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ABSTRACT 

A study integrating advanced experimental and modeling tools was undertaken to characterize the 

microstructural and interfacial properties of mixed matrix membranes (MMMs) composed of the 

zeolitic imidazolate framework ZIF-8 nanoparticles (NPs) and two polymers of intrinsic microporosity 

(PIM-1 and PIM-EA-TB). Analysis probed both the initial ZIF-8/PIM-1 colloidal suspensions and the 
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final hybrid membranes. By combining dynamic light scattering (DLS), transmission electron 

microscopy (TEM) analytical and imaging techniques with small-angle X-ray scattering (SAXS), the 

colloidal suspensions were shown to consist mainly of two distinct kinds of particles, namely polymer 

aggregates of about 200 nm in diameter and densely packed ZIF-8-NP aggregates of a few 100 nm in 

diameter with a 3 nm thick polymer top-layer. Such aggregates are likely to impart the granular texture 

of ZIF-8/PIMs MMMs as shown by SEM-XEDS analysis. At the molecular scale, modeling studies 

showed that the surface coverage of ZIF-8 NPs by both polymers appears not to be optimal with the 

presence of micro-voids at the interfaces that indicates only a moderate compatibility between the 

polymer and ZIF-8. This study shows that the microstructure of MMMs results from a complex 

interplay between the ZIF-8/PIM compatibility, solvent, surface chemistry of the ZIF-8 NPs and the 

physico-chemical properties of the polymers such as molecular structure and rigidity. 

 

Keywords: MOF/polymer interface, mixed matrix membrane, Transmission Electron Microscopy, 

molecular modeling, polymer of intrinsic microporosity, ZIF-8. 

 

 INTRODUCTION 

Polymer membranes for gas separation have been commercialized for more than 30 years for 

processes such as the production of nitrogen or oxygen from air, natural gas purification or the removal 

of carbon dioxide from natural gas.1 They have emerged as a competitive technology owing to their low 

capital and operating cost, small footprints and ease of operation. However, polymer membranes suffer 

from a trade-off between permeability and selectivity which is defined by the so-called Robeson upper 

bound for the specific gas pair of interest.2,3 Recently, polymers of intrinsic microporosity (PIMs) have 

attracted great interest for use as gas separation membranes not only due to their promising 

performances but also to their processability from solution.4 The molecular structure of PIMs consists of 

aromatic rings connected by spiro-centers leading to a contorted backbone. The permanent 
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microporosity and high free volume of PIMs are derived from both low segmental mobility and the sites 

of contortion that frustrate the packing of polymer chains.4,5 As a consequence, PIMs possess high gas 

and vapor permeability as well as good selectivity, surpassing the Robeson upper bound for several gas 

pairs of technological relevance (i.e. O2/N2, CO2/CH4, CO2/N2).
4,6,7,8 PIM-1 is the most studied polymer 

of this group (see Scheme 1) with very promising properties in terms of high gas permeability and large 

solubility coefficients.6,7,9 However, in common with other glassy polymers (e.g. poly(trimethylsilyl 

propyne), PTMSP),10 the gas permeation properties of PIMs are deeply influenced by their processing 

history.7,11 For example, ageing involves the slow densification of chain packing over time and this 

leads to a decrease of the polymer free volume and gas permeability. In addition, gas permeability is 

strongly affected by the presence of residual solvent and its nature (water, CHCl3 or alcohols).7 For 

example, a PIM-1 film shows a permeability coefficient P(O2) of 120 Barrer after wetting with water 

but this increased to 1600 Barrer following immersion of the film in ethanol or methanol.7 This was 

explained by the swelling of the polymer facilitated by strong hydrogen bonds between the alcohols and 

the oxygen atoms of the dioxane ring of PIM-1.12  

In the continuous quest for novel membrane materials, the design of mixed matrix membranes 

(MMMs) that combine a polymer matrix and inorganic or hybrid fillers has emerged as a valuable 

approach to enhance the gas transport properties and improve on the upper bound limitations of pure 

polymers. 13 , 14  MMMs have the advantages of coupling the good processability and mechanical 

properties of polymers with the attractive physico-chemical properties of the fillers (e.g. molecular 

sieving). Initially, impermeable NPs such as oxides (SiO2, TiO2, MgO) were introduced in polymer 

matrices in order to induce a distortion of chain alignment thereby increasing the free volume and gas 

permeation parameters. 15 , 16  More recently, permeable porous NPs (i.e. zeolites, activated carbons, 

mesoporous silicas…) can perform the same role but also provide additional gas transport channels 

thereby boosting the performance of membranes for gas separation.17,18,19,20,21,22 For example, Metal 

Organic Frameworks (MOFs) bring significant advantages including a high separation performance 
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owing to their size/shape exclusion or selective adsorption of gas molecules as well as their better 

compatibility with polymers due to their structural tunability.13,14,23,24 ,25,26 ,27 However, optimal 

separation enhancement generally requires a high particle content that is likely to increase the 

cost of the membrane, complicate its processing and adversely affect its mechanical properties 

or durability.13,14,28,29 In particular, increasing the particle content in MMMs may prevent the 

dispersion of the fillers in the polymer matrix and favor their aggregation, especially for 

polymer-filler combinations with poor interfacial compatibility. As a result of insufficient 

affinity between polymers and fillers, the creation of interphase defects (macro- or nanovoids) is 

frequently observed for numbers of MMMs and generates new bypasses around the fillers for gas 

transport that can reduce the gas selectivity of the membranes.13,14,23,30,31,32 As a consequence, several 

approaches for the processing of MMMs have been investigated in order to improve the interactions 

between polymer and MOFs including priming of filler particles,21, 33  use of co-solvent,22 

functionalization of polymer34 or MOF,35,36,37 controlling evaporation rate of solvents,35 in-situ synthesis 

of MOF particle29 etc… However, despite some promising results from a few MOF-based MMMs, the 

preparation of these composite gas separation membranes with the desired morphology, gas separation 

properties and mechanical/chemical stability is still challenging and empirically-driven. 

