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ABSTRACT: Atmospheric water harvesting utilizing nanoporous sorbent materials
with suitable adsorption characteristics has recently emerged as a potential solution
for the global water crisis. Here, we probe the adsorption behavior of two high-
performing Al(y,-OH) rod-based metal—organic frameworks (MOFs), MOF-303
and MOF-333, using Gibbs ensemble Monte Carlo simulations. We find that
simulations using nonpolarizable force fields and rigid framework structures

Water uptake

optimized using periodic electronic structure calculations can achieve good — Experiment
agreement with experimental data for adsorption isotherms and isosteric heats of : " GEMC (b9
adsorption; however, for MOF-303, it is important to utilize a structure that ;
accounts for the distortion associated with water adsorbed at the primary adsorption i
site. ”;

00 by 10
B INTRODUCTION density functional theory (DFT) calculations, we identified the

water adsorption sites and the molecule-by-molecule water
uptake mechanism in MOF-303.° The alternating orientation of
the PZDC linkers leads to patches on the pore wall with different
degrees of hydrophilicity found in each of the four asymmetric
units contained in the crystallographic cell (Figure 1B). The
primary adsorption site for the initial uptake of one water
molecule per asymmetric unit is situated on the more
hydrophilic patch and allows for the formation of hydrogen
bonds with the pyrazole functionalities (N(H)jyers Nimker) and
one of the two bridging yt,-OH groups (O,o4) (ro_—x,. ..

range from 2.7 to 3.0 A, where X¢mework = Niinken N(H)jinker OF
0,04) that results in a binding energy of about —80 to —90 kJ
mol ™" (Figure 1C). The binding of water in the primary site is
accompanied by a distortion of the linker orientations that
increases the distances, ryy.n, between opposite pyrazole
functionalities on the hydrophilic surface patch by about 0.4
A. Due to the high adsorption strength of this primary site,
regeneration of MOF-303 during the thermal desorption step is
not complete at mild temperatures.’ Insights into the role of the
linkers in forming the primary adsorption site were used to
design an isoreticular MOF analogue, MOF-333, in which the
PZDC linkers are replaced by 2,4-furandicarboxylate (FDC)
linkers,® thus leading to a reduction in the binding energy for the

Atmospheric water harvesting (AWH) has gained increasing
attention as a potential solution for the rising global water
crisis.'® An AWH device operates in a two-step cycle. In the
first step, water vapor is directly captured from the atmosphere
through adsorption into a nanoporous sorbent material. During
the second step, the sorbent is thermally regenerated, thus
resulting in the release of the adsorbed water as concentrated
water vapor, which can be easily condensed and collected. A
high-performing AWH sorbent must offer adsorption sites with
sufficient affinity to capture water at the desired humidity level
but not bind the water molecules too tightly to allow for energy-
efficient regeneration. Metal—organic frameworks (MOFs) offer
exciting opportunities for AWH owing to their highly tunable
water adsorption characteristics that can range from extremely
hydrophilic sorbents, such as aluminosilicates, to hydrophobic
sorbsn;s, comparable to all-silica zeolites and nonpolar polymer
gels.””

MOF-303 is a state-of-the-art sorbent for AWH devices that
was able to deliver 0.7 L kg ™' day ™' upon rapid cycling in the arid
conditions of the Mojave desert (conditions as extreme as 10%
RH (relative humidity) and 27 °C)." MOF-303 [Al(u,-
OH)(PZDC)] is constituted from infinite (in the sense of
extending through an entire crystallographic domain) inorganic
Al(u,-OH) rods, formed from alternating cis—trans corner-
sharing AlO,(¢,-OH), connected by 1-H-pyrazole-3,S-dicar- Received: January 16, 2023
boxylate (PZDC) linkers that encompass hydrophilic one- Revised: ~ March 18, 2023
dimensional (1-D) channels with an approximately square cross Published: April 16, 2023
section (Figure 1A). These channels can fit a sphere with a
diameter of about 6 A. Recently, using a combination of single-
crystal X-ray diffraction (SCXRD) experiments and periodic
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Figure 1. (A) MOF-303 is formed from infinite Al(z,-OH) rods aligned with the crystallographic a-axis that are connected by PZDC linkers. The
image shows a 3 X 2 X 3 supercell of MOF-303 as used in the simulations. (B) Illustration of the pore walls for an asymmetric unit (for clarity, some of
the surrounding atoms are shown) of the pristine MOF-303 structure.® The linker arrangement with the polar parts (N-NH) of two PZDC linkers
pointing toward each other and their neighboring y1,-OH groups leads to the formation of one strongly hydrophilic surface region (SH region shaded in
green), whereas the surface region with the two CH groups of the PZDC linkers pointing toward each other is less hydrophilic (LH region shaded in
yellow). The distances, ryy.y, between opposite pyrazole functionalities are indicated. (C) Illustration of the primary adsorption site (located in the SH
region) for water in MOF-303 through hydrogen-bond formation with neighboring N(H)jjuxen Ninker and O,oq functionalities (pink dotted lines)
determined from SCXRD measurements® and periodic DFT calculations (EODO and E4D4 structures, see below). Color code: Al, blue octahedra; O,

red; N, light blue; C, brown; and H, light pink.

initial water molecules to about —60 kJ mol™". This reduction
allows for nearly complete water release during the desorption
step and an increase of the productivity of the AWH device.

While water binding energies computed using DFT or with
wave function theory'® allow one to gauge the adsorption
strength of different binding sites in a given MOF, it is difficult to
quantitatively predict the water loading of the MOF as a
function of RH and temperature using these computed binding
energies when water—water interactions also play an important
role. First-principles Monte Carlo (FPMC) simulations of
adsorption isotherms'"'” are computationally extremely
demanding and, relevant for AWH applications, suffer from
the shortcoming that converting pressure to RH is ambiguous
because the saturated vapor pressure of water near room
temperature for a given DFT model is not known."”

