural bond orbital (NBO) and
Mulliken population analysis were performed to examine the internal
charge distribution and the delocalization effects induced by metal
incorporation. Additionally, dipole moment (DM), was computed for the
optimized MOF structures to quantify the influence of functionalization
on molecular polarity. Finally, quantum chemical global descriptors
derived from the energies of the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) were
calculated within the framework of conceptual DFT. These descriptors
provide qualitative insight into the system’s electronic stability and
chemical reactivity [26-29]. Table S1 summarizes the definitions and
theoretical significance of each parameter.

2.3. Grand Canonical and kinetic Monte Carlo modeling

While RASPA [30] is a widely recognized platform for Monte Carlo
simulations in porous materials, this study employed LAMMPS simula-
tion package to enable seamless integration of GCMC, KMC, and MD
simulations (see section 2.4) within a unified, high-performance envi-
ronment. The choice was motivated by the need to model not only
equilibrium adsorption isotherms, but also time-resolved adsorption
kinetics and dynamic confinement effects induced by metal doping.
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LAMMPS supports flexible scripting of kinetic models, hybrid MC-MD
simulations, and direct implementation of residence-time algorithms
for rare-event sampling. This multiscale simulation pipeline allowed us
to resolve both the thermodynamic and kinetic contributions to water
uptake and retention in pristine and metal-functionalized MOF-303,
providing molecular-level insight into structure-performance relation-
ships under realistic operating conditions. The simulation workflow was
fully automated via a custom Python script that generated system con-
figurations based on different conditions. OVITO (Open Visualization
Tool) was employed throughout the simulation workflow, including the
preparation of LAMMPS input data files and the generation of
three-dimensional atomic configurations across multiple GCMC simu-
lation timesteps. This allowed both structural setup and dynamic
adsorption behavior to be visualized and analyzed effectively. Water
molecules were allowed to undergo translation, rotation, reinsertion,
and swap moves. The MOF-303 frameworks were treated as rigid during
all simulations. Interatomic interactions were described using a combi-
nation of 12-6 Lennard-Jones (L-J) and Coulombic potentials, following
the equation [10,31]:

12 6
o o o
Uunbound = 4€ij |:(—U) — (_") } + 99 @
T Ty 4neorhy
&= /EE o
0i + 0;
Ojj = ! 3 ! @

where ¢ is the L-J collision diameter, ¢; is the L-J well depth, r;; is the
distance between atoms i and j, q is the charge of each atom, and ¢ is the
permittivity of vacuum. The Lorentz-Berthelot combination rules were
applied to define interaction parameters between non-identical atom
pairs. L-J interactions were truncated and shifted at 12 A, while long-
range electrostatics were treated using the Ewald summation method,
with a precision of 10~°. The pristine and metalated MOF-303 force field
parameters were assigned based on a combination of the DREIDING [32]
and UFF force field [33]. Partial atomic charges were obtained through
Gaussian software package with the charge-equilibration method. Water
molecules were represented using the SPC/E model [34].

KMC simulations were employed to model the time-resolved evolu-
tion of water adsorption-desorption and diffusion in both pristine and
metalated MOF-303 frameworks [35,36]. The KMC algorithm utilized a
residence-time algorithm based on the Bortz-Kalos-Lebowitz (BKL)
method to simulate rare events over extended time scales, enabling the
exploration of dynamic behavior such as surface hopping, clustering,
and site-to-site transport with chemical specificity. Transition proba-
bilities for elementary events were calculated from thermodynamic
parameters obtained via DFT calculations and GCMC simulations, with
rate constants determined by the Arrhenius equation [37]:

where A; denotes the pre-exponential factor, E; the activation energy, R
the universal gas constant, and T the absolute temperature. This
framework enabled efficient sampling of rare events and a realistic
description of diffusion pathways, surface hopping, and site-specific
interactions over extended timescales.

2.4. Molecular dynamic modeling

Molecular dynamics (MD) simulations were employed to investigate
the time-resolved behavior of water molecules within both the pristine
and metalated MOF-303 frameworks under ambient conditions. Simu-
lations were conducted in the NVT ensemble using the LAMMPS soft-
ware, treating the frameworks as rigid and modeling water molecules
with full flexibility. During the simulation, the temperature of the

Microporous and Mesoporous Materials 401 (2026) 113943

system was effectively controlled using the Nose-Hoover thermostat
[38]. All simulation steps were automated and analyzed via Python
scripting, using the MD Analysis package for trajectory handling and
VMD for visualization.

From the trajectories generated, various structural and dynamic
descriptors were analyzed. Specifically, radial distribution functions
(RDFs) [39,40] were computed between the oxygen atoms of water
molecules (Ow) and atoms at distinct adsorption sites within zone F (as
illustrated in Fig. 1b) of both pristine [10] and metalated MOF-303
structures. These analyses were conducted at two representative pres-
sures, 250 Pa and 700 Pa, corresponding to conditions before and after
the sharp adsorption step. The RDF was calculated using the standard
expression:

_ Nriqr
RDE(r) = 4nr2pdr

(6)
where r is the distance from a reference atom, n,,4 is the number of
atoms in the spherical shell between r and r+ dr, and p is the average
atomic density.

Furthermore, the mean square displacement (MSD) of water mole-
cules was computed to probe their translational dynamics within both
pristine and metalated MOF-303 frameworks. This analysis allows
quantification of molecular motion under confinement and provides
insight into water mobility. The detailed formulation of MSD and the
subsequent calculation of the self-diffusion coefficient (D) using Ein-
stein’s relation are provided in the Supplementary Information (Egs. S1
and S2) [41,42].

