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e origins of metal–organic
framework/polymer compatibility†

R. Semino, a J. C. Moreton,b N. A. Ramsahye,ac S. M. Cohen *b and G. Maurin *a

The microscopic interfacial structures for a series of metal–organic framework/polymer composites

consisting of the Zr-based UiO-66 coupled with different polymers are systematically explored by

applying a computational methodology that integrates density functional theory calculations and force

field-based molecular dynamics simulations. These predictions are correlated with experimental findings

to unravel the structure–compatibility relationship of the MOF/polymer pairs. The relative contributions

of the intermolecular MOF/polymer interactions and the flexibility/rigidity of the polymer with respect to

the microscopic structure of the interface are rationalized, and their impact on the compatibility of the

two components in the resulting composite is discussed. The most compatible pairs among those

investigated involve more flexible polymers, i.e. polyvinylidene fluoride (PVDF) and polyethylene glycol

(PEG). These polymers exhibit an enhanced contact surface, due to a better adaptation of their

configuration to the MOF surface. In these cases, the irregularities at the MOF surface are filled by the

polymer, and even some penetration of the terminal groups of the polymer into the pores of the MOF

can be observed. As a result, the affinity between the MOF and the polymer is very high; however, the

pores of the MOF may be sterically blocked due to the strong MOF/polymer interactions, as evidenced

by UiO-66/PEG composites. In contrast, composites involving polymers that exhibit higher rigidity, such

as the polymer of intrinsic microporosity-1 (PIM-1) or polystyrene (PS), present interfacial microvoids that

contribute to a decrease in the contact surface between the two components, thus reducing the MOF/

polymer affinity.
Introduction

Mixed matrix membranes (MMMs) comprising polymers and
metal–organic frameworks (MOFs) as llers can enhance the
performance of polymers as single components for separating
challenging gas1–4/liquid5 mixtures, while maintaining easy
processability.6 Moreover, it has recently been shown that these
MMMs are promising candidates as proton exchange
membranes.7,8 One of the main challenges to overcome in the
eld of MOF-based MMMs is that MOF/polymer compatibility is
generally poor, and as a result, only low ller loading can be
achieved before membrane selectivity is negatively affected.9

Furthermore, challenges remain toward fabricating uniform
and defect-free MMMs that allow for homogenous dispersion of
the MOFs in the polymer to avoid agglomeration and other
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defects.10,11 Therefore, understanding what makes a MOF/
polymer pair compatible is essential to advance the develop-
ment and utility of these composites. To this end, the micro-
scopic origins of the MOF/polymer compatibility must be
investigated.

A useful example of a MOF-derived MMM is that of
ZIF-8 12 /polymer of intrinsic microporosity-1 13 (PIM-1)
composite. PIM-1 has an unusually high permeability due to its
rigidity that prevents an efficient packing of the polymer chains,13

while ZIF-8 is known to be highly selective for several gas sepa-
rations.14–17 Therefore, their combination might be expected to
benet both from the permeability of PIM-1 and the selectivity of
ZIF-8.18 Bushell et al. have synthesized MMMs based on this
composite and studied their performances for CO2 capture over
N2.18 They found that both CO2 permeability and CO2/N2 selectivity
of the MMM increase with ZIF-8 loading. The increase in the
permeability was suspected to be due to a global increase of the
free volume of the system resulting from the cumulative
porosity of the two components and additional voids created at
the boundary between ZIF-8 nanoparticles and the PIM-1
matrix. We recently developed a methodology to model MOF/
polymer interfaces by molecular simulations, and applied it to
study the ZIF-8/PIM-1 case to shed light on the organization of
the composites at the molecular level.19 The microscopic
Chem. Sci., 2018, 9, 315–324 | 315
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Fig. 1 Snapshot of the UiO-66 surface model. Color code: O (red), C
(grey), H (white), and Zr (light blue). H and OH surface terminations are
highlighted in ball-and-stick representation.
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structure of the interface was characterized in terms of MOF/
polymer interaction sites, as well as polymer rigidity and
conformation at the interface. Well-dened independent
microscopic voids were evidenced at the interface supporting
the hypotheses developed from the experimental ndings.18 In
another study, ZIF-8/PIM-1 colloidal suspensions and
membranes were prepared and carefully characterized by
advanced experimental tools combined with molecular simu-
lations.20 This study suggested that the microscopic structure of
the composites depends on many factors including the physi-
cochemical properties of the polymer and MOF/polymer inter-
actions. Through these pioneering studies, the molecular
reasons for the relatively poor compatibility of the ZIF-8/PIM-1
composites were unveiled.