Force-field-based Monte Carlo simulations greatly reduce the
computational demand compared to the FPMC simulations,
and can be used to predict the water adsorption isotherms in
MOFs and other adsorbents.'*™*! While generalized force fields,
such as UFF** and DREIDING,> are commonly used to
describe MOF—adsorbate interactions and work well for
nonpolar adsorbate molecules, such as alkanes, these force
fields can fail to accurately predict the uptake of polar guest
molecules that can form hydrogen bonds with the MOF.** In
many studies employing these generalized force fields, the
presence of structural defects in the MOF is suggested to
enhance the hydrophilicity of the framework and to yield better
agreement with experimental adsorption isotherms.”*** Anoth-
er problem encountered for molecular simulation of water
adsorption is that widely used water models (e.g, SPC/E,*
TIP4P,”” and TIP4P/2005°") yield rather different saturated
vapor pressures at a given temperature, which in turn makes it
difficult to compare to the experimental water uptake pressures.
Moreover, grand canonical Monte Carlo simulations rely on an
equation of state to relate the chemical potential of the sorbate
compound to its pressure in the vapor phase,” and an equation
of state representing the experimental behavior of water may not
be suitable for a given water model.
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Here, we performed isobaric—isothermal (NpT) Gibbs
ensemble Monte Carlo (GEMC)*>*" simulations to predict
the water adsorption properties in MOF-303 and its isoreticular
analogue, MOF-333, at T = 298 K. In NpT-GEMC simulations,
the (gas-phase) reservoir is simulated explicitly (i.e., accounting
for intermolecular interactions) and, hence, an equation of state
is not needed. For applications that consider the adsorption
behavior close to the saturated vapor pressure, py, of the
adsorbate molecules, it is important to obtain p,,, for the chosen
molecular model through separate GEMC simulations so that
adsorption isotherms can be shown as a function of relative
pressure (i.e., p/p,; or RH). With the knowledge obtained from
SCXRD® that water adsorption leads to opening of the primary
adsorption sites (Figure 1) and also to slight changes in the unit
cell parameters of MOF-303, we explored five different
structural variants of MOF-303 for the GEMC simulations:
EODO, EOD4, E4D4, E4E4, and D4D4 (Table S1). The first
letter and number denote the source of the unit cell parameters
(i.e, EO and E4 stand for the experimental unit cells of pristine
MOF-303 without water molecules and MOF-303 with four
water molecules per unit cell, respectively, and D4 denotes
lattice parameters obtained from a full DFT optimization in the
presence of four water molecules per unit cell). The second
letter and number denote the choice for the location of the
framework atoms (i.e., DO, D4, and E4 denote atomic positions
resulting from DFT optimization with zero and four water
molecules per unit cell and the experimental coordinates with no
optimization, respectively). Although the choice of using ExDy
structures may at first glance appear surprising, this choice
reflects that unit cell parameters reported from the experimental
SCXRD values are directly obtained from the reflection
positions and are the gold standard for the lattice parameters,
whereas the determination of the atomic position from SCXRD
requires data processing that comes with some uncertainty, and
DFT optimization constrained by the experimental lattice
parameters can potentially refine the atomic positions. Details of
the DFT optimization are provided in the Computational
Methods section. The water molecules were represented by the
TIP4P model®” for most systems because this model yields a
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more accurate saturated vapor pressure near 300 K than other
models®* and yields more accurate gredictions of fluid phase
equilibria with nonpolar molecules.”> The MOF linkers are
represented by the TraPPE-EH (transferable potentials for
phase equilibria-explicit hydrogen) model that is parameterized
using phase equilibrium data,”* while three force-field variants
were considered for the inorganic Al(y,-OH) units.

B COMPUTATIONAL METHODS

Periodic DFT Optimization. The atomic coordinates from
different experimental crystal structures of MOFs (MOF-303
and MOF-333) with different water loadings were used as
starting points for geometry optimizations using the plane-wave
density functional theory (DFT) method in the Vienna Ab Initio
Simulation Package (VASP; version 62).377 A single unit cell
of the MOF [Al(u,-OH)(PZDC or FDC)], without or in the
presence of a specific number of adsorbed water molecules was
used for all geometry optimizations. The lattice cell of the MOF
structure was not changed during the optimizations unless noted
otherwise. The optimizations were performed using the
Perdew—Burke—Ernzerhof (PBE) exchange—correlation den-
sity functional along with Grimme’s D3 dispersion corrections
with Becke—Johnson damping.***” A plane-wave basis set with
an energy cutoff of 520 eV was used for all optimizations. The
structures were optimized until the electronic energies and
forces on the atoms converged within 107 eV and 0.02 eV A™*
respectively. The lattice energies of the optimized structures
were obtained from single-point energy calculations using a
higher energy cutoff of 850 eV. For the single-point energy
calculations, energy and force convergence criteria of 1078 eV
and 0.01 eV A™! were used.

Second-Order Mgller—Plesset (MP2) Perturbation
Theory Calculations. The binding energies of water molecules
adsorbed in the primary site were also computed using the MP2
theory*”*" implemented in the Gaussian 16 (Revision C.01)
software”” as a benchmark for comparing the water binding
energies computed using different force fields. Representative
cluster models encompassing the primary site for water
adsorption were extracted from the DFT-optimized unit cells
of the respective MOFs and were used for MP2 calculations.
Each cluster model included two opposite-facing PZDC linkers
(MOE-303) or FDC linkers (MOF-333), three AlO,(u,-OH),
octahedra of the inorganic rod connecting the two linkers on the
wider side of the patch, and a water molecule adsorbed in the
primary site in case of the water-loaded structures. The narrower
side of the region and the Al(y,-OH) rods were truncated with
Li" ions to maintain the overall charge neutrality of the model.
The remaining linkers connected to the AlO,(u,-OH),
octahedra were truncated as formate groups. The positions of
the Li* ions and the H atom of the formate groups were first
optimized using DFT (PBE-D3 exchange—correlation func-
tional and cc-pVTZ*** basis sets for all atoms), while spatially
freezing the positions of the other framework atoms extracted
from the DFT-optimized unit cell. Single-point energy
calculations were then performed on the optimized cluster
models using the MP2 method and cc-pVDZ basis set for all
atoms to compute the water binding energies. For reference, the
energy of an isolated water molecule was also obtained at the
same level of theory.

Gibbs Ensemble Monte Carlo (GEMC) Simulations.
Force-field-based Monte Carlo (MC) simulations were
performed in the isobaric—isothermal (NpT) Gibbs ensem-
ble’”*" to study the water adsorption in MOFs using the Monte
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Carlo for Complex Chemical Systems-MN software (MCCCS-
MN).* The vapor-phase unary adsorption of water in the
MOFs was studied using two simulation boxes (sorbent phase
and water reservoir) held in a thermodynamic contact. A 3 X 2 X
3 supercell of the MOF, obtained from either the experimental
or the DFT-optimized crystal structure, was used as the sorbent
and kept rigid throughout the simulations. In each adsorption
simulation, rigid-body translational and rotational moves were
performed on randomly selected water molecules. Swap moves
allowed for the transfer of water molecules between the two
simulation boxes (first randomly selecting the transfer direction
and then one of the available water molecules). Volume moves
were performed only on the reservoir box to allow it to maintain
the target pressure upon transfer of water molecules to the
sorbent box. The Monte Carlo moves were randomly
distributed between volume, swap, translational, and rotational
moves in the ratio of 0.01:0.39:0.30:0.30.

