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COMPUTATIONAL DETAILS 
Atomistic models for poly(vinylidene fluoride) (PVDF) and poly(ethylene oxide) (PEO) 

were constructed following a previously reported strategy based on the use of the 

codes polymatic1 and lammps.2 Bonded contributions to the force field were modeled 

as harmonic potentials for the stretching and bending modes and as cosine-based 

functions for the dihedral angles. Non-bonded interactions were treated as a 

summation of 12-6 Lennard-Jones (LJ) and Coulomb potentials as detailed in 

previous work.3 Coulombic contributions were computed by the Ewald summation, 

considering the Electrostatic Potential Fitting (ESP) partial charges estimated by 

Density Functional Theory (DFT) calculations on the monomer using the PBE 

(Perdew-Burke-Ernzerhof) functional4 combined with a Gaussian basis set. The LJ 

potential parameters were taken from the DREIDING force field.5 The crossed LJ 

interactions were computed by using the Lorentz–Berthelot mixing rules.6 The cutoff 

was set to 15 Å. The resulting polymer models contain 988 and 991 monomers for 

PVDF and PEO, respectively. They occupy similar volumes and are large enough to 

prevent interactions between the MOF slabs through the periodic boundary when 

polymer and MOF are put together in the simulation box. 
The surface model of the dehydrated UiO-66 material was constructed by first 

optimizing the primitive cell at the DFT level, using the Quickstep module of the 

CP2K software.7 The PBE functional4 was used along with a combined Gaussian 

basis set and plane wave pseudopotential strategy as implemented in CP2K. Further 

details of the basis set and the treatment of the dispersion forces are described 

elsewhere.3 The Bravais-Friedel-Donnay-Harker (BFDH)8-10 method was applied in 

order to identify the most stable surfaces of this MOF, which led to the selection of 

the [101] surface. The surface was then reconstructed to ensure dipole neutrality and 

capped by OH- and H+ groups. The LJ parameters, the ESP partial charges as well 

as the description of the bonded contributions to the force field of the MOF model are 

detailed elsewhere.3 

MOF and polymer were combined to generate the interface model. Seven 

cycles of three molecular dynamics (MD) simulations were performed, each 

consisting of two simulations in the NVT and one in the NPnT ensemble, where Pn is 

the pressure component in the direction perpendicular to the slab. The first simulation 

in each cycle was conducted at 600 K, while for the other two it was set to 300 K. 

Pressure was increased in the first three cycles until it reached a maximum value of 1 
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kbar and then decreased down to ambient pressure in the remaining four cycles, in 

order to pack the polymer to a reasonable density. To further explore the penetration 

of polymer chains into the open pores of the MOF surface, a 1 ns MD simulation was 

performed in the NVT ensemble at 2000 K. This high temperature enabled the 

polymer to overcome the energy barrier to penetrate the MOF pores. Thereafter, data 

were collected from a MD simulation in the NPT ensemble at T = 300 K and at P = 1 

bar lasting 10 ns with a 1 fs time step. 

 

NMR DETAILS 

Model Development.  SEM images of UiO-66 and UiO-66/PEO show nearly 

spherical 150-nm diameter MOF particles, see Figures S2-S6. On this basis, Figure 1 

and Figure S10 compare two structural models of MOF/PEO MMMs with realistic 

dimensions and PEO volume fractions, specifically for 80 wt% UiO-66 / 20 wt% PEO. 

Since the densities of the MOF and of PEO are both close to 1.2 g/cm3, the volume 

fractions are nearly equal to the known mass fractions. The models differ distinctly in 

the PEO distribution. The model in Figure 1c (left) and Figure S10 (left) assumes a 

homogeneous coating of PEO on the MOF particle surface, while the others (Figure 

1c, right, and Figure S10, right) assumes a homogeneous PEO distribution 

throughout the volume of the MOF (i.e. in the pores, which are not resolved at the 

scale of the schematic). It is interesting to note that a 5-nm thin layer of PEO on the 

surface of the 150-nm diameter particle accounts for 20% of the total volume (since 

([150+ 2´5]/150)3 = 1.21). 

