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MOEF/polymer adhesion in Mixed Matrix Membranes (MMMs) has been mainly enhanced so far via MOF and/or
polymer functionalization to strengthen the interactions between the two components. This strategy, albeit ef-
fective, is generally accompanied by a drop in the permeability and/or selectivity performance of the MMMs. In
this contribution, engineering structure defects at the MOF surfaces is proposed as an effective route to create
pockets that immobilize part of the polymer chain, which is of crucial importance both to avoid plasticization
issues and to enhance the MOF/polymer affinity while overcoming the adhesion/performance trade-off in MMMs.
This engineered interfacial interlocking structure also serves as a bridge to accelerate the gas transport from the
polymeric region towards the MOF pore entrance. This concept is showcased with a model MMM made of the
prototypical UiO-66 MOF and the glassy Polymer of Intrinsic Microporosity-1 (PIM-1) and tested using CO,, CH,
and, N, as guest species. Our computational findings reveal that a defective UiO-66 MOF surface improves the
MOF/PIM-1 adhesion and contributes to accelerate the interfacial gas transport of the slender molecules CO, and
N, and in a lesser extent of the spherical molecule CH,. This translates into a selective enhancement of the CO,
transport once combined with CH, which paves the ways toward promising perspective for pre-combustion CO,
capture.

Traditional separation and purification technologies, such as distil-
lation, absorption, and extraction are extremely energy intensive. Thus,
developing more cost-effective and sustainable separation techniques
is a must to build a greener future (Sholl and Lively, 2016, Liu et al.,
2018). Membrane-based separation offers a promising effective and eco-
nomical solutions to a wide range of separations in both liquid and gas
phases, owing to its low energy requirement and operational simplicity
(Galizia et al., 2017, Koros and Zhang, 2017). Polymeric membranes
have been widely considered both by academia (Merrick, Sujanani, and
Freeman, 2020) and industry (PW, 2012) to tackle a myriad of chal-
lenging gas separations (Jimenez-Solomon et al., 2016, Mizrahi Ro-
driguez et al., 2021, Mizrahi Rodriguez et al., 2021). However, this
family of membranes displays a trade-off between gas permeability and
selectivity, as demonstrated by Robeson with his upper-bound curves
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(Robeson, 2008, Park et al., 2017). A new class of hybrid membranes
integrating selective filler materials into a polymeric matrix has been
further proposed to address this drawback (Qian et al., 2020). These so-
called Mixed Matrix Membranes (MMMs) gather the best of the two
worlds, i.e., easy processability/high durability of polymers and ex-
cellent selectivity of fillers (Knebel et al., 2020, Ahmad et al., 2018),
and nowadays, they are the object of intensive research for various
gas separation applications (Ahmad et al., 2018, Tien-Binh, Rodrigue,
and Kaliaguine, 2018, Kamble, Patel, and Murthy, 2021). A vast vari-
ety of filler materials has been envisaged, including carbon nanotubes
(Nejad, Asghari, and Afsari, 2016), graphene and related 2D materi-
als (Dai et al., 2016), zeolites (Pechar et al., 2006), and more recently,
porous Covalent Organic Frameworks (COFs) and Metal-Organic Frame-
works (MOFs) (Park et al., 2017, Venna et al., 2015, Lee et al., 2021).
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Scheme 1. MOF surface defects engineering as an alternative strategy to improve polymer plasticization, MOF/polymer adhesion, and interfacial gas transport in
MMMs. The yellow ball represents the void that results from the missing cluster at the MOF surface in the UiO-66/PIM-1 MMM. Color code: carbon (PIM-1): cyan;

oxygen: red; carbon (UiO-66): gray; nitrogen: blue; hydrogen: pink.

