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Abstract 

Metal-organic frameworks (MOFs) are inherently crystalline, brittle porous solids.  

Conversely, polymers are flexible, malleable, and processable solids that are used for a 

broad range of commonly used technologies.  The stark differences between the nature 

of MOFs and polymers has motivated efforts to hybridize crystalline MOFs and flexible 

polymers to produce composites that retain the desired properties of these disparate 

materials.  Importantly, studies have shown that MOFs can be used to influence polymer 

structure, and polymers can be used to modulate MOF growth and characteristics.  In this 

Review, we highlight the development and recent advances in the synthesis of MOF-

polymer mixed-matrix membranes (MMMs) and applications of these MMMs in gas and 

liquid separations and purifications, including aqueous applications such as dye removal, 

toxic heavy metal sequestration, and desalination.  Other elegant ways of synthesizing 

MOF-polymer hybrid materials, such as grafting polymers to and from MOFs, 

polymerization of polymers within MOFs, using polymers to template MOFs, and the 

bottom up synthesis of polyMOFs and polyMOPs are also discussed.  This review 

highlights recent papers in the advancement of MOF-polymer hybrid materials, as well as 

seminal reports that significantly advanced the field. 
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1.  Introduction 

Metal-organic frameworks (MOFs) are three dimensional porous materials 

composed of inorganic metal nodes termed secondary building units (SBUs) linked 

together by rigid multitopic organic linkers.1-2  Over the last two decades, research in 

metal-organic frameworks (MOFs) has considerably pushed the limits of these porous, 

crystalline materials toward a wide range of applications3-6 because of their exceptional 

storage, separation, and catalytic properties.  However, the progress of MOFs towards 

commercialization has been limited by their crystalline or microcrystalline (e.g., powders) 

for factor, which inherently limits their integration into many technologies.  As such, 

processable form factors containing MOFs and polymers have been sought in an effort 

to combine the properties of MOFs and polymers to advance the utility of MOFs (Figure 

1).  These materials have been targeted through a top down approach, in which MOFs 

are initially synthesized and subsequently incorporated into polymeric materials as well 

as through a bottom up approach in which hybrid materials are synthesized as MOF 

formation is occurring.  These approaches have yielded several elegant methods to 

synthesize MOF-polymer hybrid materials bringing MOFs closer to a useful material. 

 Beyond integrating MOFs and polymers to enable the utilization of MOFs, many 

other investigations have focused on other ways in which these two classes of materials 

can be co-mingled and interact.  Studies examining the synthesis of polymers in and 

around MOF crystallites have been reported.  Control over the outcome of polymerization 

reactions within MOF pores has yielded fascinating results, and many methods for 

decorating the surface of MOFs with polymer chains have been described. 
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Figure 1.  Overview of MOF-Polymer hybrid materials covered in this review.  Sections 2 
and 3 focus on mixed-matrix membranes (MMMs).  Section 4 focuses on polymer grafted 
MOFs.  Section 5 focuses on Polymerization in MOFs.  Section 6 focuses on polymers 
templating MOFs.  Section 7 focuses on polyMOFs and related materials. 

 

Diverse approaches for MOF-polymer hybrid materials have been explored by 

research groups through the synthesis of mixed matrix membranes (MMMs), polymers 

grafted from MOF particles, polymers grafted through MOFs, polymers templating MOF 

growth, as well as the synthesis of MOFs using polymer ligands (polyMOFs, Figure 1).  

These approaches have utilized wide range of polymers for the integration of MOF-
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polymer hybrid materials to achieve form factors of distinct polymer characteristics for 

several desired applications such as, separations, sensing, catalysis, and storage (Figure 

2).7-9  Realization of MOF-polymer hybrid materials that maintains the properties of MOFs 

in a flexible form factor would provide a platform for these materials to be incorporated 

into the industrial realm.  Several excellent reviews are available on the wide range of 

MOF-polymer studies that have been reported in the last decade.7-14  This review aims to 

highlight some of the most influential papers in the advancement of MOF-polymer hybrid 

materials, including some of the most recent findings reported in this field to date. 

 

 

Figure 2.  Common polymers used in the synthesis of MOF-polymer hybrid materials. 
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2.  MOF Based Mixed-Matrix Membranes (MMMs) 

 One strategy to hybridize porous solids, such as zeolites, porous carbons, and 

MOFs, is via the synthesis of mixed-matrix membranes (MMMs).  MMMs serve as a 

means to incorporating rigid materials into flexible, polymeric form factors.15-16  MMMs 

consist of a polymer combined with a solid filler to make a hybrid material that contains 

the flexibility of the polymer while retaining the desired properties of the porous filler.15, 17  

For example, incorporation of inorganic materials in polymer membranes have been 

sought after for a variety gas separations due to the higher fluxes and better selectivity 

than polymer-only membranes.15 

Zeolites are a mineral like class of porous materials made up of metal oxide bonds 

that are used in applications such as separations, gas sorption, and catalysis.16  Synthesis 

of MMMs with zeolites as inorganic fillers have been studied in an attempt to exploit the 

narrow pore sizes of zeolites to improve gas separations between gases with similar sizes 

and properties, such as O2, N2, and CO2.18-19  Combining zeolites and polymers, in the 

form of MMMs, in many cases results in improved selectivity and permeability for various 

gas separation applications.15, 17  For example, synthesis of faujasite type zeolite MMMs 

have shown encouraging results for separating N2 and CO2, while smaller pore zeolites 

like SAPO-34 (SAPO = silicoaluminophosphate) based MMMs have shown the ability to 

separate CO2 and CH4.18, 20-21  Despite the extensive work with zeolite MMMs, there are 

limitations with these systems, such as defective interfaces between the zeolites and 

polymers that lead to poorer than desired separation properties.12, 22 
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Activated carbons have also been used a filler in the synthesis of MMMs for 

applications such as gas separations.23  These carbons have been combined with 

polymers to form MMMs with improved gas separation properties.24  For example, 

polyvinyl chloride (PVC, Figure 2) based MMMs were loaded with activated carbon (~20-

60 wt%) and displayed higher selectivity for H2 over CH4.25  Carbon molecular sieve 

(CMS) membranes have also shown promising gas separation abilities.24  These MMMs 

are synthesized by pyrolyzing a polymer membrane resulting in porous hollow fiber 

membranes.24  Miller et al. studied the pyrolyzing of polyimide (PI, Figure 2) polymers into 

CMS hollow fiber MMMs and found dramatic increases in selectivity for CO2 over CH4 

and O2 over N2.26-27  While interesting, the non-covalent interactions holding these MMMs 

together are not particularly robust, and as such literature on these MMMs is rather 

limited.28 

To some degree, MOFs are at the intersection of zeolites and porous carbons as 

fillers because MOFs are comprised of both organic and inorganic building units.2  MOFs 

have been studied for just over a decade as fillers for MMMs.  Efforts to synthesize MOF 

based MMMs have been tailored toward applications such as gas or liquid separations.  

With this in mind, selection of a polymer that allows for permeance and selectivity of 

various gases or liquids has driven the selection of polymers for MOF based MMMs.29 

Frequently, for pure polymer membranes, permeance and selectivity are inversely 

correlated with highly permeable membranes lacking selectivity and vice versa.  This 

trade-off between permeability and selectivity is defined as the Robeson Upper Bound.30  

For example, more rubbery polymers, such as polydimethylsiloxane (PDMS) tend to 

display higher permeability whereas glassy polymers, such as polysulfone (PSF), 
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polyimide (PI), and poly(methyl methacrylate) (PMMA, Figure 2, R = CH3) tend to display 

better selectivity (Figure 2).30  Incorporation of porous inorganic materials, such as MOFs, 

into polymer membranes in the form of MMMs is designed to produce materials that 

exceed the Robeson Upper Bound limits and has been much of the driving force in this 

area of research.12  However, incorporation of a crystalline MOF material into a polymer 

matrix to improve selectivity and permeation performance presents several challenges, 

perhaps most notably the formation of gaps at the MOF-polymer interface, which result 

in poor selectivity due to the flow of gas through the resulting macrovoids (Figure 3).  