 
Effect of the MOF on PEO Dynamics.  The relaxation of PEO with a short T1r of 0.8 

ms reflects large-amplitude segmental motions with rates near 200,000/s, since the 

resulting fluctuating fields drive the spin-lattice relaxation in the rotating frame. 

Motions with that critical rate k = |w1| = g B1 = 2p 40 kHz produce a minimum T1r of 

~0.7 ms for the amorphous layers in semicrystalline PEO.11 This amorphous PEO 

reaches the T1r value of 0.8 ms at 50 K below ambient temperature.11 Thus, the data 

indicate a more than 10-fold slow-down of PEO, i.e. dynamic constraints imposed by 

the UiO-66 pore walls. Interestingly, the short relaxation time (i.e. high relaxation 

rate) points to large motional amplitudes of PEO in UiO-66, similar as in free 
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amorphous PEO, whose spin relaxation is barely faster even at the T1r minimum. At 

300 K, PEO is ~ 90 K above its glass transition temperature and therefore moves so 

fast that its T1r relaxation is significantly slowed down;11 this is confirmed by the 

comparison of the relaxation of free PEO vs. PEO in UiO-66 in Figure 3b. 

 

Short T1ρ in MMMs.  1H spin exchange is likely the main reason for the dramatic 

shortening of UiO-66-linker T1r induced by PEO: As the 1H magnetization of PEO 

relaxes on the sub-millisecond scale, spin exchange (though slowed down by a factor 

of ~3 by spin lock and MAS) resupplies PEO with magnetization taken from the MOF 

linkers, which therefore experience faster relaxation.  

  

PVDF Surface Adhesion Model Development.  Due to the low proton density of the 

neat MOF, the spin diffusion coefficient is reduced relative to the value for typical 

rigid polymers quoted above. Assuming DMOF = 0.1 nm2/ms, the thickness of the 

MOF layer polarized by spin diffusion from the particle surface within tse = 200 ms is 

roughly Dxrms = = 6 nm, corresponding to a ~25% volume fraction of each 

particle, which within the uncertainties is in agreement with the experimental 

observation (30 ± 7%).  

 

PVDF Cross-Peak Intensity Calculation.  The intensity of the bdc2-/PVDF cross 

peaks gradually increases with spin-exchange time.  The bdc2- proton to PVDF cross 

peak is small, 0.24:1 aromatic H:CH2 by integration, even after 200 ms of spin 

diffusion.  After full equilibration, it increases to 1.7:1, the proton ratio of the 70:30 

UiO-66/PVDF material (by comparison, the aromatic H:CH2 proton ratio is 0.74:1 for 

80:20 UiO-66/PEO, which matches the observed peak ratio in Figure 4a).  

Normalized cross peak intensities calculated on this basis (e.g., 0.24/1.24/(1.7/2.7) = 

0.3 after 200 ms) for this material have been included in Figure 4b. 

 

NMR Evidence of Excess PEO.  Additional PEO is observed by PXRD, NMR and 

DSC to form a semicrystalline structure outside the MOF. In NMR, the signal of 

crystalline PEO is difficult to observe due to its helical jump motions12 that shorten 

T1r11 and broaden the 13C resonance due to interference with 1H decoupling. 

However, the sharp signal of amorphous PEO is quite easy to detect in both 13C and 

2DMOFtse
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1H NMR spectra (see Figures S11 and S12). The 1H spectrum shows that there is no 

(<10%) free PEO in 80:20 UiO-66/PEO, consistent with the absence of a melting 

peak in DSC (Figure S15). As expected, the mobile PEO does not show significant 

cross peaks with the aromatic H in HetCor spectra, see Figure S18, since it is 

separated from the MOF by tens of nanometers, on average. The corresponding non-

equilibrated magnetization distribution is reflected in the lack of agreement of parallel 

cross sections through the HetCor spectrum, see Figure S18. Within the MOF, the 

linker-PEO contact is similar as in 80:20 UiO-66/PEO; this can be demonstrated by 

the nearly matching 13C spectra associated with the aromatic 1H magnetization 

originating from the MOF linkers (see Figure S18). Only the integrated intensity of the 

cross peak of 50:50 (and also of 70:30) UiO-66/PEO is about 60% larger than that of 

80:20 UiO-66/PEO, due to the more complete pore filling.  

