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Section S1. VASP and REPEAT calculation details

All density functional theory (DFT) calculations were performed using the Vienna Ab
Initio Simulation Package (VASP version 5.4.4)12, The interaction between ions and electrons was
described by the projector-augmented wave (PAW) method allowing to compute an approximate
all-electron wave function for non-core electrons®*. The Generalized Gradient Approximation
(GGA) under the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional® was
applied for all calculations. A plane wave kinetic cutoff energy of 450 eV was used in all
calculations. Zero damping DFT-D3 method of Grimme® was applied to account for Van der Waals
interactions’®. The unit size was chosen equal to 21.52 x 21.52 x 10.32 A. The Monkhorst— Pack
scheme® (2 x 2 x 4 mesh of k-points) was used for the numerical integration over the Brillouin
zone. For the threshold of 10 eV, set for the electronic relaxation, any movement of the ions was
stopped if the change in the total (free) energy was smaller than 10° eV between two ionic
relaxation steps. For the optimized structures, the electrostatic potentials were calculated with the
above parameters using the LVHAR = 1 option in the VASP package. Effective atomic charges
were obtained from these potentials using the Repeating Electrostatic Potential Extracted ATomic
(REPEAT) calculations (with a real space cutoff radius of 10 A and fast Fourier transform grid
points of 300 x 300 x 144) as suggested by Woo and co-workers'®.
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Section S2. Water model selection

There are numerous different water models that can be used to simulate the water
adsorption in porous solids. The most widely used in the literature rigid nonpolarizable models
are a 3-site model SPC/E*!, a family of 4-site models TIP4P (TIP4P'2, TIP4P/2005, TIP4P-Ew!?)
and a family of 5-site models TIPSP (TIP5P®, TIP5P-Ew®). These models adequately predict the
density and radial distribution function of liquid water. The Lennard-Jones (LJ) interaction
potentials for all these models are very similar. Their main differences are related to the location
of effective charges and the dipole moment. The model dipole moment in all these models is higher
than that of water vapor and lower than that of liquid water. As a result, they do not predict the
vapor-liquid equilibrium sufficiently well. For water adsorption in MOFs, the electrostatic
interaction is the main adsorption factor. So, the choice of the water model will significantly affect
the simulation results}”~°, This problem could be solved by using polarizable models. However,
it would cause a significant increase of the required computation time. In combination with
additional computer performance requirements for account of the MOF flexibility during the
simulation, the use of polarizable models is practically not possible.

Another important problem is substantial deviation of the predicted saturation pressure from
the experimentally measured values. The experimental saturation pressure at 300 K is equal to
3576 Pa?*?l, Meanwhile, according to the NIST Standard Reference SimulationWebsite??, the
saturation pressure at 300 K for models SPC/E, TIP4P and TIP4P/2005 are 1017 Pa, 5130 Pa and
802 Pa, correspondingly. These values were obtained using the grand-canonical Wang-Landau
Monte Carlo method where LJ interactions were truncated at the cutoff radius 10 A, with tail
corrections and electrostatic interactions calculated using the Ewald summation technique. Note
that the simulated saturation pressure can depend on the simulation conditions and the method
used for the saturation pressure calculation. Due to significant differences of the simulated and
experimental saturation pressure values, relative pressure P/Pg rather than absolute pressure is

usually used for comparison of experimental and simulated isotherms.

Table S1. Geometry and parameters of TIP4P water model.

r(OH), A £(HOH), deg r(OM), A elkp, K o, A q(M) q(H)
0.9572 104.52 0.15 78 3.154 -1.04 0.52

In this study the TIP4P model was used as the main water model. This model is the most
successful in predicting the water adsorption for a series of MOFs!%2-25 The saturation pressure
of the TIP4P model equal to 5130 Pa is closer to the experimental value in comparison with other

popular models (for models SPC/E and TIP4P/2005 the simulated saturation pressure according
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to NIST? differs from the experimental saturation pressure by factors of 3.5 and 4, respectively).
The parameters of the TIP4P model are presented in Table S1.
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Section S3. Water adsorption simulation details

The cumulative interaction potential was calculated as a sum of bonded (bond, bend, torsion and

improper torsion) and non-bonded (LJ and electrostatic) interactions:

Us = Upondea + Unonvondea S1
The bonded and non-bonded potentials were described using the following functional forms:
Unonbonded = U6—12 + Uel 82
Upondged = Ubona + Upena + Utorsion + Uimp. torsion S3
1
Ubona = Z Epona(1i;) = Z 7 ki (ryj = )? S4
bonds bonds
1 0 2

Ubena = Ebend(eijk) = Ekijk(eijk ) S5

bends bends
Utorsion = Z Etorsion(q)ijkl) = Z kijkl(l - COS[Z(pijkl - (plpjkl]) 86

torsions torsions
S7

Uimp. torsion —

Table S2. Lennard-Jones parameters for the CAU-10-H atoms.