2.5. Thermodynamic and kinetic analysis of desorption

To evaluate the temperature-dependent desorption process, thermal
corrections were applied to the adsorption energy by accounting for
translational, rotational, and vibrational contributions [43]. In this
study, the thermal contributions were computed using scaled DFT
vibrational frequencies within the harmonic approximation [44-46],
while translational and rotational contributions were treated using
classical approximations [46]. These approximations provide a practical
way to include the main effects of molecular motion on desorption en-
ergies and kinetics at typical temperatures. This yields a
temperature-corrected desorption energy, Eq(T), reflecting increased
molecular motion at higher temperatures. It is important to emphasize
that this approach is an approximation. Translational and rotational
contributions were treated classically, neglecting quantum effects, while
vibrational contributions were evaluated using scaled DFT harmonic
frequencies. Possible anharmonicities and other higher-order quantum
effects are not considered, and thus the thermal corrections may slightly
over- or underestimate the true values in some cases. Despite these
limitations, this approach captures the dominant trends and provides a
computationally efficient way to incorporate temperature effects, suf-
ficient for estimating regeneration temperatures and desorption times
within the complete SAWH cycle. Detailed technical descriptions and
the specific formulas used are provided in the Supplementary Informa-
tion (Egs. S3-S5). The desorption time, (T), estimated using the
Polanyi-Wigner expression derived from transition-state theory (TST)
[477]:

7(T)=98," .exp (%@) ~ 9, .exp <%‘”}(,T)> 7

where v is the attempt frequency, Kp is the Boltzmann constant. As
temperature increases, thermal motion in both the MOF framework and
water molecules leads to reduced adsorption strength and faster
desorption dynamics. Within the framework of TST, the desorption
activation energy (Eqs) is approximated by the absolute value of the
adsorption energy (|Eqgs|), since desorption is the reverse process of
adsorption and involves overcoming the same binding energy barrier.
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Fig. 2. GCMC water adsorption isotherms for pristine MOF-303 and X@MOF-303 (X = Cu, Ag) at 300 K: (a) full range; (b) low-pressure region (P < 500 Pa). Time-
resolved 3D snapshots of water adsorption at 3000 Pa and 300 K for (¢) MOF-303, (d) Cu@MOF-303, and (e) Ag@MOF-303.

This approximation has been widely employed in adsorption-desorption
kinetics models for adsorption systems [47-50].

3. Results and discussion
3.1. Water adsorption behavior

The water adsorption isotherms derived from GCMC simulations for
pristine MOF-303 and its metal-docked variants are presented in Fig. 2a
and b, alongside experimental data from Ref. [51] for validation. The
simulated isotherm based on the simplified structural model (corre-
sponding to Fig. 1la) captures the general trend observed
experimentally-namely, a gradual uptake at low relative pressures fol-
lowed by a steep increase at higher pressures-capturing the qualitative
shape of the experimental isotherm of the hydrophilic pore

environment. The absolute adsorption capacity is consistently under-
estimated due to the model’s structural simplification, especially the
exclusion of the full inorganic cluster in zone A, which is important for
stabilizing water molecules.

To further investigate this effect, an extended structural model (C-
MOF-303) incorporating the complete Al-O inorganic cluster was
simulated. The resulting isotherm showed a notable increase in
adsorption capacity and exhibited much closer agreement with experi-
mental measurements. This confirms that the presence of the Al-O nodes
significantly enhances water-framework interactions, providing high-
energy binding sites that become populated at lower relative pressures
and steepen the isotherm response.

Post-synthetic incorporation of Cu(I) and Ag(I) ions into the frame-
work increased water uptake. The capacity of Cu@MOF-303 and
Ag@MOF-303 was about 37 % and 27 % higher than pristine MOF-303,
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respectively. At ultra-low humidity conditions (around 10 % RH), the
adsorption is dominated by strong primary binding sites located near the
Al-O clusters and metal-docking regions. The GCMC simulations show
that in this situation, pristine MOF-303 exhibits a limited uptake of
approximately 0.15 g g~!. In contrast, A@MOF-303 and Cu@MOF-303
demonstrate markedly enhanced adsorption capacities of about 0.367 g
g 'and 0.372 g g7}, corresponding to 145 % and 148 % increases over
the pristine framework, respectively. This improvement is attributed to
the increased local polarity and charge density introduced by the metal
centers, which facilitate stronger electrostatic and coordinative in-
teractions with water molecules. Cu@MOF-303 showed superior per-
formance, indicating stronger water affinity and a more favorable
coordination environment. This enhancement likely arises from the
combined effects of Cu(I)’s higher Lewis acidity compared to Ag(I) [52,
53] and the possible formation of transient Cu-H50 coordination motifs,
which promote efficient water clustering and uptake dynamics within
the pores.