 
SYNTHESIS AND CHARACTERIZATION DETAILS 

Synthetic Procedures 
General.  All solvents and starting materials were purchased from chemical suppliers 

and used without further purification (Sigma Aldrich, Arkema, Alfa Aesar, EMD, and 

TCI). 
 
Large-Scale Synthesis of UiO-66.  Synthesis of UiO-66 was performed via a 

reported procedure.13  Zirconium(IV) chloride (1.45 g, 6.2 mmol) and terephthalic acid 

(1.04 g, 6.2 mmol) were dissolved in 360 mL molecular sieve-dried DMF via 

sonication (<1 min).  Glacial acetic acid (10.6 mL, 186 mmol) was added and the 

mixture was sonicated an additional 1 min to fully mix.  The mixture was portioned 

evenly between 24 vials (20 mL, PTFE-lined caps).  The vials were then placed in a 

preheated 120 °C oven for 24 h.  After cooling to ambient temperature, the particles 

were collected by centrifugation (fixed-angle rotor, 5500 rpm, 10 min), followed by 

washing with 3´10 mL DMF and 3´10 mL MeOH.  The particles were then soaked in 

MeOH for 3 d, with solvent changed daily, before being dried under vacuum at room 

temperature.  Yield:  1.25 g (73%) 

 

UiO-66/PEO MMM Fabrication.  UiO-66 was synthesized according to the 

procedure reported above, then dispersed in acetone (3.5 wt% MOF) via sonication.  



 

S6 
 

PEO (Mz = 900,000 g/mol, PDI = 1.2; purchased from Sigma-Aldrich) was dissolved 

in water to a honey-like viscosity (3.5 wt%).  The two component solutions were then 

combined in the appropriate ratios to yield mixtures resulting in 30-80 wt% MOF-

loaded MMMs, which were ultrasonicated for 1 h. The resulting solution was then 

concentrated by rotary evaporation, removing the acetone, and yielding a 

homogeneous ‘ink’ of MOF and polymer in water.  Using a draw-down method, the 

MOF/PEO solution was transferred to an aluminum foil substrate and then cast with a 

MTI Corporation MSK-AFA-II automatic thick film coater using an adjustable doctor 

blade set to 1 mm, at a speed of 25 mm/second.  The as-cast films were then oven-

cured at 70 °C until dry (roughly 1h) and the aluminum backing was peeled away with 

tweezers.  Most MMMs were composed of a total of 200-500mg of combined MOF 

and polymer components. 

 

UiO-66/PVDF MMM Fabrication.  UiO-66 was synthesized according to the 

procedure reported above, then dispersed in acetone (3.5 wt% MOF) via sonication.  

PVDF (Mw = 750,000 g/mol, PDI = 2.2; polymer and characterization data obtained 

from Arkema) was dissolved in DMF to a honey-like viscosity (7 wt%) then the MOF 

and polymer solutions were mixed to generate a 70:30 weight ratio of MOF to PVDF, 

and ultrasonicated to homogeneity.  The resulting solution was then concentrated by 

rotary evaporation, removing the acetone, and yielding a homogeneous ‘ink’ of MOF 

and polymer in DMF.  Using a draw-down method, the MOF/PVDF solution was 

transferred to an aluminum foil substrate and then cast with a MTI Corporation MSK-

AFA-II automatic thick film coater using an adjustable doctor blade set to 500 μm, at 

a speed of 25 mm/second.  The as-cast films were then oven-cured at 70 °C until dry 

(roughly 1h) and the aluminum backing was peeled away with tweezers. 