MMMs based on MOFs as fillers have been widely explored over the
last few years, demonstrating attractive performance for a range of gas
mixture separations related to CO, capture in post- or pre-combustion
conditions, natural gas upgrading, and hydrocarbon recovery, among
others challenging industrial processes (Bi et al., 2020, Zhang et al.,
2016, Wang et al., 2021, Najari et al., 2021, Shan et al., 2018). In
particular, researchers focused on the fabrication of MMMs combin-
ing highly permeable polymers such as the Polymer of Intrinsic Micro-
porosity PIM-1 and selective MOFs (Knebel et al., 2020, Kalaj et al.,
2020, Denny and Cohen, 2015, Troyano et al., 2018, Wang et al., 2018).
One of the key challenges in the field is the fabrication of continu-
ous and mechanically stable membranes, with high MOF loading and
homogeneous dispersion of MOF nanoparticles into the polymer ma-
trices that call for a good interfacial adhesion of the two components
(Lin et al., 2018, Qian et al., 2019). A systematic computational explo-
ration of the interface structures for a series of MOF/polymer compos-
ites has been achieved by our group via deploying an innovative mod-
eling approach based on integrating quantum calculations and force-
field molecular simulations (Tavares et al., 2019, Semino et al., 2018,
Semino et al., 2016). This enabled us to unravel key features of both
MOFs and polymers that control their adhesion (Tavares et al., 2019,
Semino et al., 2018, Semino et al., 2016). The functionalization of MOFs
and/or polymers has been widely envisaged to improve the adhesion of
the two components in the MMMs (Ahmad et al., 2018, Venna et al.,
2015, Tien-Binh et al., 2015, Carja et al., 2021, Ghalei et al., 2017,
Sabetghadam et al., 2016, Rodenas et al., 2014, Wang et al., 2017,
Ma et al., 2018, Amedi and Aghajani, 2017). However, with the excep-
tion of rare cases (Knebel et al., 2020, Tien-Binh et al., 2015), this strat-
egy is accompanied by a loss of MMM performance in terms of either
selectivity or permeability. For example, we evidenced that the function-

alization of PIM-1 with amidoxime functions achieves an improvement
of the adhesion with the UiO-66 MOF, however, at the expense of a sub-
stantial drop of gas permeability compared to the UiO-66/PIM-1 ana-
logue (Carja et al., 2021). Polymer blending has also been proposed for
improving the adhesion with the MOF, as for instance, with the addition
of polybenzimidazole to the matrimid matrix to improve the compati-
bility of the interface formed with the hydrophobic MOFs ZIF-7 and ZIF-
8, however, associated with a decrease of gas permeability (van Essen
et al., 2021). Improvement of the adhesion was also recently achieved
by polymer grafting on MOFs surfaces as show-cased with the UiO-66-
NH, covalently grafted with poly(N-isopropylacrylamide) (Cseri et al.,
2021, Benzaqui et al., 2019).

Herein structure defects that change the surface morphology are de-
liberately created at the MOF surface and their impact on the adhe-
sion with the polymer and the interfacial gas transport in the so-formed
MOF/polymer composite is computationally assessed (Scheme 1). The
PIM-1/UiO-66 pair is considered as a show-case system, since (i) PIM-1
is a good candidate for MOF-based MMMs in account of its good per-
meability, intrinsic porosity while its rigid backbone generally leads
to interfacial voids at the MOF surface in the MMM. (Tien-Binh, Ro-
drigue, and Kaliaguine, 2018, Carja et al., 2021, He et al., 2022) and
(ii) UiO-66 is regarded as a prototypical defect-engineered MOF frame-
work associated with a good chemical and mechanical stability (Tien-
Binh, Rodrigue, and Kaliaguine, 2018, Qian et al., 2019, Carja et al.,
2021, Lee et al., 2021, Wu, Yildirim, and Zhou, 2013, Liu et al., 2019).
In previous work, the effect of chemical defects (removing the surface
termination water-coordinated groups) in the MOF/polymer compati-
bility has been assessed (Semino et al., 2017). Recently, Yan et al. pro-
posed a room-temperature elaboration of a pure defect-engineered UiO-
66 membrane with enhanced CO,/N, selectivity as compared to the
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Fig. 1. (a) In silico constructed structures of the defect-free UiO-66/PIM-1 (upper) and defective UiO-66/PIM-1 (lower) composites, respectively. Color code: carbon
(PIM-1): cyan; oxygen: red; carbon (UiO-66): gray; nitrogen: blue; hydrogen: pink. (b) Atomic density of PIM-1 (red) and both defect-free and defective UiO-66(Zr)
(black) in the direction perpendicular to the surface slab for both composites. The center position of the MOF surface model was defined as zero. Pore size distribution
of a zoom-in of the interfacial region for (c) defect-free UiO-66/PIM-1 and (d) defective UiO-66/PIM-1. (e) Dihedral angle ¢._c_c.c distribution of the PIM-1 section

close to the UiO-66 surface calculated by E-MD simulations for both composites.

pristine UiO-66 membrane through attractive interactions between CO,,
and defect sites (Yan et al., 2022). The defects considered here extend
to a larger scale (missing clusters), resulting in morphological changes
in the surface, as opposed to a change in surface chemical functional-
ity only. The computational approach we have previously developed
(Semino et al., 2016) integrates density functional theory (DFT) calcu-
lations and flexible force field-based equilibrium molecular dynamics
(E-MD) simulations to build atomistic models of the MOF/polymer in-
terface. The MOF surface defects create an interfacial pocket that in-
terlocks part of the polymer backbone and increases the MOF/polymer
overlap, and hence the adhesion of the two components. Remarkably,
concentration-gradient driven molecular dynamics (CGD-MD) calcula-
tions (Ozcan et al., 2017, Ozcan et al., 2020) revealed that this inter-
facial interlocking structure also accelerates the transport of CO,, N,
and in a lesser extent of CH, at the interfacial MOF/polymer region.
This translates into a selective enhancement of the CO, transport once

combined with CH, which is of interest for CO, capture under pre-
combustion working conditions.

