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ABSTRACT: Current MOF/polymer mixed matrix membranes (MMMs) design
relies on the assumption that it is necessary to avoid interfacial porosity in order to
achieve high-level gas-separation performances, but is this assumption valid in all
cases, for all separation mechanisms? This communication proves that this is not
always true by considering NUS-8/PIM-1, a prototypical MMM for CO2 capture.
Our molecular simulations approach integrating quantum calculations, force field-
based Monte Carlo, and equilibrium/non-equilibrium molecular dynamics
simulations, revealed that a porosity generated at the NUS-8/PIM-1 interface in
the form of microvoids favors the interactions between CO2 and the NUS-8 surface
and therefore contributes to ensure a high CO2/N2 and CO2/CH4 selectivity for the
corresponding MMM, preserving the pure NUS-8 membrane value and exhibiting a
high flux for CO2. This high-level performance is achieved by means of a solubility-
driven separation mechanism, as opposed to previously studied diffusion-driven
separations where the interface porosity had been shown to deteriorate the MMM
separation performance. We believe that these results will change the current paradigm in the field of MOF/polymer MMMs,
paving the way toward new strategies for the development of highly efficient membranes for gas separation.

High flux and highly selective membranes have been
largely sought after over the last decades for
achieving industrially and environmentally relevant

energy-efficient separations in gas and liquid phases.1−4

Notably, mixed matrix membranes (MMMs) have emerged
as next-generation gas-separation membranes by combining
the benefits of solution processable polymer matrices with the
unique tunable adsorptive and diffusive properties of diverse
fillers.5−8 In particular, metal−organic framework (MOF)/
polymer MMMs have been shown to largely overcome the
well-known trade-off between permeability and selectivity that
prevails in current polymer-based membranes in the field of gas
separation.9−13

In this context, there is a wealth of work covering the
fabrication of MOF/polymer-based continuous films, with high
MOF loading and homogeneous dispersion into the polymer
matrices.10,12,14−16 Many other experimental studies have
instead focused on testing MMMs’ performances for a range
of gas mixture separations of utmost importance in the fields of
natural gas upgrading and hydrocarbon recovery, regardless of
their MOF contents and the MOF/polymer affinity (also
called compatibility).6,17−19 Meanwhile, the key microscopic

parameters that control the onset of a good MOF/polymer
compatibility have been identified thanks to the study of the
interface structure of a series of MOF/polymer composites by
computer simulations.20,21 In contrast, the microscopic origin
of the MMMs’ performances has not yet been unveiled, and in
particular, the role of the MOF/polymer interface structure has
not yet been determined.
New porosities emerging at many MMMs’ interfaces in the

form of microvoids or gaps have been evoked to play a
negative impact on their gas-separation performances because
of a nonselective increase of permeability.22,23 This has led to
speculation that there is a link between MOF/polymer
compatibility and the gas-separation performance of the
resulting MMM. However, a good compatibility, i.e., the
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absence of surface porosities, does not necessarily translate into
a high-level separation performance. For instance, polymer
penetration into the MOF pores can result in thus pore
blockage,20,24 which was suggested as a possible explanation of
the low permeability measured experimentally for highly
compatible MOF/polymer MMMs. An open question still
remains: is porosity at MOF/polymer interfaces necessarily an
obstacle to optimal gas-separation performances in MMMs?
This gap in knowledge comes from the fact that investigations
on this topic at the atomistic level are still very scarce.25−27

Indeed, computational studies in this field have focused to date
on numerical simulations of MMMs’ gas-separation perform-
ances via the use of mathematical models (such as Maxwell,
Felske, or Lewis−Nielsen models). To the best of our
knowledge, the only attempt to explore the influence of the
structure and dynamic modes of the MOF/polymer interface
in gas transport through an MMM in real membrane operation
conditions has been made very recently.28 Non-equilibrium
molecular dynamics (NEMD) simulations were applied to
model the transport properties of guests in a ZIF-8/Polymer of
Intrinsic Microporosity 1 (PIM-1) MMM based on a realistic
atomistic description of the composite and its interface to
study the H2/CH4 mixture separation. In this latter work,
microscopic voids were detected at the MOF/polymer
interface and they were proposed as the origin of a reduction
of the selectivity of the composite with respect to its pure
component counterparts.
Herein, we explore adsorption/separation and transport

