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1. Experimental

1.1 Breakthrough High-Temperature Water Adsorption Isotherms

A breakthrough system was constructed similar to Lassitter et al. (Figure S1)! where a glass
tube of 1.5” inside diameter was loaded with 3.11 g sample and placed inside a Binder model
MK?240-400V environmental chamber to maintain temperatures + 0.1 °C. A total flow of 200 ml
min™ of helium was delivered through MKS mass flow controllers and the gas was thermally
equilibrated with the chamber temperature using a % inch copper pipe as a heat exchanger. The
length of pipe needed was determined by using a tube in shell and heat exchanger equation with
only one tube with?

| Q = hAsATy, M

Where Q is the heat transfer rate, h is the heat transfer coefficient of the copper pipe, 45 is the heat
transfer area, and AT}, is the log mean temperature difference. First, the heat transfer rate was
determined by,

Q = MmCyAT )
where 7 is the flowrate of the helium through the copper piping (0.595 g s), Cp is the heat
capacity of helium (5.193 j g' K'"), and AT is the temperature difference between the incoming
helium (25 °C) and the max temperature (100 °C) of the experiment. Equation 1 was then
rearranged to determine the heat transfer area needed,

Q

A6 - hAT (3)
and the length of the pipe was determined by,
L=2 “

where D is the diameter of the pipe.
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Based on Equation 4, it was determined that
Environmental Chamber 4 feet of copper tubing was needed, but to
ensure adequate thermal equilibrium, 6.5 feet
of copper tubing was used on each incoming
helium stream.

After reaching thermal equilibrium with
the environmental chamber's internal
temperature, one helium stream was passed
through a triple-pass saturator cell filled with
water to create specific humid conditions.
The streams were then merged into one
stream, where the relative humidity was
recorded before and after contacting the
sample using a Honeywell HIH-4020-001
relative humidity probe with a known
manufacture error of 3.5%. The relative
humidity (RH) data acquisition was
completed using LabVIEW via USB-6003-
NI device at one data point per minute
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Figure S1. High-temperature breakthrough
apparatus.

sampling rate.
Similar to previously reported breakthrough results,> the data were used to calculate the
capacity using the following equations. First, a concentration-time (Ct) number was defined as
theed = thfeed 5
where Ctfeeq has units of RH*s, t; is the time the feed is passed to the system, and Cyeeq is the
concentration of the feed in RH. The Ct eluting from the sorbent until feed termination is integrated
under the elution curve, using the midpoint rule,

Cn+Cp—
Cletution = 1€S=OnTnl (tn - tn—l) (6)

where Ct,;ytion has units of RH * s, t¢ is the time to saturation in seconds, C,, is the concentration
at time n in RH , and C,,_, is the concentration at time n — 1 in RH.’

1.2 Volumetric High-Temperature Water Adsorption Isotherms

A volumetric apparatus was constructed similar to that of Rudisill et al. Shown in Figure S2.'
The apparatus was placed inside of an environmental chamber able to maintain temperatures + 0.1
°C to ensure thermal stability. HPLC grade liquid water, sourced from Sigma-Aldrich SHBP9108,
was injected through an injection port in the loop. The resulting pressure was recorded using a
1000 mmHg National Institute of Standards and Technology (NIST) traceable, heated capacitance-
manometer from MKS Instruments, Inc., accurate to 0.01% of full scale and 0.5% of the indicated
value. A leak rate of 1x10 torr in 24 hrs was measured to ensure that the moles of gas that leaked
into the system were negligible.
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The volumetric measurements are based
on a mass balance requiring precise Environmental Chamber
apparatus volume measurements. Therefore,
a helium expansion technique was used Sample Bed
where the volume was determined using a
calibrated cylinder of a known volume and

Ball Valve Ball Valve

Ball Valve
[ j

two (NIST) traceable, heated, capacitance- g W) Uk i B RM‘
manometers from MKS Instruments accurate Tnjection Port Presre Pump
to 0.01% of full scale and 0.5% of the -

indicated value. With the system volumes =
known, a sample of approximately 200-300
mg of adsorbent measured on a balance with
an accuracy of 0.1 mg up to 220 g was
inserted into the adsorbent bed. Pressure
readings before and after exposure to the adsorbent were recorded using LabVIEW.

Figure S2. High temperature water adsorption
isotherm apparatus.

1.3 Single Component Adsorption Isotherms

Before collecting elevated-temperature water adsorption data, single-component adsorption
data was collected using a Micromeritics 3 Flex and Micromeritics 2020 at 25 °C, as shown in
Figure S3.