In contrast, no reports are available that identify the micro-
scopic origins for systems that demonstrate more favorable
MOF/polymer compatibility. We have reported on the prepara-
tion of MMMs with a high MOF content that can be delami-
nated and are mechanically stable and pliable,21 which suggest
excellent MOF/polymer compatibility. Notably, these
membranes were shown to retain the high surface areas of the
MOFs. Among the systems studied was a UiO-66/poly(vinylidene
uoride) (PVDF) composite.22 Here, we apply a computational
approach to explain the microscopic origin of the improved
compatibility in UiO-66/PVDF MMMs. The behavior of this
composite is further compared with that predicted for three
different UiO-66-based MMMs: using PIM-1, polystyrene (PS),
and polyethylene glycol (PEG) as the polymer component.
Composites including UiO-66 nanoparticles in PS,23 and in
PIM-1 24,25 have already been reported. PEG-based solid elec-
trolytes incorporating MOFs are known,26–29 but they all incor-
porate lower loadings (<40%) of MOF and their membrane-
forming characteristics are rarely discussed in detail. There-
fore, UiO-66/PEG MMMs with high MOF content (both 70 and
80 wt% MOF) are reported here to compare with the computa-
tional study and to previously reported MMMs. Modeling
predicts that the UiO-66/PEG composite possesses excellent
compatibility, with signicant penetration of the polymer in the
rst layers of the UiO-66 surface and strong MOF/polymer
interactions. This scenario is supported by experimental
studies on UiO-66/PEG MMMs that conrm good compatibility,
but also nd a signicant drop of MOF surface area, which may
be attributable to surface pore blockage. Together, the compu-
tational and experimental studies have been used to identify key
parameters that correlate with high MOF/polymer compatibility
and establish some general rules to identify MOF/polymer pairs
that will likely result in a stable composite material.

Computational methods

The surface model of the dehydrated UiO-66 material was
constructed using the followingmethodology. The primitive cell
was rst geometry optimized at the DFT level, using the
Quickstep module of the CP2K soware.30 In these simulations
both the positions of the atoms of the framework and the cell
parameters were fully relaxed. The PBE functional31 was used
along with a combined Gaussian basis set and plane wave
316 | Chem. Sci., 2018, 9, 315–324
pseudopotential strategy as implemented in CP2K. A triple zeta
Gaussian-type basis set (TZVP-MOLOPT basis set provided with
the code)32 was considered for all atoms, except for the metal
centers, where double zeta functions were employed (DZVP-
MOLOPT).30 The pseudopotentials used for all of the atoms
were those derived by Goedecker, Teter, and Hutter.33 These
calculations included the semi-empirical dispersion corrections
as implemented in the DFT-D3 method, derived by Grimme.34

From the resulting optimized structure, sets of Miller indices
that would result in a favorable surface cut, were identied via
the Bravais–Friedel–Donnay–Harker (BFDH) method,35–37under
the assumption that the most stable surfaces are those where
the fewer bonds are severed, which led us to select the {101}
surface. The surface model slab has a z-length of approximately
65 Å (Fig. 1) to avoid the two external surfaces to interact due to
periodic boundary conditions. Its dimension along the x and y
axes was 14.45 Å. This surface was reconstructed to ensure
dipole neutrality along the z axis, and capping the under-
coordinated sites resulting from the surface cleavage. The
termination scheme considered involves the dissociative
adsorption of water (the solvent in the experimental system): Zr
atoms are capped by OH� groups, and the remaining H+ form
a m3-OH group with a framework oxygen atom at the surface
(Fig. 1). This surface termination scheme represents one of
a number of possibilities where surface interactions with water
are concerned, some of which were tested by Planas et al.38 on
a similar Zr-based NU-1000 material.

The nal surface model was then geometry-optimized using
the same level of theory and parameters as for the optimization
of the bulk model. The charges for the material were those
published by Yang et al.,39 except for those of the surface atoms,
which were recalculated by the CHELPG method40 using
a representative DFT-optimized cluster model. In this case, the
Gaussian 09 code41 was used and the PBE functional31 was
considered again. The Los Alamos LANL2DZ basis set42–44 was
used to describe the Zr atoms, while the rest of the system was
modeled using the 6-31G(d,p) basis set.45,46 The cluster was
constructed using a surface formed by a Zr6 unit with the –OH
This journal is © The Royal Society of Chemistry 2018
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coordinating the Zr atoms and the m3-OH groups, and nine
terephthalate ligands attached to the inorganic unit (Fig. S1,
Table S1†). A nal surface slab model was then constructed for
the force eld simulations by replicating the surface model in
the x and y directions giving nal x and y lengths of 43.35 Å.
This MOF surface model was treated as exible using the force
eld parameters described previously by Yang et al.39

