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S1. Materials

Solvents, acetone, N,N-dimethylformamide (DMF), and dichloromethane were purchased from
Macron; deuterated dimethyl sulfoxide (dg-DMSO) (Cambridge Isotopes, 99%), and deuterated
sulfuric acid (Cambridge Isotopes, 96-98% solution in D,0) were used as received without
further purification. Decanonic acid was purchased from Aldrich. HyTBAPy [1,3,6,8-tetrakis(p-
benzoic-acid)pyrene]! was synthesized according to previous procedure.? Microcrystalline NU-
1000 was prepared solvothermally according to a published procedure.? Pristine NU-1000 was
obtained via treating the as-synthesized material (including removal of ligated and free
benzoate/benzoic acid) via heating the isolated solid (~50 mg) in DMF (12 mL) with 0.5 mL of 8
M HCI (aq) at 100 °C oven for 18-24 h,>3 the solid was isolated, washed with DMF and acetone,
and finally dried in a vacuum (~100 torr) oven for 30 min at 50 °C. SALI-BA, featuring four
benzoates per Zrg-oxo node, is the as-synthesized form of NU-1000.

Figure SI-1. (a) Molecular rendering of NU-1000 mesopore along the channel direction, and (b) side
view highlighting the aperture of the triangular micropores (H-atoms were removed for clarity).

S2. Instrumentation

'"H NMR spectra of the SALI-CFG materials were recorded on a Agilent 400 MHz instrument
after digesting the samples in 10% D,SO4/DMSO-d; and referenced to the residual solvent peak.
Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku ATXG diffractometer
equipped with an 18 kW Cu rotating anode, MLO monochromator, and a high-count-rate
scintillation detector (in 0.05° step width with a 2 deg/min scanning speed). Diffuse reflectance
infrared spectra (DRIFTS) were recorded on a Nicolet 7600 FTIR spectrometer equipped with an
MCT detector. The spectra were collected in a KBr mixture under N, purge (samples were
prepared under air); KBr was utilized as the background. Nitrogen isotherms were measured on a
Micromeritics TriStar II 3020 at 77 K; for BET surface area analyses we ensured that the two
consistency criteria described by Rouquerol et al.* and Walton et al.> were satisfied. Pore size
distribution was calculated using Barrett-Joyner-Halenda (BJH) method with Halsey thickness
curve and Kruk-Jaroniec-Sayari correction applied. Thermogravimetric analysis (TGA) was
performed on a Mettler Toledo TGA under N2 flow and heated from room temperature to 700 °C
(at 10 °C/min). Water vapor adsorption isotherms were collected on Hiden Isochema Intelligent
Gravimetric Analyzer (IGA-200) equipped with water bath at 298 K; All isotherms were recorded using
IGASwin software (v.1) that utilizes a linear driving force model (@ >96% equilibration had been
reached) and corrects all data point for the buoyancy effects; thus the adsorbed mass at a given relative
humidity point was the difference of mass gain at that point relative to the mass recorded in dry N, flow.
Dry N, was used as carrier gas and was mixed with water vapor saturated N, gas stream, generated by
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bubbling N, gas through a water reservoir at 298 K, at the required concentration or relative humidity; the
total flow rate was 300 cc/min.

S3. Synthesis and characterization of SALI-derived materials

Preparation and characterization of SALI-S and SALI-9 were described in our previous
publication.’® Briefly, a 45 mg portion of activated pristine NU-1000 (0.021 mmol) was taken in
a 10 mL vial (VWR). Subsequently 3 mL of a 0.07 M solution of carboxylate functional group
(CFG; e.g. decanoic acid 0.21 mmol) in a DMF solvent was added to the reaction vial, which
was then capped and heated at 70 °C for 18-24 h with occasional swirling. The supernatant of the
reaction mixture was decanted and the MOF sample was soaked in fresh hot DMF, filtered,
washed sequentially with acetone and dichloromethane (40 and 30 mL each), and finally dried in
a vacuum oven (~100 torr) for 30 min at 50 °C.
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Figure SI-2. 'H NMR spectra of SALI-9’ (top) and SALI-BA (bottom) with characteristic peaks
labeled. The spectra were recorded after digesting in 10% D,SO,/DMSO-d;.
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Figure SI-3. BJH pore size distribution calculated from desorption branch of the N, isotherms for NU-

1000, SALI-n, and SALI-n’ samples.