1.4 Isosteric Heats of Adsorption
The isosteric heat of water adsorption was calculated, using a temperature range from 45 °C to

115 °C in 10-degree increments, by the Clausius—Clapeyron equation,
1

Ln(P) = =2(3) )

where P is pressure, R is the gas constant, and T is the temperature in Kelvin, by first fitting the
loading of each water adsorption curve using linear interpolation and then iterating on pressure
using a sum squared method to obtain the corresponding pressure values at specific loadings.'!
The natural log of the obtained pressure was then plotted against the inverse of temperature. The
enthalpy of adsorption was then calculated by taking the slope at each loading and multiplying by
R, where the slope equals,

dLn(P)

()

11,12

®)

and the data is then plotted at each loading.

The error reported in Table 1 was calculated based on the 0.5% of the indicated value from the
(NIST) traceable, heated, capacitance-manometers from MKS Instruments. The error for each
pressure reading at each loading, and for each temperature, was introduced to the calculations
shown in eq 7 and is reported as the standard error of the mean. To be conservative the largest
error for each sample, found at the lowest loading for each sample, was reported in Table 1.

1.5 Simulated Isosteric Heats of Adsorption

Isobaric-isothermal (NpT) Gibbs ensemble Monte Carlo (GEMC) simulations were performed
on a rigid framework structure of MOF-303 to simulate the water adsorption isotherms at 45 °C
and 85 °C using a similar setup as previously used by Chheda et al.!* Pairwise Lennard-Jones and
Coulomb interactions within a spherical cutoff of 14 A were included. Analytical tail corrections
for the LJ interactions and the Ewald summation method for the electrostatic interactions were
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used for interactions beyond the spherical cutoff of 14 A. The ‘FF3’ force field parameters used
previously by Chheda et al. were employed in this work.!> The Lorentz-Berthelot mixing rules
were used for describing the MOF-water interactions.

The isosteric heat of water adsorption, Qs, was computed from the fluctuations in the potential
energy of the adsorbed phase and adsorbed water loading using

o _ Uala) = (UaXNa) _ (Ug) + (V) ©
T NG = (No)? )
where U, is the potential energy of the adsorbed phase comprising adsorbate—adsorbate and
adsorbate—framework interactions, and N, is the loading of adsorbed molecules in the MOF.
Similarly, U; and N, are the potential energy and the number of adsorbate molecules in the
reservoir phase, respectively.

1.6 Kinetic Data

The concentration swing frequency response (CSFR) measurements were completed using a
system similar to the one used by Glover et al.!*!> Briefly, helium was passed through a water
saturator cell that was located in a temperature-controlled water bath, allowing for gas phase water
concentrations to be controlled by setting the water bath temperature. The pressure was controlled
at 50 torr above atmospheric pressure using a pressure controller (MKS Baratron type 640B)
upstream of the saturator. A second helium stream was mixed with the adsorbate feed stream prior
to the adsorbent bed. Both streams were controlled using MKS mass flow controllers and the
adsorbate gas concentration fed to the adsorbent bed was determined by the combined flow rates
of the two streams. An Agilent 5973 mass spectrometer sampled the effluent gas from the
adsorbent bed.

Dry weights were determined by weighing the empty bed and loading a sample into the sample
bed, followed by degassing in situ. The sample loaded bed was weighted after degassing, and the
sample mass was determined by the difference in mass.

After regeneration, the bed was reinserted into the CSFR and exposed to a constant,
unperturbed feed of water in helium at the selected humidity overnight to equilibrate the bed at the
selected water loading. Next, the flow rates of the two helium streams were perturbed sinusoidally
at a selected frequency, with each stream 180 degrees out of phase relative to the other. The
resulting feed stream to the adsorbent bed had a constant total flow rate with a sinusoidal adsorbate
concentration oscillating around the equilibrium state. To maintain the linearity of the system, the
amplitude of the perturbations for both streams were kept small. Specifically, the swing used in
this work was 0.4 sccm on each stream. In this work, CSFR experiments were conducted over
a frequency range of 0.0001 to 1 Hz. Unless noted otherwise, all measurements were performed
at 25 (= 1 °C).

