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ABSTRACT: Mixed matrix membranes (MMMs) composed of NUS-8 metal—
organic framework (MOF) nanosheets dispersed into a polymer of intrinsic
microporosity 1 (PIM-1) polymer matrix are known to be promising candidates for
CO,/N, separation because of a solubility-driven separation mechanism. In this work,
we predict that a chemical functionalization of the organic linker of NUS-8 by a CO,-
philic function confers an even better separation performance to the resulting MMM.
Our simulations revealed that the NUS-8-CO,H/PIM-1 composite exhibits a 3-fold
increase in CO,/N, selectivity versus the NUS-8/PIM-1 analogue while achieving a
high CO, permeability (6700 barrer). We demonstrated that this improved level of
performance is due to an increase both in the total MOF/polymer interfacial pore
volume and in the CO,-affinity due to the chemical functionalization. These results
suggest that an appropriate choice of chemical functionalization of a MOF is a
promising strategy to improve gas separation performances for MMM composites that
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exhibit a solubility-driven separation mechanism.

KEYWORDS: adsorption, metal—organic frameworks, polymer-based mixed matrix membranes, Monte Carlo,

non-equilibrium molecular dynamics

1. INTRODUCTION

Membranes are a promising green-technology alternative to
the currently used energy-demanding gas separation techni-
ques owing to their small footprint, low energy consumption,
and ease of operation."” For example, membrane technology
addresses two key CO, capture processes associated with
CO,/CH, (precombustion) and CO,/N, (postcombustion)
separations. Polymeric membranes were first developed to this
end; however their separation performance suffers from a
permeability/selectivity trade-off, termed the “Robeson upper
bound”.” Indeed, permeability must be sacrificed for selectivity
and vice versa, and this considerably reduces the attractiveness
of most polymeric membranes for processing huge amounts of
gases in industrial plants. In order to overcome the Robeson
upper bound, alternative membrane technologies have been
proposed, such as the incorporation of selective porous
materials into the polymeric matrix as fillers to form mixed
matrix membranes (MMMs). Many different inorganic,
organic, and organic/inorganic fillers have been considered,
e.g., zeolites,* carbon-based nanotubes,’ graphene oxides,® and
metal—organic frameworks (MOFs)," among others.” The
latter can be tuned in terms of their pore size/shape and
chemical functionalities, which enables modulation of the
adsorptive and diffusive properties for a range of guest
molecules.” ™" A series of MMMs with enhanced separation
selectivity and/or gas permeability for a wide range of gas
mixtures compared with pure polymers have been developed
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by 9clczmll;ining MOFs with processable polymeric matri-
ces.”’

Functionalizing MOFs, polymers, or both components in
MMMs has been envisaged as a promising strategy not only to
obtain a good interfacial compatibility between the two
components for the fabrication of continuous and mechanically
stable membranes'®™>" but also to tune their perform-
ance.””** Specifically, Ghalei et al. reported an enhancement
in CO,/N, selectivity for the NH, functionalized UiO-66-
NH,(Zr)/PIM-1 MMM compared with the pristine UiO-
66(Zr)/PIM-1 analogue (from 14 to 25 at 20 wt % loading), at
the expense of a drastic reduction of the gas permeability by
about 30%.>* On another work, Ahmad et al.*” evidenced that
the ligand functionalization of UiO-66(Zr) by NH-COCH,
groups only slightly increases the CO,/CH, selectivity of the
corresponding UiO-66-NH-COCH,;/6FDA-DAM MMM as
compared with its pristine UiO-66(Zr) analogue (33 vs 31)
again associated with a decrease of the CO, permeability (1263
barrer vs 1912 barrer). A similar permeability/selectivity trade-
off was reported by Liu et al*’ for a polyethyleneimine
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functionalized UiO-66/6FDA-ODA MMM. More recently,
Knebel et al.'” successfully enhanced both propylene
permeability and propylene/propane selectivity of a ZIF-67/
6FDA-DAM MMM by functionalizing the MOF with the 1,3-
bis(2,4,6-diisopropylphenyl)imidazole-2-ylidene (iDip) func-
tion.