The atomistic models for the polymers PIM-1, PVDF, PS, and
PEG were constructed using the codes Polymatic47 and
lammps.48 Bonded contributions to the force eld were
modeled as harmonic potentials for the stretching and bending
modes and cosine-based functions for the dihedral angles. Non-
bonded interactions were treated as a summation of 12-6 Len-
nard–Jones (LJ) and Coulomb potentials. The corresponding
potential parameters for PVDF and PEG were taken from the
DREIDING force eld.49 For PS and PIM-1, the GAFF force eld
was used to model bonded interactions50 and LJ parameters
were taken from TraPPE.51 United atom model was considered
for PIM-1, and the related potential parameters are those re-
ported in previous studies.19 Non-bonded parameters are
provided in Tables S2–S5,† and schemes with the atom types of
the monomers are presented in Fig. S2–S5.† Table S6† shows
the size of the models, all of them are similar in terms of total
volume occupied by the polymer, and large enough to avoid the
interaction of the two external surfaces of the MOF slab when
they are combined. The crossed LJ interactions were computed
by using the Lorentz–Berthelot mixing rules in all cases.52 The
cutoff was set to 12 Å. Coulomb contributions were computed
by the Ewald summation, considering ESP partial charges
computed by DFT calculations on the monomer. Transferability
of the charges from the monomer to the polymer was further
tested. The polymer structures are illustrated in Fig. 2. The
polymer models were terminated mimicking the experimental
monomers, as detailed in the ESI.†
Fig. 2 Illustrations of the atomistic models for the different polymers
considered in this study: (a) PIM-1, (b) PS, (c) PVDF, and (d) PEG. A
monomer is highlighted in ball-and-stick in each image. Color code: O
(red), C (cyan), H (white), N (blue), F (green).

This journal is © The Royal Society of Chemistry 2018
The UiO-66 surface was further combined with the polymers
in order to build the different interfaces by applying our previ-
ously developedmethodology.19 ThemodeledMOF and polymer
species were rst equilibrated and then the simulations boxes
were brought together. Seven cycles of three molecular
dynamics (MD) simulations were performed, each of them
consisted of two simulations in the NVT ensemble and one in
the NPnT ensemble, where Pn is the pressure component in the
direction perpendicular to the slab.

The rst simulation in each cycle was conducted at Tmax ¼
600 K, while for the others it was set to 300 K. Pressure was
increased in the rst three cycles until reaching a maximum
value (Pmax) and then decreased up to ambient pressure in the
remaining four cycles. Both Tmax and Pmax were selected by
applying a similar procedure to the equilibration of the bulk
polymers and checking that the correct density was obtained.
Pmax was of 50 kbar for PIM-1 and 1 kbar for the others. The
higher pressure necessary for achieving a good equilibration of
PIM-1 was also previously noted elsewhere.53 Aer these equil-
ibrating cycles, data were collected from ten statistically inde-
pendent simulations, each one lasting 10 ns, with a time step of
1 fs. The equilibration, interface generation, and production
runs procedures were the same as previously applied to the ZIF-
8/PIM-1 and ZIF-8/PIM-EA-TB systems.19,20 Berendsen thermo-
stat and a modied version of the Berendsen barostat that
allows for NPnT simulations were used, with relaxation times of
0.1 and 0.5 ps respectively.54 For the interface generation and
production simulations a modied version of DLPOLY classic
was used.55
Experimental methods
General information

All solvents, starting materials, and polymers were purchased
from chemical suppliers and used without further purication
(Sigma Aldrich, Arkema, Alfa Aesar, EMD, and TCI). UiO-66(Zr)22

was synthesized according to previously-reported methods,23

yielding 200 nm truncated octahedral particles (Fig. S17†) with
the expected powder X-ray diffraction pattern (Fig. S18†) and
a BET area of 1380 � 60 m2 g�1 (Table S7, Fig. S19†).56
MMM fabrication

MOF-based MMMs with PEG (Mz ¼ 900 000 g mol�1, PDI ¼ 1.2,
purchased from Sigma Aldrich) were fabricated according to
a modied method.21,23 The MOF component was dispersed in
acetone (3.5 wt% MOF) via ultrasonication for 30 min. The
polymer component was dissolved separately in water (3.5 wt%)
to a honey-like viscosity. The two component solutions were
then combined in the appropriate ratios to yield mixtures
containing up to 70 or 80 wt% MOF, which were ultrasonicated
for 1 h. The resulting solution was then concentrated by rotary
evaporation, removing the acetone, and yielding a homoge-
neous ‘ink’ of MOF and polymer. The ink was then cast via
doctor blade onto aluminum foil using an automatic lm coater
set at a blade height of 800 mm and dried in a 70 �C oven. The
Chem. Sci., 2018, 9, 315–324 | 317
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Fig. 3 Top: Atomic density profile of PIM-1 (black) and UiO-66 (red) in
the direction perpendicular to the surface slab. PIM-1 density fluctu-
ates around a constant value in region B, and drops linearly in region A.
Bottom: Schematic of the interface between PIM-1 and UiO-66,
aligned with the density profile plot.
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membranes were then peeled from the aluminum foil backing
using tweezers.