Z Eimp. torsion ((pijkl) =

imp. torsions

imp. torsions

kijkl(l - C05[2<Pijkz - (p?jkl])

Atom Type ¢/ks (K) o (A)
Al 254.1 4.008
01 78 3.154

Odef 78 3.154
02 48.158 3.033
03 48.158 3.033
Cl 47.856 3.473
C2 47.856 3.473
C3 47.856 3.473
C4 47.856 3.473
C5 47.856 3.473
H1 0 2.846

Hdef 0 2.846
H2 7.649 2.846
H3 7.649 2.846
H4 7.649 2.846
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Table S3. Bond stretch parameters.

Atom Types kiifks (K/A?) 5 (A)
Cl C2 483414 1.396
Cl C3 483414 1.403
C3 C4 483414 1.393
Cl C5 353750 1.490
C2 H2 366000 1.091
C3 H3 366000 1.091
C4 H4 366000 1.091
01 H1 352780 0.972
O def | H def 352780 0.974

Table S4. Bond angle bending parameters.

Atom Types kii/ks (K/rad?) 00 (deg)
Cl C2 Cl 90640 120
Cl C3 C4 90640 120
C3 Cl C2 90640 120
C3 C4 C3 90640 120
C5 Cl C2 90640 120
C5 Cl C3 90640 120
Cl C3 H3 37263 120
Cl C2 H2 37263 120
C3 C4 H4 37263 120
C4 C3 H3 37263 120
Table S5. Torsion interaction parameters.
Atom Types Kij/ks (K) Pl (deg)
C5 Cl C3 C4 1511 0
C5 Cl C2 Cl 1511 0
Cl C2 Cl C3 1511 0
Cl C3 C4 C3 1511 0
C2 Cl C3 C4 1511 0
H2 C2 Cl C5 1511 0
H2 C2 Cl C3 1511 0
H3 C3 C4 H4 1511 0
H3 C3 C4 C3 1511 0
H3 C3 Cl C5 1511 0
H3 C3 Cl C2 1511 0
H4 | C4 C3 Cl 1511 0

Table S6. Improper torsion interaction parameters.

Atom Types Kij/ks (K) @i (deg)
Cl C3 C4 H3 186.3 0
C3 C4 C3 H4 186.3 0
Cl C2 Cl H2 186.3 0
C5 Cl C3 C2 5035.6 0
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Section S4. Adsorption surfaces

Figure S1. Adsorption surfaces for the rigid ideal model (a), the rigid uniform defective model (b)
and the rigid mixed defective model (c) of the CAU-10-H structure.
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Section S5. Radial distribution functions and simulation snapshots of adsorption

Rigid ideal CAU-10-H structure

P/P0o=0.59 (3040 Pa) P/P0=0.80 (4120 Pa) P/Po=0.98 (5020 Pa)

Flgure S2. Simulation snapshots of water adsorption in rigid ideal CAU-10-H structure.
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Figure S3. Radial distribution functions in rigid ideal CAU-10-H structure: Ow---H1 (a), Ow---O1
(b), Hw---02 (c), Ow---02 (d), Hw---O3 (e) and Ow---O3 (f). The notation of the CAU-10-H
structures is presented in Figure 2.
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Flexible ideal CAU-10-H structure
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Figure S5. Radial distribution functions in flexible ideal CAU-10-H structure: Ow---H1 (a), Ow---O1
(b), Hw---0O2 (c¢), Ow---02 (d), Hw---O3 (e) and Ow---O3 (f).
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Rigid uniform defective CAU-10-H structure
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i

Figure S6. Simulation snapshots of water adsorption in rigid uniform defective CAU-10-H
structure.
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Figure S7. Radial distribution functions rigid uniform defective CAU-10-H structure: Ow---Hdef (a),
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Flexible mixed defective CAU-10-H structure

P/Po= 0.10 (500 Pa)

CAU-10-H structure.