The adsorption/desorption simulations were performed
using N = 1000 water molecules at T = 298 K and p/p,, (or
relative humidity, RH) = 0.01—1.0, where p,,, is the saturated
vapor pressure of the water model. Simulations for the
adsorption branch were started using an empty MOF box
without preadsorbed water molecules (even if water molecules
were present during the DFT optimization of the water-loaded
MOF structures); and those for the desorption branch were
started from water-saturated MOF structures (about 600 water
molecules in the supercell). Each simulation was equilibrated for
at least 1 X 10° MC cycles (where 1 MC cycle consists of N MC
moves) followed by at least another 2 X 10° MC cycles for the
production period. The production period was divided into
eight equal blocks to determine the statistical uncertainties in the
adsorbed water loading at each target pressure.

The interactions of water molecules with the framework were
described using various force fields. The nonbonded Lennard-
Jones (L]) interaction parameters for the Al and O atoms of the
inorganic rods comprising Al(¢,-OH) units were taken from the
UFF force field,”* while three different sets of L] parameters
were considered for the H atom of the Al(u,-OH) unit: UFE,*
DREIDING,” and no L] interactions (i.e., £/ks = 0.0 K). The L]
interaction parameters for the linkers were taken from the
TraPPE force field.** The partial charges of the inorganic Al(,-
OH) units of the rods were obtained from the DDEC6 charge
scheme,* while the partial charges for the aromatic rings of the
linkers were taken as given in the TraPPE force field for the
respective aromatic molecules. The partial charges of the
carboxylate groups were then adjusted starting from the DDEC
partial charges to maintain the overall neutrality of the
framework (see Tables S3 and S11 for the list of the force-
field parameters). The intermolecular interactions of water
molecules were described using the TIP4P water model”’ (P =
4.54 + 0.12 kPa at T = 298 K) for all MOF structures, while the
TIP4P/2005 water model (p,, = 0.739 + 0.017 kPa at T = 298
K)*” was also tested for one MOF structure. (For comparison,
the experimental vapor pressure at T = 298 K is 3.139 kPa."")
Both these models represent a water molecule as a rigid particle
with four interaction sites including an extra charge site placed
on the H-O—H bisector. Since the framework was kept rigid
during the adsorption simulations, only the MOF—water and
water—water interactions were included. The Lorentz—
Berthelot mixing rules were used to describe these MOF—
water LJ interactions. A spherical cutoff of 14 A was used for
truncating the pairwise Lennard-Jones and Coulomb inter-
actions. Analytical tail corrections for the L] interactions and the
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Figure 2. Comparison of the simulated water sorption isotherms at T'= 298 K for the different MOF-303 structural variants to the experimental data by
Hanikel et al.’ Unless otherwise noted, simulations were carried out with the TIP4P water model, and only the adsorption branch is shown. (Top)
Comparison showing the effects of varying the Lennard-Jones parameter used for the hydrogen atom of the Al(y,-OH) units in the pristine MOF-303
structure optimized in the absence of adsorbed water molecules (DO) but using the experimental lattice parameters (E0). (Bottom) Comparisons
showing the influence of the choice of lattice parameters for DFT optimization with four water molecules per unit cell occupying the primary
adsorption sites and between TIP4P and TIP4P/2005 water models (inset shows loading as a function of absolute pressure).

Ewald summation method for electrostatic interactions were (UN,) — (UXN,) () + p(Vy)
_QS — aa a a _
t (N7) = (N, (Np) (1)

employed.

The isosteric heat of water adsorption, defined as the
difference in the excess partial molar enthalpy of the adsorbate where U, is the potential energy of the adsorbed phase
comprising adsorbate-adsorbate and adsorbate—framework
interactions, and N, is the number of adsorbed molecules in
the MOF. Similarly, U, and N, are the potential energy and

in the adsorbed phase and its partial molar enthalpy in the bulk

phase,”” was computed from the fluctuations in the potential

energy of the adsorbed phase and adsorbed water loading using number of adsorbate molecules in the reservoir phase,
eql respectively. It should be noted that the kinetic energy per
7840 https://doi.org/10.1021/acs.jpcc.3c00354
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Figure 3. Comparison of isosteric heat of adsorption at T = 298 K in different MOF-303 structural variants to the experimental data by Hanikel et al.®
(estimated from data at multiple temperatures using the Clausius—Clapeyron equation). Unless otherwise noted, simulations were carried out with the
TIP4P water model, and only data for the adsorption branch is shown. (Top) Comparison showing the effects of variations in the Lennard-Jones
parameter used for the hydrogen atom of the Al(y,-OH) units in pristine MOF-303 structure optimized in the absence of adsorbed water molecules
(DO) but using the experimental lattice parameters (E0). (Bottom) Comparisons showing the influence of the choice of lattice parameters for the DFT
optimization with four water molecules occupying the primary adsorption sites and between TIP4P and TIP4P/2005 water models.

water molecule is not sampled in the GEMC simulations (i.e., it
corresponds to the ensemble average obtained from integration
over the momenta) and, hence, does not need to be included in
the fluctuation formula.

B RESULTS AND DISCUSSION

Adsorption in MOF-303. Preliminary simulations indicated
that the water uptake in the primary adsorption site is very
sensitive to the interaction parameters used for the hydrogen
atom belonging to the Al(¢,-OH) units that form one hydrogen
bond per water molecule (Figure 1C). Thus, three different
choices for the Lennard-Jones (L]) interaction parameters were
explored (Table S3): FF1 with ¢ = 2.571 A and £/ky = 22.14 K
from the UFF force field,”* FF2 with 6 = 2.846 A and £/kg = 0.05
K from the DREIDING force field,”> and FF3 with no LJ
interactions as used for hydroxyl groups in the TraPPE force
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field®>" and also in the TIP4P water model. The Oacceptor"H
distance corresponding to a hydrogen bond is about 1.8 A and
falls deeply within the repulsive region for the FF1 and FF2
models (Table S4). The problem that different L] parameters
are needed for a polar hydrogen atom (connected to either an
oxygen or nitrogen atom) than a nonpolar hydrogen atom
(connected to a carbon atom) or a less polar hydrogen atom
(e.g., hydrogen sulfide) is well known from force fields
developed for organic molecules.’>* Similarly, Wardzala et al.
reported that the diffusion of acetone in a Zr-based MOF, UiO-
66, is better described when no L] site is placed on the H atom of
the hydroxyl groups because the UFF force field does not allow
these H atoms to act as hydrogen-bond donors.™