To quantitatively assess the adsorption behavior and validate the
reliability of the simulation results, both experimental and GCMC-
derived adsorption data were further analyzed using three established
isotherm models: Langmuir [54], Sips [55], and Toth [56]. The detailed
equations, fitting parameters, and statistical coefficients for all isotherm
models are provided in the Supplementary Information (Egs. S5-S8),
along with model descriptions. The Langmuir model, which assumes a
homogeneous monolayer adsorption mechanism, exhibited the lowest
accuracy for the metal-docked frameworks (Cu@MOF-303 and
Ag@MOF-303), with R? values below 0.83, indicating that this simple
model cannot adequately represent the energetic and structural het-
erogeneity introduced by metal incorporation. In contrast, the Sips and
Toth models, which account for distributions of adsorption energy,
provided substantially better fits (RZ > 0.9) to both experimental and
simulation data. The heterogeneity parameter n, extracted from the Sips
and Toth models, increased upon Cu(I) and Ag(I) docking, confirming
the generation of multiple adsorption sites with varying binding
strengths. This effect was particularly pronounced in the Toth model,
which exhibited a markedly larger increase in n, indicating stronger
heterogeneity and sharper energetic contrasts between different
adsorption sites. The equilibrium constants K (pa’l) derived from all
three models were found to increase upon metal docking, indicating
stronger initial water-framework interactions and higher binding affin-
ity of the adsorption sites. The fitted parameters confirmed that the
adsorption capacity (qm) follows the order Cu@MOF-303 >
Ag@MOF-303 > C-MOF-303 > MOF-303, consistent with the trends
observed from GCMC simulations. These correlations highlight that
metal incorporation not only enhances overall water uptake but also
increases the energetic diversity of adsorption sites, leading to stronger
and more complex water-framework interactions.

Time-resolved snapshots illustrating water adsorption within pris-
tine and metalated MOF-303 structures at a constant pressure of 3000 Pa
are depicted in Fig. 2c—e. In the pristine MOF-303 framework (Fig. 2c), a
progressive occupation of the hydrophilic channels is evident
throughout the simulation timeline. Nevertheless, the total number of
adsorbed water molecules remains relatively limited. Notably, zone A
remains predominantly vacant across all snapshots, underscoring the
pivotal role of Al-O inorganic nodes as the principal adsorption sites due
to their polar character and coordinative unsaturation.

Table 1

Adsorption energies of water molecules in upper and lower sub-regions of Zone F.
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In contrast, the metalated frameworks (Fig. 2d and e) demonstrate
markedly enhanced water uptake rates and more substantial pore oc-
cupancy at each recorded timestep. This pronounced improvement can
be attributed to the incorporation of Cu(I) and Ag(I) ions, which intro-
duce supplementary binding sites and elevate the overall hydrophilicity
of the frameworks. These metal centers function as a secondary
adsorption site, thereby facilitating accelerated nucleation and aggre-
gation of water molecules within the porous channels. Consistent with
observations in pristine MOF-303, the persistent absence of water mol-
ecules in zone A across all metalated models further corroborates the
indispensable contribution of the inorganic cluster in governing
adsorption phenomena. Comparatively, Cu@MOF-303 (Fig. 2d) exhibits
a more rapid and extensive accumulation of water molecules, charac-
terized by the formation of densely packed clusters in proximity to Cu
sites. This behavior is attributed to the greater positive NBO and Mul-
liken charge distribution around Cu(I) compared to Ag(I), which en-
hances its ability to attract water dipoles through stronger electrostatic
interactions (see Section 3.2). Although Ag@MOF-303 (Fig. 2e) displays
enhanced adsorption compared to the pristine framework, its overall
pore filling and molecular density remain inferior to those observed in
the Cu-docked analogue. Collectively, these snapshots and their analysis
substantiate that metal docking-particularly with Cu-profoundly aug-
ments the water adsorption capacity of MOF-303 by furnishing favor-
able coordination environments and expediting the dynamic filling of
hydrophilic channels.

3.2. Structural and electronic Fingerprint

To deepen the understanding of the water adsorption mechanism, we
complemented our GCMC-derived isotherms with quantum mechanical
DFT calculations. As previously visualized in Fig. 1b, the water-
accessible region, labeled as Zone F, was subdivided into two sub-
regions: the upper F zone and the lower F zone, based on the spatial
distribution of adsorption sites. Table 1 summarizes the computed
adsorption energies (E,4s) for each sub-region across all studied systems.
The adsorption energy results obtained for the pristine MOF-303 struc-
ture in the selected framework section used in this study, alongside the
previously reported values for MOF-303 [10], showed that, although
slight numerical differences exist-attributable to structural model vari-
ations and computational methodologies-the general trend of water
binding strength across the upper and lower sub-regions of Zone F is
consistent between the two datasets.

Turning to the metalated MOF-303s, a clear distinction emerges. For
Cu@MOF-303, water adsorption was significantly more favorable in the
lower zone (Eags = —129.86 kJ mol™!) compared to the upper zone
(—~102.80 kJ mol™!). This pronounced difference highlights the strong
local enhancement of water binding in the vicinity of the Cu site,
attributable to its high charge density and polarizing power, which in
turn increases the local electrostatic potential and stabilizes water-
—framework interactions. In contrast, Ag@MOF-303 also exhibited
stronger adsorption in the metal-containing lower zone (E,qs = —113.01
kJ mol™}), compared to the upper zone (—107.09 kJ mol™), but the
enhancement was more moderate relative to the Cu-doped system. This
comparison confirms that while both metal ions increase local hydro-
philicity, Cu is more effective in promoting strong, localized adsorption
interactions due to its superior electron-withdrawing capability and the

Adsorbent EZ’,’_f”F Zone (kK mol 1)

ELower F Zone (1 mol 1) Eg ™ (kJ mol™)

MOF-303 (Ref. [10]) ~ —67.05 (Average of Site I and III)