Pa)

P/P=0.24 (1250 Pa)

P/Po= 0.98 (5020

%

— 0,028 gig (PIPy=0.10) vee —— 0028 gfg (PIPG=0.10) 71— o028 =
—0. g/g (P/P,=0.10)
——0.149 glg (PIP,=0.24) OweesHdef 164 —— 0.149 glg (PIP,=0.24) Owe+Odef 0,149 glg (P 02 5 HweeeOdef
15 _ R _ - U
——0.320 g/g (PIP,=0.98) 0.320 g/g (P/P,=0.98) 8] —— 0.320 g/g (PIP,=0.98)
-—189A - 289A 1.93A
12 AN
o 10 " 67
[a) [a) 5
['q o 8 T
4
5
4
24
0 T o T — 0 T T T T T J
0 2 4 6 8 10 12 o 2 4 6 8 10 12 0 2 4 6 8 10 12
rA] Al rA]
a b c
*7—0.028 glg (PIP,=0.10) OweesH1 50] 0028 9y (PIP,=0.10) Owe++O1 ——0.028 g/g (PIP,=0.10) HweeeO2
——0.149 g/g (P/P,=0.24) ——0.149 g/g (P/P;=0.24) 15— 0149 9/g (PIP(=0.24)
——0.320 g/g (P/P,=0.98) S 0.320 g/g (P/P,=0.98) ——0.320 g/g (P/P,=0.98)
2.92A —=M=<—320A
4 -~ 178A
2,04
w w 104
w
g 2151 e
24 1,04 054
0,54
0 T . 0,0 . 00 .
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
r[Al r[Al r[Al
d e f
2,04
——0.028 g/g (P/P4=0.10) Hwes+O3
——0.149 g/g (PIP4=0.24)
——0.320 g/g (P/P4=0.98)
154
2.03A
5 /
Q104
@
0,54
010 T T T T T
0 2 4 6 10 12

r[A]

g

Figure S9. Radial distribution functions in flexible mixed defective CAU-10-H structure: Ow---Hdef
(a), Ow:--Odef (b), Hw:--Odef (c), Ow---H1 (d), Ow---O1 (e), Ow---O2 (f) and Ow---O3 (g).
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Section S6. Description of the linkers “flapping” motion

Snapshots generated during GCMC simulation for flexible ideal model of the CAU-10-H structure
were analyzed to understand how the linker “flapping” motion depend on water loading. The

angles between the reference (determined from the DFT calculations) and the current aromatic

rings planes were calculated for each snapshot.
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Figure S10. Schematic representation of the linker “flapping” motion (a). Dependence of the
probability of changing the angle of the aromatic ring plane for the dry (b) and the water-loaded

CAU-10-H at 0.266 g/g (c).
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Section S7. Effect of force field parameters on simulated adsorption isotherms
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Figure S11. Top: Simulated adsorption isotherms in rigid ideal and flexible mixed defective
models of the CAU-10-H structure at 300 K using the TIP4P/2005 water model. Bottom:
Simulated adsorption isotherms in rigid ideal models of the CAU-10-H structure at 300 K using
different VVan der Waals interaction parameters and partial charges.
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Section S8. Heats of adsorption
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and defective (bottom) models of the CAU-10-H structure at 300 K.
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Section S9. Nitrogen adsorption simulation