The Darken equation was used to correlate diffusivity from gathered micropore diffusion rates
with sorbate concentration, as shown below:

_ dLn(p)
b =D, dLn(c) )
LUn®) s the thermodynamic correction factor. It was
dLn(c)

assumed that the corrected diffusivity was independent of loading. The correction factor was
calculated from the isotherm data at 25 °C by utilizing a linear interpolation of the isotherm
slope.!6:!7

where D, is the corrected diffusivity and
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Figure S3. (a) 25 °C water adsorption isotherms collected on a micromeritics 3Flex for novoMOF MOF-303,
(b) MOF-303, (c) Framergy MOF-303, (d) LA2-1, (e) MIL-100(Fe).
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Figure S4. (a) Nitrogen adsorption isotherms measured at 77 K collected on a Micromeritics 3Flex for novoMOF
MOF-303 (BET surface area 837.24 m*/g), (b) MOF-303 (BET surface area 1268.07 m?/g), (¢) Framergy MOF-303
(BET surface area 1039.10 m%/g), (d) MOF-LA2-1 (BET surface area 1894.66 m?/g), (¢) MIL-100(Fe) (BET surface

area 1134.36 m%/g).
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Figure S5. (a) PXRD patterns for novoMOF MOF-303, (b) MOF-303, (c) Framergy MOF-303, (d) MOF-LA2-

1, (¢) MIL-100(Fe).
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Figure S6. (a) 25 °C water adsorption isotherms comparisons shown as RH% and (b) kPa to

illustrate the differences in adsorption.
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Figure S7. (a) 45 °C water adsorption isotherms comparisons shown as RH% and (b) kPa to
illustrate the differences in adsorption.
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Figure S9. (a) 65 °C water adsorption isotherms comparisons shown as RH% and (b) kPa to

illustrate the differences in adsorption.
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Figure S10. (a) 75 °C water adsorption isotherms comparisons shown as RH% and (b) kPa to
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Figure S13. (a) 105 °C water adsorption isotherms comparisons shown as RH% and (b) kPa to
illustrate the differences in adsorption.

0.60 . 0.60
0.55 b
’ 0.55+
0.50 050
045 . 0.45L
0.40+ ¢ 4
A o 04oF 0
0.35 ¢ o Yy » =) [} - *
vh 5 035- LI v »
0.30 b ~ v
025 > P ., % 0.30 > »e )
= -
’ > « ““ a 0.25+ : o A
020 Yo 2 > 020 g, 43
201 <
015+ X4 g + MIL-100(Fe) 115 °C y. e .
b 4 &
K ; ¢ LA21115°%C 0.15+ ' « MIL-100(Fe) 115°C
010+ r. » MOF-303 115 °C * } 4 LAzt istc
e ." 4 novoMOF MOF-303 115 °C 010 B r’ » MOF-303115°C .
0.051 b ¥ Framergy MOF-303 115°C ’ - 4 novoMOF MOF-303 115 C
0,00 bt e s e e 0'05_..:" v Framergy MOF-303 115 °C
0 20 40 60 80 100 (o0 4] A PPN AU EEEEN A AP EPArN AP EF R
RHO% 0 25 50 75 100 125 150
(¢]

Pressure (kPa)

Figure S14. (a) 115 °C water adsorption isotherms comparisons shown as RH% and (b) kPa to
illustrate the differences in adsorption.
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Figure S16. (a) Elevated temperature adsorption isotherms on MOF-303 from 25 °C to 125 °C
represented in relative humidity and (b) kPa. This is the same data set as shown in manuscript
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Figure S17. (a) Elevated temperature adsorption isotherms on MOF-303 supplied by novoMOF
from 25 °C to 125 °C represented in relative humidity and (b) kPa.
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Figure S18. (a) Elevated temperature adsorption isotherms on Framergy MOF-303 from 25 °C
to 125 °C represented in relative humidity and (b) kPa.
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2.0 Simulation Details

Table S1: Site occupancies of different framework adsorption sites in MOF-303 upon water adsorption at
different temperatures and at RH = 0.025. A distance-based criterion was used to compute the water-MOF
interactions.

H-bonding functionalities Site occupancies per unit cell
N jer | Niinker 0,04 25°C 45 °C 85°C
Primary patch in the strongly hydrophilic region
yes yes yes 3.96 3.94 3.88
yes yes no 0.04 0.05 0.10
yes no yes 0.11 0.11 0.11
yes no no 0.01 414 0.02 415 0.02 415
no yes yes 0.00 0.01 0.01
no yes no 0.02 0.02 0.03
Secondary patch in the strongly hydrophilic region
yes yes yes 0.00 0.00 0.00
yes yes no 0.98 0.70 0.38
yes no yes 0.00 0.00 0.00
yes no no 0.03 L7 0.04 137 0.03 081
no yes yes 0.00 0.00 0.00
no yes no 0.74 0.63 0.40
Other
no no yes 0.05 0.05 0.05 0.05 0.05 0.05
no no no 0.04 0.04 0.06 0.06 0.06 0.06
Total 5.98 5.63 5.07
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Table S2: Site occupancies of different framework adsorption sites in MOF-303 upon water adsorption at
different temperatures and at RH = 0.051. A distance-based criterion was used to compute the water-MOF
interactions.