There have been two main approaches for the synthesis of MOF based MMMs.  One 

approach is through the physical mixture of unmodified MOFs and polymers to induce 

non-covalent bonding (i.e., hydrogen bonding, pi-pi stacking, etc.) between the MOF and 

the polymer.  The second approach modifies the organic ligands of the MOF to append 

polymers to the MOF particles to improve the non-covalent interactions at the particle-

polymer interface. 
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Figure 3.  Examples of ideal MOF based MMMs and non-ideal MOF based MMMs as a 
function of macrovoids or blocked pores.  Reprinted with permission from reference 31.  
Copyright 2019 American Chemical Society.31 
 

2.1 Conventional MOF-Polymer MMMs.  The most widely used approach for the 

synthesis of MOF based MMMs involves simple solution dispersion and casting methods.  

In this approach, insoluble MOF particles are suspended in a solvent and mixed with a 

solution of dissolved polymer until the two are homogenously dispersed.  This mixture, 

sometimes referred to as a MOF ‘ink’, is then cast into a film after which the solvent 

evaporates (with or without heating) resulting in a freestanding MOF based MMM film 

(Figure 4).  The casting method has been widely utilized to synthesize a variety of MMMs 

containing various MOFs and polymers tailored toward specific applications.13, 32-34  As a 

result, several combinations of polymers and MOFs have been explored to synthesize 

MMMs and these materials have been extensively studied and reviewed elsewhere.7-9, 11-

14, 35-40  This section will only discuss more recent findings that are significant 

advancements in MOF based MMMs. 
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Figure 4.  Schematic depiction of the synthesis of a standalone MOF based MMMs using 
a casting method.  Reprinted with permission from reference 34.  Copyright 2015 Wiley 
Publishing Group.34 
 

An important property to consider in the synthesis of MOF based MMMs is the 

compatibility of the MOF and polymer components.  A more compatible MOF-polymer 

mixture results in tighter MOF-polymer interfaces, leading to improved membrane 

selectivity (and possibly permeability),7, 10 as well as conceivably better mechanical 

properties.  Synthesis of MMMs using polymers such as PMMA (Figure 2, R = CH3), PSF, 

polyvinylidene fluoride (PVDF), and PI have been utilized for their potential to form tight 

junctions (i.e., via hydrogen bonding) between the MOF and polymer components (Figure 

2).41  These polymers have been combined with MOFs that contain functionalized ligands 

(e.g., amines) in order to enhance interactions.1, 42-43  For example, Chen and Kong et al. 

reported an MMM containing CAU-1-NH2 (CAU = Christian Albrechts University) and 

PMMA that displayed three orders of magnitude higher permeability of H2 compared to a 

pure PMMA membrane.  The same MMM was also more selective for H2 than CO2.44  

Urban et al. used UiO-66-NH2 and PSF to obtain MMMs with up to 50 wt% MOF loadings 

and significantly improved permeability and high selectivity for CO2 when compared to 

CH4 and N2.45  Tavasoli et al. studied the differences in MIL-53(Al) and MIL-53(Al)-NH2 

PVDF based membranes by monitoring their selectivity toward several gas combinations 

(He/CH4 and CO2/CH4).46  They found better selectivity for He over CH4 and for CO2 over 

CH4 when using the amine functionalized MIL-53(Al)-NH2 MOF, attributing these 
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observations to improved surface interactions between the amine groups and the PVDF 

polymer. 

Much of the earlier research of MOF based MMMs focused on synthesizing MMMs 

with relatively low MOF loadings (<40 wt%).  Synthesis of MMMs with higher MOF 

loadings generally resulted in less flexible membranes with aggregation of particles and 

macrovoids at the MOF-polymer interface.12  Cohen and coworkers reported one of the 

first syntheses of high MOF loaded MMMs (67 wt% MOF) using PVDF with a wide variety 

of MOFs (UiO-66, UiO-66-NH2, MIL-53, MIL-101, HKUST-1, and ZIF-8 (ZIF = zeolitic 

imidazolate framework)).34  The flexibility and mechanical stability of these highly loaded 

PVDF MMMs suggested new avenues for MOF based MMMs, where the MOF does not 

act as a simple filler, but rather the MMM is composed predominately of MOF particles 

with the polymer behaving as a binder, producing a new, flexible MOF form factor.  It was 

shown that these membranes displayed near complete retention of surface area and the 

MOF particles remained accessible for postsynthetic modification (PSM)47-51 or 

postsynthetic exchange (PSE) reactions.34, 52-53  In a follow up study, Cohen et al. used 

the same PVDF polymer binder to synthesize multicomponent MOF based MMMs to 

combine the properties of various MOFs into a single MMM.54  A range of mixed MOF 

MMMs were synthesize using three methods:  a) co-casted MMM where two different 

MOF inks are casted in discrete regions resulting in spatially separated MOFs in the same 

MMM, b) fully mixed MOF systems where two different MOFs were combined in one ink 

and then casted out into a completely mixed monolithic membrane, and c) layered MMMs, 

where one layer of MOF ink is initially casted and subsequently another unique MOF layer 

is casted resulting in discrete layered MMM (Figure 5).  Discrete MOF units are clearly 
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visible from scanning electron microscopy (SEM) images and energy-dispersive X-ray 

(EDX) mapping across all three forms of mixed MOF MMMs.  Interestingly, these layered 

MOF MMMs were used to conduct a catalytic two step reaction.  A MIL-101-NO2 top layer 

was used to convert a benzaldehyde dimethyl acetal into a benzaldehyde via an acid 

catalysis mechanism followed by a second layer of ZIF-8 MMM used in a Knoevenagel 

condensation of the benzaldehyde with malonitrile in a base catalyzed step.  One pass of 

all the reactants through the layered MMM yielded a 95% conversion to the final product. 
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Figure 5.  A) Various methods used to prepare multicomponent MOF based MMMs.  B) 
Examples of various mixed MOF MMMs.  Reprinted with permission from reference 54.  
Published by The Royal Society of Chemistry 2018.54 
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Using PVDF, Maspoch et al. designed a MOF based MMM that self-folds upon 

exposure to various solvents or vapors based on polarity.55  To achieve this, MIL-88A 

(MIL = Materials from Institut Lavoisier), a MOF made up of Fe3+ centers and fumaric acid 

organic linkers, was utilized because this material is known to swell and shrink in a 

reversible manner depending upon the presence of water (Figure 6).  To prepare MMMs 

with this MOF, a homogenous suspension containing MIL-88A and dissolved PVDF in a 

DMF solution was casted dropwise onto a silicon wafer.  The resulting MMMs, containing 

50 wt% MOF loading or higher, displayed a self-folding feature upon exposure to polar 

solvents (e.g. water, methanol, ethanol, acetone, chloroform, etc). that was reversible 

upon drying at elevated temperatures.  As expected, the solvents that caused the pure 

MIL-88A samples to swell were the same solvents that initiated the reversible folding 

mechanism in the MMMs indicating the importance of the MOF in the folding mechanism.  