properties of a MOF/polymer composite for some of the most
challenging gas-separation processes by means of an integrated
molecular simulation approach. As a proof-of-concept, we have
selected the NUS-8/PIM-1 MMM system that has very
recently been reported as an excellent candidate for CO2
capture with outstanding separation performances in pre-
(CO2/CH4) and post-combustion (CO2/N2) conditions.29

Density functional theory (DFT) calculations and flexible force
field-based molecular dynamics (MD) simulations were first
combined to build an atomistic model for the composite. The
interfacial region formed between the two components was
analyzed and new porosities in the form of microvoids were
detected. Monte Carlo simulations were further conducted to

compute the thermodynamic single component and mixture
adsorption properties of the resulting composite. A reasonable
agreement between the simulated and experimentally meas-
ured adsorption isotherms was found, thus validating the
atomistic structure model for the NUS-8/PIM-1 composite.
The analysis of the microscopic adsorption mechanism further
revealed that the presence of the interfacial microvoids does
not alter the high thermodynamic separation performance of
the MMM for CO2 over both CH4 and N2. Finally, the gas
permeability and selectivity of the composite were explored by
means of non-equilibrium concentration-gradient-driven mo-
lecular dynamics (CGD-MD) simulations.30 The conclusions
drawn from this study are expected to enhance our
understanding of the role played by the interfaces on the
separation performances of MMMs driven either by solubility
or diffusion. In particular, we demonstrate that the presence of
voids at the MOF/polymer interface does not have a negative
impact on the performance of MMMs for solubility-driven
separations, and thus, the speculated compatibility/perform-
ance link need not be taken for granted.
The NUS-8/PIM-1 composite model was built by applying a

computational approach integrating quantum- and force field-
based simulations that we previously developed and applied to
study MOF/polymer compatibility for several composites.20,31

NUS-8(Zr) can be described by stacked monolayers
containing 3-connected 1,3,5-benzenetribenzoate (BTB)
linked by 6-coordinated Zr6(OH)4O4 inorganic nodes.

32 This
two-dimensional (2D) nanosheet MOF exhibits unidirectional
diamond shaped channels of 6 Å diameter that ensure an
efficient transport of CO2.

29 Three surface slab models of this
2D nanosheet MOF exhibiting different stacking configura-
tions were created and geometry optimized at the DFT level
using the CP2K software.33,34 The AA stacking configuration
of the bulk MOF along the (001) plane was selected by taking
into account both lowest energy and better agreement with the
experimentally measured cell parameters. The surface was
terminated considering the dissociative adsorption of water
molecules, since the NUS-8 synthesis was carried out in
aqueous solution. This results in −OH terminations at the
external part of the surface: Zr atoms are capped by −OH
functions, and −H is added to an oxygen atom at the organic

Figure 1. Structure of the NUS-8/PIM-1 composite. (a) Representative snapshot of the NUS-8/PIM-1 atomistic model. Color scheme: PIM-
1, blue wireframe; Zr, green; O, red; H, pink; C, gray, with a zoom-in of the corresponding 3D pore size distribution for the flexible NUS-8/
PIM-1 interface, with the pore diameter (in Å) colored according to the legend. (b) Atomic density plot of PIM-1 and NUS-8 as a function of
the z-coordinate for a representative configuration of the NUS-8/PIM-1 composite (the region delimited by red dashed lines indicates region
A). (c) Radial distribution function between HNUS‑8 (−OH) and NPIM‑1 in the NUS-8/PIM-1 composite. The corresponding interaction is
illustrated in the inset.
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linker at the surface as done previously for UiO-66.20 An
illustration of the MOF surface model is provided in Figure S1.
This model was then combined with a PIM-1 model created in
silico as implemented in the Polymatic package.35 The resulting
composite model was subsequently equilibrated by a series of
MD simulations in the NVT and the NPzT ensembles, where
Pz corresponds to the pressure component in the z direction,
that is, the direction perpendicular to the MOF surface slab.
These MD simulations were performed using a modified
version of the DL_POLY Classic code (2.18).36 The final
dimensions of the equilibrated models are 40.39 × 70.10 ×
67.74 Å3. The polymer component has a thickness of about 50
Å, thick enough in the z direction to avoid interactions
between the periodic images of the NUS-8 surface. The two
components were treated as fully flexible, based on the UFF,37