In this context, MMMs made from PIM-1 and nanoparticles of the zeolitic imidazolate 

framework ZIF-8 were recently reported by Bushell et al.38 In addition to its high chemical and 

thermal stability, ZIF-8 exhibits a microporous hybrid framework (see Scheme 1) with a cavity 

diameter of 11.6 Å accessible through flexible microporous windows of 3.4 Å. Such a topology 

is expected to confer to the composite molecular sieving properties and thus enhance the 

separation of small gas molecules from larger ones.39,40,41 ZIF-8/PIM-1 MMMs do provide data 

that lie above the 2008 upper bound for several gas pairs.38 However, other factors such as the 

nature of the interface between the polymer and the filler as well as the impact of the filler on 

the chain packing may play a significant role in the gas separation performance of this 
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composite. Recently, a computational methodology based on a combination of quantum and 

force-field based-simulations was developed by some of the present authors to characterize the 

ZIF-8/PIM-1 interface at the atomistic level. 42  Thermodynamically favorable interactions 

between the –CN groups in PIM-1 and the NH functions at the MOF surface were predicted, 

although this did not prevent the formation of well-defined microvoids at the interface. 

We report here a further investigation of the microstructure and interfacial properties of ZIF-

8/PIM-1 MMMs by coupling multiple characterization tools and molecular simulations. As reported 

previously,38 a granular texture of the internal surface of ZIF-8/PIM-1 MMMs was clearly evidenced by 

SEM. However, as no microstructural characterization of the ZIF-8/PIM-1 aggregates was undertaken, 

it was not possible to unravel a possible relationship between the microstructure of MMMs and their gas 

transport properties. In the present article, we focus our attention on both the initial ZIF-8/PIM-1 

colloidal suspensions and the final hybrid membranes. It is demonstrated that the homogeneity and 

texture of MMMs, as well as the nature of the PIM-1/ZIF-8 interface, strongly depend on the history of 

MMM processing and thus on the chemical interactions between ZIF-8 NPs and PIM-1 chains occurring 

in solution. By coupling TEM analytical and imaging techniques, DLS and SAXS, it is possible to 

provide a clear picture of the ZIF8-PIMs colloidal solution, which consists mainly of aggregates of a 

few 100 nm in diameter composed of a core with densely packed ZIF-8 NPs and a polymer shell of 

about 3 nm thick, in addition to polymer aggregates of about 200 nm in size. The influence of several 

physico-chemical parameters (e.g. concentration of ZIF-8 NPs, ZIF-8/PIM-1 weight ratio, time of 

mixing, ultra-sonication) on the structure of these aggregates and the colloidal stability of the ZIF-

8/PIM-1 suspensions was investigated. It is shown that the nature and morphology of these hybrid 

colloids result from a subtle interplay between the affinity of both components and their solubility in the 

solvent. Finally, PIM-EA-TB43 (see Scheme 1) was considered as a possible alternative polymer matrix 

for the preparation of MMMs. By coupling HRTEM and molecular modeling, insight into the surface 

interactions of ZIF-8 with PIM-EA-TB chains was obtained, thereby enabling us to compare the 
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interfacial properties of ZIF-8/PIM-1 and ZIF-8/PIM-EA-TB in terms of the nature of the interactions, 

surface coverage and conformation of the polymer chains. To the best of our knowledge, this is the 

first time that such a thorough characterization of the interfaces of MOF/polymer composites is 

reported. 

 

Scheme 1. Molecular structure of (a) PIM-1, (b) PIM-EA-TB and (c) ZIF-8. Zn tetrahedral, carbon and 

nitrogen atoms are in purple, grey and blue, respectively. 

 

 EXPERIMENTAL SECTION 

Chemicals. Zn(NO3)3•6H2O (99%) was purchased from Sigma Aldrich and 2-methylimidazole (Hmim) 

(97 %) from Alfa Aesar. All chemicals were used as received without further purification. 

Synthesis of ZIF-8 nanoparticles. ZIF-8 NPs were synthesized as previously reported by Cravillon et 

al.44,45  A solution of Hmim (6.489 g, 79.04 mmol) in 200 mL of MeOH was poured into a solution of 

Zn(NO3)3•6H2O (2.933 g, 9.87 mmol) in 200 mL of MeOH at room temperature under stirring. After 

1h, the milky solution was centrifuged at 14500 rpm for 15 min to recover ZIF-8 NPs which were then 

re-dispersed in 30 mL of absolute ethanol and centrifuged again twice to remove the excess of unreacted 

Hmim and zinc nitrate. The ZIF-8 NPs were washed once again with 30 mL of THF. After final 

centrifugation, ZIF-8 NPs were re-dispersed and then stored in THF. ZIF-8 NPs were dried overnight at 

100°C for further characterization by X-ray powder diffraction (XRPD), thermogravimetric analyses 

(TGA) and FT-IR spectroscopy.  

c) 
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Preparation of ZIF-8/PIMs membranes.  ZIF-8 solutions at concentration of 10 g L-1 in THF were 

obtained by diluting a 15 g L-1 stock solution followed by ultra-sonication using a US horn (40%, 1 

min). Polymer (i. e. PIM-1 or PIM-EA-TB) was added to the ZIF-8 solution directly as a powder or 

alternatively as a solution in THF (PIM-1) or CHCl3 (PIM-EA-TB). Solutions of PIM/ZIF-8 mixtures 

were prepared with different PIM/ZIF-8 weight ratio (90:10, 80:20 and 60:40). After stirring overnight, 

the PIM/ZIF-8 solutions were cast on a clean Petri dish or sonicated (horn, 10% power) at room 

temperature for about 1 min before casting. The evaporation of THF was controlled using a funnel. 