From the polymer functionalization side, Carja et al
revealed that while PIM-1 functionalized with amidoxime
ensures an improvement of the adhesion with UiO-66 in the
corresponding MMM, it also induces a significant drop of gas
permeability compared with the UiO-66/PIM-1 analogue.
Tien-Binh et al.”” demonstrated that functionalizing both
MOF (MIL-53 with —NH, groups) and polymer (6FDA-
DAM-HAB with —OH functions) components leads to an
increase of the CO,/CH, selectivity from 2.2 to 5.1 for the
resulting MMM while maintaining comparable CO, perme-
ability. In another study, Wang et al.”® functionalized UiO-
66(Zr) with —NH, groups and PIM-1 with amidoxime and
reported an improvement for both CO,/CH, (23.0 vs 12.3)
and CO,/N, (27.5 vs 15.6) selectivities vs UiO-66(Zr)/PIM-1
combined with a rather high CO, permeability of 8425 barrer.
Other works have considered functionalization as a strategy to
improve gas permeability at the expense of decreasing the
selectivity.”” For example, Amedi et al.’’ managed to improve
the CO, permeability of the ZIF-8/PEBA MMM by a factor of
2 with the aminosilane-functionalized ZIF-8 while keeping the
CO,/CH, selectivity at the same level (~16).

NUS-8 nanosheets composed of ZrsO,(OH), and 1,3,5-
benzenetribenzoate (BTB) are very promising fillers for shape-
selective applications, as they combine in-plane porosities with
high chemical stability.”* The uniformly dispersed MOF
nanosheets in a polymeric matrix are also expected to provide
fast transport pathways through both internal pores and
internanosheet channels. The NUS-8/PIM-1 composite
exhibits promising CO, separation performances with a rather
high CO,/N, selectivity of 11 while achieving high
permeability values.”® In previous work, we proposed a
molecular-level explanation of this phenomenon: the presence
of microvoids at the MOF/polymer interface provides a
highway‘?’4 between the polymer and the MOF, leading to an
effective solubility-driven separation mechanism.>® Herein, we
propose to incorporate CO,-philic functional groups into the
NUS-8 fillers with the aim of enhancing the solubility-
dominated separation performances of the resulting PIM-1
based MMM. We deliberately selected the —CO,H function
because it has been demonstrated to boost the CO, affinity for
a range of functionalized MOFs.”**> As a starting point, we
combined density functional theory (DFT) calculations with
force field-based Monte Carlo (MC) simulations to assess the
impact of the —CO,H functionalization of NUS-8 on its CO,/
N, thermodynamic separation properties. We further built an
atomistic model of the NUS-CO,H/PIM-1 composite®® by
combining DFT calculations and classical atomistic molecular
dynamics (MD) simulations. We found that the functionalized
composite exhibits micropores at the MOF/polymer interface
of similar sizes (diameters up to 7 A) to those previously found
for the nonfunctionalized NUS-8/ PIM—l,33 but the pore size
distribution maximum is shifted to larger pore sizes, leading to
a substantial increase of the total pore volume. MC simulations
further revealed an increase in the CO,/N, thermodynamic
selectivity over the whole range of pressure studied for the
functionalized NUS-CO,H/PIM-1 MMM. Finally, we inves-
tigated the gas permeability and permselectivity of the NUS-8-
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CO,H/PIM-1 composite by non-equilibrium concentration-
gradient driven molecular dynamics (CGD-MD) simulations.
Remarkably, these simulations revealed that NUS-8-CO,H/
PIM-1 MMM exhibits a 3-fold enhancement of the CO,/N,
selectivity from 11 (for NUS-8/PIM-1 MMM) to 33 while
achieving a high CO, permeability (6700 barrer) via a
solubility-driven separation mechanism. We thus predict that
the NUS-8-CO,H/PIM-1 MMM is among the most promising
MOEF/polymer MMM in terms of CO, separation perform-

ance.