GAFF,38 and TraPPE39 force fields. The MOF and polymer
force field parameters were preliminarily validated by
reproducing some structural features of the bulk pure
components, while the MOF/polymer nonbonded interactions
were described by the sum of a 12−6 Lennard-Jones potential
term and a Coulombic contribution. Partial charges for the
atoms were obtained from DFT calculations, and the Lennard-
Jones crossed terms were computed using the Lorentz−
Berthelot mixing rules. Further details on the construction and
geometry optimization of the MOF surface model, polymer,
and composite, as well as the validation of the flexible force
field parameters for NUS-8, are provided in the Supporting
Information (see Figures S1−S5 and Tables S1−S6).
Grand Canonical Monte Carlo (GCMC) simulations were

performed on the resulting NUS-8/PIM-1 composite to assess
its CO2, CH4, and N2 single-component and binary mixtures
(CO2/N2 and CO2/CH4) thermodynamic adsorption proper-
ties using the RASPA code.40 Predictions of the gas transport
through the composite for the two binary mixtures were

further carried out by CGD-MD simulations30 using the
GROMACS-2019.4 package41 patched with a modified
PLUMED-2 enhanced sampling plug-in.42 All details and
parameters for the GCMC and CGD-MD simulations are
provided in the SI.
A representative snapshot of the NUS-8/PIM-1 composite

model is illustrated in Figure 1a. The NUS-8 nanosheet is
located at the middle of the simulation box, surrounded by the
PIM-1 polymer on both sides. Figure 1b shows the atomic
density profile of the NUS-8/PIM-1 composite as a function of
the z direction. The atomic density of PIM-1 oscillates around
a constant value while far from the NUS-8 surface (region B)
and decays to zero at the close proximity of it (region A, the
onset of the interface). There is no evidence of polymer
penetration into the porosity of the NUS-8 structure. However,
there is MOF/polymer overlap over a z-length of 3.8 ± 0.4 Å
at the onset of the interfacial region (value obtained from an
average of five independent MD simulations, with an error bar
given by the standard deviation). For comparison, the
composite constructed with a rigid MOF model led to a
similar density plot (Figure S6) and comparable MOF/
polymer overlap dimensions (3.4 ± 0.4 Å). The average length
of region A in the z-axis was found to be 6 ± 2 Å and 5 ± 1 Å
for the flexible- and rigid- MOF/Polymer composite models,
respectively. This shows that PIM-1’s packing efficiency does
not depend on the NUS-8 surface flexibility, suggesting that it
is instead controlled by its intrinsically rigid molecular ladder
configuration. Relevant site-to-site radial distribution functions
(RDFs) between the two components were further computed
from the MD simulations (Figure S7). The most prominent
MOF/Polymer interaction at the interface involves the cyano
groups of PIM-1 and the hydroxyl groups of NUS-8 with a
characteristic NPIM‑1... HNUS‑8 distance of 2.6 Å as shown in
Figure 1c. Analyses of the pore size distribution (PSD) of the

