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Abstract

Many metal-organic frameworks (MOFs) are known to show complex structural flexibility such
as breathing, swelling, and linker rotations, and understanding the impact of these structural
changes on their guest adsorption properties is important in developing MOFs for practical
applications. In this study, we used a multi-scale computational approach to provide a molecular-
level understanding of how flexibility affects water adsorption in the MOF, NbOFFIVE-1-Ni. This
material has narrow pores and good hydrothermal stability, which make it attractive for CO:
capture. We utilized density functional theory (DFT) calculations and grand canonical Monte
Carlo (GCMC) simulations to study the impact of NbOFFIVE-1-Ni structural flexibility on its
water adsorption at different humidity conditions. Studying the water adsorption in different
configurations of NbOFFIVE-1-Ni demonstrated that DFT optimization in the presence of
adsorbed water molecules and rotating the linkers are useful strategies to mimic its structural
flexibility. Our results illustrate the significance of taking structural flexibility into account when

designing MOFs for water adsorption and other relevant applications.
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1. Introduction

Metal-organic frameworks (MOFs) are porous crystalline materials formed by self-assembly
of inorganic and organic building blocks.! Thanks to their high porosities,” large surface areas,’
and tunable chemical functionalities,® they have emerged as promising materials for various
applications from gas storage and separation® to catalysis.% 7 Given the large number of existing
MOFs, molecular simulations can play a pivotal role in predicting MOF performance for a target
application prior to experimental efforts. Simulations can also provide molecular-level insights
that may lead to the rational design of materials having desired properties. In molecular
simulations, MOFs have generally been modeled as rigid frameworks to save computational time
and reduce the complexity of the simulations. On the other hand, many MOFs have been reported
to exhibit structural flexibility, such as breathing, swelling, and linker rotations, as a response to
external stimuli such as pressure, temperature, or the presence of guest molecules.®® The flexibility
of MOFs is a complex and critical aspect of their functionality that can change their guest
adsorption properties. For example, the adsorbed guest molecules inside the pores of a flexible
MOF can trigger a structural transition, resulting in changes in pore size, which, in turn, affects
the amount of gas adsorbed.!® !!

Molecular simulations play a critical role in understanding flexibility and phase transitions
in MOF materials and in improving our understanding of the microscopic mechanisms that govern
gas adsorption in flexible MOFs. Several computational studies have investigated the effect of
MOF flexibility on the guest adsorption properties for specific applications, such as CO; capture!*
16 and CHy storage.!”?° Water adsorption has a critical role in many important applications such
as direct air capture, CO> capture from wet flue gas, and water harvesting, but molecular simulation
studies on water adsorption are challenging for several reasons:?! (i) Polar water molecules can
form hydrogen bonds with the MOF atoms, which complicates the energy calculations in
molecular simulations, (ii) the formation of adsorbed water clusters can trap the water-MOF
system in a local free energy minimum, making it difficult to reach equilibrium,?? (iii) selection of
a water model that accurately mimics all the key properties of bulk water is not straightforward.>*
24 Thus, molecular simulation of a flexible MOF for water adsorption presents a series of
challenges that arise from the intrinsic properties of MOFs and the complexities of modeling of

water as a guest molecule.



A limited number of computational efforts exist that focus on the impact of the structural
flexibility of MOFs on their water adsorption properties. Maurin et al.?> performed grand canonical
Monte Carlo (GCMC) and molecular dynamics (MD) simulations to examine the effect of the
breathing behavior of a MOF, MIL-53, on its water adsorption properties. Their results showed
that while the large-pore form of MIL-53 is mildly hydrophobic, with the water molecules forming
clusters, the narrow-pore version is hydrophilic, with strong interactions between the water

molecules and the pore walls. Devautour-Vinot et al.%

integrated complex impedance
spectroscopy measurements and density functional theory (DFT) calculations to study the
preferential arrangements of water molecules in the pores of flexible MIL-53 (Cr) and MIL-53(Fe).
Coudert et al.?” performed DFT-based MD simulations to shed light on the structural response of
MIL-53(Ga) to adsorbed water molecules, and their results showed that water adsorption in this
MOF involves an intermediate structure between the narrow-pore and large-pore versions of the

material. By performing GCMC simulations, Grenev et al.?®

studied the framework flexibility of
CAU-10-H to investigate the mechanism of water adsorption, and their simulation results showed
that the linker “flapping” motion of the framework affects the framework hydrophilicity and,
thereby, the adsorbed water amount. Previous studies also revealed that the effect of flexibility on
gas adsorption is more pronounced for narrow-pore MOFs compared to MOFs having large
pores.?% 30