Preparation of ZIF-8/PIMs colloidal dispersions. ZIF-8 solutions at [ZIF-8] concentrations ranging 

from 0.01 to 1 g L-1 were prepared by diluting an initial 15 g L-1 stock solution with THF. ZIF-8 

solutions were sonicated using a horn (40% power, 1 min), before adding the polymers (i. e. PIM-1 and 

PIM-EA-TB) directly as powder or as a solution in THF (PIM-1) or CHCl3 (PIM-EA-TB). Colloidal 

dispersions of ZIF-8/PIMs with ZIF-8/PIMs weight ratio ranging from 0.1 to 0.7 were prepared. Before 

DLS measurements, each solution is stirred for 0 to 24 h and eventually sonicated (horn, 10% power, 1 

min). For some TEM experiments, the excess of polymer was removed by centrifugation at 14500 rpm 

for 15 min, followed by the re-dispersion of the solid in THF (PIM-1) and THF/CHCl3 (PIM-EA-TB). 

Characterization of ZIF-8/PIMs membranes. The solids were analyzed by FTIR (Nicolet 6700 

FTIR spectrometer equipped with a DTGS detector) as self-supported wafers (ca. 15 mg). Spectra of 

the samples were recorded after heating at 200 °C for 5 hours under secondary vacuum (~10-3 Pa).  

X-ray powder diffraction patterns (XRPD) were collected using Siemens D5000 diffractometer (θ−2θ) 

with Cu radiation (λK = 1.54059 Å). BET surface areas of the materials were determined by N2 

adsorption in a BELSORP-Max porosimeter at 77 K. Prior to the analysis, ZIF-8 NPs were outgassed 

overnight under dynamic vacuum at 120 °C. Thermogravimetric analyses (TGA) were performed on a 

Perkins Elmer SDA 6000 apparatus. Solids were heated up to 800 °C with a heating rate of 3 °C.min-1 in 

an oxygen atmosphere. SEM images have been recorded on a JEOL JSM-7001F microscope using gold-
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coated samples equipped with an X-ray energy-dispersive spectrometry (XEDS) detector with a X-Max 

SDD (Silicon Drift Detector) by Oxford.  

Characterization of ZIF-8/PIMs colloidal dispersions. Dynamic light scattering (DLS) measurements 

were performed on a Zetasizer from Malvern Instruments. ZIF-8 and ZIF-8/PIMs solutions with [ZIF-8] 

= 0.01 to 1 g L-1 were sonicated before DLS measurements. Solutions were analyzed in a glass cuvette 

with a 4 mW HeNe LASER operating at λ = 632.8 nm and a detection angle of 173°. The colloidal 

stability of ZIF-8/PIMs solutions was evaluated by measuring the evolution of the diameter of particles 

and polydispersity index (PDI) with time up to a total time of 9 minutes. The integration time per 

measurement point was 10 seconds. HRTEM images were recorded on a JEOL 2100F microscope 

operating at 200 kV, equipped with a Schottky emission gun, a high resolution UHR pole piece and a 

Gatan US4000 CCD camera. Samples were prepared by deposition of one droplet of colloidal 

suspensions onto a carbon-coated copper grid and left to dry in air. High angle annular dark field in the 

scanning transmission electron microscopy mode (i.e. STEM-HAADF) experiments were recorded 

using a JEOL annular detector. In the same way, chemical maps were recorded using a JEOL X-ray 

energy dispersive spectrometer coupled with the STEM mode (i.e. STEM-XEDS). Small angle X-ray 

scattering (SAXS) experiments were performed at 25 °C with samples placed in sealed quartz 

capillaries on SWING beamline (SOLEIL synchrotron at Saint-Aubin, France) with two configurations: 

(1) D = 2.1 m and  = 1 Å to get a q-range from 4.8×10-3 Å-1 to 0.52 Å-1 and (2) D = 6 m and  = 1 Å to 

get a q-range from 1.5×10-3 Å-1 to 0.18 Å-1 

Molecular Modeling. The ZIF-8/PIM-EA-TB interface was modeled by applying the computational 

strategy based on integrating quantum and force-field based molecular simulation tools, developed 

recently and applied to the case of the ZIF-8/PIM-1 system.42 ZIF-8 was described by a slab model of 

the [011] surface that was previously shown as the lowest energy surface for this MOF. This modeled 

surface consists of exposed OH groups and imidazole moieties capping the metal atoms at the surface. 

Moreover, our ZIF-8 model is a collection of fixed atoms, since flexibility has not been found to change 
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the structure of the ZIF-8/PIM-1 interface.42  Regarding PIM-EA-TB, a model consisting of 9 polymer 

chains containing 10-20 monomers each, with a total of 112 monomers, was constructed using the 

Polymatic code.46 To be consistent with our previous ZIF-8/PIM-1 simulations, this polymer was built 

in a box of dimensions 50 Å x 50 Å x 150 Å, and then two empty boxes were added in the z direction, 

resulting in a box of dimensions 50 Å x 50 Å x 400 Å. The bonded and non-bonded Lennard-Jones 

potential parameters for PIM-EA-TB were taken from TraPPE potential47 while the partial charges for 

each constituting atom were derived from the electrostatic potential fitting ESP method (see SI for  

details). All these parameters are provided in Table S2 of SI. The construction and the equilibration of 

the ZIF-8/PIM-EA-TB interface was further achieved by following a three stages procedure involving 

force field based- molecular dynamics (MD) as it was previously reported for MOF/PIM-1 system.42 

Details of the methodology are provided in SI. Statistics was collected for 10 independent MD runs of 

10 ns.  