Theoretical values of the BET surface areas and micropore volumes for the ideal and defective
MOF structures were obtained by simulation of the nitrogen adsorption at 77 K by the GCMC
method. The sorbate-sorbate and sorbate-sorbent interaction were simulated as a sum of repulsion-
dispersion and Coulombic interactions. The Lennard-Jones parameters and partial charges for the
N2 molecule were taken from the TraPPE force field?. In this force field a nitrogen molecule is
simulated as a dumbbell with rigid distance between the atoms equal to 1.1 A. An LJ site with
parameters ¢ = 3.31 A and e/ky, = 36.0 K was located at the center of each nitrogen atom. The
quadrupole moment of the N2 molecule was simulated by three charges: two —q charges, where g
= 0.482 e, were located at the centers of the nitrogen atoms, and a +2q charge was placed at the
molecule center of mass. The force field parameters and partial charges of the ideal and defective
CAU-10-H structures were similar to the ones used for simulation of the water adsorption (Section
S3). However, hydrogen atoms in the structure were simulated using the LJ potential with
parameters ¢ = 2.85 A and &/k, = 7.65 K according to the Dreiding force field?®. The simulation
was performed using the structure fragment with the size of 2x2x4 unit cells, and the LJ interaction
was shifted to zero at the cutoff radius 12.8 A. The long-range electrostatic interactions were
calculated using the Ewald summation technique. For each isotherm point, 60 000 cycles were
performed for equilibration and 60 000 additional cycles were executed to determine the absolute
adsorption value, nas. Each cycle consisted of N Monte Carlo steps, where N was equal to the
number of adsorbate molecule but no less than 20. Translation, rotation, insertion and deletion
moves were used as the Monte Carlo moves for the adsorbates. The Peng-Robinson equation of
state was used to calculate fugacities and gas bulk densities, ppui, for each isotherm point. Excess
adsorption, Nexcess, Was determined using the following formula:
Nexcess = Nabs = Vpore Pbulk S8

Here Vpore is the MOF pore volume. Similar to the experimental measurement, the pore
volume was measured by probing the structure with helium at room temperature. VVoid fractions,
Vpore/Vstructure, OF the ideal and defective CAU-10-H structures were equal to 0.386 and 0.423,
respectively.

Calculated excess adsorption isotherms for the ideal and defective structures are presented
in Figures S12a and S12b. The range of pressures used for calculation of the BET surface areas
was determined in accordance with the ‘consistency criteria’*® and is presented in Figures S12¢
and S12d. The adsorption isotherms in linear BET coordinates are presented in Figure S12e and

S12f. The BET surface areas were equal to 685 m?/g for the ideal unit cell and 793 m?/g for
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defective structure. The micropore volumes (Vmic) were determined from the excess adsorption at

P/Po = 0.5 and were equal to 0.25 cm®/g for the ideal structure and 0.29 cm®/g for the defective

one.
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Figure S13. Simulated excess adsorption isotherm of N2 at 77K for ideal (a) and defective (b)
unit cells of CAU-10-H. A plot of Nexcess Po (1 — P/Po) vs P/Po for determining pressure range
used to calculate the BET surface area for ideal (c) and defect (d) unit cells. BET linear plot
satisfying both the first and second ‘consistency criteria’ for ideal (e) and defective (f) unit cells.
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Section S10. Water adsorption isotherms on an absolute pressure scale
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Figure S14. Water adsorption isotherms on an absolute pressure scale calculated by GCMC
simulation for different models of the CAU-10-H structure and obtained from experiments?’-31-
33, Lines are a guide for the eye.
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Section S11. Experimental TGA data for CAU-10-H
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Figure S15. TGA-curve of CAU-10 measured in the air flow.

First weight loss at T < 100 °C is attributed to the dehydration of the synthesized CAU-10. The
dehydrated material, corresponding to the range in the TGA curve of 300-400 °C, refers to a
chemical formula per Al atom of Al(OH)( O.C-CsH4-CO2). Assuming that the final residual at
high temperature is Al.Oz and taking the anhydrous Al(OH)( O.C-CsHs-CO2) weight as 100%, we
expect a weight loss corresponding to the linker decomposition of 75.5%, and the residual Al2Os
of 24.5%. The experimental data exhibits a relative weight loss of about 71% with the residual
weight of 29%. A lower weight loss at this stage indicates the presence of framework defects

(linker vacancies).
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Section S12. The pore size distribution
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Figure S16. The pore size distribution calculated by the Horvath-Kawazoe method.

The pore size distribution was calculated by the Horvath-Kawazoe method based on nitrogen
adsorption data from our previous work?’. The results demonstrate that the main channel diameter
is 0.83 nm, which is consistent with the average microchannel size determined from the CAU-10-
H PXRD data. The pore size distribution also contains a second minor peak with an average
channel size of 1.22 nm, which may indicate the presence of defects that lead to an increase in the
channel size. In the case of a defective unit cell (Figure 1), the average size of a microchannel

containing a defect increases and amounts to 1.03 nm.
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