MMM mechanical analysis

The mechanical integrity of MMMs was assessed in both qual-
itative and quantitative ways. MMMs that do not form contin-
uous lms at 70 wt% MOF (PS, PIM-1) could not be assessed for
mechanical properties. MMMs that maintain physical integrity
at 70 wt% MOF during drying and could be delaminated as
a single piece (PVDF, PEG) were subjected to ASTM standard
tensile testing. Tensile strength measurements were conducted
per previous reports according to ASTM Standard D882-02 using
an Instron® Universal Testing Machine (5965 Dual Column
Testing systems, Instron) with a 5 kN load cell in extension
mode. Tensile measurements were acquired at an extension
rate of 0.005 mm s�1 with a sampling rate of 500 ms to generate
stress–strain curves, then ultimate tensile strength (UTS) and
Young's modulus were further calculated. Tensile data were
collected for 5–6 independent samples each and averaged.
Sample thicknesses were measured using a Mitutoyo Digital
Micrometer (0–25 mm range, 0.001 mm resolution, IP 54 stan-
dard) and averaged from 5 independent measurements for each
sample.

N2 sorption analysis

Approximately 50 mg of sample (powders of MOF or gently-
rolled sections of MMMs) were placed in a tared sample tube
and degassed at 105 �C on a Micromeritics ASAP 2020 Adsorp-
tion Analyzer until the outgas rate was <5 mm Hg (12–48 h).
Post-degas, the sample tube was weighed, and then N2 sorption
isotherm data was collected at 77 K using a volumetric tech-
nique. BET analysis details can be found in the ESI.†

Results and discussion

The density prole as a function of the direction normal to the
MOF surface, namely the z coordinate, for the UiO-66/PIM-1
interface is shown in Fig. 3. The UiO-66 surface is located at
the center of the simulation box, with the polymer phase above
and below, as shown in the scheme under the graph. In the
proximity of the MOF surface, the polymer density (black line,
Fig. 3) decays to zero. At both ends of the box, it uctuates
around a mean-value. In what follows, we will refer to these
different polymer regions as A and B respectively. This overall
two-region behavior was also observed for the ZIF-8/PIM-1
interface.19 The lower limit of region A is taken as the z value
for the rst non-zero polymer density and the upper limit, as
that for which the polymer density starts to oscillate. The
extension of region A is the distance between these two points in
the z axis, this will be referred from here onwards as the z length
A, which is of 15 � 3 Å for UiO-66/PIM-1. There is a zone within
region A where the polymer and the MOF overlap due to the
penetration of the polymer into the “pockets” formed by the
atomic roughness of the surface. We have identied interfacial
microvoids both in region A and B, with equivalent maximum
diameters of 13 � 4 Å and 13 � 3 Å, respectively, and some
318 | Chem. Sci., 2018, 9, 315–324
degree of interconnection (Fig. 4a, Fig. S6†). We encountered
a similar scenario for the UiO-66/PS composite, with the pres-
ence of microvoids with diameters of up to 8 � 1 Å in region A
(Fig. 4b, S8 and S9†). In this case, microvoids in region A are
larger than those in region B of 6 � 2 Å. These microvoids are
consistent with those seen in our earlier reports19,20 for ZIF-8/
PIM-1 and suggest a similarly non-ideal MOF/polymer interface
for UiO-66/PS and UiO-66/PIM-1. When tested experimentally by
preparing UiO-66/PS MMMs with a high UiO-66 content
(70 wt%), PS-based membranes form cracks during drying and
cannot be removed from the substrate without signicant
disintegration.23 This result is commonly noted in the MMM
literature, where upper limits of MOF loading are cited based on
where MMMs begin to fail physically.18,24,57,58 Our modeling
results for PS and PIM-1 predict poor interactions between the
polymer and ller in these MMMs, with increased rigidity,
decreased density, and appearance of microvoids at the MOF/
polymer interface. This suggests that the polymer is unable to
fully conform to the surface of the ller in these combinations.
Hence, when rigid polymers are employed in these MMMs with
high MOF loadings, both computational and experimental data
indicate poor compatibility of the MMMs.

Next, the surface coverage and interfacial porosity of the UiO-
66/PVDF interface was modeled. The corresponding density
prole depicted in Fig. 5 shows a notable difference compared
to that for UiO-66/PIM-1 (Fig. 3). For UiO-66/PVDF, MOF and
polymer coexist throughout all region A and there are no
interfacial microvoids. PVDF conforms to themorphology of the
MOF surface, lling the pockets of surface roughness.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Snapshots of the interfaces for: (a) UiO-66/PIM-1, (b) UiO-66/PS, (c) UiO-66/PVDF, and (d) UiO-66/PEG composites. Colors are opaque
in region A, and faded for the rest of the interface. Orange circles mark where polymer end groups penetrate into the open pores of theMOF, and
green circles mark the interfacial microvoids.
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Moreover, the polymer terminations penetrate the surface pores
of UiO-66. This is illustrated in the snapshots showing a repre-
sentation of the corresponding interface (Fig. 4c), which is
notably different when compared with those obtained for the
other MMMs. This microscopic scenario provides an explana-
tion for the excellent MOF/polymer compatibility that was
experimentally found for this composite.21 Interestingly, the
density uctuations in region B have a larger amplitude for the
PVDF-based composite than for PIM-1-based one, suggesting
a longer-scale effect, and a stronger interaction with the UiO-66
surface.