Building off this work, the same group synthesized MOF based MMMs where the MIL-

88A MOF is patterned at specific sites of the silicon wafer to design materials that self-

shape into pre-programed 3-dimensional architectures (Figure 6).56  To achieve this, films 

were synthesized by selectively designing ‘passive’ or non-folding domains by mask 

protecting the substrate or active domains by exposing the substrate the HCl where MOF 

etching can occur (Figure 6).  These MOF based MMMs displayed unique folding 

mechanisms based on the patterning of the active domains to form unique 2D and 3D 

shapes (Figure 6).  Non covalent mixtures of MOFs and polymers have also been used 

to synthesize composites beyond membranes and have taken monolithic forms such as 

extruded MOFs, MOF foams or granulated MOF composites. 
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Figure 6. A) Swelling and shrinking properties displayed in the MIL-88A MOF as a 
function of exposure to polar solvent.  B) Mechanism used to achieve programable self-
folding MOF based MMMs.  C) Various shapes and forms achieved as a function of MOF 
etching at distinct regions of the MMM.  Reprinted with permission from reference 56.  
Copyright 2019 Wiley Publishing Group.56 

 

MMMs using PI polymers have also been popular due to the ubiquity, commercial 

availability, and hydrogen bonding ability of PI (Figure 2).  Rodrigue et al. reported the 

synthesis of MIL-53(Al)-NH2 and a cross-linked co-PI polymer and examined the 

permeability and selectivity of these membranes for CO2.57  When compared to the parent 

MIL-53(Al) MMMs, MIL-53(Al)-NH2 MMMs displayed much higher MOF incorporation (35 

wt%), better adhesion between the MOF and polymer (as evidenced by SEM images), 

and significantly better selectivity and permeability for CO2 over CH4.  Li et al. recently 
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covalently grafted PI brushes onto UiO-66-NH2 and these materials displayed superior 

compatibility between the MOF and the polymer component.58  To achieve this, UiO-66-

NH2 was modified via PSM with 4,4’-oxidiphthalicanhydride to create reactive handles on 

the MOF ligand.  PI brushes were then grown on this modified MOF through a step-growth 

polymerization method and subsequent in situ imidization.  Up to 88 wt% MOF loading 

MMMs were prepared using these polyimide functionalized MOFs (Figure 7).  SEM 

images showed fewer defects at the MOF-polymer interface when using the brush 

modified MOF as opposed to unmodified UiO-66-NH2.  These MMMs were tested for 

permeability of CO2 as well as selectivity of CO2/N2 and CO2/CH4.  MMMs with the 

polyimide brush grafted MOF displayed higher permeability than neat polymer 

membranes; however, selectivity in the MOF containing MMMs was lower suggesting the 

occurrence of interfacial defects.  While several combinations of MOF and polymer 

components have been synthesized in MOF based MMMs, current work in the field has 

moved toward bridging the gap between the MOF and polymer components through 

covalent bonding. 
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Figure 7.  A) Scheme for synthesizing UiO-66-NH2 PI MMMs.  B) TEM images depicting 
the brush polymers around MOF particles.  C) Photograph of highly loading MOF based 
MMM.  D) and E) SEM images of MMMs using MOFs without and with PI brush.  
Reprinted with permission from reference 58.  Copyright 2018 American Chemical 
Society.58 
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2.2 Covalently Connected MOF-Polymer MMMs.  One of the major goals of 

MOF based MMMs is to utilize the narrow and tunable pores of the MOF component as 

a passage point for the separations of various gases or solutions in a more flexible form 

factor.  As outlined above, despite efforts to combine various MOF and polymers in 

fabricating MMMs, the interface of these two distinct materials still harbors many defective 

sites that hinders the separation capability of these materials.  Defects at the MOF-

polymer interfaces have been shown to create large, nonselective macrovoids that cause 

reduced selectivity of various gases (Figure 3).  As such, some studies have focused on 

covalent attachment of MOFs and polymers to bridge the gap at the interface of these 

two discrete materials. 

One of the earliest, clever approaches to covalently combining MOFs and 

polymers was reported by Wang and coworkers, who developed a covalent MOF-polymer 

linkage through postsynthetic polymerization (PSP) (Figure 8).59  This approach used 

reactive amine handles in a UiO-66-NH2 MOF as a site for PSM converting these amines 

to methacrylamides (UiO-66-NH-Met).  This modified UiO-66-NH-Met was mixed with 

butyl methacrylate (BMA) and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide and 

subsequently cast out into a Teflon mold.  This mixture was then cured with UV light, 

thereby polymerizing the MOF through the methacrylamide handles to give a stand-alone 

membrane.  CO2 isotherms of the membrane showed retained porosity in the MOF 

particles, suggesting that the MOF pores are not infiltrated by the polymer, but rather 

decorated around the outside of the particles.  The PSP membranes were characterized 

compared to physical mixtures of MOF and BMA which showed better adhesion of the 

MOF and polymer components in the covalently linked material (Figure 8).  Using PSP, 
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MMMs were obtained where the MOFs are directly, covalently integrated into the 

surrounding polymer matrix. 

 

 

Figure 8.  A) Mechanistic used to synthesize PSP product.  B) Comparison of PSP 
product to a non-covalent control.  C) Pictorial depiction of method used to prepare PSP 
MOF based MMMs.  Reprinted with permission from reference 59.  Copyright 2015 Wiley 
Publishing Company.59 

 
This seminal work by Wang et al. inspired several other researchers to utilize PSP 
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in the synthesis of covalently grafted polymer MOF MMMs60 as well as other hybrid 

materials.61-63  Other groups have utilized photopolymerizations based on thiol-ene click 

chemistry to integrate MOFs into MMMs.64  Using the same methacrylamide decorated 

UiO-66-NH-Met nanoparticles (NPs), Dong et al. utilized the thiol-ene click reaction to 

polymerize the methacrylamide groups with polysiloxane oligomers (PSI-SH) upon 

exposure to UV light to form a covalent PSP membrane.65  These porous membranes 

displayed capacity to take up Au NPs that allow for the membranes to promote the 

Knoevenagel condensation of 4-nitrobenzaldehyde with malonitrile.  The same group 

reported the PSP combination of a polyurethane oligomer with UiO-66-NH2 nanoparticles 

making membranes with MOF loadings of up to 70 wt%.66  Isocyanate terminated 

polyurethane oligomers were synthesized by combining methylene diphenyl diisocyante 

(MDI) with polypropylene glycol (Figure 9). 
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Figure 9.  Schematic depiction of the synthesis of urea based UiO-66 membranes.  
Reprinted with permission from reference 66.  Copyright 2016 Wiley Publishing 
Company.66 
 

Dong et al. built upon this work by designing ionic liquid (IL) decorated UiO-66 

nanoparticles and crosslinking them to the same isocyanate terminate polyurethane 

oligomer (Figure 9).  An imidazolium based ionic liquid (charge balanced by a bromine 

ion) was synthesized starting from terephthalic acid.  Then the ionic liquid was used to 

synthesize UiO-66-IL-Br via a standard acetic acid modulated synthesis.67  The charge 

balancing anion was then exchanged with PF6, SO3CF3, or ClO4 and finally crosslinked 

with the isocyanate terminated oligomer resulting in an MMM (Figure 10).  The resulting 

MMMs displayed high selectivity for CO2 over N2 and CH4 while also displaying catalytic 

activity for the cycloaddition of CO2 with epoxide under ambient pressure. 
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Figure 10.  A) Synthetic scheme of imidazolium ionic liquid functionalized terephthalic 
acid molecules.  B) Synthetic scheme of UiO-66-IL-Br synthesis and anion exchange.  C) 
Synthetic scheme for crosslinked MMM formation via the polyurethane oligomer.  
Reprinted with permission from reference 67.  Copyright 2018 American Chemical 
Society.67 