In this work, we examined the impact of the structural flexibility of the MOF NbOFFIVE-
1-Ni on its water adsorption properties. This is an interesting ultra-microporous material, which is
reported to be hydrolytically stable and a promising candidate for direct air capture of CO» with
the highest CO, uptake at low concentrations (400 ppm) and 298 K.3! In addition, structural
changes were studied in NbOFFIVE-1-Ni during propane/propylene separation, and the diffusion
of gas molecules in this structure was reported to depend on the structural flexibility of the MOF .32
Motivated by these reports, we examined the framework flexibility of NbOFFIVE-1-Ni and its
synergistic effects on the water adsorption behavior of this MOF. We utilized a multi-scale
computational approach, combining quantum chemical calculations with classical molecular
simulations to understand the structural transitions of NbOFFIVE-1-Ni during water adsorption.
To avoid computationally intensive ab initio MD simulations — and due to the lack of a validated

force field to directly model the flexibility of this MOF — we generated different configurations of
NbOFFIVE-1-Ni to mimic its structural flexibility and used these structures as inputs to GCMC



simulations of water adsorption. In our first approach, DFT calculations were performed to
determine the optimized derivatives of NbOFFIVE-1-Ni representing the structure at different
humidity levels. In our second approach, the linkers of NbOFFIVE-1-Ni were rotated by different
degrees to mimic the framework flexibility reported by Dyer and coworkers.*> By performing
GCMC simulations of water adsorption in these different structures, we obtained their simulated
water adsorption isotherms and compared them with the reported experimental water adsorption
isotherm.®! Our results shed light on the structural flexibility of NbOFFIVE-1-Ni and its water

adsorption performance.

2. Computational Methods

Structure modeling: We obtained the structure of NbOFFIVE-1-Ni (as-made composition:
[Ni(NbOFs)(C4HaN2)2-2H20]), also known as KAUST-7, from the Cambridge Structural Database
(deposition number 1505385). Figure 1 shows the image of a 3x3x 2 supercell of NbOFFIVE-1-
Ni. In the experimental structure,®' the (NbOFs)?" anion site was reported with a mixed occupancy
F:0 of 0.5:0.5. We manually fixed the number of F and O atoms based on the chemical formula
of NbOFFIVE-1-Ni and created three different versions of the framework by changing the
arrangement of O and F atoms of (NbOFs)* polar units as shown in Figure S1. A series of DFT
calculations were performed for different orientations of (NbOFs)* anions defined by the positions
of F and O atoms. We utilized the periodic DFT calculations to identify the structure with the
lowest energy. We used the VASP-recommended v.5.4.4%% 34 projector-augmented waves (PAW)
potentials for all elements.*> The cutoff energy was set to 600 eV for the plane-wave expansion of
the wave function. The PBE density functional with D3(BJ) empirical dispersion correction was
applied to account for the long-range van der Waals interactions.**® Energy convergence was 10
6 eV for the self-consistent field (SCF) cycles, and the force convergence was set to 0.01 eV/A for
geometry optimization. We used a Monkorst-Pack Gamma (I")-centered 2x2x2 k-point mesh.
During geometry optimizations, we considered both keeping the lattice parameters constant
(ISIF=2) and fully optimizing the atomic positions and lattice parameters (ISIF=3). We also tested
the DFT+U method® with the Hubbard correction term*? of U=6.45 eV to correct for the self-
interaction error introduced by highly localized d orbitals of Ni atoms. The additional U term