 

 RESULTS AND DISCUSSION: 

Colloidal solutions of ZIF-8.   

ZIF-8 NPs were synthesized at room temperature through the reaction of bridging 2-methylimidazole 

(Hmim) ligand with Zn(NO3)3.6H2O in methanolic solution, according to the procedure previously 

reported.44,45,48 ZIF-8 presents a cubic microporous architecture with a zeolite topology which consists 

of Zn2+ cations connected to bridging imidazolate anions (see Scheme 1). This anhydrous framework 

can be described by a space-filling packing of regular truncated octahedra that defines pores of 1.1 nm 

in diameter connected through apertures of flexible windows of ca. 0.34 nm in diameter.39 ZIF-8 NPs 

were characterized by combining XRPD, SEM, TEM, N2 porosimetry, FTIR and TGA (see Figures S1-

S4, S9 of SI). XRPD shows the characteristic Bragg peaks of ZIF-8 with a broadening, in agreement 

with the presence of NPs (Figure S1). Nitrogen sorption experiment measured at 77 K shows a type I 

isotherm (Figure S3) with a BET area of 1700 m2 g-1, in good agreement with the value previously 
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reported.48 SEM and TEM experiments (Figure S4) show well-defined ZIF-8 nanocrystals of about 35 

nm in diameter with a characteristic rhombic dodecahedral shape as previously reported.44,45 According 

to DLS measurements (Figure S5) on ZIF-8 colloidal solutions of 0.1 g L-1, particles with an 

hydrodynamic diameter (Dh) of about 180 nm are detected in THF, showing an aggregation 

phenomenon of ZIF-8 NPs. This aggregation process is even more pronounced for a larger ZIF-8 

concentration (i. e. 1 g L-1) where aggregates with Dh > 2000 nm are detected (Figure S5). This is in 

excellent agreement with the TEM observations, showing a network of strongly aggregated and inter-

connected ZIF-8 NPs in THF (Figure 1 and Figure S4). The SAXS curve of the ZIF-8 solutions (Figure 

S6) is characterized by two oscillations, at q = 0.021 Å-1 and 0.035 Å-1, and fits well to the form factor 

of spheres with a diameter D = 50.0 nm and a log-normal polydispersity (P.D. = 0.10), in agreement 

with that previously reported for similar ZIF-8 NPs.44,45,49 

 

Characterization of PIM-1 and PIM-EA-TB solutions by DLS and TEM. 

PIM-1 and PIM-EA-TB, both of approximate average molecular weight Mn = 50000 g mol-1 and Mw = 

150000 g mol-1 were dissolved in THF and CHCl3, respectively. As previously reported, these solvents 

appear to dissolve completely the polymers leading to homogeneous and clear solutions with the 

absence of any visible gel formation.50 However, the complete dissolution of PIM-1 in THF and PIM-

EA-TB in CHCl3 is time consuming and requires several steps of polymer addition. Moreover, such 

homogeneous solutions are obtained only for polymer concentrations lower than 4 g L-1. Analysis of 

solutions using DLS indicates a partial aggregation of PIM-1 in THF and PIM-EA-TB in CHCl3. For 

PIM-1 concentration between 0.1 g L-1 and 4 g L-1, two populations of aggregates are detected with Dh 

= 30 nm and 200 nm (Figure S7 of SI). This is fully consistent with TEM images of a PIM-1 coating 

(obtained by casting a 1g L-1 PIM-1 solution in THF) showing the coexistence of a polymer film and 

spherical aggregates with a diameter between 25 nm to 150 nm (Figure 1 (b)-(c)). At higher PIM-1 

concentration (i.e. 10 g L-1), this aggregation phenomenon is even more pronounced leading to a partial 
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phase separation of the polymer in solution. DLS measurements show the presence of at least five 

populations of nano- and micrometer-sized aggregates with diameters ranging between 8 nm to 6000 nm 

(Figure S7 of SI). Similar observations were made for PIM-EA-TB solutions in chloroform (Figure S7). 

 

 

Figure 1: (a) TEM bright field of ZIF-8 NPs in THF and (b-c) STEM-HAADF images of PIM-1 in 

THF. 

 

ZIF-8/PIM-1 membranes. Self-supported ZIF-8/PIM-1 MMMs (10/90 mass ratio) were prepared by 

solvent casting. For larger ZIF-8/PIM-1 weight ratios, cracks and fractures are observed in the 

composites. The XRPD pattern of ZIF-8/PIM-1 membranes presents only the characteristic broad 

reflections of ZIF-8 NPs (Figure S8 of SI), PIM-1 exhibiting scattering consistent with an amorphous 

structure. The incorporation of ZIF-8 in PIM-1 is confirmed by FT-IR spectroscopy (Figure S9) 

showing the characteristic vibration bands of both ZIF-8 NPs and PIM-1. The absence of any shift in the 
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energy of vibration bands in comparison to those of pure ZIF-8 and PIM-1 suggests a lack of 

meaningful interactions between ZIF-8 NPs and PIM-1.  

 

Figure 2. (a-b) SEM images of ZIF-8/PIM-1 membranes (10/90 wt%) and (c-e) elemental mapping of 

carbon (c), zinc (d) and oxygen (e) by XEDS spectroscopy for the rectangular area indicated by the 

white box in panel (b). 

 

These results are fully consistent with 13C CP MAS spectra showing the characteristic signals of the 

pristine ZIF-8 and PIM-1 components with the absence of any shift in 13C chemical shift (Figure S10). 