2. COMPUTATIONAL METHODS

2.1. Functionalized MOF: NUS-8-CO,H. 1t is known that NUS-8
can potentially adopt different stacking orders and these different
stacking models in the two-dimensional nanostructures would lead to
different crystal morphologies. We have previously shown that the AA
stacking model has the lowest total energy when considering the
experimental lattice parameters for NUS-8.>> Here, we have also
selected this stacking for the NUS-8-CO,H model, as the
functionalization of —CO,H consists of only one —CO,H group
per BTB linker, so the global effect on the van der Waals interactions
that dominate the NUS-8 layers’ interaction should be rather small.
The primitive cell of the bulk NUS-8-CO,H structure was first
optimized by DFT calculations performed via the Quickstep module
of the CP2K package,’” relying on the Perdew—Burke—Ernzerhof
functional within the generalized gradient approximation (GGA) for
the electronic exchange—correlation interaction.® All atoms except
for Zr were modeled via triple-{ plus valence polarized Gaussian-type
basis sets (TZVP-MOLOPT), while for Zr double-{ plus valence
polarization functions (DZVP-MOLOPT) were employed.’® Core
electrons—valence shells interactions were described by the norm-
conserving pseudopotentials proposed by Goedecker, Teter, and
Hutter.""™" A convergence criterion of 0.01 eV A™" was imposed on
the atomic forces. The energy cutoff for the plane wave basis set was
set to 450 Ry. The DFT-D3 van der Waals (vdW) correction method
developed by Grimme was used to account for the nonbonded vdW
interactions.”> The particle positions and cell parameters were
optimized until the convergence criteria were met.

The optimized NUS-8-CO,H structure was subsequently employed
to construct the NUS-8-CO,H slab model. The NUS-8-CO,H slab
was capped considering the dissociative adsorption of the synthesis
solvent, water: —OH functions were added to the undercoordinated
Zr atoms and the remaining —H functions were considered as bonded
to an O atom at the linker at the surface, as was previously done for
the pristine NUS-8 surface model.>*** The resulting model contains
four Zr-BTB layers (1056 atoms) with dimensions of 20.05 X 30.14 X
22.45 A3 (z is defined as the direction perpendicular to the slab; see
Supporting Information Figure S1) and has a zero dipole in the z
direction. This model was further optimized via the same computa-
tional methodology as that for the bulk NUS-8-CO,H. Partial charges
were calculated using the repeating electrostatic potential extracted
atomic (REPEAT) charge method,™ as implemented in the CP2K
package.’”*® This method is widely accepted for the computation of
charges for different porous materials.*’

The x and y directions of the final surface supercell model were
duplicated to be further employed in the MD simulations (40.10 X
70.28 A?). In these simulations, the surface slab was treated as fully
flexible with intramolecular potential parameters and 12—6 Lennard-
Jones (LJ) site—site contributions from the universal force field
(UFE).* Table S2 lists the vdW parameters and charges for all atom
types, which are illustrated in Supporting Information Figure S2. All
the force field parameters used for the functionalized NUS-8-CO,H
MOF are consistent with those employed to model the non-
functionalized NUS-8 in our previous work.**

2.2. MOF/PIM-1 Interface Models. The NUS-8/PIM-1 interface
was modeled according to our previous work.> In order to model the
NUS-8- CO,H/PIM-1 interface, we combined the obtained NUS-8-
CO,H surface model with a PIM-1 model®® via MD simulations,
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Figure 1. (a) Functionalization of the NUS-8 linker with —CO,H groups and DFT-optimized bulk structure corresponding to the AA stacking
configuration. Color scheme: Zr, green; O, red; H, pink; C, gray. (b) Calculated X-ray diffraction patterns for the DFT-optimized NUS-8-CO,H

(red) and NUS-8 (green).