MOF-303 (This study) —77.65 + 0.9
Cu@MOF-303 —102.80 £ 1.2
Ag@MOF-303 -107.09 £ 1

~ —71.66 ~ —69.35
—79.08 + 0.4 —-78.36
—129.86 + 0.2 —116.33
—113.01 £ 0.2 —110.05




M. Arjmandi et al.

Microporous and Mesoporous Materials 401 (2026) 113943

-7.480e-2

(g) ®

M
n

"
»

A;‘ i ; -

9 ’

Demsity of State (DOS)
Demsity of State (DOS)

Energy (eV)

Energy (eV)

Demsity of State (DOS)

Energy (eV)

Fig. 3. MEP Surfaces for (a) Pristine MOF-303, (b) Cu@MOF-33, and (c¢) Ag@MOF-303. NBO and Mulliken Charge Distributions in (d) Pristine MOF-303, (e)
Cu@MOF-303, and (f) Ag@MOF-303. Electronic structure analysis of pristine and metalated MOF-303: (g) MOF 303, (h) Cu@MOF-303, and (i) Ag@MOF-303. Each
panel shows the DOS diagram along with HOMO and LUMO orbital visualizations, highlighting the effect of metal coordination on frontier orbital distribution and

energy gap narrowing.

resulting electrostatic environment. Interestingly, a notable observation
emerges in the upper F zone-the sub-region that does not directly host
the doped metal center. In this region, Ag@MOF-303 exhibits a stronger
adsorption energy (—107.09 kJ mol™) compared to Cu@MOF-303
(~102.80 kJ mol™1), suggesting that the electronic influence of Ag
may propagate more uniformly across the framework, possibly affecting
neighboring adsorption sites even in the absence of direct coordination.
This behavior points toward a more delocalized modification of the
electrostatic environment by Ag, as opposed to the more localized, high-
intensity effect seen in Cu. These spatial variations highlight the
importance of moving beyond adsorption energetics towards deeper
analyses.

However, the average adsorption energy in Zone F for Cu@MOF-303
is —116.33 kJ mol " which is more negative than the —110.05 kJ mol
observed for Ag@MOF-303, indicating a stronger water affinity of the
Cu-functionalized framework. The adsorption energies obtained from
the DFT cluster model primarily describe local interactions near the
adsorption site. Long-range electrostatic contributions present in the
extended framework may slightly modify the absolute values but are not
expected to affect the observed comparative trends between pristine and
metalated MOF-303. These findings are in full agreement with the
GCMC isotherms, confirming enhanced uptake capacity in the presence
of Cu.

The MEP analysis was employed to gain deeper insight into the three-
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Table 2
Dipole moment and Global electronic descriptors for pristine and metalated
MOF-303.

Adsorbent DM Eg P " 0]
(D) (Hartree) (Hartree) (Hartree) (Hartree)
MOF-303 2.137 0.022 0.087 —0.076 0.257
Cu@MOF- 6.178 0.020 0.093 —0.082 0.338
303
Ag@MOF- 6.620 0.017 0.091 —0.083 0.391
303

dimensional electronic and topological characteristics of the compounds
under study. This method enables a visual interpretation of how electron
density is distributed across the molecular surface, offering clues about
regions that are more likely to participate in electrophilic or nucleo-
philic interactions. The MEP surface is depicted using a continuous color
scale, where blue areas signify regions of electrostatic deficiency (posi-
tive potential) and red areas highlight regions of electron accumulation
(negative potential). Particularly, red zones are indicative of sites with
elevated electron density, which tend to interact favorably with elec-
trophilic species. Fig. 3a—c illustrates the MEP profiles for MOF-303 in
both its unmodified form and after metalation with transition metals Cu
and Ag. In the pristine framework (Fig. 3a), the potential surface appears
relatively uniform and symmetrical. Slightly negative regions are
observed in the cavity between ligands. Meanwhile, the ligand’s aro-
matic rings display mostly neutral or weakly negative potential (yellow
hues). Upon incorporation of Cu or Ag (Fig. 3b and c), the MEP surface
undergoes significant alteration. Strong red and orange zones emerge
around the coordinated metal centers and their adjacent donor atoms,
revealing an increase in localized negative charge density. This redis-
tribution arises from electron donation by the ligand to the metal center,
complemented by potential back-donation from the metal’s d-orbitals.
The result is a polarized coordination environment with marked asym-
metry in the electrostatic potential, especially near the metal-ligand
interface. Similar electrostatic patterns-characterized by intense nega-
tive potential surrounding metal centers-have been reported for
transition-metal complexes [57-64]. These findings, as noted in prior
studies, are typically attributed to strong metal-ligand interactions,
intramolecular charge redistribution, and enhanced electron delocal-
ization upon coordination [65-67]. The resulting charge polarization
not only reshapes the molecular electrostatic environment but may also
influence key properties such as chemical reactivity, and site selectivity
performance.

Fig. 3d-f illustrates the Mulliken and NBO charge distributions for
the pristine MOF-303 and its metaled derivatives. As expected, the
transition metal centers (Cu and Ag) exhibit a net positive charge,
consistent with their role as electron acceptors in the coordination
framework. Notably, the Cu center displays a higher positive charge
compared to Ag, reflecting its greater electronegativity and stronger
electron-withdrawing character within the framework. This observation
suggests a more pronounced ligand-to-metal charge transfer in the Cu-
coordinated system. In addition, a comparison with the pristine MOF
reveals clear alterations in the atomic charges of donor atoms following
metal coordination. The nitrogen atoms directly involved in metal
binding show a marked shift in their assigned charges, confirming their
participation in electronic reorganization. Similar changes are also
observed in neighboring Carbon and Hydrogen atoms within the ligand
framework. These variations indicate a redistribution of electronic
charge. The overall pattern aligns with the electrostatic perturbations
observed in the MEP analysis and underscores the localized polarization
induced by metal incorporation.