 
Recently, a new approach using a ‘corona’, or polymer brush, around the MOF 

particles has been developed to make the MOF and polymer components more 

compatible and limit macrovoids at the MOF-polymer interface.  As mentioned above, Li 

et al. used PSM functionalized MOF particles with brush polymers and these particles 

formed favorable non-covalent interactions with a PI polymer resulting in improved gas 

separation and permeation properties.58  Using a similar approach, Cohen et al. combined 

allyl functionalized UiO-66 (UiO-66-allyl) with hydride-terminated poly(dimethylsiloxane) 
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(PDMS)31 to get a covalently linked PDMS ‘corona’ around the MOF particles.  These 

modified particles were then crosslinked with a PDMS matrix via hydrosilylation forming 

a defect free, 50 wt% MOF based MMM (Figure 11).  By installing a PDMS corona on the 

MOF the resulting MMM displayed fewer macrovoids (when compared to MOFs lacking 

the corona) as evidenced by SEM images.  When compared to MMMs using only non-

covalent interactions, the corona MMMs displayed better CO2 permeation and CO2, N2, 

and propane separation, suggesting that the gases are passing through the MOF pores 

as opposed to through macrovoids at the MOF polymer interface (Figure 11). 
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Figure 11.  Top:  Scheme for the synthesis of UiO-66 Corona based MMMs.  Bottom:  (A) 
Photographic image of the corona-MOF and (B-D) SEM images showing the control 
materials synthesized and (E) the experimental MMM.  Reprinted with permission from 
reference 31. Copyright 2018 American Chemical Society.31 

 
Other polymerization techniques, such as atom transfer radical polymerization 

(ATRP) and ring opening metathesis polymerization (ROMP), have been used to develop 

covalently grafted, MOF based MMMs.  For example, Matzger et al. utilized ATRP to 

decorate the shell of IRMOF-3 with PMMA while maintaining the internal porosity of the 

MOF (as evidenced via N2 sorption isotherms and single crystal Raman mapping).68  Wu 

et al. covalently modified UiO-66-NH2 with poly(sulfobetaine methacrylate) (PSBMA) 

using ATRP and incorporated the resulting MOF into PSF MMMs; the resulting hydrophilic 
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MMM displayed two times higher water flux than the noncovalent UiO-66-NH2 PSF 

membrane.69 

ROMP was applied by Zhang et al. to polymerize UiO-66-NH2 particles with 

polynorbornene to form MMMs with 20 wt% MOF loading.70  To achieve this, UiO-66-NH2 

and cis-5-norbornene-exo-2,3-dicarboxylic anhydride (ND) were combined via PSM to 

form UiO-66-ND (Figure 12).  ROMP was then performed using Grubbs generation III 

catalyst converting >95% of the norbornene monomers (in under 7 min) resulting in a 

standalone, flexible MMM.  Cavitation experiments indicate that these MMMs displayed 

exceptional toughening effects compared to the free polymer membrane.  These MMMs 

also displayed high permeability for H2 and high selectivity for H2/N2 and H2/CO2 

separations, both exceeding the 2008 Robeson Upper Bound.  Several other groups have 

utilized these grafting from polymerization methods to develop MMMs71-72 and related 

MOF-polymer hybrid materials that are discussed elsewhere in this review.  Diverse and 

ingenious approaches for the synthesis of covalent MOF-polymer hybrid materials has 

been the focus of many recent research efforts in order to bridge the gap between MOF 

and polymer.  As such, sophisticated characterization techniques have been applied to 

elucidate the interface between these materials and decipher the MOF-polymer 

interactions at the atomic level. 

 



 28 

 

Figure 12.  A) Pictorial depiction of ROMP based PSP MMMs.  B) Chemical depiction of 
ROMB based PSP MMMs utilizing the norbornene functional group.  C) Photographic 
images of MMMs.  Reprinted with permission from reference 70.  Copyright 2018 
American Chemical Society.70 

 
2.3 Investigations of the MOF-Polymer Interface.  While several different MOFs 

and polymers have been combined to form MMMs with a range of properties, only a few 

reports have aimed at directly analyzing the MOF and polymer interface at the atomic 

level.  From an imaging perspective, several reports use a low temperature fracturing of 

MMMs, where the hybrid material is soaked in liquid N2 and fractured.  SEM images are 

taken of the MOF-polymer composite fractured cross-section allowing for imaging of the 

interface.34, 54, 73  Gascon and coworkers used a focused ion beam (FIB) SEM technique 
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to more closely image the interface of CuBDC MOF nanosheets or regular MOF crystals 

and PI MMMs.74  The FIB SEM carves out portions of the composite material and images 

these sections to analyze the MOF-polymer interface.  They found that MOF nanosheets 

occupied more of the cross-sectional space compared to regular MOF crystals resulting 

in more selective permeation pathways for gas separations.  Taking a polymer 

characterization approach, Long and coworkers used dynamic mechanical analysis 

(DMA) to analyze the interface between MOF-74 and a range of copolymers.75  In this 

study, copolymers containing larger blocks that are more rigid in nature appeared to form 

less favorable interactions with the MOF particles compared to polymers containing 

higher soft block content.  Using a non-destructive approach, the same group also 

reported the use of Raman spectroscopy to probe the homogeneity of the MIL-53 particles 

in MMMs using two different polymers.76  Transmission electron microscopy (TEM) 

imaging has also been used to study the MOF-polymer interface by being able to identify 

areas of MOF aggregates in a material as well as areas of polymer aggregates.77  In 

another report by Li and coworkers, an ultramicrotoming technique was used wherein 

MOF-polymer materials are sliced into thin layers (~100 nm section) and imaged using 

TEM giving further insight into MOF-polymer interactions inside the particles.78 

Other work analyzing the MOF-polymer interface has been focused on 

computational modeling.  Maurin and coworkers first reported a model to analyze this 

interface and found a unique compatibility between ZIF-8 and PIM-1 (PIM = Polymers of 

Intrinsic Microporosity) is due to the -CN functional groups on the polymer interacting with 

the secondary amines on the ZIF-8 linkers.79  This model has been used to analyze the 

MOF-polymer interface of several MMMs containing a range of MOFs and polymers.29, 77, 
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80  In particular, this model was used to examine the interaction of MMMs consisting of 

UiO-66 and a flexible polymer such as poly (ethylene glycol) PEG or PVDF compared to 

more rigid polymer such as polystyrene (PS) or PIM-1.  The results indicate more flexible 

polymers such has PEG or PVDF have a more favorable interaction with the UiO-66 

compared to rigid polymers.29  Following this report, analysis of the MOF-polymer 

interface in MMMs was recently examined by in situ solid state NMR (SS-NMR) in 

combination with theoretical methods.81  As described earlier, PVDF based MMMs with 

MOFs maintain porosity and displayed surface areas proportional to their MOF loading, 

whereas poly(ethylene oxide) (PEO) based MMMs displayed no surface area at loadings 

as high as 70 wt% MOF.32, 34  To untangle this difference, UiO-66 MMMs were prepared 

using PVDF and PEO to determine the amount (if any) of polymer infiltration into the MOF 

pores.  13C and 1H SS-NMR studies indicated almost complete pore infiltration in the case 

of the PEO based MMMs, while little to no pore infiltration in the case of the PVDF MMMs.  

These results highlight the significance in the selection of polymers for MMMs and the 

importance of understanding the MOF-polymer interface in these materials.  Overall, 

several elegant approaches have been utilized in the synthesis of MOF-based MMMs.  

These approaches have made promising strides toward designing a highly functional 

materials across a range of applications from gas and liquid separations to water 

purification and chemical warfare agent degradation. 