Atomistic models for defect-free and defective UiO-66/PIM-1 com-
posites were first built. The models of the (101) defect-free UiO-66 sur-
face slab and of the PIM-1 polymer united atom model were those from
our previous work (Semino et al., 2018). The defective UiO-66 surface
slab model was created by introducing 1 missing cluster at the outer
surface, and the resulting under-coordinated atoms were saturated in a
similar way that for the defect-free surface, i.e. Zr atoms are capped by
OH™, and the remaining H* that would result from the dissociative ad-
sorption of water, form p3-OH groups with a framework oxygen atom at
the MOF surface (see Figs. S1-S4). Force field parameters and MD simu-
lation set-up information are provided in the ESI. Illustrative snapshots
of the atomistic models for both defect-free and defective UiO-66/PIM-
1 composites are shown in Fig. 1a. The UiO-66 slab models are located
in the middle of the simulation box, surrounded by the PIM-1 polymer
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Fig. 2. CGD-MD simulated residence times at 298 K for CO, (a), N, (b), and CH, (c) along the z direction of both defect-free (blue colors) and defective UiO-66/PIM-
1 (red colors) composite models. The center position of the MOF surface model is defined as zero. For clarity purposes, the interfacial MOF/polymer overlaps are
marked in the shades of light green and orange for defect-free and defective UiO-66/PIM-1 composites, respectively. (d) Illustration of the typical UiO-66/PIM-1
composite model considered in the CGD-MD simulation. Color scheme: PIM-1, cyan wireframe; O, red; C (UiO-66), gray; H, white; Zr, green. The arrow on the bottom

left margin points to the direction of the gas flux.

(Tavares et al., 2019, Semino et al., 2018, Semino et al., 2016). Fig. 1b
reports the atomic density for both composites along the z direction nor-
mal to the MOF surface. Note that in both cases, the atomic density of
PIM-1 oscillates around a mean-value far from the UiO-66s surface and it
decays to zero at the close proximity to them. The MOF/polymer overlap
length, which is defined as the distance between the z value for which
the UiO-66 atomic density is zero and the z value for which the PIM-1
polymer atomic density vanishes (green dashed lines) is represented by
green dashed lines in Fig. 1b. The overlap length is much larger in the
case of the defective UiO-66 surface than for the defect-free-based com-
posite (9.6 + 0.3 A vs. 5.2 + 0.2 A, respectively for values averaged over
5 different configurations for each case). This observation is in line with
the presence of additional interfacial pockets created by the defective
MOF surface with associated dimensions up to 9 A (Fig. 1c and Fig. 1d),
large enough to accommodate part of the polymer chain (Fig. 1b) thus
enabling the polymer to better accomodate to the MOF surface. PIM-1
was found to occupy about 42% of the free volume of these interfacial
pockets. While previous work (Semino et al., 2017) has demonstrated
that defects that involve changes in the chemical functionality of the
surface only have minor impact in the MOF/polymer compatibility, the
structure defects that are studied in this work have a big impact in the
compatibility, brought not by the site-site interactions but by a drastic
change in the morphology of the MOF surface. Moreover, analysis of
the polymer dihedral angle ¢¢_c_c.c distribution at the proximity of the
MOF surface (see Fig. 1e) reveal that these interfacial pockets restrict the
conformational dynamics of the PIM-1 backbone as indicated by a sin-
gle oc_c_c.c peak for the defective composite compared to two distinct
and broader ¢¢_c_c.¢ distributions for the defect-free analogue. Overall
these observations emphasize that the interfacial pockets contribute not
only to enhancing the affinity between the MOF and the polymer but

also to reducing the dynamics of the polymer, which may address plas-
ticization issues often encountered in polymer-based membranes as well
as to reduce the aging of PIM-1 as recently reported in the fabricated
defective UiO-66/PIM MMM (Geng et al., 2022).

Therefore, engineering defects that modify the MOF surface mor-
phology could be a complementary strategy to the standard functional-
ization approach largely explored so far from both MOF and polymer
sides (Mizrahi Rodriguez et al., 2021, Mizrahi Rodriguez et al., 2021,
Venna et al., 2015, Qian et al., 2019, Tien-Binh et al., 2015, Carja et al.,
2021, Ghalei et al., 2017) to enhance MOF/polymer adhesion by tun-
ing the interfacial pore geometry rather than modulating the interfacial
interactions.