 

Materials Characterization 
Powder X-ray Diffraction (PXRD).  PXRD data was collected at room temperature 

on a Bruker D8 Advance diffractometer running at 40 kV, 4 mA for Cu Kα (λ = 1.5418 

Å), with a scan speed of 0.5 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 5-

50° at room temperature.  Sample holders used were zero-background Si plates (p-

type, B-doped) from MTI Corp.  Well-type sample holders (depth = 0.5 mm) were 

used for powder samples.  MMM and pure-polymer samples were affixed to flat 

sample holders using double-sided Scotch tape. 
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N2 Sorption Analysis.  Approximately 50 mg of sample were placed in a tared 

sample tube and degassed at 70 °C on a Micromeritics ASAP 2020 Adsorption 

Analyzer until the outgas rate was <5 mmHg (12-48 h).  Post-degas, the sample tube 

was weighed, and then N2 sorption isotherm data was collected at 77 K on a 

Micromeritics ASAP 2020 Adsorption Analyzer using a volumetric technique.  BET 

surface areas were then determined from analysis of the Rouquerol14 plots of the 

isotherm data, using 4-10 data points each.  The guidelines set forth by Rouquerol14 

use four criteria to obtain the most accurate BET surface area values for microporous 

materials such as MOFs.  Further work by Snurr,15 specific to UiO-66, recommends 

the implementation of criteria I-III to obtain the most accurate BET area measurement 

for this specific material (since criteria IV is not met in UiO-66).15  Criteria I, that BET 

constant C must be positive, and criteria II, that the value V(1-p/p0) must increase 

with increasing p/p0 for all points chosen, are both true for the UiO-66 and MMMs in 

this study.  Similarly, criteria III states that the total monolayer loading should 

correspond to a relative pressure within the selected linear region and holds true for 

our measurements on UiO-66 and all MMMs. 

 

Scanning Electron Microscopy (SEM).  MMMs were placed on conductive carbon 

tape on a sample holder and coated using an Ir sputter-coating for 7 s. A FEI Quanta 

250 scanning electron microscope was used for acquiring images using a 10 kV 

energy source under vacuum at a working distance of 10 mm. 

 

TGA Analysis.  MOF and MMM samples (5-10 mg) were weighed and placed in 

alumina crucibles.  Samples were run under dry N2 gas at a flow rate of 70 mL/min 

from 30°C – 550°C at a heating rate of 5 °C/min on a Mettler Toledo TGA/DSC 1 

STARe system.  

 

DSC Analysis.  MOF and MMM samples (5-10 mg) were weighed and placed in 

alumina crucibles.  Samples were run under dry N2 gas at a flow rate of 70 mL/min 

on a Mettler Toledo TGA/DSC 1 STARe system.  Samples were first heated to 80 °C 

at 10 °C/min to remove the thermal history, then cooled at 10 °C/min to 30 °C. The 

sample was then held at 30 °C for 10 min to stabilize the temperature reading, then 

heated to 80 °C at 5 °C/min. 
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ADDITIONAL EXPERIMENTAL RESULTS 
 
Table S1.  BET surface area measurements and constants are given below for all 

MMMs tested.   

Polymer MOF % MOF 
BET SA 
(m2/g) 

BET Constant 
C 

BET Constant 
Qm (mmol/g)  

-- UiO-66 100 1380 2417 14.16 

PVDF UiO-66 70 780 1523 8.00 

PEO UiO-66 30 < 5 -- -- 

  50 < 5 -- -- 

 
 70 37 199 0.38 

 80 480 10658 4.94 

 

 

Table S2.  Theoretical and calculated (from TGA trace, Figure S25) MOF content for 

all PEO MMMs.   

Polymer MOF 
% MOF 
(theoretical) 

% MOF (calculated) 

PEO UiO-66 

30 30 

50 47 

70 69 

80 79 
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a)  b)  c)  d)  e)   

Figure S1.  Full-size MMMs in PEO at a) 0 wt% UiO-66, b) 30 wt%, c) 50 wt%, d) 70 

wt% and e) 80 wt% demonstrate that they are continuous, uniform and easily 

delaminate from the Al foil substrate. Each MMM is roughly 5 cm x 12 cm in size. 

 

 

 

 
Figure S2.  SEM image of as-synthesized UiO-66 (scale bar is 1 μm).  This image 

shows the uniform ~150 nm diameter size and roughly spherical morphology of the 

particles. 
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a)  b)  

Figure S3.  Images of 30 wt% UiO-66/PEO MMMs on a) the top side of the MMM 

and b) the MMM cross-section, with MOF visible as small round particles in a matrix 

of darker polymer. Scale bars are 2μm. 