Figure 2. Gas adsorption properties of the NUS-8/PIM-1 composite. (a) Comparison of the GCMC-simulated and experimental CO2, N2,
and CH4 single-component adsorption isotherms for the NUS-8/PIM-1 composite at 298 K. (b) CO2, N2, and CH4 uptake capacity and
thermodynamic selectivity of pure NUS-8, pure PIM-1, and the NUS-8/PIM-1 composite for the equimolar CO2/N2 and CO2/CH4 mixtures
adsorption isotherms at 298 K and a total pressure of 1 bar. (c) RDFs corresponding to the most prominent interactions between CO2 and
the NUS-8/PIM-1 composite in the case of the CO2/N2 mixture at 1 bar and illustration of the preferential site-to-site interactions between
CO2 and each component of the NUS-8/PIM-1 composite. (d) Number of N2 and CO2 molecules along the direction perpendicular to the
MMM for the coadsorption of CO2/N2 in the NUS-8/PIM-1 composite at total pressure of 1 bar and 298 K and the corresponding GCMC
snapshot. The color scheme for all snapshots is the same as in Figure 1.
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whole composite revealed that the NUS-8 nanosheet and
polymer regions exhibit pores of about 5.4 Å and up to 8.5 Å
respectively (see Figures S5 and S8) reminiscent of what was
previously obtained for the pure bulk NUS-832 and PIM-1.31

Interestingly, as illustrated in the zoomed-in image of Figure
1a, relatively large voids, with diameters up to 11 Å, are created
at the interface. These newly generated interfacial microvoids
are expected to control the thermodynamics and dynamics of
the gas adsorption/separation properties of the composite.
GCMC simulations were further performed to explore the

gas adsorption properties of the NUS-8/PIM-1 composite
model at 298 K. As a preliminary step, the atomistic models for
both NUS-8, PIM-1, and the three guests CO2, N2, and CH4
were validated by a good agreement between the simulated
single-component adsorption isotherms for both individual
MOF and polymer and the corresponding experimental data
(see Figures S9−S14). Figure 2a shows the excellent
agreement between the GCMC-simulated and experimentally
obtained single-component N2, CO2, and CH4 adsorption
isotherms for the composite. This demonstrates that our
atomistic model faithfully represents the NUS-8/PIM-1
composite. We further explored the thermodynamic separation
performances of the composite with respect to the equimolar
CO2/CH4 and CO2/N2 mixtures. The simulated coadsorption
isotherms reported in Figure S15 highlight that the composite
preferentially adsorbs CO2 over both CH4 and N2, which is
consistent with the higher CO2 adsorption enthalpy calculated
for the single components (CO2: 39.3 kJ mol−1, CH4: 14.6 kJ
mol−1, and N2: 10.9 kJ mol−1). Figure 2b shows the simulated
CO2/CH4 and CO2/N2 selectivities along with the gas uptakes
at 1 bar for the composite as well as for the pure NUS-8 and
PIM-1 models. These calculations reveal a slight increase of

both CO2/N2 and CO2/CH4 thermodynamic selectivity for
the NUS-8/PIM-1 composite at 1 bar as compared with the
pure PIM-1 from 26 to 29 and from 12 to 13, respectively.
This is consistent with previous experimental findings for these
systems.29 The microscopic origin of this high thermodynamic
selectivity for CO2 was further elucidated by a careful analysis
of the coadsorption mechanism in the composite. CO2 was
shown to interact more strongly with the hydroxyl group
present at the NUS-8 surface and the oxygen atom of PIM-1,
with characteristic OCO2

−HNUS‑8(OH) and CCO2
−OPIM‑1

distances of 2.8 and 3.4 Å, respectively, as revealed by the
corresponding RDFs plots and illustrative snapshots (Figure
2c). Figure 2d shows the number of gas molecules as a
function of the z coordinate, along with an illustration for the
CO2/N2 case at 1 bar. It can be deduced that both molecules
can occupy all the different regions within the composite, with
a more predominant CO2 population compared to N2. Note
that CO2 preferentially concentrates at region A of the NUS-8/
PIM-1 composite as illustrated in Figure 2d. This scenario is
explained by the interactions between CO2 and the hydroxyl
groups at the NUS-8 surface as discussed above, since these
groups are exposed to the microvoids present in region A. A
similar profile was also found for the CO2/CH4 mixture
(Figure S17).
As a further step, CGD-MD simulations30 were conducted at