As revealed by SEM, the thickness of the supported membranes lies between 70 and 140 m. For a ZIF-

8 content of 10 wt%, flat and homogeneous ZIF-8/PIM-1 membranes were obtained with the absence of 

aggregates at the surface (Figure 2(a)). The elemental mapping via SEM-XEDS analysis shows a 

uniform distribution of C, O and Zn elements (Figure 2 (c)-(e)). Noteworthy, these MMMs were 

obtained from ZIF-8/PIM-1 solutions that were sonicated before solvent casting. In the absence of ultra-

sonication, the homogeneity of composites differ significantly since a few ZIF-8 aggregates are clearly 
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observed by SEM-XEDS mapping (see Figure S11). The non-homogenous distribution of Zn in the 

section of ZIF-8/PIM-1 composites (i. e. 10 wt % of ZIF-8, ultra-sonication) as shown by SEM-XEDS 

analysis (see Figure S12 of SI) is indicative of a sedimented layer of ZIF-8 NPs in PIM-1 on the 

support. This sedimentation presumably takes place between the ultra-sonication step and the 

evaporation of THF as previously reported for other MMMs.51,52 This sedimentation process is even 

more pronounced by increasing the ZIF-8 content to 20 and 40 wt%. SEM images clearly show that the 

bottom- and top-surfaces of membranes present different microstructural properties (see Figure 3). 

While an homogeneous and flat top-layer of ZIF-8/PIM-1 (20 wt % of ZIF-8) is observed, their bottom-

layer presents a rough and granular texture (Figure 3 (a,b)) which is fully consistent with that previously 

reported by Bushell et al. on ZIF-8/PIM-1 membranes38 and by Ahn et al. on silica/PIM-1 membranes.16 

This granular morphology most probably results from prior aggregation and/or phase separation process 

taking place in the ZIF-8/PIM-1 mixture. Such results are consistent with the 

 

Figure 3. SEM images of ZIF-8/PIM-1 with (a-b) ZIF-8/PIM-1 = 20/80 wt%;  and (c-d)  40/60 wt%. (a) 

and (c) correspond to top-surface of MMMs while (b) and (d) correspond to bottom-surface of MMMs. 
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elemental mapping via SEM-XEDS analysis, showing an heterogeneous distribution of C, O and Zn 

elements at the bottom layer of ZIF-8/PIM-1 (20 wt % of ZIF-8) (see Figure S13). Indeed, spherical 

aggregates of a few hundred nanometers in diameter can be clearly visualized in the structure of ZIF-

8/PIM-1 composites for a ZIF-8 content of 40 wt%. (Figure 3 (c)-(d)).  

 

Dilute suspensions of ZIF-8/PIMs. 

In order to understand the aggregation phenomenon of ZIF-8 NPs in the presence of PIM-1, the 

physico-chemical properties of ZIF-8/PIMs solutions were investigated. Unfortunately, casting solutions 

are too concentrated to be analysed directly by DLS, HRTEM and STEM-HAADF. However, more 

dilute solutions allow investigation of the aggregation process and interfacial properties between ZIF-8 

NPs and polymers that may relevant at higher concentrations. First, ZIF-8/PIM-1 colloidal suspensions 

(20/80 wt%) in THF with ZIF-8 concentrations of 0.1 and 1 g L-1 were studied by combining HRTEM 

and STEM-HAADF (Figure 4 (a)-(c)) and both suspensions gave similar results. It is noteworthy that 

two populations of particles were present on the carbon grids – well-defined spherical NPs of 30 nm in 

diameter together with particles characterized by a larger diameter (100-200 nm) and a high 

polydispersity in shape ranging from spherical to elongated forms. While the former small NPs may 

correspond to ZIF-8 NPs, the latter particles can be assigned to PIM-1 aggregates, according to the TEM 

characterization of pristine ZIF-8 NPs and PIM-1 in THF (see vide supra). This assumption was 

confirmed by STEM-XEDS elemental mapping (see Figure 4(c)). The absence of Zn element in  PIM-1 

aggregates indicates that no ZIF-8 NPs are incorporated into the polymer particles. On the carbon grid 

two networks of particles co-exist: a network of strongly aggregated ZIF-8 NPs and another network of 

inter-connected PIM-1 particles (Figure 4(a)-(c)). Since the TEM observations can be altered by the 

large amount of polymer, the excess of polymer was removed by centrifugation (see experimental part).  

As shown by STEM-HAADF (see Figure S14), compact aggregates of a few hundred nanometers in 
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diameter are observed. This result is in fair agreement with DLS measurements showing the presence of 

particles with Dh=500 nm after mixing ZIF-8 NPs and PIM-1 for about 24h. These objects consist of an 

assembly of strongly aggregated ZIF-8 NPs (Figure 5). However, the presence of the polymer at the 

surface of these aggregates can be clearly visualized by recording HRTEM images and STEM-HAADF 

(Figure 5 (e-f)). A coating of PIM-1 is present at the surface of ZIF-8 aggregates with a thickness of 

about 3 nm which is almost constant in the different objects. Apparently, these objects could be 

described as a “bag” of polymer in which ZIF-8 NPs are closely embedded.  

   

Figure 4 :TEM, STEM-HAADF and STEM-XEDS observations of ZIF-8/PIM-1 colloidal suspensions 

at ZIF-8/PIM-1 = 20/80 wt% with different ZIF-8 concentrations (a-c): [ZIF-8] = 0.1 g.L-1; (d-f) : [ZIF-

8] = 1 g.L-1. For (d-f), TEM observations are performed on solutions that were ultra-sonicated before 

casting. 
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However, for a few aggregates, it seems that the polymer is also incorporated inside the structure of the 

aggregates. Indeed, one can observe that a few ZIF-8 NPs are screened by a polymer layer and their 

packing density is lower than that of pristine ZIF-8 NPs (see Figure 5).  