 

 

 

a)  b)  

Figure S4.  Images of 50 wt% UiO-66/PEO MMMs on a) the top side of the MMM 

and b) the MMM cross-section. Scale bars are 2μm.  MMMs appear far more MOF-

dominant, with some evidence of polymer matrix visible connecting the particles in 

the cross-section of the MMM. 
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a)  b)  

Figure S5.  Images of 70 wt% UiO-66/PEO MMMs on a) the top side of the MMM 

and b) the MMM cross-section. Scale bars are 2 μm.  The polymer matrix is no 

longer visible in these images, with MMMs appearing extremely MOF-dominant. 

 

 

 

a)  b)  

Figure S6.  Images of 80 wt% UiO-66/PEO MMMs on a) the top side of the MMM 

and b) the MMM cross-section. Scale bars are 2 μm. The polymer matrix is no longer 

visible in these images, with MMMs appearing extremely MOF-dominant. 
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Figure S7.  N2 sorption isotherms collected at 77 K of all UiO-66/PEO MMMs 

compared to the starting UiO-66 powder.  Little to no MOF surface area is seen 

below 80wt% UiO-66 in PEO, while the 80wt% UiO-66/PEO MMM demonstrates 

partial recovery of UiO-66 microporous character. 

 

 

 

a)  b)  

Figure S8.  SEM images of 70 wt% UiO-66/PVDF MMMs on a) the top side of the 

MMM and b) the MMM cross-section. Scale bars are 1μm. The continuous polymer 

matrix is partly visible in these images, with MMMs appearing extremely MOF-

dominant. 
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Figure S9.  N2 sorption isotherms collected at 77K of UiO-66/PVDF MMM compared 

to the starting UiO-66 powder.  The UiO-66/PVDF MMM trace shows that access to 

UiO-66 micropores is retained within the PVDF matrix. 

 

 

 

 
Figure S10. Two distinct models of 80:20 wt:wt UiO-66/PEO with particle size from 

SEM and realistic volume fractions. Left: surface-coating model; right: homogeneous 

pore-filling model. Center: Approximate dimensions of a typical PEO chain. 



 

S14 
 

 
Figure S11.  Full multiCP 13C NMR spectra of UiO-66/PEO membranes as a function 

of PEO content. Spinning frequency: 14 kHz. 
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Figure S12.  1H NMR spectra of UiO-66-PEO membranes with varying UiO-66 

content as indicated, and of the pure components, recorded at 14 kHz MAS.  The 

sharp peak at 3.9 ppm is due to highly mobile PEO in amorphous layers of the 

semicrystalline morphology.  The widths of the aromatic-proton peaks are compared 

in Figure 2b. The increase in the width of the aromatic proton resonance in Figure 2b 

can be attributed to dipolar couplings of these protons to those of PEO, again on the 

sub-nanometer scale since dipolar couplings decreases strongly with distance. 
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Figure S13.  (a) Comparison of 1H NMR spectra (see Figure 2b) of UiO-66/PEO 

MMMs with varying PEO content, and of pure UiO-66. (b) Comparison of spectra 

after partial suppression of the signal of MOF-bound PEO by a 1-ms T1r filter. 

 

 
Figure S14.  PXRD patterns of PEO MMMs compared to UiO-66, PEO, and a blank 

background.  The polymer alone displays mostly amorphous character, with small 

features at 19° and 23°. The MMMs show the same powder pattern as UiO-66 alone, 

demonstrating that the MOF remains highly crystalline within the MMM. 
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Figure S15.  DSC traces of UiO-66/PEO MMMs at different MOF loadings shown 

above.  MMMs above 50 wt% UiO-66 show no visible melt event, which may indicate 

significant disruption of crystalline polymer chain packing in MMMs above 50 wt% 

UiO-66. 