H-bonding functionalities Site occupancies per unit cell
N jinker | Niinker 0,04 25°C 45 °C 85 °C
Primary patch in the strongly hydrophilic region
yes yes yes 3.96 3.95 3.91
yes yes no 0.05 0.07 0.09
yes no yes 0.32 0.27 0.21
yes no no 0.05 445 0.05 442 0.04 4.32
no yes yes 0.01 0.01 0.01
no yes no 0.06 0.07 0.06
Secondary patch in the strongly hydrophilic region
yes yes yes 0.00 0.00 0.00
yes yes no 1.42 1.16 0.70
yes no yes 0.00 0.00 0.00
yes no no 0.07 210 0.07 236 0.06 158
no yes yes 0.00 0.00 0.00
no yes no 1.27 1.13 0.82
Other
no no yes 0.11 0.11 0.11 0.11 0.11 0.11
no no no 0.24 0.24 0.22 0.22 0.19 0.19
Total 7.56 7.11 6.2
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Table S3: Site occupancies of different framework adsorption sites in MOF-303 upon water adsorption at
different temperatures and at RH = 0.205. A distance-based criterion was used to compute the water-MOF
interactions.

H-bonding functionalities Site occupancies per unit cell
N jer | Niker | Oroa 25°C 45°C 85°C
Primary patch in the strongly hydrophilic region
yes yes yes 4.09 4.08 4.03
yes yes no 0.12 0.12 0.16
yes no yes 1.64 1.62 1.42
yes no no 0.80 8.34 0.81 8.28 0.81 784
no yes yes 0.01 0.01 0.02
no yes no 1.68 1.64 1.40
Secondary patch in the strongly hydrophilic region
yes yes yes 0.00 0.00 0.00
yes yes no 1.79 1.58 1.25
yes no yes 0.00 0.00 0.00
yes no no 1.11 701 1.22 6.9 1.10 0.08
no yes yes 0.00 0.00 0.00
no yes no 4.17 4.10 3.73
Other
no no yes 1.65 1.65 1.50 1.50 1.30 1.30
no no no 15.47 15.47 14.24 14.24 10.94 10.94
Total 32.53 30.92 26.16
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Table S4: Numerical data for water adsorption isotherms in MOF-303 obtained using Np7-GEMC
simulations at 7= 45 °C and T = 85 °C. The vapor pressure of water using the TIP4P model is 13.747 +
0.043 kPa at45 °C and 82.061 £ 0.218 kPa at 85 °C respectively. The water loading is reported as molecules
per unit cell, where the uncertainty in the last digits is denoted in the subscript.

T=45°C T=85°C
RH Water uptake RH Water uptake

- - 0.010 4.419,
0.025 5.62; 0.025 5.081
0.052 7.11; 0.051 6.19:
0.078 8.949 0.077 7.402
0.104 14.343; 0.103 9.19s
0.130 25.2619 0.128 12.3913
0.156 28.93g 0.154 18.8320
0.183 30.09; 0.180 23.629
0.208 30.92; 0.205 26.186
0.234 31.425 0.231 27.436
0.261 32.036 0.256 28.465
0.286 32.476 0.281 29.19,
0.312 32.676 0.307 29.686

- - 0.324 29.975
0.354 32.933 0.348 30.365
0.385 33.26¢ 0.379 30.754
0.417 33.433 0.410 31.173
0.458 33.684 0.451 31.53s
0.489 33.843 0.481 31.78s
0.520 34.03; 0.512 32.064
0.625 34.43; 0.615 32.663
0.781 34.966 0.768 33.364
0.937 35.365 0.922 33.904
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Table S5: Lennard-Jones parameters and partial charges used to describe the interactions of MOF-303 with
the framework.

Atom type | e/ ks (K) | o (A) q (le)
Al 254.00 4.000 1.64
0] 30.19 3.118 -0.98
HI (FF1) | 22.14 2571 0.43
HI (FF2) | 0.05 2.846 0.43
H1 (FF3) 0.00 0.000 0.43
02 79.00 3.050 —0.57
C2 41.00 3.900 0.704
C3 30.70 3.600 0.081
N1 141.00 3.400 -0.302
N2 57.00 3.200 -0.324
C4 30.70 3.600 0.06
C5 30.70 3.600 -0.17
H2 12.00 0.500 0.32
H3 25.45 2.360 0.117
Infinite AI(OH) rods PZDC linkers

02 QH3

H2 /N1 N2
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