allows for more accurate modeling of structures with d electrons.*’
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Figure 1. NbOFFIVE-1-Ni shown from two directions.
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Adsorption calculations: We performed GCMC simulations using the RASPA 2.0.37 software®!
to compute H>O and CO; uptakes in NbOFFIVE-1-Ni. The Lennard-Jones (LJ) 12-6 potential was
used to describe the dispersion and repulsion interactions between non-bonded atoms using a cut-
off distance of 12.8 A without tail corrections. LJ parameters for the framework atoms were taken
from the Universal Force Field (UFF),** and the Lorentz-Berthelot mixing rules were used to
obtain LJ parameters between different pseudo-atoms. The long-range Coulombic interactions
were calculated by the Ewald summation with a precision of 10%.* To assign partial charges to
the framework atoms, we used the Density Derived Electrostatic and Chemical (DDEC6) method
for each structure.***° Periodic boundary conditions were applied in all three dimensions by using
a 3x3x2 supercell, and the structures were assumed to be rigid during the simulations to save
computational time.

The CO2 molecule was represented as a three-site molecule in which two sites were
positioned at the O atoms with charges of -0.35, and the third site was at the C atom with a charge
of 0.70.* For the H,O molecule, the rigid 4-site TIP4P model (saturated vapor pressure, Psa =
4714 Pa at 298 K without tail corrections) in which the center of mass (L-H>O) site with a partial
point charge of -1.04 and H-H,O with charges of 0.52 was used.*? This model provides a better
estimation for the saturated vapor pressure around 300 K compared to other water models.*’ All
LJ parameters used for NbOFFIVE-1-Ni and guest molecules (CO> and H>O) are given in Table
S1. For each point on the isotherm, we used 200,000 cycles for equilibration and 500,000 cycles
for production. A cycle is a max (20, n) move attempts, with n being the number of adsorbed

molecules.*! In the molecular simulations, the fugacity coefficients were assumed to be one.



Translation, rotation, reinsertion, and configurational bias swap (insertion/deletion) moves were

utilized in the simulations.

3. Results and Discussions
3.1. Validation of the structure modeling

Figure 2 shows the structure of NbOFFIVE-1-Ni with three different possible orderings for
the O and F atoms in the (NbOFs)* anions. We will refer to the structures as the nonpolar
(individual (NbOFs)*> dipoles cancel each other), polar-I and polar-Il (individual
(NbOFs)* dipoles are additive) structures. Table S2 shows the relative DFT energies of the three
structures. We used the DFT energy of the nonpolar structure as a reference value, and the results
showed that the polar structures have lower DFT energies than the nonpolar one. Since the polar-
II structure, with strictly alternating positions of axial O and F atoms and identical orientations of
equivalent pyrazine molecules in adjacent Ni-pyrazine layers, has the lowest relative DFT energy,
we used it in the subsequent calculations. Note that the DFT energy differences in Table S2 for
the two polar structures are at the edge of DFT accuracy;**# thus, both polar structures (-I or -1I)
could be used in the molecular simulations. Considering the structure used in the previous
computational study>? of NbOFFIVE-1-Ni, we chose the optimized version of the polar-II structure
for subsequent calculations. Throughout the manuscript, the default DFT setup parameters are

PBE+D3(BJ) with the lattice parameters kept constant (ISIF=2).
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Figure 2. NbOFFIVE-1-Ni structures with different orientations of (NbOFs)?" anions (shown as
green polyhedra) with (a) nonpolar, (b) polar-I, (c) polar-II alignments. The order of O (red) and
F (turquoise) atoms are highlighted with red circles. The atom colors are defined in Figure 1.
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Figure 3. CO; adsorption isotherms for NbOFFIVE-1-Ni (a) at 298 K and (b) at 273, 298, and 348
K. Filled symbols represent experimentally reported’! data. The orange line shows the
concentration of CO2 (400 ppm) in direct air capture.