By decreasing the polymer content to 70 and 50 wt% (i.e.  ZIF-8/PIM-1 weight ratio equal to 30/70 and 

50/50), similar compact aggregates of ZIF-8 NPs were observed with a 3 nm thick polymer shell at the 

surface. Therefore, the microstructure of ZIF-8 NPs is not affected by the polymer content in the range 

50-80 wt%. For a few samples, it is remarkable that some local defects with size in the range 2-4 nm, 

are actually present at the surface of these objects (see Figure 5(a-d)). These defects possibly correspond 

to an incomplete coverage of the ZIF-8 NPs by the polymer, creating some holes in the polymer coating.  

In order to enhance the colloidal stability of ZIF-8/PIM-1 suspensions, a short ultra-sonication step (1 

min, 10 %) was applied. Whatever the ZIF-8/PIM-1 weight ratios (i.e. 50/50, 30/70, 20/80) and the ZIF-

8 concentration (i. e. 0.1 or 1 g. L-1), a significant decrease of the particle size can be observed since a 

single population of particle with Dh = 250±50 nm was detected. This is in a relative good agreement 

with STEM-HAADF observations, showing a distribution of ZIF-8 aggregates with diameters lower 

than 200 nm (see Figures 4(d)-(f) and Figure S14(b)). Moreover, STEM-HAADF images show that the 

samples contain not only independent ZIF-8 NPs and PIM-1 particles but also PIM-1 particles in which 

a few ZIF-8 NPs are encapsulated (see Figure 4(d)-(f) and Figure S15). The accommodation of ZIF-8 

NPs inside PIM-1 particles was confirmed using elemental mapping via STEM-HAADF and STEM-

XEDS analyses (see Figure 4 (f)). These results show that the ultra-sonication treatment of ZIF-8/PIM-1 

solutions not only enhances the colloidal stability of the solutions but also the compatibility between the 

polymer and ZIF-8 NPs. Sonication has been widely used for the synthesis and/or dispersion of a wide 

range of organic and inorganic particles or filaments at the nano- or mesoscale. 53,54,55 It was also 

implemented for the functionalization of materials56  and the formulation of nanoemulsions.57
 Most 

sonochemical effects are attributed to cavitation, namely the growth and rapid collapse of microscopic 

bubbles after applying a longitudinal sound wave to the solution. The principal origin of the enhanced 
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dispersion is the ultrahigh shear rate attained during cavitation events. As reported previously for the 

dispersion and/or length reduction of carbon nanotubes, silver nanowires or protein fibrils under 

ultrasonication,58 it may be expected that the cohesive forces (i.e. hydrogen bonds, attractive van der 

Waals interactions) between PIM-1 chains inside the spherical aggregates are partially broken by the 

shear energy and/or eventually the local increase of temperature. Since a very short time of 

ultrasonication (~1 min) was applied to ZIF-8/PIM-1 mixtures, the destabilization of PIM-1 aggregates 

is limited but this may lead to a local increase of the PIM-1 concentration in THF and favor the 

interactions between PIM-1 macromolecules and ZIF-8 NPs. This phenomenon may explain why a few 

ZIF-8 NPs are integrated in the structure of PIM-1 particles under ultrasonication conditions while PIM-

1 and ZIF-8 NPs are arranged in two independent networks of particles in the absence of ultrasonication 

treatment. 

The impact of the polymer content on the colloidal stability of ZIF-8/PIM-1 solutions was 

investigated by DLS (Figure 6). This study was performed on non-sonicated solutions at ZIF-8 

concentrations of 0.1 and 1 g.L-1. Two opposite trends were observed depending on the ZIF-8 

concentration. At [ZIF-8] = 1 g L-1, by increasing the PIM-1 content from 0 to 80 wt%, a decrease of the 

diameter of aggregates from 3000 to 250 nm was observed, suggesting a stabilizing effect of the PIM-1 

chains on ZIF-8/PIM-1 colloids. It is notable that pure ZIF-8 NPs are strongly aggregated at this 

concentration and the addition of polymer to the solution may induce the formation of ZIF-8/PIM-1 

interactions at the expense of inter-particle interactions between ZIF-8 NPs. In contrast, at [ZIF-8] = 0.1 

g L-1, solutions of pure ZIF-8 NPs are significantly less aggregated than those at [ZIF-8] = 1 g L-1 since 

particles of Dh = 200 nm are detected. By increasing the amount of polymer to 80 wt%, an increase of 

the diameter of particles to 500 nm is observed, suggesting that the polymer plays a role in enhancing 

aggregate formation presumably with the ZIF-8 NPs acting as cross-linking agents between different 

PIM-1 chains.  
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 The impact of the molecular structure of the polymer on the compatibility with the ZIF-8 NPs was 

also investigated by using the PIM-EA-TB polymer (see Scheme 1). Similar results were obtained with 

the ZIF-8/PIM-EA-TB system for a ZIF-8 content ranging from 50, 30, and 20 wt%, showing the co-

existence of PIM-EA-TB particles and compact aggregates of ZIF-8 NPs with a diameter of a few 

hundreds of nanometers (see Figure S16). Similarly to ZIF-8/PIM-1 particles, a 3 nm thick polymer 

layer is present at the surface of ZIF-8/ PIM-EA-TB aggregates and the ZIF-8 NPs are also screened by 

the polymer (see Figure S16 (e, f)). It is noticible that the density of the local defects in the PIM-EA-TB 

shell is significantly higher than that observed in ZIF-8/PIM-1 aggregates for similar polymer contents. 