While Cu and Ag atoms with positive charge and a strong electro-
static field around their coordination sites are commonly associated
with water adsorption due to their interaction with the lone pairs of
water’s oxygen atom, regions of negative potential in Fig. 3a—c can also
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significantly contribute to water binding [68-73]. These red zones can
engage in hydrogen bonding with the partially positive hydrogen atoms
of water molecules. Therefore, the centrality of the metal site and the
electronic environment surrounding it can act as key determinants of
local polarity and interaction type, enabling water molecules to engage
either through coordination to electron-deficient metal centers or via
hydrogen bonding with electron-rich donor atoms. Thus, both sections
may define distinct but complementary interaction modes with water,
depending on the nature of the binding site.

While localized analyses of atomic charges and electrostatic poten-
tials provide valuable insights into site-specific interactions and partially
explain the differences in adsorption behavior between copper and sil-
ver, these methods inherently focus on local electronic environments. To
achieve a more holistic understanding of the MOF’s electronic structure
and its influence on water adsorption, we extend our investigation into
the molecular dipole moment, and other global electronic descriptors
derived from molecular orbital theory, as shown in Table S1. The
summarized results, presented in Table 2 and Table S3, offer compre-
hensive insight into how the entire electronic framework modulates
adsorption properties beyond localized charge effects, facilitating a
more complete interpretation of the observed adsorption energies.

The comprehensive analysis of these electronic descriptors reveals
profound alterations in the MOF’s electronic structure upon function-
alization with transition metals, underscoring the significant role of
metal docking in modulating the framework’s properties. The pro-
nounced increase in dipole moment from 2.137 D in the pristine MOF to
over 6 D upon metal incorporation highlights the induction of sub-
stantial electronic asymmetry and polarity, which is expected to
enhance the interaction with polar adsorbates such as water. Concur-
rently, the observed decrease in the HOMO-LUMO energy gap signifies
improved electronic conductivity and chemical reactivity, facilitating
electron transfer essential for adsorption processes. Metal coordination
also slightly raises the ionization potential while boosting electron af-
finity and electronegativity, collectively reflecting a stabilized yet more
electron-accepting environment within the framework. Further insights
are drawn from the notable reduction in chemical hardness alongside a
marked increase in softness, indicative of enhanced polarizability and
chemical flexibility following metal introduction. This is complemented
by a significant rise in electrophilicity index and both electron donating
and accepting powers, portraying the metal-coordinated MOFs as more
dynamic electronic systems capable of stronger interactions with a va-
riety of adsorbates. Interestingly, back-donation interactions exhibit a
mild decline in magnitude, suggesting subtle changes in metal-ligand
bonding characteristics that may fine-tune the electronic environment.
Finally, the more negative chemical potential values confirm a greater
thermodynamic drive for electron uptake, consistent with the overall
trend toward enhanced adsorption capability.

To visually corroborate these trends, Fig. 3g-i illustrates the density
of states (DOS) diagrams for pristine MOF-303, Cu@MOF-303, and
Ag@MOF-303, respectively. Each DOS plot is accompanied by the cor-
responding HOMO and LUMO orbital visualizations, allowing for a
direct comparison of frontier orbital localization and energy separation.
As observed, metal functionalization narrows the energy gap between
HOMO and LUMO, confirming the numerical trends discussed earlier.
Additionally, the HOMO and LUMO orbitals in metalated structures
exhibit more delocalized and asymmetric distributions, which are
indicative of increased electronic reactivity and altered charge transport
pathways.

The DFT-derived electronic descriptors provide a mechanistic
explanation for the enhanced water uptake observed in metal-doped
MOF-303 structures. Specifically, the increase in dipole moment, elec-
trophilicity, and electronegativity upon Cu and Ag incorporation in-
dicates a more polarized and reactive framework that promotes stronger
interactions with water molecules. For instance, the higher electron-
withdrawing ability of Cu leads to more localized electrostatic poten-
tial that stabilizes water coordination, whereas the slightly more
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and metalated MOF-303 at 300 K.

delocalized polarization effect of Ag enhances water binding even in
regions distant from the metal site. These electronic trends correspond
well with the GCMC-derived adsorption isotherms and adsorption en-
ergies, offering a consistent picture of how atomic-scale electronic
properties govern water structuring within the MOF pores.

To experimentally validate the predictions from our computational
study, several complementary techniques could be employed. Infrared
(IR) spectroscopy or diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) can detect shifts in vibrational modes of water
molecules interacting with metal sites, reflecting nature and strength of
adsorption. Adsorption calorimetry provides direct measurements of
adsorption enthalpies, serving as a quantitative benchmark for the DFT-
derived adsorption energies presented in Table 1. Furthermore, X-ray
photoelectron spectroscopy (XPS) or UV-visible diffuse reflectance
spectroscopy (DRS) could probe changes in electronic environments and
metal oxidation states caused by metal doping, correlating with the
Mulliken/NBO charge distribution and molecular electrostatic potential
analyses. These experimental approaches would thus offer valuable
validation and deeper insight into the electronic and adsorption
behavior of metal-functionalized MOF-303 frameworks.