We first validated our molecular simulations and the selected polar structure (polar-1I) by
computing the CO; adsorption isotherms of the DFT-optimized and unoptimized NbOFFIVE-1-
Ni structures and comparing the isotherms with the experimentally reported®' CO, adsorption
isotherms. Note that a semi-logarithmic scale was used for Figure 3 to make differences at the low

loading data more easily seen,’! specifically at 400 ppm CO> concentration, which is relevant for



direct air capture application. Figure 3(a) shows that the simulated CO, adsorption isotherms at
298 K show a similar trend as the experimental isotherm, although the simulated isotherms
underestimate the experiment at low pressure and slightly overestimate the experimental values at
high pressure. At low pressure, the optimized structure shows consistently lower CO» uptakes
compared to the unoptimized structure. At pressures higher than 0.01 bar, the simulated CO»
uptakes for unoptimized and optimized structures are quite similar. Figure 3(b) compares the
simulated CO» isotherms with experiment at various temperatures. At 273 K, 298 K, and 348 K,
the coefficient of determination (R?) between the simulated CO» adsorption isotherms (in the range
of 0.00001-1 bar) of the optimized and unoptimized structures are 0.66, 0.76, and 0.82,
respectively. On the other hand, the root mean square error (RMSE) between the unoptimized and
optimized isotherms were calculated as 0.19, 0.30, and 0.31 mol/kg, respectively. To compare
experimental CO; adsorption isotherms with simulated ones, we calculated the area under the
curve (AUC), which is a metric for the whole isotherm shape, RMSE and the mean absolute error
(MAE) for the CO» adsorption isotherms in Figure 3(b) at different temperatures, as shown in
Table S3. AUC values for the simulated CO; adsorption isotherms obtained from the unoptimized
and optimized structures are very similar to one another and are higher than the AUC for the
experimental isotherm at 273 K. They align better with the experimental data as the temperature
increases. On the other hand, RMSE and MAE values between experimental isotherms and
simulated ones (in the range of 0.00001-1 bar) increase when temperature increases. The
experimentally reported®! heat of adsorption values for CO> (50.2-54.8 kJ/mol) are also similar to
the values we computed (54.2-54.7 kJ/mol) using GCMC, suggesting that molecular simulations
accurately predict the experimental data.

Motivated by the reasonable agreement between simulated and experimental data for COa,
GCMC simulations for H>O adsorption were performed at 298 K between 0 and 100% relative
humidity (RH), where RH% was defined as (P / Psa)*100. Note that we performed GCMC
simulations until the loading values did not change with additional simulation cycles. Additionally,
we obtained error bars for the simulation results by splitting the simulation into five blocks and
calculating the standard deviation of the block averages, which is computed as the 95% confidence
interval. Figures S2-S3 show that the water adsorption simulation results we computed in this

study have converged and resulted in median errors below 6%.
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Figure 4. Effect of DFT optimization of NbOFFIVE-1-Ni: (a) Comparison of simulated water
adsorption isotherms for DFT-optimized and unoptimized structures with the experimental data.>!
The insets show the snapshots of unoptimized and optimized structures in orange and green boxes,
respectively. (b) Minimum bond lengths for C, F, H, N, Nb, Ni, and O atoms in unoptimized and
optimized structures. (c) Differences in partial atomic charges of NbOFFIVE-1-Ni, obtained by
subtracting the absolute charge values of each atom in the optimized structure from those of the
corresponding atom in the unoptimized structure.



Figure 4(a) shows the comparison of water adsorption isotherms obtained from simulations
using the optimized and unoptimized structures with the experimentally reported isotherm.’!
Below about 15% RH, the simulated results for the unoptimized structure overestimate the
experimental isotherm, and the simulated results for the optimized structure underestimate the
experimental isotherm. At very low humidity (0-5% RH), the simulated results for the optimized
structure are quite close to the experimental data. Radial distribution function (RDF) analysis in
Figure S4 shows strong interactions between the H atoms of water and the F atoms of the MOF’s
anionic pillars. Similar to the experimental isotherm, the simulated water adsorption of the
unoptimized structure showed a rapid increase (up to 4.3 mol/kg) in the low RH region. Above
20% RH, the simulated isotherm of the unoptimized structure shows a plateau, while the simulated
isotherm of the optimized structure exhibits a more gradual increase. However, the simulated water
uptake values of both structures underestimate the experimental water uptake above 20% RH and
do not exhibit the second step observed in the experimental isotherm around 55% RH.