 

3.  Applications of MOF-Polymer Materials 

The fabrication of MOF based MMMs has expanded rapidly over the last decade 

through the methods described in the previous section.  Functional materials with high 
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MOF loadings have been achieved through the careful selection of MOF and polymer 

components, and synthetic methods have enabled covalent linkages between the MOF 

and polymer in some MMMs.  The overarching goal of these fabrication techniques is to 

design membranes with little to no voids at the MOF-polymer interface, such that any gas 

or liquid passing through the MMM is transported through the MOF pore.  In the ideal 

MOF based MMMs, the interfacial morphology between particles and polymer is well 

controlled to prevent suboptimal structures such as ‘plugged sieves’, ‘matrix rigidification’, 

or ‘sieve-in-a-cage’ from forming (Figure 3).  The high loading of MOF particles in the 

polymer matrix is also important to make maximally exploit the MOF particles.  In many 

applications, composite thin film membranes in which a thin MMM layer is fabricated on 

a porous substrate is preferred to obtain high flux are desired.  Thinner membranes are 

more susceptible to void formation, generating critical pinhole defects that hinders the 

separation ability of the membrane.  As such, the control of interface between MOF 

particles and polymer matrix is increasingly more important in thin film composites.  Such 

materials should allow for tuning of the MOF pores to produce MMMs suitable for size 

exclusion or affinity-based separations, catalysis, and other membrane-based 

applications. 

3.1 Gas Separations.  Gas mixtures such as CO2/CH4, CO2/N2, 

propane/propylene, etc. are largely separated via an energy intensive process such as 

cryogenic distillation, liquid-phase adsorption, pressure swing adsorption, and others.  

Therefore, energy efficient separation processes, such as membrane separations, has 

received increased attention.82  The inherent porosity and uniform nanopore composition 

of MOFs makes gas separations an attractive application.  The highly tunable property of 
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MOFs, such as the functionalization of MOF linkers, can be used to tune the affinity of the 

MOF towards specific gas molecules.  Pure, solid, crystalline MOF membranes have 

already shown potential for good gas separation performances in terms of permeability 

and selectivity; however, shortcomings in flexibility/brittleness, durability, complicated 

fabrication, and limited scalability have made these pure MOF membranes suboptimal 

candidates for commercialization.  With these practical considerations in mind, the 

integration of MOFs into engineered polymer hybrid structures, such as MMMs, is a 

particularly attractive route for utilizing MOFs.  As described above, MMMs improve the 

processability of MOFs by embedding these microcrystalline particles in a polymer matrix.  

In order to use MMMs for gas separation, the proper selection of both polymer matrix and 

MOF particles is essential to obtain high performance gas separation membranes for the 

certain separation targets. 

3.1.1 Acid Gas Removal from Natural Gas.  In natural gas production, a crucial 

step in the process is the purification of methane gas from other impurities such as CO2 

and H2S, which is also known as acid gas.  Currently, the acid gas is removed from raw 

natural gas by amine scrubbing to meet pipeline specifications (<2% CO2 and 4 ppm H2S) 

and this process consumes a sizeable amount of energy.83  H2S removal from natural gas 

is especially challenging because of the close molecular kinetic diameter of H2S (0.36 

nm) and CH4 (0.38 nm).  Furthermore, this separation requires membranes with durability 

against the corrosive nature of H2S and high feed pressures (30-60 bar).  However, as 

the raw natural gas comes with high pressure, membrane separations do not require large 

compression energy to pressurize the feed gas stream.  As such, membrane separation 
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for natural gas separation has a potential to reduce the amount of energy needed 

compared to the abundantly consuming conventional process. 

In the development of membranes for this application, Eddaoudi and Koros et al. 

reported MMMs containing rare earth MOFs and fluorinated MOFs for the removal of H2S 

and CO2 from raw natural gas.83-84  Fluorinated MOFs such as SIFSIX [Cu(SiF6)(pyz)2]n, 

NbOFFIVE [Ni(NbOF5)(pyz)2]n, and AIFFIVE [Ni(AlF5)(pyz)2]n, were combined with 4,4’-

hexafluoroisopropylidene (6-FDA) polyimides (Figure 13).  To improve the molecular 

interaction between the MOF and polymer matrix, the MOF particles were functionalized 

with 4-cyanopyridine.  When comparing the various MOF composites (Figure 13) the 

NbOFFIVE-1-Ni/6FDA-DAM (DAM = 2,4,6-trimethyl-1,3-diaminobenzene) MMM showed 

far superior separation performance for total acid gas (CO2+H2S) removal from natural 

gas when compared to the existing glassy polymer-based membranes (e.g., cellulose 

acetate membranes).  This study shows an efficient way to separate similar sized 

molecules using a MOF based MMM. 

 

a)  
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b)  
Figure 13.  A) Schematic of design approach using fluorinated MOF based membranes 
for selective permeation of CO2 and H2S over CH4.  B)  Separation performance of 6FDA-
DAM membrane, NbOFFIVE-1-Ni/6FDA-DAM MMM and AIFFIVE-1-Ni/6FDA-DAM MMM 
for H2S/CO2/CH4. Reprinted with from permission reference 84.  Copyright 2018 Wiley 
Publishing Company.84 

 
3.1.2 CO2 Separation for Carbon Capture and Sequestration (CCS).  CO2 is a 

known greenhouse gas that contributes to the greenhouse effect, causing global 

warming.  A huge amount of CO2 gas is exhausted from power plants as a gas mixture 

of CO2 and other gases.  In order to reduce CO2 emissions, CO2 capture and 

sequestration (CCS) projects have been proposed, in which CO2 gas is separated from 

gas mixtures and stored in geological rock formations that are typically located several 

kilometres below the Earth's surface.  This method prevents CO2 from entering the 

atmosphere; however, a major limiting factor of CCS is the cost of CO2 separation.  The 

current technology are liquid-phase adsorptions with aqueous ethanolamine that can be 

regenerated with heat, resulting in an extremely energy intensive process.  If this ‘amine 

scrubbing’ approach was applied to every power station in the United States, CO2 capture 
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alone could amount to ~30% of the country’s growth in gross domestic product (GDP) 

each year.82 

Combustion in powerplants results in a CO2 containing flue gas making it one of 

the most sought after separations because the process can be retrofitted to existing units 

that generate two-thirds of the CO2 emissions in the power sector.85  In post-combustion, 

CO2 needs to be separated from N2 under humid conditions.  As the gas has a low CO2 

partial pressure (CO2 <15% at atmospheric pressure), highly permeable CO2 membranes 

are required in order to reduce the separation cost.85-87  As such, a variety of studies 

regarding MMMs with MOFs have been reported for this application.  Sivaniah et al. 

synthesized MMMs with gas permeable PIM-1 polymer and functionalized UiO-66 

particles.  The study highlighted the importance of particle size and functionalization of 

the MOFs, ultimately achieving improved CO2 permeability and CO2/ N2 selectivity.86  For 

example, MMMs with 5-10 wt% loading of small UiO-66-NH2 particles (20-30 nm) showed 

improved CO2/N2 separation above the 2008 Robeson upper bound.  Webley and Qiao 

et al. also proposed MOF scaffold/polymer membranes (MSPs) composed of an 

interconnected MOF scaffold and cross-linked polymer on the porous substrate, obtaining 

high MOF-loaded MMMs (47 wt% MOF) without defects.88  To fabricate MSPs, MOF 

fibers were prepared on a filter paper surface by secondary growth where Al(OH)3 

particles and NH2-benzene dicarboxylic acid (NH2-bdc) ligand are used as seeds.  After 

introducing -bromoisobutyryl bromide (BiBB) to the MOF scaffold as an ATRP initiator, 

defect-free MSPs were fabricated through ATRP with poly(ethylene glycol)dimethacrylate 

which enabled the formation of the polymer matrix.  MMMs with 47 wt% MOF loading 

displayed a CO2/N2 selectivity of 35 and CO2 permeability of 2700 barrer, surpassing the 
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2008 Robeson upper bound and demonstrating 18-fold permeability enhancement as 

compared to pristine PEG membranes without compromising selectivity. 