3.3. Kinetic behavior of water adsorption

The kinetic behavior of water adsorption at two representative
pressures (700 Pa and 2000 Pa) was investigated using KMC simula-
tions, as depicted in Fig. 4a—c for pristine and metalated MOF-303
structures. The temporal profiles clearly demonstrate a pressure-

10

dependent acceleration in adsorption rates across all materials.

For pristine MOF-303 (Fig. 4a), the saturation time was approxi-
mately 8 min at 700 Pa and 4 min at 2000 Pa, which aligns well with
prior experimental data [13], confirming the reliability of the adopted
kinetic model and force field parameters. Upon Cu(I) docking
(Cu@MOF-303, Fig. 4b), the adsorption kinetics were markedly accel-
erated, achieving saturation in only ~1.5 min at 700 Pa and less than
0.3 min at 2000 Pa. This rapid uptake is particularly valuable for at-
mospheric water harvesting, where performance under low humidity
conditions (i.e., low partial pressure of water vapor) is crucial. A faster
response at low RH translates directly into more efficient water capture
during limited atmospheric exposure windows, such as at night or in
arid climates. Although Ag@MOF-303 (Fig. 4c) also demonstrated
improved kinetics over the pristine framework (with saturation time ~
4 min at 700 Pa and 0.8 min at 2000 Pa), the rate enhancement was
clearly inferior to that of the Cu-doped variant. The enhanced kinetics in
Cu@MOF-303 can be attributed to the higher Lewis acidity of Cu(I)
compared to Ag(I), which promotes stronger interactions with water
molecules. This facilitates earlier nucleation and faster propagation of
water clusters through the hydrophilic pore network. These kinetic re-
sults are consistent with the adsorption energy trends obtained from DFT
calculations, further validating the stronger binding affinity and
enhanced water uptake observed in the metalated MOF-303 structures.
Compared to the pristine MOF-303, both Cu(I) and Ag(I)-modified
MOF-303 exhibited significantly faster adsorption kinetics, high-
lighting the potential of post-synthetic metalation, particularly with Cu
(I), as a strategy to optimize performance in AWH systems.
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3.4. Molecular-level study

To gain molecular-level insight into the interaction between water
molecules and specific adsorption sites in zone F, RDF analyses were
performed at 300 K for selected atoms in contact with the oxygen of
water under two RH conditions (7.9 % and 22 %). Fig. 5 illustrates these
RDF profiles for both pristine and metalated MOF-303s. All cases exhibit
a pronounced peak around 2.7-3.0 A corresponding to hydrogen bonds.
Also, a general trend observed across all systems is the decrease in RDF
values with increasing RH. This behavior reflects the weakening of
specific interactions between individual adsorption sites and water
molecules as the RH level increases, likely due to competition between
neighboring sites and the broader distribution of water molecules within
the framework at higher RH. Interestingly, the RDF trends align closely
with the partial charge distributions obtained from the Mulliken and
NBO analyses shown in Fig. 5. Specifically, sites exhibiting more nega-
tive charge tend to show reduced RDF intensity, suggesting that
increased electron density repels the partial negative charge of water’s
oxygen. Conversely, less negatively charged or slightly positive sites
display enhanced RDF peaks, consistent with stronger electrostatic
attraction. Moreover, metal docking significantly influences RDF
behavior. The site that undergoes direct metal substitution shows a
pronounced increase in RDF intensity, highlighting its enhanced affinity
for water due to metal-induced polarization. Cu@MOF-303 showed the
highest RDF peak intensity at ~2.8 A, indicating more localized water
structuring near the metal sites. Beyond the substituted site, metal
docking also affects neighboring atoms through electronic redistribu-
tion. This is particularly evident for the N1 and H1 atoms, whose RDF
profiles shift noticeably in the presence of Cu or Ag. These observations
underscore the extended electronic influence of the coordinated metal
centers. This redistribution reshapes water interaction patterns within
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Zone F.

To complement the site-specific analysis and assess the collective
impact of metal docking on water uptake behavior, RDF calculations
were extended to the entire zone F. This broader perspective enables
evaluation of how local modifications propagate across the framework
and influence the overall interaction landscape. As shown in Fig. 5i and
g, a marked increase in RDF intensity is observed upon metal docking,
clearly indicating that the introduction of transition metals significantly
enhances the overall affinity of the framework for water molecules. This
enhancement reflects the collective effect of local electronic polarization
and structural rearrangement induced by metal docking, which facili-
tates stronger and more frequent interactions across zone F. Further-
more, a comparative analysis between the two metalated structures
reveals that Cu@MOF-303 exhibits higher RDF values and sharper peak
positions than Ag@MOF-303. Among the two systems studied, Cu
docking proves more effective, yielding a MOF environment that is not
only more reactive but also more capable of establishing strong and
spatially organized interactions with water molecules. This observation
is consistent with the results from earlier sections, all of which pointed to
superior adsorption characteristics for the Cu-metalated MOF. Overall,
these findings emphasize that metal docking-regardless of the specific
metal-substantially enhances water adsorption by introducing electronic
polarization and structural asymmetry into the framework.