The values of z length A for all UiO-66/polymer composites
studied are listed in Table 1. Those for the PIM-1 and PS-based
composites are larger than that for the PVDF-based one. This
indicates that it requires a longer distance from the MOF
surface for the polymer to start recovering its bulk density.

Based on this parameter, the affinity of UiO-66 for PVDF
(6 � 1 Å) is higher when compared to PIM-1 (15 � 3 Å) and PS
(9 � 2 Å), respectively. This comparison holds as well for the
ZIF-8/PIM-1 and ZIF-8/PIM-EA-TB interfaces that we explored in
previous studies, which have z lengths A of 13 � 1/13 � 2 Å and
11 � 1/12 � 1 Å respectively for interfaces built by considering
two different model ZIF-8 surface slabs.19,20,59

In order to quantify the amount of polymer that interacts
with the open pores at the MOF surface, we further computed
the atomic density of the polymer in the region where it coexists
This journal is © The Royal Society of Chemistry 2018
with the MOF, rs, calculated as the number of polymer atoms
divided by the volume of the superimposition region. From the
comparison of rs values in Table 1, we conclude that the surface
coverage of the UiO-66/PVDF composite is higher than that of
UiO-66/PIM-1 and UiO-66/PS MMMs, where microvoids are
present. This is another indicator of the improved compatibility
of UiO-66/PVDF when compared with PIM-1 or PS.

It could be argued that the higher rs at the interface for the
PVDF-based composite is just a feature originating from PVDF's
intrinsically higher density (1.78 g cm�3)60when compared to PS
(1.04–1.06 g cm�3)60 and PIM-1 (1–1.2 g cm�3).61 To assess this,
we have computed the normalized density ls which can be
calculated by dividing rs by the bulk polymer density. If the
higher density of PVDF in the proximity of the MOF was only
due to its intrinsic higher density, ls values would be compa-
rable for the three composites. As shown in Table 1, ls values
follow the same trend as rs, indicating that the higher coverage
is not due to the higher intrinsic density of PVDF compared to
PS and PIM-1, but rather it is related to a real increase in the
MOF/polymer affinity. The ls values show that the density of
PVDF close to the MOF surface is on average statistically similar
to its bulk density, while that for PS is�50%, and for PIM-1 only
�20% of their respective bulk densities.

PIM-1 62 and PS60 possess Young's modulus values of 1.26
and 2.25 GPa, respectively, while this value for PVDF is a mere
0.80 GPa. This corresponds to a higher rigidity for PIM-1 and PS
Chem. Sci., 2018, 9, 315–324 | 319
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Fig. 5 Top: Atomic density of PVDF (black) and UiO-66 (red) in the
direction perpendicular to the surface slab. Note the MOF/polymer
overlap in region A. Bottom: Schematic of the interface between PVDF
and UiO-66, aligned with the density profile plot.

Table 1 Surface coverage parameters for the different UiO-66/poly-
mer interfaces

Polymer z length A (Å) rs (Å
�3) ls

PIM-1 15 � 3 0.013 � 0.009 0.2 � 0.2
PS 9 � 2 0.05 � 0.01 0.5 � 0.1
PVDF 6 � 1 0.10 � 0.02 1.0 � 0.2
PEG 5 � 1 0.11 � 0.01 1.0 � 0.1

Fig. 6 Radial distribution functions for the most preferential MOF/
polymer interactions for the UiO-66/PVDF (left) and UiO-66/PEG
(right) interfaces.
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when compared to PVDF, which correlates with the presence of
interfacial microvoids and decreased surface coverage in their
MMMs with UiO-66. This suggests that the exibility of the
polymer might play a crucial role in the MOF/polymer interfa-
cial structure, and thus in their compatibility. Because PEG
(Young's modulus of 0.13 GPa) is even more exible than PVDF,
it was predicted that PEG would be a suitable candidate for
forming MMMs with UiO-66.

Computations indicate that the UiO-66/PEG interface is
similar to that calculated for UiO-66/PVDF: (i) no interfacial
microvoids are present, (ii) the polymer adapts its conguration
to the morphology of the MOF surface, and (iii) the end groups
of the polymer can penetrate into the surface pores of the MOF
(Fig. 4d and S13†). From the surface coverage analysis, the UiO-
66/PEG composite follows the same tendencies as for UiO-66/
320 | Chem. Sci., 2018, 9, 315–324
PVDF. Specically, for the UiO-66/PEG the z length A is
shorter than for most other polymers, and rS and ls are
comparable to those computed for UiO-66/PVDF (Table 1), both
of which indicate good surface coverage.

