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UiO-66(Zr) metal-organic framework structure

The UiO-66(Zr) structure® is made of zirconium oxide nodes, bridged by terepthalic acid
ligands. The resulting nanoporous structure is formed of tetrahedral and octahedral cages
with diameters of ~0.75 nm and ~1.1 nm respectively, linked by a ~0.6 nm aperture,? Fig

S1. The total pore volume of the structure is around ~0.77 cm®/g, with a surface area of
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about ~1160 m?/g,3* making it a fully nanoporous MOF, with pore diameters smaller than 2
nm.? Despite its relatively high porosity and pore surface, UiO-66(Zr) has received particular
attention due to its well controlled and highly reproducible lab-scale synthesis,® coupled
with its high bulk modulus ~40 GPa,” and high thermal, acidic, and water vapor stability,
making it a good candidate for industrial applications.®? The stability of the UiO-66 can be
rationalized by strong Zr-O bonds, found to be higher than the C-C ligand bond strengths.!

10 in addition such a

Zr-O nodes correspond to low energy sites favoring water adsorption,
MOF presents a low metal lability with water (i.e. large energy gap between frontier orbitals
of metal and H,O), ensuring limited hydrolysis properties, or high water stability.'''? Such
properties and the large experimental and theoretical literature available on UiO-66(Zr),
made it an ideal model structure to gain insight into CO, adsorption and diffusion as a

function of the water content.
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Figure S1: UiO-66 crystal, tetrahedral and octahedral cages are shown by flush and green
spheres, respectively. Zirconium, oxygen and hydrogen atoms correspond to purple, red and
grey balls.
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Adsorbate-adsorbent interactions and host deformation

Simulations performed in flexible MOF structures allow to show a small host contraction
as a function of guest loading Fig S2. For CO, adsorption, the contraction is found to be
smaller than 0.25%, and about 1.5% for HyO. The slight difference observed is found to
depend on the nature of the adsorbates occupying the MOF porosity. For loadings up to
~3 wt%, water molecules form chains into the octahedral cages, pulling nodes closer due to
relatively strong H bonds corresponding to the MOF' contraction. The effect is however much
more moderate for COs with lower guest-guest interactions. While contraction is weak for
UiO-66 structure, it has been shown to drive structure collapse in some flexible structures.!?
Note that UiO-67(Zr), characterized by linkers with one more aromatic cycle (compared
to Ui0-66), and known as a mesoporous water stable structure (pores larger than 2 nm?),
remains unstable during the dehydration phase, because of capillary forces, strong enough

to induce a compression driving the structure to collapse,'* and making such a cousin UiO

inappropriate for CO4 capture applications in humid steams.
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Figure S2: Normalized contraction of the UiO-66(Zr) structure induced by guest molecules
COy (red circles) and HoO (blue circles), as a function of guests loading.
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Simulation details

All simulations have been made in a UiO-66 structure of 6x4x4 nm?, Fig S1. For adsorption
simulations we have used the OMC algorithm, in which the MOF structure randomly ex-
changes molecules with an ideal gas reservoir at a constant guest chemical potential y, volume
V' and temperature T', corresponding to a standard grand canonical Monte Carlo simulation
(GCMC). A cycle consists in trying 1000 molecule insertions or deletions, randomly chosen
with 50% probability. The resulting fluid density thus depends on the thermodynamic pa-
rameters (u,V,T). Volume equilibration is ensured by 1000 molecular dynamic (MD) steps
spanning 1 ps in (V,P,T") ensemble, after each Monte Carlo cycle.

OMC simulations were run for 3 x 107 cycles, for both CO, and H,O isotherms. The first
2 x 107 cycles were used to equilibrate the system and remaining cycles were used for av-
eraging guests density from equilibrium microstates. It is important to note that GCMC

simulations do not directly control the pressure, but the chemical potential,

w =kt (150, ()

kT

with A the de Broglie thermal wave length, and f the fugacity. The pressure is determined
from f, whose form in Eq.1 depends on the equation of state. In order to get accurate
pressures, that deviate from ideal gas under some thermodynamic conditions, fugacity has
been corrected from the Soave-Redlich-Kwong (SRK) model. '

In this work, we have tested different charges models obtain from DFT calculations DDEC, 6
REPEAT,'” and from the empirical QeQ approach,'® table S1. Lennard Jones parameters
are given in the table S2; and inter-atomic parameters has been calculated from the Lorentz

Berthelot mixing rule.
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Table S1: MOF partial charges.

| Atoms [ Zr [Ow-c) [ O0-21 [ Cic-0) | Cie—c) | Cio-m | Hi—c) |
DDEC 2.573 | -0.6761 | -1.237 0.747 | -0.104 | -0.706 0.118
REPEAT | 2.449 | -0.6983 | -0.7187 | 0.7623 | 0.0443 | -0.1599 | 0.146
QeQ | 1.003 | -0.4631 | -0.4414 | 0.5767 | -0.0482 | -0.0753 | 0.152

Table S2: Lennard-Jones parameters for adsorbent and adsorbates.