following the same strategy as previously done for the pristine case as
well as for modeling the interfaces of a series of different MOF/
polymer composites.””**** We note that the force field that we have
chosen to model PIM-1°° allows reproduction of experimental density
and porosity, and it yields ideal H,/CH, permselectivity data
comparable to experimental data.’' First, the atomic positions of
the PIM-1 polymer model were unwrapped in the z-direction and the
simulation box was adjusted according to the lattice parameters of the
MOF surface models, leading to a system with dimensions of 40.39 X
70.10 X 67.74 A’ and 40.10 X 70.28 X 72.08 A* for NUS-8/PIM-1
and NUS-8-CO,H/PIM-1, respectively. Then, the PIM-1 model was
brought into contact with the respective NUS-8 surfaces models, and
the resulting composite models were subjected to an equilibration
protocol consisting of 21 MD simulations integrating NVT and NP, T
cycles with T and P, kept constant via the Berendsen thermostat and
barostat®” with relaxation times of 0.1 and 0.5 ps, respectively, in a
modified version of the DL_POLY Classic code.’® This procedure
allowed for the equilibration of the PIM-1 polymer, leading to well-
packed NUS-8/PIM-1 and NUS-8-CO,H/PIM-1 interface models.*
The interface models were fully flexible. The interactions between
NUS-8-CO,H and PIM-1 were treated by 12—6 LJ and Coulombic
potentials. The Lorentz—Berthelot mixing rules* were applied to
compute the cross 12—6 L] parameters. The cutoff for L] interactions
was 12 A, and electrostatic interactions were calculated via the Ewald
summation method®® with a tolerance of 107 Five independent
simulations were carried out for each composite, each of them starting
from a different PIM-1 configuration to account for the difficulty of
properly sampling the whole configurational space in a single
simulation trajectory.’® Results were averaged over the five
production NVT (T = 300 K) MD simulations lasting 10 ns each
with a time step of 1 fs. Snapshots for the five NUS-8-CO,H/PIM-1
independent models are shown in Supporting Information Figure S3,
coupled with the corresponding pore size distribution (PSD). The
PSD scatterplot was computed by employing the Zeo++ code.>
2.3. GCMC Simulations. Single-component and equimolar binary
CO,/N, mixture adsorption isotherms were calculated for both bulk
NUS-8-CO,H and the NUS-8-CO,H/PIM-1 composite via grand
canonical Monte Carlo (GCMC) simulations at 298 K. The host—
guest interactions were treated by the sum of Coulomb and 12—6 LJ
contributions. The electrostatic interactions were obtained via Ewald
summation® with a 107 precision. The L] interaction cutoff was of
12.0 A. Each point was modeled via 1 X 10° MC cycles and 5 X 10°
equilibration cycles employing the RASPA code.”” Both bulk NUS-8-
CO,H and the NUS-8-CO,H/PIM-1 composite were modeled using
the force field parameters detailed above. CO, was described by the
EPM2 model,*® corresponding to three atom-centered charged LJ
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sites, and N, by a three-site model.>” LJ cross parameters were
computed via the Lorentz—Berthelot mixing rules.”* The adsorption
enthalpies were evaluated with the revised Widom’s test particle
insertion method.®® This methodology was previously adopted to
model the NUS-8/PIM-1 composite.3

The selectivity of the binary mixture isotherms was calculated
according to the expression @ = [yco,/yn2)/ [Xco2/%n2], where xcoy,
%N, and Ycoy Yn, are the CO, and N, concentrations in the gas phase
and within the NUS-8-CO,H or NUS-8-CO,H/PIM-1 composites
porosity, respectively. We considered an equimolar binary mixture so
in our case xco,/%N, = 1. Preferential interactions/locations of the
guest species were evaluated via a careful inspection of the
representative snapshots and quantified by several radial distribution
functions between guests and composite sites averaged over all the
GCMC configurations.

2.4. CGD-MD Simulations. The membrane was modeled as a
NUS-8-CO,H surface surrounded by two PIM-1 slabs that had been
previously unwrapped in the z direction. Transport simulations
through this membrane model were performed employing the
GROMACS-2019.4 simulation package®' and a modified version of
PLUMED-2.** In the permeation simulations, a concentration
gradient is generated between the feed and the permeate of the
MMM model to create realistic non-equilibrium conditions. To
achieve this goal, the density of the penetrant molecules within
selected regions located at the inlet and outlet (labeled as ICR and
OCR for Inlet Control Region and Outlet Control Region,
respectively, in Supporting Information Figure S4) of the membrane
is maintained at a target value all along the simulation. A scheme of
the simulation setup and its parameters are provided in Supporting
Information Figure S4 and Table S3. In these simulations, the MMM
model was placed in the center of the simulation box surrounded by
10 nm void spaces at both sides along the z-direction. The MMM
model atoms located up to 0.5 nm from both ends were tethered to
their initial z-coordinates to prevent the membrane translation due to
the concentration gradient. The total pressure in the ICR was 10 bar,
while the outlet gas concentration was set to vacuum in all
simulations. In a previous study we scanned different pressure ranges
and showed that our simulations capture the experimental trend.> In
this work, we kept our simulations at the single high-pressure value of
10 bar, as it represents a reasonable balance between simulation cost
and accuracy. Indeed, since the permeability at low pressures is very
low, the sampling improves if pressure is kept relatively high, as
revealed by previous works.*>** Simulations were run in the NVT
ensemble considering periodic boundary conditions in all directions,
and the temperature was set to 300 K by a Nosé—Hoover
thermostat® with a 0.1 ps coupling constant. The temperature of
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Figure 2. (a) CO,/N, coadsorption isotherms (equimolar gas mixture) of the pristine NUS-8 and NUS-8-CO,H bulk MOFs at 298 K calculated
by GCMC simulations, (b) CO,/N, thermodynamic selectivity as a function of pressure, (c) radial distribution function for the Oco,—Hyus s.co,u

pair (total pressure = 1 bar) and (d) illustration of the O¢o,—Hyuys.s.co,u interactions (color code as in Figure 1).