However, the aggregation state of ZIF-8/ PIM-EA-TB is significantly different from that of ZIF-8/PIM-

1 since it was not possible to obtain a stable colloidal solution by varying the different physico-chemical 

parameters (ultra-sonication, time of mixing, ZIF-8/PIM-EA-TB weight ratios). This may be explained 

by the poor solubility of PIM-EA-TB in THF and thus the need to use a mixture of solvents (CHCl3 and 

THF) in order to solubilize both polymer and ZIF-8 NPs. Moreover, a lack of specific and strong 

interactions at the interface between ZIF-8 NPs and PIM-EA-TB may also hinder stable colloidal 

solutions. 
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Figure 5. TEM bright field and STEM-HAADF images of ZIF-8/ PIM-1 colloidal suspensions at 

[ZIF-8] = 0.1 g.L-1 with different ZIF-8/PIM-1 weight ratios: (a) 50/50; (b-d) 30/70; (e-f) 20/80. For the 

preparation of these solutions, the excess of polymer was removed by centrifugation at 14500 rpm for 

15 min. Some defects are indicated by black and white arrows in the images. 
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Figure 6. Evolution of the average hydrodynamic diameter of particles measured by DLS as a function 

of the PIM-1 content (wt%) for ZIF-8 concentrations of 0.1 g L-1 and 1 g L-1 

 

Characterization of ZIF-8/PIM-1 solutions by combining DLS and SAXS. 

The dispersion of ZIF-8 with PIM-1 at different weight ratios leads to macroscopically homogeneous 

samples for [ZIF-8] = 0.01 g.L-1. These samples were studied by SAXS as shown in Figure 7. It is 

notable that all the curves superimpose over the whole q range whatever the concentration of PIM-1, 

whose contribution to the scattering is negligible in THF relative to ZIF-8 as shown in Table S1 of the 

SI. At low q (i.e. q  0.01 Å-1), a power law decay of the scattered intensity, I  q-2.9, can be observed 

and at high q (i.e. q  0.01 Å-1), the SAXS pattern can be superimposed on the form factor of ZIF-8 

previously measured at the same concentration (Figure S6 of SI). This indicates that ZIF-8 NPs form 

compact clusters (fractal dimension Df ≈ 2.9) in the presence of PIM-1 whatever the ZIF-8/PIM-1 

weight ratio without precipitation. The size of the clusters is greater than 100 nm but cannot be 

determined in the available q-range. 
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Figure 7. SAXS curves of ZIF-8/PIM-1 mixtures prepared four hours before the measurements at 

different ZIF-8 contents as indicated on the plot for a fixed concentration of ZIF-8: [ZIF-8] = 0.01 g L-1. 

The blue line corresponds to the form factor of ZIF-8 measured at the same concentration as in Figure 

S6 of SI. 

 

The dispersion of ZIF-8 (at 1 g L-1) with PIM-1 at different weight ratios was studied by SAXS (Figure 

8). At low q (i.e. q  0.01 Å-1), a power law decay of the scattered intensity, I  q-2.5, can be observed 

and at high q (i.e. q  0.01 Å-1), the scattering pattern corresponds to the form factor of ZIF-8 with a 

characteristic oscillation at q = 0.021 Å-1. Although, the curves obtained at different weight ratios depict 

the same evolution, they are clearly shifted in intensity. Thus, in contrast with the measurements 

performed at [ZIF-8] = 0.01 g.L-1 (Figure 7), no curve can be superimposed on the form factor of ZIF-8 

corrected by the dilution effect. Instead, all the curves present lower intensities than that of ZIF-8 with a 

shift factor decreasing with ZIF-8/PIMs weight ratio which is in agreement with DLS measurements. 

Together these results indicate that ZIF-8 form clusters that phase separate in the presence of PIM-1 

whatever the ZIF-8/PIMs molar ratio. These clusters are less compact than those obtained at lower ZIF-
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8 concentration. The size of clusters is higher than 100 nm but cannot be determined in the available q-

range. All these observations are consistent with previous TEM observations (Figure 4(d-f)). 

 

 

Figure 8. SAXS curves of ZIF-8/PIMs mixtures prepared four hours before the measurements at 

different ZIF-8 contents as indicated on the plot for a fixed concentration of ZIF-8: [ZIF-8] = 1 g.L-1. 

The blue line corresponds to the form factor of ZIF-8 shifted by a factor 100 in intensity to compensate 

the factor of dilution. 

 

Molecular Modeling of ZIF-8/PIMs interfacial structures. 

The interfacial structure of the ZIF-8/PIM-EA-TB composite was further analyzed in order to provide a 

molecular-scale explanation for the interactions between the two components. Based on our previous 

findings for ZIF-8/PIM-1, the OH and NH terminal groups at the ZIF-8 surface could be thought to 

exhibit a predominant interaction with the N atoms of PIM-EA-TB. Radial distribution functions 

(RDFs) for different MOF surface terminations / polymer pairs, namely (NH)ZIF-8 … XPIM-EA-TB and 

(OH)ZIF-8 … XPIM-EA-TB, were computed in order to interrogate this assumption. The corresponding data 

are summarized in Figure 9 and Figure S18.  
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Figure 9. Radial distribution functions for the ZIF-8/PIM-EA-TB interface model, for the pairs 

(NH)ZIF-8 … XPIM-EA-TB. Results obtained from four different MD runs. XPIM-EA-TB sites are indicated in 

red in the inset scheme for each panel. 

 

This collection of RDFs for PIM-EA-TB/ZIF-8 shows a similar trend with characteristic polymer/MOF 

distances of about 3.0 Å. Indeed, all polymer atoms seem to have, in average, very similar interactions 

with the surface groups of the MOF. This situation differs with what has been seen for the ZIF-8/PIM-1 

composite, where a predominant interaction between the CN group of PIM-1 and the NH group of ZIF-

8 was apparent42 (see Figure S19). This difference can be ascribed to the fact that the N atoms in PIM-

EA-TB are part of the fused-ring system of the polymer, and thus they are geometrically less exposed 

than the CN group of PIM-1 to interact with the MOF surface atoms. Moreover, as PIM-EA-TB exhibits 

a higher rigidity than PIM-1,5 it may be less able to adapt its conformation to optimize interactions with 

the MOF surface.   
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In addition, the free volume distribution at the ZIF-8/PIM-EA-TB interface has been analyzed. Figure 

10(a) shows the density of MOF and polymer atoms as a function of the z-coordinate, which 

corresponds to the direction perpendicular to the interface. 