To investigate the dynamic behavior of water molecules within the
MOF structures, MSD plots were generated at 300 K and RH = 22 % for
pristine and metal-docked MOF-303 systems, as shown in Fig. 6a. The
results reveal that the slope of the MSD curve for the pristine MOF-303 is
significantly higher than those of the metalated MOFs. This trend in-
dicates greater mobility and weaker interaction of water molecules in
the unmodified framework. In contrast, the reduced MSD slopes for
Cu@MOF-303 and Ag@MOF-303 reflect increased stabilization and
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hindered diffusion, attributable to the stronger binding interactions
facilitated by the additional adsorption sites introduced via metal
docking. Notably, among the metalated systems, Ag@MOF-303 shows a
slightly higher MSD slope compared to Cu@MOF-303, suggesting that
water molecules experience less restriction in the silver-containing
framework. This observation aligns well with the adsorption energy
values obtained, reinforcing the conclusion that Cu incorporation results
in stronger water binding and reduced molecular mobility.

To visualize these dynamic differences, Fig. 6b presents time-
resolved snapshots of water distribution at three different time in-
tervals. The images clearly demonstrate more extensive movement of
water in the pristine MOF compared to the confined distribution seen in
the metalated structures. Furthermore, water clustering appears more
compact and spatially confined in Cu@MOF-303 than in Ag@MOF-303,
providing qualitative support for the quantitative MSD findings.

Interestingly, closer examination of the MSD behavior during the
initial simulation period reveals a different trend in displacement slope
compared to the later stages. As shown in Fig. 7, early-time MSD curves,
along with corresponding snapshots, exhibit an initial rapid stabilization
of water molecules near the metal coordination sites. This early immo-
bilization indicates a strong initial binding of water molecules to high-
affinity regions introduced by metal docking, particularly in the Cu-
containing framework. Such behavior mirrors the trends observed in
KMC simulations, where early-stage kinetics are dominated by rapid
occupation of the highest-affinity sites. These results provide compelling
evidence that metal coordination not only enhances the thermodynamic
driving force for water adsorption but also significantly impacts the
kinetic landscape, restricting water mobility through stronger, site-
specific interactions that manifest early during the adsorption process.

Figs. 6¢ and 7c presents the diffusion coefficients estimated from the
linear regions of the MSD plots for all three MOF systems over two
distinct time intervals: the initial phase (50-300 ps) and the later
equilibrium phase (300-2500 ps). As expected, the diffusion coefficients
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in the early stage are significantly higher for all systems compared to
their corresponding equilibrium values. This behavior reflects the rapid
initial movement of water molecules before the onset of strong
adsorption interactions and confinement within specific sites of the
framework. Upon metal incorporation, a clear reduction in diffusion
coefficients is observed across both time intervals. This trend can be
attributed to the introduction of additional high-affinity adsorption sites
via Cu and Ag docking, which enhances water—framework interactions
and reduces molecular mobility. The overall decrease in diffusion co-
efficients is consistent with the observed lower MSD slopes for the
metalated systems and the more localized water distributions seen in the
snapshot analyses. Among the three structures, Cu@MOF-303 exhibits
the lowest diffusion coefficient in both time windows, highlighting its
stronger binding affinity and more effective confinement of water
molecules. This finding corroborates prior evidence from RDF profiles,
adsorption energies, and electronic structure analyses, all of which
pointed to superior water-framework interaction strength in the Cu-
docked system. In contrast, Ag@MOF-303 shows slightly higher diffu-
sivity, reflecting relatively weaker interactions compared to Cu, but still
more confined than the pristine MOF.

These results collectively demonstrate that metal docking not only
enhances the thermodynamic favorability of water adsorption but also
significantly modulates the kinetic behavior of water transport within
the MOF structure. The observed reduction in diffusivity, particularly in
Cu@MOF-303, serves as an indicator of stronger and more localized
adsorption sites. This pronounced molecular confinement is highly ad-
vantageous for atmospheric water harvesting applications, where effi-
cient capture, retention, and controlled release of water vapor are
essential for maximizing harvesting efficiency under varying humidity
conditions.
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Fig. 8. (a—c) Time-dependent fluctuations in adsorption energies at various temperatures (100-800 K) for MOF-303, Cu@MOF-303, and Ag@MOF-303, respectively.
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3.5. Desorption kinetic study

Understanding the desorption behavior of water molecules is critical
for evaluating the practical applicability of MOF-based adsorbents in
AWH, where a high water uptake must be balanced with desorption at
moderate temperatures to ensure energy-efficient recovery. If water
release requires excessively high temperatures, the real-world viability
of the material is significantly reduced.

Fig. 8a-c shows the time-dependent fluctuation of adsorption en-
ergies for MOF-303, Cu@MOF-303, and Ag@MOF-303, respectively, at
various temperatures (100, 200, 350, 500, and 800 K). It should be
noted that temperature values above the critical point of water (647 K)
were included only to extend the mathematical trend of the Polanyi-
Wigner relation and do not correspond to real adsorption states. In all
three cases, the amplitude of fluctuations increases with temperature,
indicating greater dynamic instability at higher thermal energy.
Furthermore, the metalated structures exhibit overall higher fluctuation
amplitudes than pristine MOF-303, with Ag@MOF-303 showing the
most pronounced variations across all temperatures.

Fig. 8d shows average temperature-dependent adsorption energies of
H30 on pristine and metalated MOF-303 were computed over a tem-
perature range of 100-800 K. As temperature increases, the adsorption
energies for all three structures shift progressively from negative values
toward zero, indicating reduced water affinity. This shift is notably
steeper for Ag@MOF-303 and Cu@MOF-303 compared to the pristine
framework, reflecting a stronger thermal sensitivity in the metalated
systems.