the gas molecules and of the different parts of the membrane was
regulated by separate thermostats as previously suggested.® The
particle mesh Ewald (PME) method®” was employed for long-range
electrostatics interactions, with a 12 A cutoff for both the L] and the
real part of the Ewald summation. The time evolution of the system
was computed via a Verlet integration algorithm with a 1 fs time step.
Three independent permeation simulations were performed, each of
them lasting SO0 ns. The gas flux along the z-direction (J,)
corresponds to the number of molecules that cross a xy section of
the membrane normalized by the simulation time (t) and the cross-
sectional area of the membrane (Axy):

Nt — N~

tA,,

).

where N* and N~ are the number of gas molecules that cross the
membrane section in the +z-direction (i.e., feed to permeate) and the
—z-direction (i.e,, permeate to feed), respectively. Permeability, 7, is
calculated according to the following transport equation:

= —]z
(Pdif/lmemb)

where Py is the pressure difference between both ends of the
membrane and ., is the membrane thickness.®® Permeation
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selectivity is then calculated as a ratio between permeabilities.
Residence time probability distributions for each penetrant were
obtained by dividing the z-direction in bins and calculating the time
spent by individual molecules within each bin, regardless of its
entering or leaving direction (i.e., positive and negative z-directions).
Mean residence times were obtained from the residence time
probability distributions.

3. RESULTS AND DISCUSSION

Figure la shows the DFT-optimized structure of the bulk
NUS-8-CO,H. The calculated XRD pattern of the function-
alized NUS-8-CO,H MOF shows similar Bragg peaks as those
for pristine NUS-8 (see Figure 1b). The single component
adsorption isotherms for CO, and N, both in NUS-8-CO,H
and NUS-8 are very similar (see Figure SS), but NUS-8-CO,H
has less adsorption capacity than pristine NUS-8 due to the
reduced pore size after —CO,H functionalization. We
subsequently explored how the proposed —CO,H functional-
ization of the MOF affects its CO, and N, affinities and the
thermodynamic CO,/N, selectivity. To this end, we carried
out CO,/N, coadsorption GCMC simulations on the —CO,H
functionalized MOF at 298 K and compared the results to
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Figure 3. (a) Representative configuration of the NUS-8-CO,H/PIM-1 composite model after 10 ns MD simulations. Color scheme: Zr, green; O,
red; H, pink; C, gray; N, blue. (b) Atomic density of PIM-1 (red line) and NUS-8-CO,H (black line) along the NUS-8-CO,H/PIM-1 composite.
(c) Pore size distributions (region A and region B) calculated for an equilibrium configuration of the NUS-8/PIM-1 (upper panel) and NUS-8-
CO,H/PIM-1 (lower panel) composites. (d) Radial distribution function between H (from the —CO,H group) of the NUS-8-CO,H linker and the

N of PIM-1.

those we previously reported for the pristine NUS-8>* (Figure
2). The enhancement in CO,/N, selectivity for the function-
alized MOF compared with the pristine one (23 versus 16) can
be ascribed to the Oco—Hyyss.cou interaction with an

associated equilibrium distance of ~2.80 A, as shown in Figure
2¢,d. This observation confirms that the functionalization of
the NUS-8 MOF by the carboxylic group leads to an increase
in its affinity.