 

Figure 10. (a) Density of ZIF-8 and PIM-EA-TB atoms as a function of the z-coordinate for a 

representative configuration of ZIF-8/ PIM-EA-TB system. The blue dashed lines indicate the limits of 

regions A and B. (b) Same plots for ZIF-8/ PIM-1 system (Figure 8 in 42), (c) and (d) snapshots of 

ZIF-8/PIM-EA-TB and ZIF-8/PIM-1 interfaces respectively. 

 

This profile is reminiscent to the one obtained for the ZIF-8/PIM-1 composite (Figure 10 b). On moving 

away from the ZIF-8 surface (z = 0), the number of polymer atoms varies from zero to an almost 

constant value in a linear-like fashion, so that two regions can be also distinguished in this case: region 

A and region B. The former corresponds to the progressive growth in polymer density, while for the 
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latter the density oscillates around a constant value. The main difference between the two polymers in 

this aspect is that the z-length of region A is smaller for the PIM-EA-TB composite than for the PIM-1 

composite, (9 ±1) Å versus (13 ± 2) Å (obtained from averaged values of 10 MD runs where the errors 

were computed by taking into account the standard deviation of the values). The maximum equivalent 

radii for the “interfacial microvoids” are comparable for PIM-EA-TB and PIM-1 composites, (5.3 ± 

0.5) Å and (6.3 ± 0.5) Å respectively, which corresponds roughly to (11 ± 1) and (13 ± 1) Å in pore size 

(see Figure S20). The voids in region B are also of comparable size for the two polymers, (4.8 ± 0.6) Å 

versus (3.8 ±0.6) Å in radius. These values are similar to those reported from Positron Annihilation 

Lifetime Spectroscopy (PALS) measurements, R3/R4 = 2.52 Å/5.07 Å and 2.97 Å/5.11 Å for pure PIM-

EA-TB and PIM-1 respectively.43 This indicates that the influence of the MOF is rather limited at ~ 15-

20 Å from the surface, as found for the ZIF-8/ PIM-1 system.42 

These results suggest that the relatively moderate compatibility between ZIF-8 and the two polymers 

can be explained differently for each polymer on a molecular-scale. While PIM-1 mainly interacts with 

anchoring sites at the MOF surface, the composite involving PIM-EA-TB appears to be stabilized by a 

more homogeneous set of interactions (see Figure 10 (c,d)). However, in both cases micro-voids 

preclude an optimal adhesion of the two components at the interface. This is consistent with the 

experimental observation of ZIF-8 aggregates and the phase separation of PIMs resulting from a rather 

low affinity between the MOF and polymers. 

 

 CONCLUSIONS AND OUTLOOKS 

This study used a combination of multimodal experimental and computational methods to investigate 

the complex microstructure of ZIF-8/PIMs membranes, which were found to consist mainly of two 

kinds of aggregates. Firstly, core-shell aggregates of a few 100 nm in diameter with a core composed of 

densely packed ZIF-8 NPs and a polymer shell of about 3 nm were observed by combining STEM-

HAADF and HRTEM on ZIF-8/PIMs colloidal suspensions. Secondly, polymer aggregates of about 
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200 nm are also present, revealing a phase separation process for both polymers (i. e. PIM-1 and PIM-

EA-TB) in THF and CHCl3. By varying different physico-chemical parameters (i. e. concentration of 

ZIF-8, ZIF-8/PIMs weight ratio, time of mixing, ultra-sonication) for the processing of MMMs, it 

appears that the ultra-sonication step and the polymer content of the membranes significantly impact the 

size and stability of ZIF-8/PIM colloids. The presence of a polymer coating at the surface of the ZIF-

8/PIM aggregates and the evolution of the size of ZIF-8/PIM-1 aggregates as a function of PIM-1 

concentration are both in agreement with a moderate affinity of ZIF-8 for PIM-1 and PIM-EA-TB. For 

ZIF-8/PIM-1, the molecular simulations reveal that there is a preferential interaction between the CN 

group of PIM-1 and the NH groups of the imidazole moieties at the MOF surface, while for ZIF-8/PIM-

EA-TB, the interactions are more uniform with none stronger than the others. However, for both 

polymers the microscopic coverage is far from being homogeneous, with the presence of “interfacial 

microvoids” apparent. As a result, there are zones at the interface where the polymer backbone lays at 

long distance with respect to the ZIF-8 surface, weakening the interactions between both components. 

This suggests that the PIM/ZIF-8 interactions may not be high enough to overcome the self-aggregation 

of ZIF-8 NP and the phase separation of PIMs. These results emphasize the important role of the 

organic solvent for processing MMMs. As reported previously,11,43 the microstructure of PIM-based 

MMMs is strongly dependent on the non-solvents used for the post-processing conditioning of 

membranes. In particular, the treatment of MMMs with non-solvents can induce a swelling of PIMs that 

may affect the free pore volume of the polymers and thus their gas transport properties.7 Herein, we 

show that solvents such as THF and CHCl3 not only influence the surface area and pore volume of PIMs 

but also their self-assembly behavior in solution. Moreover, the strong clustering of ZIF-8 NPs in these 

solvents is another limiting parameter for the processing of highly homogeneous MMMs. This work is 

in line with the need to process MMMs following novel approaches with the aim of enhancing the 

compatibility between MOF filler and polymer. The introduction of co-solvent or co-polymers as 

compatibilizing agents, the use of surface modified MOF NPs or MOFs containing an organic linker 
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structurally similar to one monomer of the polymer, are potential strategies to improve the interfacial 

properties of MMMs. 22,37,59,60 
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