S4. Multi-cycle water vapor isotherms
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Figure SI-4. Multi-cycle water vapor isotherms of (a) SALI-9, (b) SALI-9’, and (¢) SALI-5 (adsorption:
solid and desorption: open symbols).
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S5. Characterization data for NU-1000 and SALl-derived materials
before and after multi-cycle water isotherms.
S5A. DRIFTS data
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Figure SI-5. DRIFTS data of SALI-derived materials before and after recording the cycle of
twenty water isotherms. The arrows (right panel) denote the signature for the perfluoroalkanes.
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S5B. PXRD
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Figure SI-6. PXRD patterns of SALI-CFG before and after recording the cycle of twenty water
isotherms.
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S6 Water contact angle measurement
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Figure SI-7. Water contact angle measurement of bare glass surface (top), pristine NU-1000 smeared
glass surface (bottom left), and SALI-9 smeared glass surface (bottom right) highlighting bulk-phase
wettability of the corresponding powder-packed surfaces. These data, however, are not conclusive for
determination of the relative hydrophobicity of the MOF interior surface.

The water vapor isotherms for NU-1000 and SALI-9 suggest that in these mesoporous MOFs, it
is difficult to define relative hydrophobicity within the MOF surface simply by the difference in
the relative humidity where the corresponding capillary condensation takes place. While the
contact angle measurements (Figure SI-7), a bulk measurement, indicate an enhanced
hydrophobicity for SALI-9, the difference in corresponding vapor sorptions is mainly seen in
total vapor uptake: for the SALI-9 sample, a ~60% lower water vapor uptake relative to the
pristine NU-1000 was recorded (Figure 4).

S7 Details of the molecular dynamics (MD) simulation

S7A. Parameters for MD simulation

Molecular dynamics (MD) simulations were performed for water in three crystal structures: NU-
1000, SALI-BA, and SALI-5. Atomic coordinates of the NU-1000 framework atoms were
obtained from previous work,? with the modification to the protonation state of the zirconium
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nodes that has been recently determined from electronic structure calculations by Planas et al.®
The final structure has four aqua and four hydroxyl ligands per zirconium node, which
corresponds to the NU-1000-MIX-S12 structure in the paper by Planas et al.® To create a crystal
of SALI-BA, four aqua and four hydroxyl ligands were removed from the NU-1000 structure
and replaced with four benzoates. Likewise, the SALI-5 structure was created by replacing aqua
and hydroxyl ligands with four perfluoroalkyl-carboxylate groups. The Materials Studio Forcite
module’ was used to optimize the structures of SALI-BA and SALI-5 using the universal force
field (UFF)® while fixing the lattice constant of the unit cell.

Non-bonded interactions between framework and water atoms, as well as water-water
interactions, were modeled using the Lennard-Jones (LJ) 12-6 plus Coulomb potential:

o.. o..

Ty Ty
Subscripts 1 and j index the interacting atoms, rj; is the distance between atoms 1 and j, € and o are
the LJ parameters, ¢; and g; are the partial charges of the interacting atoms, and & is the dielectric

constant. LJ parameters between atoms of different types were calculated using Jorgensen
mixing rules:

q:9;
Ameqr Eq. S1

5 =1 Eq. S2
&y =N Eq. S3

All L] interaction potentials were cut-off at 12.8 A. Electrostatic interactions were summed using
the Particle Mesh Ewald (PME) method as implemented in GROMACS (version 5.0.4)°. For
SALI-5, perfluoroalkane chains were assigned bonded interaction potentials from OPLS'® and
allowed to move during the MD simulations. The partial charges on the perfluoroalkane chains
were obtained from OPLS and the partial charges on the framework atoms were obtained from
the EQeq method.!! The LJ interaction parameters used in the simulations are listed in Table S1.

Table S1. Lennard-Jones (LJ) parameters used in the work.