’ Atoms H Zr ‘ O ‘ C ‘ H H C002 ‘ OCOQ H OHgO ‘ HHQO ‘
o (nm) 0.278 | 0.3118 | 0.3431 | 0.2571 || 0.28 | 0.305 || 0.3164 0
€ (kcal/mol) || 0.069 | 0.06 | 0.105 | 0.044 || 0.0536 | 0.157 || 0.1627 0
q - - - - 0.7 | -0.35 || -1.0484 | 0.5242

MD simulations used to determine diffusion coefficients from the mean square displace-
ment were performed in the (V,P,T) ensemble for 5 ns (pure water) and 10 ns (for multi-
component CO,-H50), with a time step of 1 fs. Thermostat and barostat were used in order
to keep constant pressure and temperature during full simulations. The binding energy pre-
sented in the article has also been determined from MD simulations in the (NV,P,T") ensemble.
Structure annealing has been run for 10 ns, with a thermal ramp ranging from 7=300K to
5K, with a time step of 1 fs. Binding energies were then determined from instantaneous
energy calculations in annealed structures, and have been reproduced 10 times to gain a
better average in Ej. Water binding energies have been determined in the same manner
(removing the MOF structure after being annealed), by randomly removing one molecule
from the water cluster network. Random removing has been made 100 of times to gain a

robust statistics.
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Charge models effects

Average water energies determined at T=5K with DDEC and QeQ models are shown in
Fig S3A, both showing a decreasing behavior. We note that QeQ (yellow circles) agree well
with DFT calculations made by Wang et al.'® (white star). However, a change in behavior is
observed at T=300K where DDEC (red circles) increasing, indicating an hydrophilic behavior
at low water loading contrary to QeQ that decreasing, Fig S3B. We then compare adsorption
cages favored at low pressure, depending on the two charge models. As can be seen in

Fig S4A, B, DDEC predicts water adsorption in tetrahedral cages, in agreement with DFT

calculations, *? while QeQ shows water adsorption in octahedral cages, in line with the
results of Calero et al.?!
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Figure S3: Per-water average energies as a function of the loading. The yellow and red circles
correspond to numerical simulations with QeQ and DDEC point charges, respectively. In
figure (A), calculations has been made at 7' =5K, in figure (B), the same calculation was
performed at T" =300K.
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Figure S4: A. Water adsorption favored in octahedral cages using QeQ charge model at
T =300K for a loading of 2.9 wt%. B. Water adsorption favored in tetrahedral cages using
DDEC charge model at T =300K for a loading of 3.4wt%. C. Same than (A) under a
different view angle. D. Same than (A) with a water loading of 5.2wt%. For a sake of clarity
these snapshots are presented in a rigid structure.
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Experimental details

Water vapor isotherms presented in the article, were performed by means of an IGAsorp
Dynamic Vapour Sorption Analyzer from Hidden Isochema using 35 mg of sample and over
a total flow of 500 ml/min (water diluted in helium). The system is fully automated, and
can operate from 0% relative humidity (RH), up to 90% RH within a temperature range of
278K to 358K. The adsorption equilibrium tolerance for each relative humidity step is based
on the variation of the sample mass, and was set to £0.002wt/min within a time limit of
480 min. MOF samples were pretreated in situ at a temperature of 423K overnight using

integrated electrical heating system under a 500 ml/min helium flow at 1 bar.
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Figure S5: CO, concentration as a function of the water loadings pre-adsorbed into the MOF
for different CO, pressures (legend) by simulations.
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Figure S6: (left panel) Mean square displacement as a function of time for water at different
loadings (legend). (right panel) Mean square displacement as a function of time for CO, at
a water loadings of 9.9 wt% (legend). In the two figures, grey plots correspond to MSD by
molecular dynamics, colored plots correspond to fits.

Cluster identification and size distribution

Cluster identification has been evaluated from O — H distances < 0.25 nm on the basis of
the maximum H bonds length in the first pic of the water RDF, Fig S8A ,B. By screening
the overall water molecules adsorbed into the MOF, we generate an adjacency matrix M,
in which rows and columns represent water molecules indexes. M (i, j) is thus filled by 1 if
molecules ¢ # j satisfy the above condition. We then determine from M the connected com-

22,23

ponents following the methodology described in allowing the determination of connected

components for all molecules belonging to a cluster.
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Figure S7: Water cluster sizes distribution for different water concentrations.
Discrete to continuous 3D structure representation

3D water continuum snapshots were performed by the ParaView software.?* Such structures
representation were made to simplify the overall visualization, by transforming the set of
discrete water molecules in continuous surfaces. To do so, a bounding surface around the
water molecules has been calculated by mapping atom positions in a grid of 100x100x100
cells. Each cell was filled by values of a spherical Gaussian distribution, adjusted from the
radial distribution function (RDF), Fig S8A,B. For each water atom positions, the corre-
sponding cell was filled by an arbitrary maximum value, while neighboring cells were filled
following the spherical Gaussian distribution Fig S8C. The contribution of each atom was
then summed to map all water atoms on rectilinear grid-cells. To extract the surface encom-
passing water molecules, the Gaussian distribution was adjusted with a radius of 0.3 nm, a
threshold slightly larger than maximum averaged O — H distances. We then extract cells
whose field corresponds to a distance of 0.25 nm, corresponding to the full first O — H inter-
molecular distances in the RDF, Fig S8B,D. The resulting representation of a continuous

water network is shown in the Fig SSE.
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Figure S8: A. Water radial distribution function based on inter-molecular water hydrogen
bonds O — H. B. Zoom of the first pic from the radial distribution function in (A). C.
Mapping of one water molecule on a rectilinear grid-cells with a 3D Gaussian distribution.
D. Extraction of a 3D contour around one water molecule corresponding to values of the field
at a distance of 0.25 nm around the oxygen atom. E. 3D contour and continuum network
representation of water medium.
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