To understand how DFT optimization affects the structure of NbOFFIVE-1-Ni and hence its
water uptake, we compared the bond lengths, atomic positions, and partial atomic charges of the
framework before and after optimization. When the structure is optimized, atomic positions
slightly change as shown in Figure S5, and the minimum bond lengths for all atoms except N
atoms change as shown in Figure 4(b). The resulting partial charges on the F atoms of the
optimized structure are generally lower in magnitude compared to the charges of the unoptimized
structure as shown in Figure 4(c). We also performed GCMC simulations for the DFT-optimized
structure using the DDEC charge values of the unoptimized structure. The results showed a slight
increase in the simulated water adsorption isotherms as shown in Figure S6. Thus, we inferred
that changes in both the electrostatic interactions and the structure affect the water isotherm, but
the change in structure plays a more important role in making the simulated isotherm lower in the
optimized structure compared to the unoptimized structure.

3.2 Effect of DFT optimization with adsorbed water

We adopted two strategies to investigate how the presence of water affects the structural and
electrostatic environment inside NbOFFIVE-1-Ni. In the first approach, we inserted different
numbers of water molecules in the pores of the framework and performed a DFT optimization of
the MOF plus water molecules using the same DFT methods as described above. To provide a

good initial configuration for each DFT calculation, we first performed an energy minimization

10



with the classical force field (and rigid MOF) and then ran a short MC simulation in the NVT
ensemble*! to relax the configurations of the guest molecules. After DFT optimization, we
removed the water molecules from the optimized structure and ran GCMC simulations holding the

MOF rigid at the configuration from the DFT calculation.
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Figure 5. Effect of DFT optimization of NbOFFIVE-1-Ni in the presence of water: (a) Simulated
water adsorption isotherms of DFT-optimized structures with 1,4, 6, 8, 10, and 12 water molecules
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per unit cell. The insets show snapshots of the DFT-optimized structures with 0 and 12 water
molecules in blue and pink boxes, respectively. (b) Minimum bond lengths for C, F, H, N, Nb, Ni,
and O atoms in optimized structures with 0, 1, 8, or 12 water molecules inserted and the
unoptimized structure. (c) The differences in partial atomic charges of NbOFFIVE-1-Ni atoms,
obtained by subtracting the absolute charge value of each atom in the optimized structure with 12
water molecules from that of the corresponding atom in the unoptimized structure.

Figure 5(a) shows the water adsorption isotherms using the structures that were DFT-
optimized with 1, 4, 6, 8, 10, or 12 adsorbed water molecules per unit cell (which were then
removed before performing the GCMC simulations as described above), corresponding to loadings
of 0.59, 2.4, 3.5, 4.7, 5.9, and 7.1 mol H>.O/kg MOF, respectively. In all cases, the isotherms
display Type I isotherm shapes. As the number of water molecules present during DFT
optimization increases, the GCMC loading increases in the range of 0-40%, and there is some

1.%% investigated the effect of

crossing of the isotherms above 40% RH. Similarly, Shukla et a
structural changes of UiO-66 on the adsorption of acetone and showed that when the number of
inserted acetone molecules in UiO-66 increases, the acetone adsorption of the structures increases.
DFT optimization at different water loadings slightly affects the atomic positions within the
structure as shown in Figures S7-S9. For instance, the inset images in Figure 5(a) demonstrate
how the atomic positions shift in the x and z-directions after DFT optimization in the presence of
12 water molecules.

Figure 5(b) shows how the minimum bond lengths between the framework atoms are altered
in the presence of water. In most cases, there is very little effect of the water molecules, but there
are some differences for the F atoms, which are present in the (NbOFs)> anions. Figure 5(c)
presents the difference between the partial charges of the original structure (no water molecules)
and the corresponding charges of the optimized structure using 12 water molecules. Partial atomic
charge values of the optimized structure used as the reference data in Figure 5(c) are provided in
Table S4. The differences in atomic charge range between -0.01 and +0.03, with values generally
higher in magnitude in the structure optimized with 12 water molecules. This illustrates that the
changes in the atomic positions of (NbOFs)> anions affect the distribution of partial atomic
charges. Specifically, the increase in the magnitude of F charge values may contribute to enhanced
water adsorption. The changes in the partial atomic charges of the DFT-optimized structures with
1,4, 6, 8 and 10 water molecules are depicted in Figure S10. To test if the changes in the simulated

water isotherms were primarily due to changes in the structure or changes in the framework partial
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charges, we repeated the GCMC simulations for the DFT-optimized structures at various water
loadings using the partial atomic charges assigned to the original structure without adsorbed water
molecules. Figure S11 shows the results, which are generally similar to those in Figure 5(a),
indicating that the effects in Figure 5(a) are mainly due to structural changes resulting from the
DFT optimization, and to a lesser extent, small differences in the framework partial charges.