3.1.3 Propylene/Propane Separation.  Propylene is one of the most important 

organic chemicals as it is a starting material for the synthesis of organic compounds and 

polymers such as polypropylene, propylene oxide, acrylonitrile, cumene, acrylic acid, and 

isopropanol.89  Polypropylene is one of the most widely used synthetic plastics and 

demand for polypropylene has been rising.90  The physical properties of propylene are 

similar to those of propane, and the current method of separation is cryogenic distillation 

which requires a significant amount of energy.82  Separation by membranes is expected 

to be an energy efficient alternative method to cryogenic distillation as separation 

membranes do not require energy intensive phase changing steps.  Various MOFs have 

been studied for propylene/propane separation, specifically ZIF-8 and ZIF-67 have 

demonstrated particularly good results for this application.  The effective pore size of ZIF-

8 is 0.40-0.42 nm (taking into account framework flexibility), which is suitable for 

separating propylene and propane.91-93  To date, pure MOF membranes with ZIF-8 have 

demonstrated excellent permeability and selectivity for propylene/propane separation, 

beyond the 2008 Robeson upper bound.94-95  As MMMs improve the processability of 

MOF membranes, MMMs with ZIF materials have potential for propylene/propane 

separation. 

 Koros et al. fabricated MMMs with ZIF-8 and the aforementioned 6FDA-DAM 

polyimide (Figure 13), showing that 48 wt% ZIF-loaded MMMs displayed a 258% 

improvement in permeability and a 150% improvement in selectivity compared to a pure 

6FDA-DAM, polymer only membrane.96  Pinnau et al. synthesized MMMs with ZIF-8 
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particles and hydroxyl-functionalized microporous polyimide (PIM-6FDA-OH) in order to 

improve of compatibility between ZIF particles and the polymer matrix (Figure 14).97  

Though there was substantial aggregation, resulting in MOF clusters in the MMMs (Figure 

14), no interfacial gaps in the MMMs were apparent.  MMMs with 65 wt% ZIF-8 loading 

showed propylene permeability of 30 barrer and a propylene/propane selectivity of 31 in 

mixed gas permeation test, placing the performance above the 2003 Robeson upper 

bound. 

 

 
Figure 14.  A) Preparation of PIM-6FDA-OH/ZIF-8 based MMMs.  B) TEM images of PIM-
6FDA-OH-based MMMs containing 33 and 65 wt%.  Reprinted with permission from 
reference 97.  Copyright 2018 American Chemical Society.97 

 
 ZIF-67 has proven to be intrinsically more efficient than ZIF-8 for 

propylene/propane separation due to the less dynamic Co-N bond compared to the Zn-N 

bond of ZIF-8.  Therefore, to obtain MMMs with improved propylene/propane selectivity, 

ZIF-67 MMMs have been studied.98  This smaller aperture size for ZIF-67 (3.31 Å) 
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compared to ZIF-8 (3.42 Å) is suitable for propylene/propane separation.99-100  Heseong 

et al. reported MMMs with 20 wt% ZIF-67 loaded MMMs with 6FDA-DAM, which showed 

higher propylene/propane selectivity and slightly lower propylene permeability compared 

to with ZIF-8/6FDA-DAM MMMs.98  This result suggests that ZIF-67 has a superior size 

sieving effect derived from its smaller aperture size compared to ZIF-8.  The study further 

suggests that the selection of ZIF-8 and ZIF-67 can be optimized for this separation. 

3.1.4 Hydrogen Gas Separations.  Hydrogen (H2) is desired as a potential clean 

energy alternative to fossil fuels and high-purity H2 gas is also wanted in the 

semiconductor, fine chemical and optoelectronic industries.101  For future energy 

production, H2 gas also has an important role in an integrated gasification combined cycle 

(IGCC) process.102  In these processes, H2 gas needs to be isolated from a range of gas 

mixtures.  Currently cryogenic distillation, pressure adsorption and membrane separation 

are used to isolate H2 gas.  Among these techniques, separation of gas mixtures using 

membranes has been pursued as a more energy efficient process.  For example, 

membranes have been used for the H2/N2 separation in the industrial ammonia synthesis 

process, as well as the H2/CO2 separation for an IGCC process.  In the case of MMMs 

for H2 separation, selection of MOFs with relatively small pore size is required to obtain a 

size sieving effect due to the small molecular size of H2 (kinetic diameter 0.29 nm).103  

Recently Zhu et al. reported MMMs with CAU-21-ODB (pore size ~0.33 nm) with PIM-1 

as a polymer matrix.103  Uniform CAU-21-ODB particles were synthesized using a 

microwave-assisted approach, showing good dispersibility in the polymer matrix.  CAU-

21-ODB/PIM-1 MMMs with ~15 wt% MOF loading showed improved H2 permeability and 

H2/N2 selectivity of 7199117 Barrer and 127, respectively, for a H2/N2 mixed gas 



 39 

permeation test (Figure 16).  The separation performance far surpassed the 2008 

Robeson upper bound.  The H2/CO2 separation by CAU-21-ODB/PIM-1b MMMs was also 

studied, showing 7218 Barrer of H2 permeability and H2/CO2 selectivity of 4.  Another 

interesting approach to enhance the membrane performance of MMMs has been reported 

with ZIFs.  Most MMMs with ZIFs show an increase in gas permeability but lack in gas 

selectivity, because the ZIF pore size (effective pore size of ZIF-8 is 0.40-0.42 nm) is not 

small enough to have a size-sieving effect on H2.  Recently, a new ZIF material (named 

ZIF-L) was reported, showing selective H2 permeation over CO2 due to strong CO2 

adsorption to the ZIF-L.104  Wang et al. reported MMMs with ZIF-L and a highly gas 

permeable hydroxyl group-containing polyimide, showing the improved H2/CO2 selectivity 

of 13.4 and maintaining the H2 permeability of 260 Barrer in a single gas permeability 

test.105  In contrast, the pristine polyimide membrane that displayed H2/CO2 selectivity 

and H2 permeability of 1.8 and 220, respectively.  The study suggests that MOF selection 

is crucial to further improve the separation capabilities of MMMs. 
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Figure 15.  H2 permeability and H2/N2 selectivity of CAU-21-ODB/PIM-1 MMM, and 
reported relevant MMMs (squares show the single gas permeation data.  Reproduced 
from reference 103 with permission from The Royal Society of Chemistry.103 

 
3.2 Water Purification.  Gas separation has been the primary focus for application 

of MOF based MMMs; however, these MMMs also provide an opportunity to address 

other important separation problems.  Currently, about 780 million people worldwide lack 

access to clean water resources and data suggests this number is growing.106  New 

materials for achieving water purification has captivated the attention of many 

researchers.107-108  The synthesis of water stable MOFs (i.e., UiO-66, ZIFs) has enabled 

the use of MOF based MMMs for the treatment of water.109  MOF based MMMs, through 

the tunability of MOF particles, presents an opportunity to purify water from contaminants 

of varying sizes and chemical properties. 

3.2.1 Dye Separations.  Dye separations are the most studied form of liquid 

separations with MOFs due to the facile nature of these experiments and potential 

relevance to the removal or separation of organic pollutants from water.110  The use of 
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dyes has grown exponentially over the last half century in many industries such as 

textiles, paper manufacturing and the food industry; however, efficient methods of 

separating dyes from aqueous sources are lagging behind.111  As such, dyes often times 

end up in water streams and have been deemed harmful toward the environment.  This 

has motivated studies on MOF based MMMs as a potential method to remove dyes from 

aqueous sources.34, 66, 112-114 

 Engineering of MOF based MMMs for dye separations have been based on either 

size or charge.32, 34, 66, 112-113, 115-116  Zhang et al. developed the use of ZIF-8 poly(sodium 

6-styrene-sulfonate) (PSS) MMMs for the separation of dyes from aqueous media based 

on size.112  Retention of larger dyes, such as methyl blue (MB) was exhibited by these 

membranes whereas smaller dyes such as methyl orange (MO) displayed less retention.  