To further examine the intermolecular interactions in UiO-
66/PVDF and UiO-66/PEG, we computed several site-to-site
radial distribution functions, gab (r). These functions repre-
sent normalized histograms of the distribution of atoms of type
b at a given distance of an atom of type a, averaged over all
a atoms and the different congurations in a molecular
dynamics trajectory. Therefore, peaks are centered at the
preferred interaction distances, and the area under the peaks
can be related to the probability with which the interaction
occurs. Both distance and probability of the interaction are
parameters that can be related to its strength. Fig. 6 depicts the
main interactions for UiO-66/PVDF and UiO-66/PEG corre-
sponding to the closest MOF/polymer contacts. The most
signicant interactions involve the hydrogen bonds between
uorine of PVDF and the terminal OH in the MOF surface
(FPVDF/HOUiO-66), and between the oxygen of PEG and the OH
groups (OPEG/HOUiO-66). Fig. 6 shows that the main interaction
for the PEG-based composite is characterized by a shorter
distance (1.7 Å versus 2.0 Å). The integral under the rst peak is
3.6 for the PEG case versus 2.3 for the PVDF-based composite.
This trend supports a stronger MOF/polymer interaction for the
UiO-66/PEG system and partially explains why the resulting
interface of this composite is so compact.

To test the computational prediction, the corresponding
UiO-66/PEG MMMs were fabricated at 70 wt% MOF using
a previously established method (see ESI†).21,23 UiO-66/PEG
MMMs are exible and visibly continuous at 70 wt% UiO-66,
and they are similar in appearance to UiO-66/PVDF MMMs at
the same MOF loading (Fig. 7, S20 and S21†). Powder X-ray
diffraction (PXRD) spectra of PEG MMMs show retention of
the crystallinity of the MOF in the MMM (Fig. S22†). In SEM
cross-section images, PEG and PVDF MMMs are essentially
indistinguishable, with both showing the MOF-dominant,
loosely-packed morphology seen in previous studies (Fig. 7
and S23–S25†).

Although PVDF and PEG-based MMMs appear similarly
stable when handled and their interfaces show similar features
in our computational studies, stress–strain curves of PVDF and
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Comparison of the bulk flexibility of 70 wt% MOF MMMs using
PEG (a) and PVDF (b) showing very little difference. Similarly, the SEM
microstructure of the PEG (c) and PVDF-based (d) MMMs are very
similar. Scale bars are 2 mm.

Fig. 8 Young's modulus values for PVDF, PEG, and their respective
70 wt% UiO-66 MMMs. The increase in Young's modulus for the PEG-
based MMM (UiO-66/PEG) when compared to pure PEG films indi-
cates favorable MOF/polymer interactions.
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PEG systems show that pure PVDF membranes are signicantly
stronger and more rigid than pure PEG membranes (Fig. 8,
Table S8, Fig. S26†). Signicant differences between the
mechanical properties of MMMs from PVDF and PEG with
70 wt% UiO-66 are also found, both in strength (UTS) and
rigidity (Young's modulus).

Because the initial mechanical properties of the pure poly-
mer membranes vary greatly, it is difficult to extract meaningful
information about MOF/polymer interactions by directly
comparing PVDF- and PEG-based MMMs mechanical proper-
ties. However, previous work has shown that we can gain insight
into the interactions between ller and matrix by comparing
a pure polymer with its composite form.58,63–67 By comparing
mechanical properties between the pure polymer membranes
and the corresponding MMMs, we can hypothesize about the
differences between PVDF and PEG MMMs, while bearing in
mind that differences in the inherent strength and rigidity of
these polymers also play a role.

In both PVDF and PEG systems, the UiO-66 based- MMMs
have much lower UTS values than that of the corresponding
pure polymer lm. In many composite materials, the addition
of llers increases the UTS of the composite, if ller loading is
low.68–70 However, as ller content is increased, ller aggregates
can act as ‘stress concentrators’70 and lead to a reduction in
UTS,21,23,64,70 which is the result in both the PVDF and PEG
MMMs reported here (Table S8, Fig. S26†). Despite UTS
decreases in both systems, MMMs of both PEG and PVDF
containing 70 wt% UiO-66 maintain sufficient stability to be
handled, rolled, and twisted.

We begin to see differences in the mechanical behavior
between PVDF and PEG MMMs when Young's modulus is
examined. At low MOF loadings (<20–30 wt% MOF), prior
studies on MOF-based MMMs report that Young's modulus
This journal is © The Royal Society of Chemistry 2018
values tend to increase sharply when compared to the base
polymer,21,23,58,64–67 indicating that MMMs are more rigid than
their pure polymer counterparts. This increased rigidity is
attributed to strong MOF/polymer interactions.58,64–67 A
comparison of the Young's modulus of a pure PEG lm with
that of its corresponding 70 wt% UiO-66 MMM shows that the
MMM is signicantly more rigid than the starting polymer, with
Young's modulus values increasing from 133 � 13 MPa in pure
PEG to 284 � 124 MPa for the 70 wt% MOF MMM (Fig. 8,
Table S8†). When PVDF is compared with its respective MMM,
the rigidity of the pure polymer is almost identical to that of the
MMM, showing only a slight decrease of 32 MPa from 802 �
66 MPa for PVDF to 770 � 54 MPa for the MMM (Fig. 8,
Table S8†). The differences in Young's modulus trends suggest
that the reduced rigidity of PEG combined with
computationally-predicted strong UiO-66/PEG interactions may
explain the increase in rigidity seen in the PEG-based MMM.