These results encouraged us to combine NUS-8-CO,H and
PIM-1 for further exploration of the properties of the
corresponding composite. Figure 3a depicts a typical snapshot
of the MD-equilibrated NUS-8-CO,H/PIM-1 composite
model. The NUS-8-CO,H MOF surface is at the middle of
the simulation box, surrounded by the PIM-1 polymer. Figure
3b shows the atomic density of the NUS-8-CO,H/PIM-1
interface as a function of z-coordinate values. For PIM-1, the
density fluctuates around a constant value of ~0.056 atoms A~
in a region labeled as region B and drops to zero in close
proximity to the MOF surface (labeled as region A, blue
dashed-line area). PIM-1 chains do not penetrate the MOF
pores. The region A section of the interface extends up to 8 +
2 A in the z coordinate for the NUS-8-CO,H/PIM-1
composite. This value is an average of five independent MD
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simulations, and the standard deviation is assigned as the error
bar. The region A length is comparable to that previously
obtained for NUS-8/PIM-1, of 6 + 2 A3 Figure 3c shows the
calculated pore size distribution (PSD)*® for both regions A
and B of the NUS-8-CO,H/PIM-1 composite compared with
that of the previously constructed NUS-8/PIM-1 analogue.
Both composites exhibit interfacial micropores of diameters up
to 7 A, but the maximum of the pore size distribution in region
A for NUS-8-CO,H/PIM-1 (6 A) is shifted to a larger distance
compared with the nonfunctionalized MOF-based composite
(3 A). The calculated total pore volumes®”” of region A for
NUS-8-CO,H/PIM-1 and NUS-8/PIM-1 interface models are
0.51 + 0.06 and 0.28 + 0.03 cm® g~', respectively. These
results reveal that there is an overall increase of the interfacial
porosity due to a higher proportion of larger micropores.

Several site-to-site radial distribution functions (RDFs)
between the MOF and the polymer were further computed
from the MD simulations trajectories. The most prominent
MOF/polymer interaction of the NUS-8-CO,H/PIM-1
composite involves strong interactions between the —CN
groups of PIM-1 and the —CO,H groups of NUS-8-CO,H as
shown in Figure 3d.

GCMC simulations (Figure 4a,b) further revealed that the
CO,/N, selectivity increases throughout the whole pressure
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Figure 4. (a) GCMC simulated CO,/N, coadsorption (equimolar binary mixture) isotherm at 298 K of NUS-8-CO,H/PIM-1 vs NUS-8/PIM-1
and (b) CO,/N, thermodynamic selectivity as a function of pressure. The adsorption isotherm for NUS-8/PIM-1 was taken from previous work.*®
(¢, d) Radial distribution functions respectively displaying the interactions of CO, with Oppy.; and H_cosnqvor) obtained from the GCMC
simulations for the NUS-8-CO,H/PIM-1 composite at 1 bar and 298 K. Snapshots showing the typical location of CO,/N, in (e) NUS-8/PIM-1
vs (f) NUS-8-CO,H/PIM-1. The number of molecules along the direction perpendicular to the MMM for the coadsorption calculations is also
shown. The color scheme for the composites is the same as in Figure 3.

range for the NUS-8-CO,H/PIM-1 composite (from 108 at
0.01 bar to 34 at 1 bar) compared with the NUS-8/PIM-1
composite (from 69 at 0.01 bar to 29 at 1 bar), as shown in
Supporting Information Figure S6. This trend is also supported
by an increase of the CO, adsorption enthalpy in NUS-8-
CO,H/PIM-1 (45.4 kJ mol™') vs NUS-8/PIM-1 (39.3 kJ
mol™") while the N, values remain quite similar (11.5 kJ mol™*
vs 10.9 kJ mol™"). The microscopic origin of this selectivity
enhancement was further elucidated via the analysis of the
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host/guest interactions in the equimolar coadsorption in NUS-
8-CO,H/PIM-1. CO, preferentially interacts with the carboxyl
group present at the NUS-8-CO,H surface and the oxygen
atom of PIM-1 in the composite (Figure 4c,d). Figure 4ef
reports the number of gas molecules normalized with respect
to the number of molecules adsorbed in the bulk PIM-1 as a
function of the z coordinate for both composites, along with an
illustration of typical CO,/N, locations at 1 bar. CO,
molecules are preferentially located in the region A section
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Figure S. (a) Concentration profiles and (b) residence time distributions along the NUS-8-CO,H/PIM-1 membrane model. Error bars are
calculated as the standard deviation of the values obtained for three independent CGD-MD runs. (c, d) Solubility and diffusion contributions to the

total permeation selectivity, respectively.

of the composite. In the case of the NUS-8-CO,H/PIM-1,
more CO, molecules are seen to accumulate within both the
MOF and region A than for the case of pristine NUS-8/PIM-1
composite. The enhanced accumulation of CO, molecules in
these regions is at the origin of the larger uptake of CO,
molecules for the functionalized composite as compared with
the NUS-8/PIM-1 counterpart (see isotherms in Figure 4a),
and it can be correlated with the overall larger porosity in this
composite.