298 K in order to gain insight into the transport properties of
CO2, N2, and CH4 through the MOF/polymer composite. For
these simulations, we considered a larger and unwrapped
composite model with dimensions of 40.39 × 70.10 × 129.80
Å3, generated by placing a NUS-8 surface between two
unwrapped PIM-1 slabs taken from our previously detailed

Figure 3. Gas mixture transport properties of the NUS-8/PIM-1 composite. (a, b) Simulated (at 10 bar feed) and experimental29 gas
permeabilities for equimolar CO2/N2 and CO2/CH4 mixtures, respectively. (c) Evolution of the simulated gas permeabilities as a function of
the total feed pressure for the CO2/N2 mixture. (d) Mean residence time profiles for CO2 and N2 along the NUS-8/PIM-1 composite for an
equimolar CO2/N2 mixture at 10 bar feed. Dashed lines indicate the average position of the NUS-8 and PIM-1 components. (e) Density
profiles for CO2 and N2 along the NUS-8/PIM-1 composite for an equimolar CO2/N2 mixture at 10 bar feed. (f) Illustration of the typical
distribution of CO2 and N2 molecules along the composite for an equimolar CO2/N2 mixture at 10 bar feed. Color scheme: PIM-1, blue
wireframe; O, red; C (NUS-8), cyan. The arrow on the top left margin points to the direction of the gas flux.
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interface model. A typical snapshot of the simulation box is
illustrated in Figure S18. Initially, the gas permeabilities were
simulated for the equimolar CO2/N2 and CO2/CH4 mixtures
at a total feed pressure of 10 bar and compared with the
corresponding experimental data as reported in panels a and b,
respectively, of Figure 3. We verified that the total pressure was
maintained fixed at the target values over the simulation time
(see Figure S19) and that 100 ns is enough to reach the steady
state in our model system (see Figure S20a). A good
agreement between the predicted permeabilities and the
averaged available experimental values was obtained for the
three gases in this composite. Note that similar NEMD studies
usually lead to calculated permeabilities within an order of
magnitude of the experimental ones.43−45 The relative
overprediction of the permeability is in line with the high
permeation for the ultrathin membrane limit reported in the
literature,46−48 since our calculations were performed using an
ultrathin NUS-8/PIM-1 composite model (∼13 nm along z-
direction). The gas permeabilities for the CO2/N2 mixture
were equally explored as a function of the feed gas pressure,
with the permeate side of the composite set to vacuum. The
drop in permeability with respect to increasing pressure in
glassy polymeric membranes as well as in microporous carbon
membranes49 is a well-known phenomenon.6,50,51 Interestingly,
our NEMD calculations performed on the NUS-8/PIM-1
composite model capture this experimentally observed
permeation trend.
Moreover, our predicted permeation selectivities for CO2/

CH4 (16) and CO2/N2 (11) mixtures reproduce the
experimental trend, with values in the range of 18−30 and
15−25 respectively. Altogether, this shows the reliability of the
GCD-MD approach applied to a realistic atomistic model of
the MOF/polymer composite to provide a fair prediction of its
transport properties. As a further step, we explored the
microscopic gas transport mechanism at the origin of the CO2/
N2 and CO2/CH4 permeation selectivity in this MMM. Figure
3d,e report the mean residence time and steady-state
concentration profiles, respectively, for CO2 and N2 in the
binary mixture along the z-direction of the composite at 10 bar.
Dashed lines are given to indicate the average position of the
polymer and MOF components to guide the reader’s eye, note
that these positions fluctuate along the simulation. The
residence time and steady-state concentration profiles can be
considered respectively as the microscopic counterparts of the
diffusion and solubility contributions of each penetrant’s
permeability in the scheme of solution-diffusion theory.50,51