The so-depicted defective UiO-66/PIM-1 interfacial structure is ex-
pected to ensure a smoother transition for the guest molecules from
the polymeric region to the MOF pore. CG-MD simulations were per-
formed to explore the transport of CHy, CO, and N, as single compo-
nents throughout both defect-free and defective Ui0O-66/PIM-1 compos-
ites. These non-equilibrium MD simulations performed at 298 K using
the GROMACS-2019.4 package patched with a modified PLUMED-2 en-
hanced sampling plug-in, considered larger and unwrapped composite
models as illustrated in Fig. S6. A concentration gradient between the
inlet (feed) and the outlet (permeate) sides of the composite was cre-
ated by arbitrary fixing inlet and outlet pressures to 2 bar and vacuum,
respectively, and 100 ns CGD-MD simulations were considered for each
composite/gas pair after a 20 ns equilibration. All details and parame-
ters of the CGD-MD calculations are provided in the ESI.

Fig. 2 reports the calculated residence times (z) for the 3 gases along
the z direction of defect-free and defective UiO-66/PIM-1 composites.
Interestingly, the residence times at the MOF/polymer interface are
shorter for all gases in the defective UiO-66/PIM-1 composite. Typi-
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Fig. 3. (a, c¢) 1/residence time (1/7) and (b, d) concentration ratios plotted along the z direction of both defect-free and defective UiO-66/PIM-1 composite models:
CO,/CH, (top) and CO,/N, (bottom) pairs. The MOF surface model is centered in zero, and the interfacial overlaps of MOF/Polymer are marked in the shades of
light green and orange for defect-free and defective UiO-66/PIM-1 composites, as in Fig. 2.

cally, = shows a maximum at the MOF/polymer interface for CO, that
shifts from 8 ps to 6 ps when introducing defects at the MOF surface
(Fig. 2a). This observation confirms that the interfacial pockets present
in the defective composite not only do ensure better adhesion of the
two components but also favor a faster transfer of the molecules from
the polymer to the MOF pore entrance. Note from Fig. 2b and Fig. 2¢
that the decrease in the residence time at the MOF/polymer interface is
less pronounced for N, and even less for CH, following the sequence of
their kinetic diameters (CO,<N,<CH,) and their bulkiness from slen-
der (CO,/N,) to spherical (CH,4) shapes. This observation emphasizes
the fact that the interfacial acceleration of the gas transport in the de-
fective composite is mostly sterically-controlled since the gas molecules
need to pass through the pockets that are already filled by a part of the
PIM-1 chain.

As a further stage, the ratio of 1/7 for both CO,/CH, and CO,/N,
pairs was evaluated in both defect-free and defective UiO-66/PIM-1
composites from the r values calculated for the single gases (Fig. 3).
Since 1/7 is related to the diffusivity of the molecules, Fig. 3a highlights
that the MOF surface morphology changes enable a selective accelera-
tion of the CO, transport over CH, at the UiO-66/PIM-1 interface while
maintaining a similar CO,/CH, concentration ratio (Fig. 3b) calculated
from the single component steady state concentration profiles (Fig. S7).
The scenario differs when one considers two molecules of similar shape,
the slender CO, and N, molecules for which both 1/ (Fig. 3c) and con-
centration (Fig. 3d) ratios are only barely affected by the creation of
MOF surface defects.

In summary, engineering structure defects at the UiO-66 surface is
predicted to enhance the MOF/polymer adhesion in the corresponding
defective UiO-66/PIM-1 composite by creating interfacial pockets that
host part of the polymer backbone diminishing its conformational dy-
namics. The resulting interface with an optimal MOF/polymer overlap
acts as an effective bridge to ensure a smooth transition for the gas
molecules from the polymeric region to the MOF cage entrance. This
translates into an acceleration of the interfacial molecular transport
which is more pronounced for both slender-shaped molecules (CO5, N5)
compared to the spherical-like CH4 molecule. Notably, this phenomenon
is expected to be associated with a selective enhancement of the CO,
transport once combined with CH, which is of interest in the perspec-
tive of a pre-combustion CO, capture scenario. Beyond delivering an
unprecedented understanding of the role of MOF surface morphology
changing defects on the structure of the MOF/polymer interface and its
guest dynamics, this computational work is expected to guide the de-
velopment of more easily processable and highly selective MOF-based
MMNMs by deliberately introducing well-controlled morphology changes
of the MOF surface.
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