Atom type Mass (amu) ¢ (nm) € (kJ/mol)
Zr 91.224 0.2783 0.2889
C 12.0107 0.3431 0.4396
O 15.9994 0.3118 0.2512
H 1.0079 0.2571 0.1842
F 18.9984 0.3000 0.2091

Molecular dynamics (MD) simulations were carried out for each MOF structure (NU-1000,
SALI-BA, and SALI-S) using the GROMACS molecular simulation package (version 5.0.4). A
leap-frog integrator was used in integrating Newton’s equations of motion with a 0.0005 ps (0.5
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fs) time step. The Verlet cutoff scheme was used to keep the neighborlist of each atom and the
neighborlist was updated every 5 ps. Periodic boundary conditions were implemented in all
directions.

A series of MD simulations were performed for each structure: 1) the simulation box was loaded
with a saturation loading of the equilibrated TIP4P!'> water molecules at 300 K using the
GROMACS solvation module, 2) a 100 ps NVT (constant number of molecules, volume, and
temperature) simulation was performed without electrostatic interactions between water
molecules, and 3) a 1 ns NVT simulation was carried out with full interaction potentials. For the
solvation module, solvent molecules were removed from the simulation box if the distance
between any atom of the framework and any atom of a TIP4P molecule was less than the sum of
the van der Waals radii of the two atoms. The van der Waals radii were taken from Bondi.'* The
saturation loading of each structure varies because different ligands present in the structure take
up different amounts of space in the simulation cell. Table S2 summarizes the saturation loadings
obtained using the GROMACS solvation module and used in the subsequent MD simulations
and the saturation loadings obtained from the experiments.

The temperature of the simulation box was maintained at 300 K for all simulations. The velocity
re-scaling thermostat as implemented in GROMACS was used for the 100 ps NVT simulations.
The Nose-Hoover thermostat was used for the subsequent 1 ns NVT simulations with a coupling
constant of 0.1 ps.

Table S2. Saturation Loading of Water Molecules Used in the Simulations and from
Experiments.

System Unit Cell Total Number of Simulated  Experimental 1% cycle
Volume (A3) H,0 in the H,0 H,O Saturation Loading
Simulation Cell  Saturation (mg/mg)
(NHZO) Loading
(mg/mg)
NU-1000 45913.4 1123 1.35 1.14
SALI-BA 45913.4 1039 1.09 1.00
SALI-5 45913.4 995 0.96 0.72

S7B. Analysis of MD simulation results

Molecular snapshots were analyzed every 1 ps of the last 100 ps of the 1 ns NVT simulation of
each structure. The water molecules in the hexagonal channels were extracted from each
snapshot, and the average number of water molecules in the hexagonal channels was computed
for each structure. Given that the N, accessible pore volumes, due to variation of the node
functionalities, in these structure are different, analysis of the water density in the hexagonal
channel is more straightforward to compare than simply comparing the number of water
molecules. To calculate the water (number) density, the free volume of the hexagonal channel for
each structure was computed based on the van der Waals radii from the UFF parameters,
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subtracting the space occupied by the protruding ligands in the hexagonal channels. The average
density of water in hexagonal channel is defined as:

p= N H20
VFree volume Eq S4

Results are given in Table S3. In addition, analyses were performed to analyze the number of

water molecules near the Zrg-node by placing a sphere with 15 A diameter at the center of each

Zrg node. Results are reported in Table S4.

Table S3. Average Number Density of Water Molecules in the Hexagonal Channels Obtained
from the Last 100 ps of the 1 ns Simulation.

System Average Number of HO Free Volume (A?) Average Number
Molecules (Ny20) Density of H,O (IV/A3)
NU-1000 860.9 £4.3 23822 0.0361
SALI-BA 758.1+3.4 22462 0.0337
SALI-5 731.5+3.0 21742 0.0336

Table S4. Average Number of Water Molecules within a Sphere of 15 A Diameter around the
Zrs Nodes.

System  Average Number of H,O

Molecules (NVy20)
NU-1000 62.9
SALI-BA 53.1
SALI-5 50.3
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