It turns out that while CO2 and N2 show rather similar
residence time distributions in the whole composite (Figure
3d), a much more pronounced difference is observed between
the two gases in the steady-state concentration profiles (Figure
3e). Indeed, the solubility contribution to selectivity is on
average 23 times higher for CO2 than for N2, while the
diffusion contribution for CO2 is on average 0.7 of that for N2.
The corresponding solubility and diffusion selectivity values
ratios are given in Figure S20b,c. This demonstrates that the
solubility contribution dominates over the diffusion counter-
part for the separation of the two gases in this composite and
that this phenomenon is at the origin of the high CO2/N2
selectivity observed both experimentally and in our GCMC
simulations. Similarly, solubility dominates the gas-separation
process for the CO2/CH4 mixture as well, as shown by the
corresponding residence times and steady-state concentration
profiles given in the SI (Figure S21). Figure 3f reports a

representative snapshot taken from our GCD-MD simulations
to visually track the adsorbed CO2 molecules through the
composite model. This distribution of gas molecules is
maintained along the simulation time, as the voids present in
the interfacial region remain of similar size (11 Å) along the
whole CGD-MD trajectories for the CO2/N2 mixture
permeation (see Figure S22). Additional calculations were
performed for the CO2/N2 gas mixture on pure NUS-8 and
PIM-1 membrane models (see Figure S18 and Table S7).
Interestingly, we demonstrated that the CO2/N2 selectivity of
the MMM is not adversely affected by the presence of voids at
the MOF/polymer interface since the selectivity of the NUS-
8/PIM-1 composite is predicted to match that for the NUS-8
pure membrane (Table S7).
In a nutshell, our simulations suggest that the high CO2

separation ability of the NUS-8/PIM-1 MMM can be
explained via a solubility dominated separation mechanism
and a favorable CO2 adsorption through the emergent
interfacial porosity. This predicted trend is in line with what
has been previously evoked by an experimental study52 on a
silica-polyimide MMM system. In that study, the authors
assumed that the presence of voids is the main reason behind
the increase in the gas permeability of their MMM, as
compared with its individual components. In a previous
computational study, we reported that ZIF-8/PIM-1 MMMs
show a reduced CH4/H2 separation ability as compared with
its individual components because of the existence of voids at
the interface which were at the origin of a loss of selectivity
performance.28 In this later case, the diffusion dominated the
separation process because of the considerable effective size
difference between CH4 and H2 molecules. The simultaneous
consideration of these two different cases demonstrates that
the presence of interfacial void regions can have either a
positive or a negative impact into the separation performance
of the MMM, depending on whether the separation
mechanism is governed by solubility or by diffusion,
respectively. It could be speculated that both a rigid
polymer,that promotes the formation of microvoids at the
MOF/polymer interface, together with a MOF surface
decorated by chemical functions with high CO2 affinity,
might contribute to a solubility driven mechanism for CO2 pre-
and post-combustion separations. In the future, we plan to
scan several MOF/polymer composites in order to explore the
validity of this hypothesis.
In summary, the impact of the MOF/polymer interface into

the thermodynamics and dynamics of CO2/N2 and CO2/CH4
separation properties of a model NUS-8/PIM-1 MMM was
explored by means of molecular simulations. Our approach
integrated DFT calculations with GCMC, MD, and CGD-MD
simulations, thus enabling us to go all the way from building a
realistic composite model at the atomistic level, to exploring
the adsorption and the transport mechanism of the gas
mixtures. We have found that there are microvoids at the NUS-
8/PIM-1 interface and that the CO2 molecules are
preferentially adsorbed at these microvoids thanks to its strong
interactions with the hydroxyl groups at the NUS-8 surface.
The presence of this interfacial porosity does not adversely
affect the MMM separation performance thanks to a solubility-
driven separation mechanism. Previous studies have consid-
ered the CH4/H2 separation in ZIF-8/PIM-1 composites and
found that the interfacial porosity was detrimental to the
separation performances of the composite with respect to pure
PIM-1, which can be ascribed to a diffusion-driven separation
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mechanism. By considering both the previous and our current
results, it can be concluded that the separation mechanism
needs to be taken into account in order to determine whether
the separation abilities of the MMM will deteriorate or not in
the presence of interfacial porosities, contrary to the regular
belief that porosity is always detrimental to separation
performance. We believe that these results will help gas-
separation membranes development by shifting the focus to
new strategies that rely on solubility-driven separations.
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