For MOEF-303, the large LJ size parameters for FF1 and FF2
strongly affect the binding energy in the primary site and shift
the water molecule away from the hydrogen atoms of the Al(y,-

https://doi.org/10.1021/acs.jpcc.3c00354
J. Phys. Chem. C 2023, 127, 7837-7851
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OH) rods. Binding energies computed for the DFT (PBE-D3)
optimized geometries deviate from the DFT binding energies for
the E4D4 and D4D4 structures by +220 and +410 kJ mol™,
respectively, for FF1 and by +11 and +44 kJ mol ™, respectively,
for FF2 (Table SS). In contrast, the deviations for FF3 are only
—9 and +10 k] mol ™}, respectively. Although not as pronounced,
calculations of the binding energies at the optimal FF geometries
(i.e., the water molecules are allowed to relax in the field of the
rigid MOF structure) yield average deviations of +27, +19, and
—6 k] mol™ for FF1, FF2, and FF3, respectively, compared to
their DFT counterparts (Table SS). Calculations using second-
order Moller—Plesset (MP2) theory for a cluster model
comprising the primary water adsorption site yield energies
that are more favorable (larger in magnitude) by 9 and 27 mol™
for the E4D4 and D4D4 structures than the PBE-D3 calculations
(Table SS). Considering the MP2 calculations as the bench-
mark, the average deviations become +46, +38,and +12 k] mol ™!
for FF1, FF2, and FF3, respectively. Thus, the FF3 model yields
binding energies that fall in between the PBE-D3 and MP2
values, whereas FF1 and FF2 result in significantly weaker
binding of water molecules at the primary site. It should be noted
that the binding energies for the electronic structure calculations
explicitly include the energetic penalty for the distortion of the
framework atoms upon adsorption of the water molecules in the
primary site. Here, we need to emphasize that we do not intend
to tune the force field for the MOF by fitting to any electronic
structure calculations; we only use these data to support the
selection of the likely best parameter set among three popular
options to describe the initial water uptake (Henry’s law region)
in the primary site that occurs at very low RH < 2%. The primary
sites are not involved in the steep step of the adsorption isotherm
that governs the performance in an AWH device.

The water adsorption isotherms computed for the DFT-
optimized pristine MOF-303 structure (EODO) using the FF1,
FF2, and FF3 parameters and TIP4P water model are shown in
Figure 2 (numerical data for the simulated isotherms in all
MOF-303 structural variants are reported in Table S6). As
expected, the saturation loadings predicted by these models vary
inversely with the strength of the repulsive interactions for water
molecules with the H, 4 atoms, i.e., FF3 predicts the highest
saturated water loading followed by FF2 and FF1. The location
of the step in the adsorption isotherm is also influenced by the
H,.q parameters. Likely due to the large value of the well depth
for H,,q atoms (allowing for more favorable dispersion
interactions), the inflection point for the step is shifted most
to the low RH for FF1 compared to FF2 and FF3. An additional
factor contributing to the shift to lower RH may be that the large
size of the L] diameter for FF1 leads to an effectively smaller
pore diameter. The well depth for FF2 (e/kz = 0.05 K) is too
small to affect the water interactions away from the primary site,
but it weakens the water interactions with all hydrogen atoms of
the Al(u,-OH) rods and, hence, the more hydrophobic walls
yield an inflection point shifted to higher RH than for FF3.

More importantly, the isotherms obtained for the pristine
MOF-303 structure do not yield the initial uptake of four water
molecules per unit cell at RH < 3% associated with the strong
interactions with the primary site and underestimate the
magnitude of the heat of adsorption, Q, by about 10 kJ mol™*
(Figure 3). For the FF3 model at RH = 13% before the
condensation step, we find only 0.5 water molecules per unit cell.
Of those, only 0.07 water molecules occupy the primary site
(about 20% of the water molecules adsorbed at this condition),
and the remaining water molecules are distributed over
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numerous sites (Figure S3 and Table S7). The increase in Q
observed for FF3 in the EODO structure as the loading increases
from 0.1 to 0.5 water molecules per unit cell is associated with
water—water interactions. As indicated in Figure 1, adsorption at
the primary site is associated with formation of a “pocket” by
increasing the distance between opposite pyrazole function-
alities (allowing the water molecule to move closer to the plane
of the PZDC linkers).® Given the structural change occurring
when the first water molecules are adsorbed, we anticipate that
MOE-303 structural variants including this pocket may allow for
a better representation of the adsorption isotherm. Thus, we
now shift our discussion to adsorption isotherms obtained for
such structures and present data only for the FF3 parameters
that yield the best agreement with the binding energy and
structure determined from electronic structure calculations
(Table SS, isotherms simulated for the other force fields are
presented in Figure S1).

Similar to the pristine MOF-303 structure, we also optimized
the atomic coordinates of the MOF-303 structure at a loading of
four water molecules per unit cell obtained from SCXRD
measurements,® in the presence of the adsorbed water
molecules, while keeping the unit cell parameters unchanged
(Table S1). The resulting framework structure with the four
water molecules per unit cell removed prior to the GEMC
adsorption simulations, called E4D4, is the focus of our
investigation of the adsorption behavior, but other structural
variants (E4E4, D4D4, and EOD4) yield very similar isotherms
(Figure 2). For the E4D4 structure, the initial uptake is very
sharp with aloading of 4.88 water molecules per unit cell already
at RH = 1.0% for the FF3-TIP4P model. The reason for this
sharper uptake compared to the experimental data is an
overestimation of Q,, by about 5 k] mol™' for the E4D4
structure and slightly larger amounts for the E4E4 and D4D4
structures (Figure 3). That is, the water binding in the primary
site for the DFT-optimized structures is too favorable. It should
be noted that the Q, values obtained from the adsorption
simulations are 25—30 kJ mol ™" smaller in magnitude than the 0
K binding energies at a loading of four water molecules per unit
cell (Table SS). We surmise that thermal motion of the
framework atoms (not allowed in our simulations using rigid
framework structures) would further weaken the binding
Estimation from experimental data shows that Q, becomes
more favorable as the water loading is increased from two to four
molecules per unit cell and less favorable as the loading is
increased to six molecules (Figure 3), i.e., there is a cooperative
effect as full loading of the primary site is attained. Since
adsorption of the first four water molecules in the E4D4 and
EOD4 structures with their already opened primary patch is not
hampered by the need to distort the primary site, we do not
observe the cooperative effect, ie., there is likely negligible
change in Q, between the first and fourth water molecule. In
agreement with the experimental data, the simulations for the
E4D4 and EOD4 structures show that Q, becomes less favorable
as the loading increases beyond four molecules per unit cell.