 

 

 

 
Figure S16.  Extent of MOF–PEO contacts observed in 1H-13C HetCor NMR 

spectrum of physical mixture of UiO-66 and PEO with 1H spin exchange. No cross 

peaks indicating magnetization transfer are observed in a physical mixture. 
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Figure S17.  Extent of MOF–PEO contacts observed in the 1H-13C HetCor NMR 

spectrum of 50:50 UiO-66/PEO with 1H spin exchange in (b), compared with the 

spectrum of 80:20 UiO-66/PEO shown for reference in (a). (c) Horizontal cross 

sections of the spectrum in a) at the OCH2 resonance (dashed purple line) and at the 

aromatic H resonance (solid black line), scaled vertically for best match. The cross 

sections are nearly indistinguishable which is the hallmark of magnetization 

equilibration. (d) Analogous cross sections from the spectrum in (b). The cross 

section at the OCH2 resonance (dashed purple line) shows a sharp intense 

resonance of mobile amorphous PEO, which is far from the MOF linkers and 

therefore does not equilibrate with their magnetization. 
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Figure S18.  Series of 1H-13C HetCor spectra of a 80:20 UiO-66/PEO MMM with 

(nominal) spin-exchange times from 10 µs to 20 ms, as indicated. 
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Figure S19.  Dependence of the intensity of the cross peak between aromatic H and 

PEO -CH2- in 1H-13C HetCor spectra on the square-root of the 1H spin-exchange time 

tse in a 50:50 UiO-66/PEO MMM.  The linear initial rise is characteristic of spin 

diffusion.   

 

 
Figure S20.  Model with 70-nm diameter PEO-free core in a typical MOF particle, 

which accounts for 10% of the MOF volume. A larger empty core is excluded by the 

NMR data.  
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Figure S21.  Limited extent of UiO-66–PVDF contacts observed in 1H-13C HetCor 

NMR spectra with 1H spin exchange.  (a) Within 50 ms of spin exchange, little 

magnetization is transferred from the aromatic protons to PVDF. The inset shows the 

surface-coating model spin diffusion from the polymer polarizing a MOF layer of 3-nm 

thickness (in red), corresponding to 12% of the MOF volume.  (b) A somewhat 

stronger cross peak (marked with a red arrow) is observed after a long spin-diffusion 

time of 200 ms; nevertheless, the vertical cross sections at the UiO-66 and PVDF 

peak positions shown on the left are still clearly distinct, showing that unlike PEO, 

PVDF does not homogeneously fill the pores of the MOF.   
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Figure S22.  Radial distribution functions (RDFs) for the most relevant interactions 

between polymer sites and MOF sites at the external part of the surface (OH 

terminations attached to the surface Zr atoms).  Top panel: FPVDF – H(OH)UiO-66.  

Bottom panel: OPEO – H(OH)UiO-66. The upper panel of the figure corresponds to the 

RDFs between the fluorine atoms of PVDF and the hydrogen atoms of the terminal -

OH at the UiO-66 surface, while the lower panel represents the RDFs between the 

oxygen atoms of PEO and the same terminal group.  Both RDF pairs show short 

interacting distances of 1.9 and 1.7 Å, respectively. 
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Figure S23.  Radial distribution functions for the most relevant interactions between 

polymer sites and MOF sites at the internal part of the surface (H atoms in the 

organic linkers).  Top panel: FPVDF – H(OH)UiO-66.  Bottom panel: CPEO – H(OH)UiO-66. 

These plots show that the fluorine atoms of PVDF and the carbon atoms of PEO 

mostly interact with the organic bdc2- linker, with interacting distances with the H-

atoms of the phenyl ring of 2.5 and 3.4 Å, respectively.  The difference between the 

intensities (y-axis) is about a factor of 3 for the interactions with the internal MOF 

surface groups. 
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Figure S24.  Nitrogen sorption isotherm data of UiO-66 used in this study. 

 

 

 
Figure S25. TGA traces of UiO-66/PEO MMMs at different MOF loadings shown 

above.  MMMs show one step feature between 30 and 550°C, which corresponds to 

degradation of the PEO component, allowing calculation of actual MOF content.  

Degradation steps shift to lower temperatures as MOF content is increased, 

corresponding to a significant destabilization of the polymer component as MOF 

content increases. 



 

S25 
 

 
Figure S26.  PXRD of as-synthesized UiO-66 used in this study with the calculated 

powder pattern for comparison. 

 

 

 
Figure S27.  Powder X-ray diffraction patterns of the starting UiO-66 compared to a 

70 wt% UiO-66/PVDF MMM demonstrates identical crystallinity, suggesting the MOF 

retains its crystallinity within this MMM. 
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