Thermal gravimetric analysis (TGA) data of PEG and
PVDF-based MMMs differ from the respective base polymers,
suggesting incorporation of MOF into these polymers alters
the properties of the polymer (Fig. S27 and S28†). As the
amount of MOF in the PEG MMMs increases from 0%
incorporation (a PEG-only membrane) to 30, 50, 70, and
80 wt% UiO-66, the degradation temperature (Td) of PEG
decreases from 388 �C for pure (0 wt%MOF) PEG to 324 �C for
an 80 wt% MOF MMM, a total decrease of 64 �C (Fig. S27†). A
slightly different trend is observed for PVDF MMMs. A 60 �C
drop in Td is observed as MOF is included, when comparing
a pure, 0 wt% MOF PVDF membrane to 30 wt% UiO-66 in
PVDF. As the MOF amount is increased to 50 wt%, a Td

increase of 20 �C is observed, and a further increase of 10 �C
occurs in the 70 wt%MOF/PVDF MMM (Fig. S28†). The initial
drop in stability upon addition of 0–30 wt% MOF is also seen
in a related study on zeolite incorporation into PVDF.71 In
both PEG and PVDF MMMs, the overall decrease in the
thermal stability of the lms compared to polymer-only lms
Chem. Sci., 2018, 9, 315–324 | 321
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can be attributed to interruptions in long-range polymer
interactions by the MOF additive.

A comparison of DSC traces reveals small differences
between PVDF-based MMMs and PEG-based MMMs (Fig. S29
and S30†). A 2 �C increase in melting temperature (Tm) from
pure PEG to 30 wt% MOF in PEG is observed, followed by
decreases in Tm as more MOF is added (Fig. S29†). In the PVDF
system, Tm decreases as MOF is incorporated up to 70 wt%
(Fig. S30†). The overall decreases in Tm in both systems again
likely correlates with reduced polymer–polymer interactions as
the MOF component is increased. The slight increase observed
in the Tm of 30 wt% MOF/PEG MMM could be a sign of
increased stability of this MMM over the base polymer, perhaps
due to MOF-polymer interactions, although the small magni-
tude of this changemake conclusions from this data speculative
at best.

Additional differences in the UiO-66/PVDF and UiO-66/PEG
MMMs are seen when comparing the accessible internal
surface area of the MMMs by N2 sorption. While the 70 wt%
UiO-66/PVDF-based MMM retains the internal surface area of
the MOF component, its PEG-based counterpart shows no
accessible internal surface area at 77 K. This observation is
consistent with the strong UiO-66/PEG interactions seen
computationally (Fig. 5 and 6) and mechanically (Fig. 8), and
suggests that the surface pores of the MOFs may be blocked by
some combination of high surface contact (and concomitant
pore penetration by polymer) and strong MOF/polymer inter-
actions. UiO-66/PEG MMMs fabricated with 80 wt% MOF begin
to recover some of the surface area of the MOF, but only �50%
the expected capacity based on the amount of MOF present
(Table S7, Fig. S31†).
Conclusions

The microscopic structure of UiO-66/polymer interfaces was
systematically investigated by computational methods
combining force eld and quantum-based molecular simula-
tions. Our results suggest that the rigidity of the polymer has
a negative impact in the MOF/polymer compatibility. These
ndings are consistent with what has been proposed by Koros
et al. for different nanoparticle/polymer composites.72–74 Highly
compatible systems are found with polymers that show Young's
modulus values less than 1 GPa. Polymers that meet this crite-
rion can readily adapt to the morphology of the MOF surface,
lling the pockets formed by the atomic roughness of the
surface, with chain ends penetrating into the surface MOF
pores. This computationally predicted microscopic scenario
was evidenced by UiO-66/PVDF and UiO-66/PEG composites,
which yield exible, continuous MMMs with sufficient tensile
strength and rigidity to yield useful lms at 70 wt% MOF. In
contrast, poorly compatible systems such as UiO-66/PS and UiO-
66/PIM-1 exhibit interfacial microvoids, which increase the
interaction distance between the MOF and the polymers.
Consistent with these calculations, UiO-66/PS and UiO-66/PIM-
1 generate brittle, fragile MMMs18,23 that prevented tensile
strength testing and verication.
322 | Chem. Sci., 2018, 9, 315–324
MOF/polymer compatibility can be also tuned by chemical
functionality of the two components. Simulations suggest
a plausible microscopic explanation for the difference between
UiO-66/PVDF and UiO-66/PEG MMMs based on the difference
in the strength of these interactions. Both polymers penetrate
the open pores of UiO-66. However, for UiO-66/PEG, hydrogen
bonding between the MOF and the polymer is stronger, making
the interface more compact, and resulting in blockage of the
MOF pores, while UiO-66/PVDF makes strong interactions, but
without pore blockage. Mechanical testing brings to light
further differences between UiO-66/PVDF and UiO-66/PEG
MMMs, with UiO-66/PVDF showing no change in rigidity as
large amounts of MOF are incorporated, while the rigidity of
PEG membranes more than doubles upon incorporation of
MOF, providing more evidence of a strong UiO-66/PEG inter-
face. These results suggest that from the point of view of
applications, a balance between compatibility and performance
is needed: the MOF/polymer pair should be compatible enough
to give robust membranes with high MOF loadings, but avoid
interactions that lead to pore blocking.
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V. Shantarovich, V. Gustov and V. Isaeva, J. Membr. Sci.,
2013, 427, 48–62.