We further investigated the effects of setup parameters on the final DFT energy values,
specifically examining the impact of maintaining constant lattice parameters and incorporating the
Hubbard correction factor for the highly localized d orbitals of Ni atoms. Table S5 shows the
relative DFT energies calculated using different numbers of adsorbed water molecules. For each
loading of water molecules, the energies calculated by keeping the lattice parameters constant
(ISIF=2) and optimizing atomic positions and lattice parameters (ISIF=3) are very close to each
other, both with and without the +U correction. This similarity indicates that the different setup
parameters for DFT optimization provide comparable results, thereby enhancing the robustness of
our simulation outcomes. Therefore, we presented the water adsorption results from DFT
optimization (PBE+D3(BJ)) with the lattice parameters kept constant. Table S6, which presents
lattice constants and lattice angles for the unoptimized and ISIF=3 structures (both DFT and
DFT+U), shows that the changes in lattice parameters after DFT optimization are negligible.

3.3. Effect of linker rotation

In the second approach to mimic structural flexibility in the presence of adsorbed water, we
considered the effect of linker rotation, motivated by previous work>? suggesting that the pyrazine
linkers of NbOFFIVE-1-Ni rotate during the diffusion of guest molecules. Using the rotation tool
in the Materials Studio software (2020),%! we rotated the pyrazine linkers around the axis that is
equally inclined to the x and y axes, to various degrees as shown in Figure 6. All pyrazine linkers
were rotated simultaneously by the same angle, and we obtained eight linker-rotated derivatives
of the structure, using increments of 7° for each rotation. All linker rotated derivatives of
NbOFFIVE-1-Ni are shown in Figure S12.

We then performed GCMC simulations in these (rigid) structures to understand the effect of
linker rotation on the simulated water adsorption isotherms. Figure 6 shows images of the original
structure and two linker-rotated derivatives of NbOFFIVE-1-Ni, representing a “planar” structure

with a 28.3° rotation and a rotation of 56.6°, which brings the linker back to its original angle

although with some small changes in the structure. Moving from the original structure (0° rotation)
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to the planar structure (28.3° rotation), the pore limiting diameter increases from 3.60 A to 4.11 A
(Table S7). Table S7 also shows that while the pore sizes of the linker-rotated derivatives vary in
the range of 3.6-4.1 A, the pore volumes and void fractions do not show much variation, with

values of 0.23-0.24 cm®/g and 0.43-0.44, respectively.

Unrotated Structure 28.3° Rotated Structure 56.6 ° Rotated Structure
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Figure 6. Structures of NbOFFIVE-1-Ni with different degrees of linker rotation. The black arrow
shows the rotation axis.

Figure 7(a) presents the water adsorption isotherms of eight linker-rotated derivatives of
NbOFFIVE-1-Ni at 298 K. Below 40% RH, as the linker rotation increases from 0° to 28.3°, the
water uptake decreases. This can be explained by the increase in pore size, which leads to lower
adsorption at low pressure. At high RH (>50%), higher degree of linker rotation up to 28.3° (and
larger pore sizes) leads to higher water uptake values compared to the unrotated structure. Note
that due to symmetry, angles of 0° and 56.6°, 7° and 49°, 14° and 42°, 21° and 35° are similar to
each other, although the optimized structures are not identical, leading to small differences in the
water isotherms. At low RH, a similar but weaker trend between the water adsorption isotherms
of structurally similar derivatives is observed. For instance, water uptakes of the linker-rotated
structure with 56.6° below 40% RH are generally higher than those of the unrotated structure