Building off this work, the same group synthesized ZIF-8 PEI MMMs and screened a wider 

range of dyes, such as Congo Red (CR) and Acid Fusion (AF).  The MMMs showed a 

higher retention of dyes based on the size of the molecules (MB > CR > AF > MO).117  

Other groups have also used the ZIF-8 polyamide MMMs for the separation of dyes, such 

as Reactive Blue 2 (RB2) and Reactive Black 5 (RB5), based on electrostatic charge.118  

Other groups have separated Coomassie blue (CB) and MO using UiO-66 in a PVDF or 

polystyrene-block-polybutadiene (SBS) based MMM, where 99% removal of CB from a 

mixture of the two dyes was achieved (Figure 16).32, 34 
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Figure 16.  A) Pictorial depiction of the separation of MO and CB dyes using a UiO-66 
PVDF MMM.  B) Image of the separation filter housing set up and retention of CB dye on 
MMM.  Reprinted with permission from reference 34.  Copyright 2015 Wiley Publishing 
Company.34 

 
3.2.2 Toxic Heavy Metal Separations.  The design of materials for the 

sequestration of heavy metal ions in aqueous media is sought for the removal of 

dangerous metals, such as lead, from drinking water.  Such membranes could also be 

useful for recycling and recovering precious metals from waste streams, or the recycling 

of radioactive materials from nuclear energy production.109  Due to their inherent porosity, 

large surface areas and chemical tunability, MOFs and MOF based MMMs have emerged 

as a potential candidate for this application.115, 119-123  Wu and Tang et al. synthesized an 

IRMOF-3 graphene oxide composite material with a maximum adsorption amount of Cu2+ 

of 254 mg g-1.124  This material was then embedded into a polydopamine coated 
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membrane and displayed 90% rejection of Cu2+ ions from aqueous media.  Rana et al. 

used electrospinning to synthesize composite membranes with Zr4+-based MOF-808 and 

tested it for the sequestration of two divalent metals, Cd2+ and Zn2+, from aqueous 

media.125  These materials showed ~55% removal for Cd2+ with a maximum adsorption 

capacity of 225 mg g-1 and ~70% removal for Zn2+ with a maximum adsorption capacity 

of 287 mg g-1.  Wang et al. used UiO-66-NH2 PSP MMMs to extract Cr4+ ions from water 

and the PSP derived membrane (60 wt% MOF) displayed 80% removal of Cr4+ with a 

maximum separation capacity of 8 mg g-1 whereas the physically mixed MOF polymer 

membrane displayed 41% removal of Cr4+ with a maximum sorption capacity of 5 mg g-

1.59  Recently, Queen et al. synthesized a MIL-100(Fe) and polydopamine (PDA) where 

dopamine monomers are polymerized through an anaerobic oxidation of dopamine from 

the redox active Fe3+ SBU sites.126  These membranes displayed 99.8% removal of both 

Hg2+ and Pb2+ extracting 1634 mg and 394 mg per gram of composite, respectively.  

Building off of this work, the same group showed their technology could be used to recycle 

precious metals such as Au3+ from an aqueous solution.127  Queen et al. used the redox 

active MIL-100(Fe) and PpPDA polymer (PpPDA = poly(para-phenylenediamine)) 

membrane to sequester Au3+ from aqueous solutions at record breaking rates (934 mg g-

1) with 99% removal each cycle for up to four cycles. 

3.2.3 Desalination.  Worldwide shortages in fresh water have motivated 

researchers to develop technologies for the desalination of ocean water.128  Development 

of a non-energy intensive method for the separations of salts from would lead to an 

advancement toward bringing fresh water resources to countries across the world.129-130  

MOF based MMMs offer new opportunities to address this problem.131-132  Li et al. 
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fabricated UiO-66 based membranes using an in situ solvothermal synthesis methods to 

grow MOFs on alumina hollow fibers.133  Desalination experiments were conducted on 

these materials and the results indicate that these membranes exhibit multivalent ion 

separation by rejecting ~85% Ca2+, ~99% Mg2+, and ~99% Al3+.  Membrane stability was 

also tested, and the membranes showed no degradation upon exposure to saline for 170 

h as evidenced by PXRD.  Recently, D’Alessandro et al. reported the use of polyvinyl 

alcohol (PVA, Figure 2) and MIL-53(Al) composite materials for desalination studies.134  

The MIL-53(Al) synthesis was varied to modulate the amount of defects in the material 

and develop a hierarchical pore structure.  The MIL-53(Al) and PVA were blended 

together as a physical mixture and subsequently coated on the surface of PVDF hollow 

fibers.  Membranes prepared with defective MOFs were shown to significantly increase 

the water flux across the material leading to higher water transport efficiency (Figure 17).  

Desalination experiments indicate an essentially perfect salt rejection rate (99.99%) when 

tested for the desalination of a 100 g L-1 solution. 

 

 

Figure 17.  A)  Diagram of desalination via MIL-53 (Al) PVDF MMMs. B) Surface rendered 
views of segmented FIB-SEM tomograms of MIL-53 (Al) MMMs.  C) Surface rendered 
views of segmented FIB-SEM tomograms of defective MIL-53 (Al) MMMs.  Reprinted with 
permission from reference 134.  Published by The Royal Society of Chemistry.134 
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3.3 MOF-Polymer Composites for Toxic Chemical Protection.  One of the 

many application areas where MOF-polymer composites have made an impact is in the 

mitigation of toxic chemicals, including sorption of toxic industrial chemicals (TICs) and 

sorption and neutralization of chemical warfare agents (CWAs), such as mustards and 

nerve agents.  Outlined in a review on this topic,135 MOFs have had considerable success 

in the sorption and catalytic breakdown of nerve and blister agents, the two highest risk 

classes of CWAs, as well as a number of TICs such as NH3, H2S, and Cl2.  MOFs are a 

promising solution to this problem, but development of MOF based composites that are 

compatible with soldier and civilian protection (in the form of membranes and textiles) is 

essential to the successful implementation of MOFs for this application.  The challenge is 

designing a MOF-polymer system that preserves MOF sorption and catalysis and can be 

readily applied to gas masks, suits, and shelters.  A range of polymer support strategies, 

including atomic layer deposition (ALD) coated fibers,136-142 MMMs,33, 143-145 

electrospinning,146-151 and others61, 152-156 have been investigated to move MOFs towards 

field-ready use.  The goal of providing protection from acutely toxic chemicals has inspired 

some unique MOF-polymer combinations that outperform the traditional activated carbon-

based materials. 

For this particular application, the composites are evaluated on three basic merits:  

effectiveness of MOF incorporation into polymer form, ability of composite to provide 

protection, and readiness of composite to be incorporated into a garment.  As the field 

develops the literature highlights new and effective forms of composites with an emphasis 

on those with high MOF content and accessibility.  Tied to this first goal, is the availability 

of MOF for mitigation usually assessed by N2 accessible surface area, TIC sorption, and 
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CWA hydrolysis rates.  Early development of MOFs for CWA simulant and agent 

degradation is outlined in detail in two recent reviews.157-158  The last merit of MOF-

polymer composites is the most difficult to quantify (garment suitability), but mechanical 

properties of composites have been reported as a proxy for strength and moisture vapor 

transport rate (MVTR) and aerosol filtration efficiency have been studied as well.  High 

MVTR and aerosol filtration efficiency allow more evaporative cooling and protection, 

respectively, both important metric for composites as suitable materials for prolonged 

protection.  As MOF-polymer composites progress in this emerging application the 

emphasis must shift from discovery to comparisons to current technology and 

establishing performance metrics. 