Due to seeding of additional adsorption by the water
molecules at the primary site, the inflection point for the FF3-
TIP4P model in the E4D4 structure is shifted to lower RH
compared to that for the EODO structure, and the former is an
underprediction by a factor of 1.3 compared to the experimental
data. The adsorption isotherm for the E4D4 structure also yields
a more modest slope corresponding to an increase in the loading
from four to eight water molecules that is also observed for the
experimental isotherm. Simulations for the D4D4 structure (a
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Figure 4. Spatial distribution of water molecules in the E4D4 MOF-303 structure at loadings of 4.88 (A, D), 7.56 (B, E), and 32.5 (C, F) molecules per
unit cell obtained from GEMC simulations with the FF3-TIP4P model. Inclined views along the c-direction (top) and corresponding projections on
the b—c plane (bottom) are shown. The MOF backbone is represented as lines, and the O-atom positions of the adsorbed water molecules (taken from
100 GEMC configurations) are shown as point clouds. Coloring of the water points according to the type of adsorption site and hydrogen-bond
pattern: primary and secondary adsorption sites in magenta and cyan, respectively, other color codes are reported in Table 1.

full DFT optimization including the lattice parameters) result in
a more favorable Q, for the initial four molecules, but a much
less favorable value as the loading exceeds four molecules per
unit cell. Correspondingly, this part of the isotherm is too flat,
and an intermediate state with eight water molecules is not
observed. Using the experimental structure without optimiza-
tion (E4E4) shifts the inflection point of the isotherm to the left
and also does not produce the intermediate state with eight
water molecules per unit cell, but yields better agreement for the
saturation loading than the E4D4 structure. Furthermore,
desorption simulations for the E4D4 structure yield negligible
hysteresis in agreement with the experimental data. Overall, the
combination of the E4D4 structure with the FF3-TIP4P model
results in very good agreement with the experimental isotherm,
as judged by the shape and location of the inflection point.
Considering the significant deviations between binding energies
predicted by FF3 and those obtained from PBE-D3 and MP2
electronic structure calculations and the sensitivity of the
binding energy to small variation in the structure of the primary
site (Table SS), good agreement with the experimental isotherm
observed with the FF3-TIP4P model for the E4D4 structure
(and to a slightly lesser extent for the E4E4 and D4D4
structures) may come as a surprise. However, for the remainder
of the isotherm (RH > 2%), the water molecules tightly
adsorbed at the primary site (see structural analysis presented
later) become effectively part of the pore wall. The step of the
water adsorption isotherm corresponds to water condensation
in the pores of the MOF and it is mainly dominated by water—
water interactions and the hydrophobicity of the organic pore
walls (decorated by the water molecule in the primary site),
which are well-described by the TIP4P water model and the
TraPPE force field used here. Thus, the loading from about 5 to
40 water molecules per unit cell (the latter being the saturation
loading) is not directly related to the adsorption strength for the
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first four water molecules (as long as these four water molecules
remain in their locations).

The saturation loading obtained for the FF3-TIP4P model at
RH = 92% is slightly affected by the structural variant used for
the simulation with values of 39.8, 39.5, 37.7, 35.9, and 35.9
molecules per unit cell for EODO, EOD4, E4E4, D4D4, and E4D4
structures, respectively. The variation in saturation loading is
consistent with the differences in accessible pore volume (Table
S2).

At this point, we briefly reconsider the performance of the
different models for predicting the water uptake in the E4D4
structure (Figure S1). Consistent with the trend observed for the
water binding energies in the E4D4 structure (Table SS), the
initial water uptake is smallest for the FF1 model, followed by
the FF2 and FF3 force fields. The shift in the location of the
adsorption isotherm step is also consistent with the strength of
the initial uptake, and the saturated water loading increases with
decreasing repulsiveness of the H, 4 atoms. Moreover, similar to
FF1, a gradual increase in the initial water uptake with a much
smaller slope in the Henry’s law region is observed when
DREIDING parameters for a nonpolar hydrogen atom are used
for H,,4 (Table S4, denoted the FF2-np parameter set). Clearly,
the FF2 (using the polar H,.4 parameters) and FF3 models are
most suitable to describe the interactions of the primary water
molecules with the framework. We note that the FF2 model
gives a lower initial water uptake compared to FF3 and is in
better agreement with the initial uptake of the experimental
adsorption isotherm. However, the isotherm step for FF2 is
shifted to higher RH by a factor of 1.3 compared to the
experimental isotherm (while FF3 gives a similar shift but in the
opposite direction) and the saturation loading is underpredicted
to a slightly larger extent for FF2 compared to FF3. For
comparison, we also computed the isotherm using the FF3 L]
parameters, but substituting all partial charges with those
obtained with the DDECG6 scheme for the entire E4D4 structure.
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Table 1. Color Code, Presence of Hydrogen Bonds with Different Framework Functionalities, and Occupancy Per Unit Cell at
Representative RH Values for Different Water Adsorption Sites in the E4D4 Structure of MOF-303

color N(H)jinker Niinker Orod RH = 1.0% RH = 5.1% RH = 20.5%
Primary Patch on the Strongly Hydrophilic Region
magenta yes yes yes 3.95 3.96 4.09
orange yes yes no 0.04 0.05 0.12
orange yes no yes 0.05 0.32 1.64
orange yes no no 0.00 0.05 0.80
orange no yes yes 0.00 0.01 0.01
orange no yes no 0.01 0.06 1.68
Secondary Patch on the Strongly Hydrophilic Region
violet yes yes yes 0.00 0.00 0.00
cyan yes yes no 0.43 142 179
violet yes no yes 0.00 0.00 0.00
violet yes no no 0.02 0.07 111
violet no yes yes 0.00 0.00 0.00
lime no yes no 0.35 127 4.17
Other
yellow no no yes 0.02 0.11 1.65
gray no no no 0.01 0.24 15.47

“N(H)jinker and Ny, donors and acceptors are distinguished based on belonging to the primary or secondary patch (dygy)-x = 3.9 and 3.5 A,
respectively). The first minima of the corresponding X—O,,, radial distribution functions (where X = N(H)jiien Niinker Oroar 0F Oyae) are used as
the maximum distance to determine the presence of a hydrogen bond (Figure S2).

The DDECG6 charges for the polar functionalities of the linker,
N(H)jjpker and Ny, (atom types N1, H2, and N2), which are
part of the primary water adsorption sites, are smaller in
magnitude compared to those assigned in the TraPPE-EH force
field for pyrazole molecules (Table S3). Using the DDEC6
charges for the entire framework yields negligible water uptake
for RH < 20% and a location of the isotherm step shifted by a
factor of 2.5 toward higher RH (Figure S1).