because of the difference in charge distribution.
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Figure 7. Effect of linker rotation of NbOFFIVE-1-Ni: (a) Comparison of simulated water
adsorption isotherms at 298 K for linker-rotated derivatives of NbOFFIVE-1-Ni. The inset
snapshots show the distribution of water molecules for the unrotated and 28.3°-rotated derivatives
of NbOFFIVE-1-Ni at 20% RH. (b) The differences in partial atomic charges of NbOFFIVE-1-Ni,
obtained by subtracting the absolute charge values of each atom in the 28.3°-rotated structure from
those of the corresponding atoms in the unrotated structure. (c) Comparison of simulated water
adsorption isotherms for the linker-rotated derivatives of NbOFFIVE-1-Ni obtained from the
GCMC simulations where the partial atomic charge values of the framework atoms of the
unrotated (0°) structure were used.
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Since we calculated DDEC charges for each derivative structure, we calculated the
difference in magnitude of the partial charges between the framework with linkers rotated by 28.3°
and the original (unrotated) structure as shown in Figure 7(b). Assigned charge values for the
structure with 28.3° linker rotation were generally lower in magnitude than those of the unrotated
structure, resulting in decreased water uptake at low RH. We also compared the charges in the
original structure and in the structure with the linkers rotated by 56.6°, since these structures should
be similar due to symmetry. As shown in Figure S13, the partial charge values of the F atoms in
the structure with the linkers rotated by 56.6° are slightly higher than those in the unrotated
structure, suggesting that variations in the electrostatic interactions could be responsible for the
differences in the simulated water adsorption observed at low RH.

To deconvolute the effect of changes in the structure and changes in the partial charge values
upon linker rotation, we performed the GCMC simulations using the framework charges of the
unrotated structure for all linker-rotated derivatives. The results are shown in Figure 7(c). Similar
structures such as 0° and 56° and 21° and 35° exhibit similar water uptakes as expected. Also, even
though the charges are the same for all structures, significant differences exist in the isotherms for
different degrees of linker rotation, suggesting that the different pore geometries are, indeed,
responsible for the differences observed in Figure 7(a). We can draw three conclusions regarding
the linker rotation of NbOFFIVE-1-Ni: (i) All of the simulated isotherms of the NbOFFIVE-1-Ni
derivatives are Type I although water uptakes dramatically change based on the angle of linker
rotation. (ii) Linker rotation changes the pore geometry of NbOFFIVE-1-Ni, which causes a
decrease in water uptake at low RH but results in an increase in water uptake at high RH. (iii)
Partial charges have a slight effect on the water uptake values of linker-rotated derivatives of
NbOFFIVE-1-Ni but not on the shape of the isotherm for similar structures. Note that we rotated
all linkers in the structure at the same angle to investigate the relationship between the rotation
angle of linkers (with 7° increments) and the water adsorption isotherm of NbOFFIVE-1-Ni.
However, in the real system, effects such as temperature and the presence of guest molecules
would likely cause each linker to rotate to a different angle. Therefore, having all linkers rotate

together is a limiting case in fully understanding the rotational linker dynamics of the framework.

3.4. Final assessment of water adsorption isotherms
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Figure 8(a) compares simulated water adsorption isotherms of representative NbOFFIVE-
1-Ni derivatives with the experimentally reported isotherm. We note that our goal in this study
was not to tune the model to reproduce the experimentally reported water adsorption isotherm but
to understand how changes in the framework structure affect the simulated water adsorption
isotherm. All simulated isotherms are Type I, and none of the simulated isotherms show the step
observed in the experimental isotherm. The highest water uptake (5.8 mol/kg for the structure with
the linkers rotated by 28.3°) obtained from the simulations is significantly below the
experimentally reported saturation loading (~6.8 mol/kg). One possible reason for this is that the
(NbOFs)* anions in the linker-rotated derivatives are kept fixed, which may prevent us from
observing potential pore expansion and the formation of new adsorption sites for guest

molecules.??

@, o ® ® Experiment ¥ 1 H,O molecule inserted
°® I Unoptimized P 12 H,O molecules inserted

6 ® A Optimized <« 28.3° rotation of linkers

— ® <<

25 - EUPPP RPN L

© pEEEE N

oo s 1%::-11!””"