19 R. Semino, N. A. Ramsahye, A. Ghou and G. Maurin, ACS
Appl. Mater. Interfaces, 2016, 8, 809–819.

20 M. Benzaqui, R. Semino, N. Menguy, F. Carn, T. Kundu,
J.-M. Guigner, N. B. McKeown, K. J. Msayib, M. Carta,
R. Malpass-Evans, C. Le Guillouzer, G. Clet,
N. A. Ramsahye, C. Serre, G. Maurin and N. Steunou, ACS
Appl. Mater. Interfaces, 2016, 8, 27311–27321.

21 M. S. Denny Jr and S. M. Cohen, Angew. Chem., Int. Ed., 2015,
54, 9029–9032.

22 J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,
S. Bordiga and K. P. Lillerud, J. Am. Chem. Soc., 2008, 130,
13850–13851.

23 J. C. Moreton, M. S. Denny Jr and S. M. Cohen, Chem.
Commun., 2016, 52, 14376–14379.

24 M. R. Khdhayyer, E. Esposito, A. Fuoco, M. Monteleone,
L. Giorno, J. C. Jansen, M. P. Atteld and P. M. Budd, Sep.
Purif. Technol., 2017, 173, 304–313.

25 B. Ghalei, K. Sakurai, Y. Kinoshita, K. Wakimoto,
A. P. Isfahani, Q. Song, K. Doitomi, S. Furukawa, H. Hirao,
H. Kusuda, S. Kitagawa and E. Sivaniah, Nat. Energy, 2017,
2, 17086.

26 L. Xiang, L. Sheng, C. Wang, L. Zhang, Y. Pan and Y. Li, Adv.
Mater., 2017, 29, 1606999.

27 T.-H. Bae and J. R. Long, Energy Environ. Sci., 2013, 6, 3565–
3569.

28 N. Angulakshmi, R. S. Kumar, M. A. Kulandainathan and
A. M. Stephan, J. Phys. Chem. C, 2014, 118, 24240–24247.
This journal is © The Royal Society of Chemistry 2018
29 S. Suriyakumar, M. Kanagaraj, N. Angulakshmi,
M. Kathiresan, K. S. Nahm, M. Walkowiak, K. Wasinski,
P. Polrolniczak and A. M. Stephan, RSC Adv., 2016, 6,
97180–97186.

30 J. Hutter, M. Iannuzzi, F. Schiffmann and J. VandeVondele,
Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2014, 4, 15–25.

31 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865–3868.

32 J. VandeVondele and J. Hutter, J. Chem. Phys., 2007, 127,
114105.

33 S. Goedecker, M. Teter and J. Hutter, Phys. Rev. B: Condens.
Matter Mater. Phys., 1996, 54, 1703–1710.

34 S. Grimme, J. Comput. Chem., 2006, 27, 1787–1799.
35 J. D. H. Donnay and D. Harker, Am. Mineral., 1937, 22, 446–

467.
36 G. Friedel, Bull. Soc. Fr. Mineral., 1907, 30, 326–455.
37 A. Bravais, Etudes Cristallographiques, Gauthier-Villars, Paris,

1866.
38 N. Planas, J. E. Mondloch, S. Tussupbayev, J. Borycz,

L. Gagliardi, J. T. Hupp, O. K. Farha and C. J. Cramer, J.
Phys. Chem. Lett., 2014, 5, 3716–3723.

39 Q. Yang, H. Jobic, F. Salles, D. Kolokolov, V. Guillerm,
C. Serre and G. Maurin, Chem.–Eur. J., 2011, 17, 8882–8889.

40 C. M. Breneman and K. B. Wiberg, J. Comput. Chem., 1990,
11, 361–373.

41 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. A. J. Montgomery,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
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