To investigate the dependence on the water model,
simulations were also carried out for the TIP4P/2005 model;
the isotherm shape and saturation loading are very similar to the
TIP4P data, but the inflection point for the TIP4P/2005 model
is shifted to a lower RH and the Q is too favorable. Both
observations can be attributed to the TIP4P/2005 model,
yielding an overestimation of the heat of vaporization when a
polarization correction is not applied. As noted previously by
Grenev et al.'® and Datar et al,,"” expressing the isotherm as a
function of absolute pressure (instead of RH) vastly increases
the difference between the two water models (inset of Figure 2).
Because the TIP4P/2005 model underpredicts the vapor
pressure, its inflection point at 50 Pa is about a factor of 7
lower than the experimental data. In contrast, the TIP4P model
slightly overpredicts the vapor pressure, and the inflection point
is found at 410 Pa, a shift of about 10% compared to the
experimental value.

We now focus on the analysis of the water siting and the
water—MOF hydrogen-bond interactions. Figure 4 shows the
spatial distribution of water molecules in the E4D4 MOEF-303
structure for three characteristic loadings. At RH = 1.0%, just
beyond the initial step, the loading is 4.88 molecules per unit cell
for the FF3-TIP4P model. Upon adsorption at the primary
adsorption site, the respective water molecule forms hydrogen
bonds with both pyrazole functionalities (N(H) ke Niinker) and
one of the bridging u,-OH groups (O,,q). The adsorbed
molecules with this hydrogen-bond pattern are highlighted in
magenta. The clouds of these magenta dots are highly localized
(Figure 4) and represent 3.95 water molecules per unit cell at
RH = 1.0% (Table 1). At finite temperature, we observe that
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another 0.10 water molecules per unit cell are adsorbed at the
primary site, but do not form the complete set of hydrogen
bonds (Table 1). Furthermore, at RH = 1.0%, an additional 0.80
molecules per unit cell are found adsorbed at the secondary
adsorption site that are distributed nearly evenly over two
different hydrogen-bond arrangements (shown as cyan and lime
dots in Figure 4). It should be noted that in the E4D4 structure,
the secondary site is too narrow to allow a water molecule to
form hydrogen bonds with all three types of framework donor/
acceptor sites. Prior periodic DFT calculations have indicated
that the secondary site also widens upon adsorption of another
four water molecules (for a total of eight) per unit cell,® but such
a structure was not considered for the present simulations of the
adsorption isotherms. Nevertheless, as the loading increases to
7.56 water molecules per unit cell at RH = 5.1% (just as the
isotherm starts its steep rise, see Figure 2), we observe no
increase in the loading of the primary site, an increase to 0.49
water molecules per unit cell for the remainder of the primary
patch (shown as orange dots in Figure 4), and a large increase to
2.76 molecules per unit cell for the secondary patch; that is, 95%
of the water molecules (7.21 out of 7.56) are adsorbed at the
primary and secondary sites at this stage, which is in excellent
agreement with the SCXRD data.® The water molecules
adsorbed at the remainder of the primary patch mostly are
lacking a hydrogen bond to the Ny, acceptor site and populate
corners near the Al(u,-OH) units opposite to the primary
adsorption site (see projection on the b—c plane in Figure 4E).
The cloud of water molecules adsorbed at the secondary patch is
shifted away from the Al(y,-OH) units and is much more spread
out than that for the primary patch.

At RH = 20.5%, the total loading is 32.5 water molecules per
unit cell (about 90% of the full-saturation loading), but the
loading at the primary sites increases to 4.09 molecules per unit
cell, and the point cloud representing this site remains very well-
localized. However, an additional 4.25 water molecules per unit
cell are involved in at least one hydrogen bond to a donor/
acceptor site on the primary patch. In addition, 7.07 water
molecules per unit cell are involved in a least one hydrogen bond
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Figure S. Illustrations of the pore walls for one asymmetric unit of pristine MOF-333 (for clarity, some of the surrounding atoms are shown). (A) ESDO
structure with trans arrangement of the 2,4-furandicarboxylate (FDC) linkers. (B) ESDO structure with cis arrangement of the FDC linkers. (C) ESD4
structure with trans arrangements of the FDC linkers. (D) ESD4 structure with cis arrangement of the FDC linkers. The distances, ro_o/c—0/c—c/
between opposite FDC functionalities to each other are indicated. Structures are obtained from periodic DFT calculations using the experimental
lattice parameters (with a loading of five water molecules per unit cell).® The more hydrophilic and less hydrophilic regions are shaded in green and
yellow, respectively. Color code: Al, blue octahedra; O, red; C, brown; and H, light pink.

to the secondary patch. Only 1.65 water molecules form a
hydrogen bond to the bridging u,-OH groups without an
additional hydrogen bond to pyrazole functionalities (shown as
yellow dots in Figure 4). Furthermore, at this loading, nearly half
of the water molecules form hydrogen bonds exclusively with
other water molecules and yield a continuous water filling of the
cylindrical pore aligned with the crystallographic a-axis
(illustrated by the gray cloud in Figure 4C,F).

For comparison, a similar analysis was also carried out for the
adsorption isotherm obtained with the FF3-TIP4P model in the
EODO structure (Figure S3 and Table S7) and with the FF3-
TIP4P/200S model in the E4D4 structure (Figure S4 and Table
S8). When the primary adsorption site is in its narrow state
(Figure 1B), as in the EODO structure, then the initial step is
missing from the adsorption isotherm, and 0.49 molecules per
unit cell is the highest loading observed for the FF3-TIP4P
model before the major pore-filling step. Here, the loading at the
primary patch is 0.21 molecules per unit cell, but there is no
strong preference for a specific hydrogen-bond arrangement and
the locations of the water molecules are spread out. The most
significant clustering of the water locations is observed for water
molecules that form hydrogen bonds with only the bridging u,-
OH groups. The pore filling leads to large jumps in the number
of water molecules hydrogen-bonded to the primary and
secondary patches (8.4 and 5.7 molecules per unit cell,
respectively), but the point clouds remain more spread out.
The spatial distributions and hydrogen-bond patterns for the
TIP4P and TIP4P/2005 water models at similar loadings
(compare Figures 4 and S4) yield nearly indistinguishable data.
Thus, when accounting for the differences in the saturated vapor
pressures of these water models (i.e., comparing data at the same
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RH instead of absolute pressure), an extremely similar behavior
is observed for isotherms and siting.