% x 55!‘

53] «

e

T 27
1 <
01 Heat of adsorption (kJ/mol)

0 20 40 60 80 100
Relative Humidity (%)

Figure 8. (a) Comparison of experimentally reported water adsorption isotherm®' with the
simulated isotherms of representative structures obtained from different computational methods.
(b) The heats of adsorption (kJ/mol) at 2% RH of representative derivatives of NbOFFIVE-1-Ni.

At low RH, simulations using the experimental structure (orange) overestimate the
experimental isotherm, and simulations using the DFT-optimized structure (green) underestimate
the experiments. The discrepancy between the DFT-optimized and unoptimized structures arises
primarily due to differences in MOF-gas interactions affected by both electrostatic and structural
changes as we discussed in section 3.1. The calculated heats of adsorption also indicate that the
interaction with water at low concentrations is stronger in the unoptimized structure (-58.9 kJ/mol)

compared to the interactions in the optimized structure (-55.6 kJ/mol). The fact that the
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experimental water uptakes at low RH% are between these two simulated ones from optimized
and unoptimized structures demonstrates how even small changes in the NbOFFIVE-1-Ni
structure due to optimization can be important in reproducing the experimental water adsorption.
Rotating the linkers lowers the simulated isotherm even more (brown). Inserting 12 water
molecules, corresponding to ~7 mol/kg, during the DFT optimization results in a simulated
isotherm (purple) in close agreement with the experiment up to approximately 3 mol/kg. The heats
of adsorption for water in the Nb OFFIVE-1-Ni derivatives at very low (2%) RH are shown in
Figure 8(b), and the order is as follows: unoptimized structure > DFT-optimized structure with 12
molecules inserted > DFT-optimized structure with 1 molecule inserted > DFT-optimized structure
without water molecules inserted > linker-rotated (28.3°) structure. Both H>O uptake and heat of
adsorption for H>O follow the same order, suggesting that the entropic effects are similar in all
structures.

The most prominent feature of the experimental isotherm is the sharp step around 50% RH.
Given that no simulation in a rigid structure exhibited an isotherm with a step, we hypothesize that
the step is due to a structural transition brought about by adsorption of water. One could imagine
that the experimental isotherm results from following one curve in Figure 8(a) up the RH of the
structure transition and then jumping to another curve.’? Recent work has suggested structural
transformations in the related MOF SIFSIX-3-Ni.>> However, the nature of this structural
transition in NbOFFIVE-1-Ni is unknown at this point, and none of the structures that we
simulated match the saturation loading seen in the experimental isotherm. It is also interesting that
none of the DFT optimizations conducted with varying numbers of water molecules resulted in a
rotation of the pyrazine linkers of NbOFFIVE-1-Ni. In situ PXRD studies and ab initio MD

simulations would be useful to test this hypothesis.

4. Conclusions

In this work, we utilized a multi-scale approach to investigate the effect of proposed
structural flexibility of an ultra-microporous MOF, NbOFFIVE-1-Ni, on its water adsorption
isotherm. To mimic possible changes in the MOF structure during water adsorption, we created 14
derivatives of NbOFFIVE-1-Ni by performing DFT optimization of the structure at different water
loadings and by rotating the pyrazine linkers in the framework. The DFT calculations showed that

the (NbOFs)* anions of the structure move slightly in the presence of water molecules. We then
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performed GCMC simulations in these (rigid) structures to obtain the water isotherm for each
derivative at 298 K. Our GCMC results show that optimization of the structure in the presence of
guest molecules and the rotation of the pyrazine linker considerably affect the water adsorption
behavior of NbOFFIVE-1-Ni. In the approach of optimizing the structure at different water
loadings, water uptake increases with increasing number of water molecules inserted in the DFT
optimization. Rotating the pyrazine linkers changes the pore size, and larger pores lead to
decreased uptake at low RH and increased uptake at high RH. No simulations in a (single) rigid
structure yielded a stepped isotherm, as seen in the experiment. However, our results do show that
the water adsorption isotherms are sensitive to changes in the MOF structure. We hypothesize that
the step in the experimental water isotherm is due to a structural transformation of the MOF around
50% RH, but the nature of the transformation is not known at this time. In situ PXRD studies and
ab initio MD simulations would be useful to test this hypothesis and to provide additional insight

into the flexibility of NbOFFIVE-1-Ni.
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