Thermal correction values for adsorption energies were also
computed and are illustrated in Fig. 8e. For all three structures, thermal
correction increases with temperature. However, the metalated struc-
tures exhibit steeper slopes and greater magnitudes of thermal correc-
tion compared to the pristine MOF-303. Among them, Ag@MOF-303
shows the highest degree of temperature-dependent change in thermal
correction.

The adsorption energies obtained from DFT after applying thermal
corrections were compared with approximated adsorption energies ob-
tained from the ensemble-averaged potential energy in GCMC simula-
tions at 300 K (Table S4). Despite the inherent methodological
differences between DFT and GCMC approaches, both sets of results
exhibit similar trends, supporting the validity of the thermal correction
procedure and the overall multiscale modeling framework.

Based on energy values illustrated in Fig. 8d, the desorption time
constant (7) was calculated using Eq. (7) and plotted in Fig. 8f. Here, the
7 characterizes the rate at which adsorbed water molecules leave the
framework; a smaller 7 indicates a faster desorption process, which is
more conducive to rapid water recovery and energy-efficient operation
in practical AWH systems. As expected, T decreases with rising tem-
perature for all structures. Experimental studies indicate that desorption
from MOF-303 typically occurs between 315 and 360 K (shaded in red in
Fig. 8f) [13,74]. Within this temperature window, Cu@MOF-303 shows
significantly longer desorption times relative to Ag@MOF-303 and the
pristine form. At 350 K, for example, T values are 4.18 x 107% s (pris-
tine), 1.05 x 10~ s (Ag@MOF-303), and 2.47 x 102 s (Cu@MOF-303).
Taking the behavior of pristine MOF-303 at 350 K as a reference, where
water desorption occurs with a characteristic time constant of approxi-
mately 4.18 x 107% s, one can estimate the equivalent temperatures
required for the functionalized materials to reach similar desorption
performance. Based on this, Ag@MOF-303 would need to reach 367 K,
and Cu@MOF-303 approximately 460 K.

While Cu@MOF-303 exhibited superior water uptake and faster
adsorption kinetics, its delayed desorption suggests poor regeneration
efficiency under solar-driven or low-grade heat conditions common in
AWH systems. In contrast, Ag@MOF-303 not only enhanced water up-
take relative to the pristine MOF-303 but also maintains a desorption
profile closely aligned with it, offering a more favorable balance be-
tween performance and energy efficiency. These findings highlight
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Ag@MOF-303 as a more suitable candidate for real-world AWH
applications.

4. Conclusions and broader impact

This study revealed how post-synthetic metalation of MOF-303 with
Cu(I) and Ag(I) modifies the thermodynamic, electronic, and dynamic
properties relevant to water adsorption-desorption. The integrated
multiscale simulation framework established in this study enabled a
complete and self-consistent description of the AWH cycle, from
adsorption to desorption. DFT calculations provided quantum-level pa-
rameters such as partial charges, binding energies, and optimized metal-
water geometries, which served as input for GCMC, KMC, and MD
simulations. Using these parameters, GCMC quantified macroscopic
adsorption isotherms across humidity levels, KMC captured time-
dependent adsorption and desorption kinetics, and MD elucidated mo-
lecular diffusion and structural dynamics within the pores. Finally,
thermodynamic analyses of temperature-dependent adsorption energies
completed the full adsorption-desorption cycle, linking molecular-scale
energetics to macroscopic regeneration behavior. Under ultra-low hu-
midity conditions (~10 % RH), pristine MOF-303 exhibits a limited
water uptake of about 0.15 g g~'. In contrast, Ag@MOF-303 and
Cu@MOF-303 display substantially enhanced adsorption capacities of
approximately 0.367 g g~ and 0.372 g g, corresponding to 145 % and
148 % increases, respectively, compared to the unmodified framework.
Beyond this low-humidity regime, Cu@MOF-303 further demonstrates
an approximately 37 % higher saturation uptake and noticeably slower
water diffusion, resulting from stronger binding energies and more
localized electrostatic fields around the Cu sites. Similarly, AG@MOF-
303 shows a ~27 % enhancement in saturation uptake relative to pris-
tine MOF-303 while maintaining comparable desorption behavior, of-
fering a favorable balance between adsorption capacity and
regeneration efficiency for practical AWH applications. Although
Cu@MOF-303 outperforms in uptake and kinetics, its slower regenera-
tion under moderate thermal input may limit its applicability in solar-
powered systems. In contrast, our temperature-dependent adsorption
energy analysis showed that Ag@MOF-303 maintains desorption
behavior closely aligned with the pristine MOF-303. This distinction
highlights Ag@MOF-303’s superior suitability for off-grid and SAWH
systems, where low thermal input is preferred. These findings not only
underscore the critical role of local polarization and charge redistribu-
tion in enhancing both water uptake capacity and adsorption kinetics
but also highlight the importance of desorption behavior as a deter-
mining factor for the practical viability of MOFs in AWH applications.

This methodological integration confirms that the observed adsorp-
tion capacity and desorption efficiency originate from coherent in-
teractions across electronic, kinetic, and dynamic scales, highlighting
the robustness and predictive capability of the proposed multiscale
approach. Future work should explore other high-polarity metals (e.g.,
Fe3*, Zn?") and validate simulation predictions experimentally. Inte-
grating these insights into high-throughput or device-level simulations
could accelerate the design of MOFs for atmospheric water harvesting in
arid climates.
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