Adsorption in MOF-333. We further investigated the
adsorption of water in MOF-333, a furan-based isoreticular
analogue of MOEF-303.° The Al rods in MOF-333 are connected
by 2,4-furandicarboxylate (FDC) linkers. While the PZDC
linkers in each hydrophilic region of MOF-303 were found to be
predominantly oriented in the trans configuration, that is more
stable relative to the cis configuration by 90 kJ mol ™" per unit cell
(based on periodic DFT calculations), both cis and trans
orientations of the FDC linkers (Figure 5) were found to coexist
in MOF-333, as evidenced by the fractional occupancy
determined for the Og,,,, in the SCXRD measurements and a
comparable energetic stability computed for the two orienta-
tions: the trans configuration is favored by only 10.5 kJ mol ™" per
unit cell relative to the cis orientation (Table S9). The reported
crystal structure of MOF-333 contains five water molecules per
unit cell that fractionally occupy eight sites, but the
experimentally measured water loading in MOF-333 gradually
increases up to four water molecules per unit cell followed by a
single steep step in the isotherm (Figure 6).° We carried out
geometry optimizations (without relaxing the unit cell
parameters) to obtain two representative periodic structures,
one each for cis-MOF-333 and trans-MOF-333, in the pristine
form without any adsorbed water molecules and in the presence
of four adsorbed water molecules per unit cell (Table S10).

These framework structures were used for GEMC simulations
to predict the water adsorption isotherms. To this extent, the
furan heterocycle is represented by the TraPPE force field, while
the parameters for the Al(y,-OH) unit were transferred from
MOF-303 (see Table S11 for the list of force-field parameters for
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Figure 6. Comparison of simulated water sorption isotherms at T = 298 K in different structural variants of MOF-333 to the experimental data by
Hanikel et al.’ Simulations were carried out with the TIP4P water model, and only the adsorption branch is shown. Data for the pristine cis-MOF-333
structure optimized in the absence of adsorbed water molecules (D0) but using the experimental lattice parameters (ES) show the effects of variations
in the Lennard-Jones parameter (FF2 versus FF3) used for the hydrogen atom of the Al(y,-OH) units. The remainder of the data illustrates the
differences between cis- and trans-arrangements of MOF-333, as well as the impact of conducting the geometry optimization in the presence of four

water molecules per unit cell (D4).

MOF-333). As mentioned above, the experimental isotherm of
MOF-333 (Figure 6) exhibits only a single step at RH = 22%
where the loading changes from 4 to 32 water molecules per unit
cell and, by design to increase the working capacity, does not
exhibit the initial step at very low RH caused by the strong
adsorption at the primary site of MOF-303. As also observed for
the simulated adsorption isotherms of MOF-303, replacing FF2
with FF3 (i.e., allowing for stronger hydrogen bonding to the y,-
OH groups) shifts the step in the isotherm to lower RH, but this
shift is more pronounced for MOF-333 (numerical data
reported in Table S12). For the cis-ESDO structure, the FF3-
TIP4P model yields an isotherm that matches the location of the
step perfectly and also exhibits the experimentally observed
gradual increase in loading for RH < 20% as found
experimentally. Considering the trans-ESDO structure, the
location of the step is shifted up in RH by a factor of 1.7, and
the initial uptake before the step is greatly diminished. The
opposing O groups in the FDC rings in the cis-arrangement
allow for a significantly more favorable water adsorption site, but
hydrogen bonding to the carboxylate oxygen is also observed
(Figure S). Utilizing MOF-333 structures optimized in the
presence of four water molecules per unit cell (ESD4) results in
more favorable adsorption sites and uptake of 5.48 and 3.63
water molecules per unit cell already at RH = 5.1% for the cis-
and trans-arrangements of the linkers, respectively. This initial
adsorption also leads to a downward shift of the major-step RH
in the adsorption isotherm. Both cis-ESD4 and trans-ESD4 yield

7846

locations of the inflection point in good agreement (deviation of
less than 10%), but the inflection points are shifted in opposite
directions with their average falling very close to the
experimental data.

Without knowledge of the experimental isotherms to select
among the different structures of MOF-303 and MOF-333, it
appears prudent to compute isotherms for a variety of structures
that are energetically feasible. The energy difference of 90 kJ
mol™" per unit cell (based on periodic DFT calculations)
between trans and cis forms for MOF-303 is prohibitive and only
the trans-form needs to be considered, whereas the energy
difference of 10 k] mol™" per unit cell between trans and cis forms
for MOF-333 is sufficiently small that both should be used for
subsequent simulations. With regard to inclusion of water
molecules in the optimization of structures, our data point
toward including such structures for the isotherm calculation
when the presence of the water molecules yields significant
changes in the positions of the framework atoms. For both
MOF-303 and MOF-333, simulations for structures optimized
with four water molecules per unit cell yield excellent
predictions for the major step in the isotherms, but overestimate
the loading at very low humidity (where the experiments show a
more gradual uptake).

Data for the isosteric heat of adsorption in MOF-333 are
shown in Figure 7. At a loading of four water molecules per unit
cell, the experimental data yield Q,, = SO kJ mol ™" for MOF-333,
which is ~5 k] mol™ less favorable than Q,, for MOF-303 at the
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Figure 7. Comparison of the isosteric heat of adsorption Q,; at T'= 298 K in different MOF-333 structural variants to the experimental data by Hanikel
et al.® (estimated from data at multiple temperatures using the Clausius—Clapeyron equation). Simulations were carried out with the TIP4P water
model, and only data for the adsorption branch is shown. Data for the pristine cis-MOF-333 structure optimized in the absence of adsorbed water
molecules (DO) but using the experimental lattice parameters (ES) show the effects of variations in the Lennard-Jones parameter (FF2 versus FF3)
used for the hydrogen atom of the Al(y,-OH) units. The remainder of the data illustrates the differences between the cis- and trans-form of MOF-333
and the impact of carrying out the geometry optimization in the presence of four water molecules per unit cell (D4).

Figure 8. Spatial distribution of water molecules in the ESD4 cis-MOF-333 (A, B, E, F) and trans-MOF-333 (C, D, G, H) structures at loadings of 7.94
(A E), 30.5 (B, F),4.22 (C, G), and 30.7 (D, H) molecules per unit cell obtained from GEMC simulations with the FF3-TIP4P model. Inclined views
along the c-direction (top) and corresponding projections on the b—c plane (bottom) are shown. The MOF backbone is represented as lines, and the
O-atom positions of the adsorbed water molecules (taken from 100 GEMC configurations) are shown as point clouds. Colorings of the water points
according to the types of adsorption site and hydrogen-bond pattern are reported in Table 2.

same loading. For MOF-333, however, there is no indication in loading is increased from four to six molecules per unit cell.
the experimental data that Q, becomes less favorable as the Similar to the data for MOF-303, the simulations for the ESD4
7847 https://doi.org/10.1021/acs.jpcc.3c00354
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structures of cis- and trans-MOF-333 show that Q, becomes less
favorable as the loading increases from four to eight water
molecules per unit cell. Somewhat surprisingly but in accordance
with the adsorption isotherm, Q,, also becomes less favorable for
the cis-ESDO structure despite that the optimization was carried
out in the absence of water molecules. A reason for this could be
that the O—O distance between opposite FDC functionalities in
this structure is already suitable for a water molecule to form
multiple strong hydrogen bonds as indicated by the relatively
small change in the structure (Figure SB,D). Beyond the step in
the adsorption isotherm, water—water interactions become
more important and Q,, rises and reaches a maximum for about
32—34 water molecules per unit cell.