We further simulated the equimolar CO,/N, mixture
membrane separation at 10 bar for NUS-8-CO,H/PIM-1
using the CGD-MD method. This method enabled us to create
a density gradient between the two sides of the membrane
(feed and permeate) and mimic experimental conditions
throughout the simulation trajectory. Remarkably, the
predicted CO,/N, permeation selectivity for NUS-8-CO,H/
PIM-1 (33) averaged over three independent 500 ns CGMD
simulations is 3 times higher than the value we previously
calculated for the pristine NUS-8/PIM-1 membrane (11).*
This excellent selectivity is associated with a high CO,
permeability (6700 barrer) that is very attractive for separation
applications. Indeed, incorporating the functionalized NUS-8-
CO,H MOF into PIM-1 enables improvement of the
selectivity of the membrane while maintaining a high flux
characteristic of PIM-1 membranes.
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We further explored the microscopic transport mechanism at
the origin of this attractive separation performance. The
separation mechanism can be classified as “solubility
dominated” or “diffusivity dominated” depending on whether
the separation is driven by a large difference between the
calculated steady-state concentrations of the guest molecules
or by a large difference between their calculated diffusivities
within the MMM model. Figure Sb depicts the residence time
distributions for CO, and N, along the membrane model. CO,
is characterized by a slightly higher residence time than N,, in
line with stronger interactions between CO, and NUS-8-
CO,H/PIM-1 as revealed above by our GCMC simulations
(see Figure 3). This difference is however not as marked as the
difference in the steady-state concentration profiles of both
molecules throughout the membrane shown in Figure Sa.
Therefore, it is the difference between the solubilities that
governs the separation rather than the difference between
diffusivities. To quantify this, we calculated the solubility and
diffusion contributions to the global selectivity by computing
the ratio of the concentration profiles and the residence time
distributions for each penetrant; these are shown in Figure Sc
and Figure 5d, respectively. Indeed, the average solubility
selectivity (43) is much higher than the average diffusion
selectivity (0.7). In our previous study,”® we have shown that
the CO,/N, selectivity is mainly solubility dominated for the
pristine NUS-8/PIM-1 membrane, and we demonstrate here
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that this is also the case for the functionalized NUS-8-CO,H/
PIM-1 composite. Our results show that in a scheme of a
solubility dominated separation mechanism, the performance
of the membrane can be enhanced via the introduction of a
CO,-philic functionality in the MOF.

4. CONCLUSION

We have previously shown that the good CO,/N, separation
performance of NUS-8/PIM-1 was ascribed to (i) an increased
adsorption selectivity of CO, molecules within the interfacial
microvoids present in the composite and (ii) a solubility-driven
separation mechanism. On the basis of these previous findings,
we hypothesized that increasing the CO, affinity of the NUS-8
MOF by ligand functionalization while keeping a solubility-
driven mechanism would enhance the separation performance
of the corresponding MMM. We built an atomistic NUS-8-
CO,H/PIM-1 model and explored its separation and transport
properties for the equimolar CO,/N, gas mixture via
equilibrium MD, CGMC, and CGD-MD simulations. These
simulations supported the idea that in the case of a solubility-
driven separation mechanism, the separation performance of
the MMM can be improved by grafting a highly interacting
chemical functionality in the organic linker of the MOF. The
NUS-8-CO,H/PIM-1 MMM provides an example of the
success that can be achieved considering this strategy, as the
CO,/N, separation performance is remarkably improved by a
factor of 3 while maintaining a relatively fast CO, permeability.
We note that a very recent publication that appeared during
the review process of this article’’ shows that it is feasible to
synthesize NUS-8-CO,H as well as its PIM-1-based MMM.
Interestingly, the experimentally reported gas separation
performance of the resulting MMM supports our theoretical
predictions. This work highlights how deepening our under-
standing of the guest separation mechanism within MMMs at
the molecular level can guide the rational development of
membranes for societal and environmentally relevant applica-
tions.
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