In the cis-sMOF-333 structure, the arrangement of the furan
linkers and nearby u,-OH groups allows for a strong binding site
with multiple hydrogen-bond donor/acceptor groups. At a
loading of eight molecules per unit cell in the cis-ESD4 structure
(that is reached just before the large step in the isotherm), about
85% of the water molecules (6.7 water molecules per unit cell)
are found adsorbed at the primary patch and form a well-
localized point cloud (Figure 8 and Table 2). However, only

Table 2. Color Code, Presence of Hydrogen Bonds with
Different Framework Functionalities, and Occupancy Per
Unit Cell at Representative RH Values for Different Water
Adsorption Sites in the ESD4 Structures of MOF-333“

color Ofuran Orod RH = 18% RH = 31%
cis-MOF-333: Primary Patch on the Strongly Hydrophilic Region
magenta two yes 0.97 0.97
orange two no 0.01 0.28
cyan one yes 5.22 5.76
lime one no 0.51 S.16
cis-MOF-333: Other

yellow no yes 0.31 0.60
gray no no 0.90 17.80

trans-MOF-333: Primary Patch on the Strongly Hydrophilic Region
magenta yes yes 3.53 3.81
orange yes no 0.10 0.95
trans-MOF-333: Secondary Patch on the Strongly Hydrophilic Region
cyan yes yes 0.25 0.07
lime yes no 0.13 3.93

trans-MOF-333: Other

yellow no yes 0.09 3.02
gray no no 0.11 18.97

“For cis-MOF-333, the opposing Og,,, acceptor sites result in the
formation of only a primary adsorption patch but with the possibility
for hydrogen-bonding to two Og,,, functionalities, whereas primary
and secondary patches are found for trans-MOF-333. The first
minima of the corresponding X—O,,, radial distribution functions
(where X = Oy, or O,,) are used as maximum distance to
determine the presence of a hydrogen bond (Figure SS).

12% of these molecules form hydrogen bonds to both Og,,,
acceptor sites, and the most favored pattern involves hydrogen
bonds to one Og,,, and one O, 4 site. When the overall loading is
increased to 30 molecules per unit cell (about 90% of the
saturation loading), the loading at the primary patch increases to
12 molecules per unit cell with most of the increase being due to
water molecules forming only a single hydrogen bond with an
Opfuran acceptor site, which results in a significant spread of the
corresponding point cloud (lime-colored dots in Figure 8). The
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majority of the remaining water molecules form hydrogen bonds
exclusively with other water molecules.

The trans-MOF-333 structure provides primary and secon-
dary adsorption patches that are distinguished by the number
and arrangement of the proximal u,-OH groups. Here, the
loading reaches only a value of 4.2 molecules per unit cell before
the major step in the isotherm. Most of these molecules (3.6
molecules per unit cell) are involved in hydrogen bonds to both
one Og,,., and one O,.4 acceptor/donor site at the primary patch
resulting in a well-localized point cloud. At near-saturation
loading, the combined loading at the primary and secondary
patches increases to 8.8 molecules per unit cell with 80% of this
increase resulting from molecules forming a single hydrogen
bond to the Og,,, group at the secondary patch (lime-colored
point cloud) but also some bonding exclusively to the Ogqn
group belonging to the primary patch (orange-colored point
cloud). For trans-MOE-333, about 10% of the water molecules
at saturation loading form a hydrogen bond exclusively to y,-
OH groups of the framework (indicated by yellow point clouds).

B CONCLUSIONS

To provide molecular-level information in the adsorption
behavior of two high-performing Al-rod-based MOFs (MOF-
303 and MOF-333) for water harvesting, isobaric—isothermal
Gibbs ensemble Monte Carlo (GEMC) simulations have been
performed to study water adsorption in multiple structural
variants of MOF-303 and MOF-333 obtained from periodic
DFT-based geometry optimizations and experimental diffrac-
tion studies. Given the importance of hydrogen bonding of
water molecules to the bridging y,-OH of the Al rods, we find
that caution is required to select suitable force-field parameters
for the hydrogen atom of this hydroxyl group to allow for
satisfactory binding energies compared to periodic DFT
calculations and wave function calculations for cluster models.
In contrast, the differences associated with the use of two
different water models (i.e., nonpolarizable TIP4P and TIP4P/
2005 models) are relatively small when the isotherms are
reported as a function of relative humidity. The minor step in the
adsorption isotherm for MOF-303 at very low humidity (RH <
S%) is only observed when utilizing a framework structure
optimized in the presence of four water molecules per unit cell.
On the other hand, the best representation of the initial water
uptake in MOF-333 (RH < 20%) is obtained using a mixture of
the cis- and trans-arrangements of the linkers that are optimized
without any water molecule. This can be attributed to a larger
structural deformation of MOF-303 than MOF-333 in the
presence of water molecules loaded at the primary sites. The
position and height of the major step in the isotherm, that is
linked to the water-harvesting working capacity, are well
reproduced using transferable force-field parameters for both
MOEF-303 and MOF-333.

This study highlights the importance of accounting for
structural changes of the framework that are induced by the
strong interactions with water molecules, particularly involving
hydrogen-bond donor/acceptor sites of the MOF linkers and
nodes. MOF structures at incremental water loadings are seldom
reported experimentally, and the development of fully flexible
force fields for MOFs can be challenging, especially when the
MOF assumes different structures as a function of loading
(versus harmonic oscillations around a mean structure that are
well-described by a Hessian matrix). However, the sensitivity of
the predicted guest molecule loading to the specific framework
structure used is most pronounced when the guest molecule fits
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tightly into the pore channels or into strong adsorption sites.
Thus, we suggest a relatively inexpensive strategy that utilizes
structures obtained by DFT optimization in the presence of only
the strongly bound guest molecules to be a suitable surrogate for
force-field-based simulations of entire adsorption isotherms
(from the Henry’s region to saturation). We surmise that this
strategy may also yield satisfactory isotherms for other host—
guest systems. We would like to advocate against attempts to
switch between different rigid structures as the loading increases
because discontinuous jumps in the isotherm will occur at points
where a switch of structures is carried out.

Lastly, we would like to mention that this simulation strategy
and the FF3 force-field parameters were recently successfully
used to predict the water uptake in a novel linker-extended
analogue of MOF-303, called MOF-LA2-1, where different
linker configurations were considered to account for a partially
disordered crystal structure.”
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