In 2014, Parsons et al. demonstrated that atomic layer deposition (ALD) could be 

used to coat a range of polymer fibers with metal oxides to serve as MOF nucleation sites.  

The original work demonstrated the deposition of Al2O3 onto polypropylene fibers and the 

subsequent growth of HKUST-1 with access to MOF microporosity and improved 

performance for the sorption of NH3 gas.136  Subsequent work showed the application of 

this technique for the growth of a series of Zr4+-MOFs (UiO-66, UiO-66-NH2, UiO-67) on 

polyamine (PA-6) fibers with TiO2 as the ALD nucleation coating layer (Figure 18).137  

SEM and TEM images showed a conformal coating of the MOF on the fibers with all three 

MOFs.  The ability of these MOF fibers to fight nerve agents was evaluated first by 

hydrolysis of dimethyl 4-nitrophenylphosphate (DMNP), then the nerve agent GD, both of 

which are effectively degraded by these composites.  The same group also investigated 

the role of different oxides and non-covalent attachment methods to explore their effect 

on composite properties and DMNP hydrolysis, but found improvement over TiO2/PA-6 
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system performance in hydrogen bonded system.138-139, 141  While this is a more general 

method for MOF-polymer coupling, and the DMNP hydrolysis rates are the highest for 

ALD fibers, it relies on non-covalent interaction for MOF attachment that is not tested for 

strength.  ALD coating has also been used to grow MOF sheets that can absorb both NH3 

gas and the sulfur mustard simulant 2-chloroethyl sulfide (2-CEES) under humid 

conditions.142  A follow-up study of this work explored the performance of ALD fiber MOF 

hybrids against these threats as well as their MVTR and aerosol filtration efficiency.  This 

study showed that MOF composites maintain MVTR of polypropylene and flame resistant 

textiles MOFs are grown and outperform the base textiles in terms of NH3 and 2-CEES 

protection.  In addition, the MOF textiles were compared to commercial textiles for aerosol 

protection and outcompete sorptive carbon materials and fall short of best aerosol 

protective textile, but MOF composites top this aerosol textile for MVTR.  This is the first 

comprehensive study of MOF composites as true candidates for combat textiles and 

serves as a model for future reports that seek to make an impact in this space.  ALD 

coated fibers with MOF attached show promise for CWA mitigation textiles but are limited 

mostly by difficulties in large-scale processing of ALD fiber mats and generality of 

composites to a wide range of MOFs.  The future of this work will rely on the continued 

expansion of versatility of MOF growth from metal oxide layers and these ALD fibers 

outcompeting composite structures with fewer processing steps. 
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Figure 18.  Schematic of ALD coating of fibers and subsequent MOF growth.  Reprinted 
with permission from reference 137.  Copyright 2016 Wiley Publishing Group.137 
 

MOF based MMMs have been examined for the sorption and deactivation of TICs 

and CWAs.  A proof-of-concept study used HKUST-1 MMMs for the sorption of NH3 under 

humid conditions.33  In this report, DeCoste et al. demonstrated that HKUST-1/PVDF 

MMMs with 30, 50, and 67 wt% MOF gave increasing NH3 sorption with MOF loading.  

Equally important, the MMM form factor protected the HKUST-1 from humid conditions 

that decomposed the HKUST-1 free powder but allowed for consistent uptake of NH3 in 

the MMM over a four-week test period with the MMM exposed to 90% relative humidity.  

In another interesting application of MOF MMMs for TIC sorption, the Qian group used 

MIL-53-NO2(Al)/PVDF MMMs as sensors for H2S.145  MMMs with up to 70 wt% were 

fabricated where the reduction of nitro groups on the MOF ligands (to amines) by H2S 

resulted in a detectable fluorescence from MIL-53-NH2(Al).  It was found that the MMMs 

showed selectivity for H2S over acid and halogen salts as well as other reducing agents 
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and three orders of magnitude lower detection limit than the free MOF powder (92 nM for 

the MMM vs. 70 µM for the MOF alone) attributed to the availability of MOF in membrane 

over aggregated powder.  Peterson and coworkers expanded upon the use of MMMs to 

bring MOF composites even closer to field applications.  Using a polystyrene-block-

polyisoprene (SIS) as a thick, rubbery polymer for HKUST-1 MMMs, a composite was 

formed that had both enhanced chemical protection and moisture-transport properties.143  

The MMMs, up to 50 wt% MOF, demonstrated orders of magnitude longer breakthrough 

times for the sulfur mustard simulant 2-chloroethyl ethyl sulfide (2-CEES) while allowing 

for increased water vapor transport when compared to pure SIS only membranes.  

However, this study also highlighted a decrease in mechanical properties of the 

membrane due to incorporation of MOF, demonstrating the need to further optimization.  

The same authors also developed multi-layer MOF MMMs (so-called ‘MOFwich’ 

membranes) that were synthesized with multiple layers of differing polymer and MOF 

combinations (Figure 19).144  Membranes consisting of outer layers of flexible polymers 

and low MOF loading with an inner layer of high-MOF loading MMM were fabricated to 

address multiple threats in a single material.  One example effectively combined HKUST-

1 and UiO-66-NH2 into two layers of polystyrene-block-poly(ethylene-ran-butylene)-block-

polystyrene (SEBS) polymer for sorption of 2-CEES and breakdown of nerve agents.  The 

clever and effective use of a layered system reinforces that MOF composites for 

protection do not necessitate a single solution but can be a multicomponent form and can 

be tailored to specific area protection is needed.  For practical applications, solution cast 

thin films have slightly poorer moisture transport than other composites highlighted here 

(ALD and electrospun fibers) but represent a simple and general method to make a 
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diverse set of high MOF wt% composites.  Because the form factor for protective 

equipment is varied (i.e., gas mask, gloves, clothing) solution processed MOF-polymer 

hybrids have great potential to be applied as flexible layers or coatings in these protective 

products. 

 

 

Figure 19.  A-B) Polymers used for encasing.  C) step by step method used for multilayer 
MOF MMM synthesis, and D) photograph of multilayer MOF MMMs (MOFwich).  
Reprinted with permission from reference 144.  Copyright 2018 American Chemical 
Society.144 

 
Several methods are available to move away from the membrane format to obtain 

other MOF-polymer hybrid form factors.  Electrospinning is one of the most common 

strategies for incorporating additive particles into polymer fibers for a range of 

applications.159  Electrospun fibers are often collected as mats with fabric-like properties.  

In 2011, two concurrent reports applied this method to MOF-polymer fibers with MOF 

loadings of 50 wt% or greater and retention of crystallinity and microporosity.160-161  UiO-

66 was co-sprayed onto a silk polymer mat, entrapping the particles in the mesh.148  

These fibers were then evaluated for their hydrolysis of nerve agent simulants 
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diisopropylfluorophosphate (DIFP) and dimethyl methylphosphonate (DMMP), as well as 

mustard simulant 2-CEES.  The electrospun fibers maintained much of the degradation 

kinetics of the neat MOF powders, indicating good mass transfer properties.  In 

subsequent studies, UiO-66-NH2 was spun directly in and on the surface of polymer fibers 

by suspending the MOF powders in the casting solution of PS, PVDF, or polyacrylonitrile 

(PAN).146, 151, 162-163  Each of these systems provided additional information to the practical 

understanding of MOF-polymer composites for toxin mitigation.  The first explores PVDF 

fibers with up to 33 wt% MOF were evaluated for Cl2 sorption and O-pinacolyl 

methylphosphonofluoride (GD) degradation (UiO-66-NH2 is known to be reactive with 

both of these agents).162  In the next study, UiO-66-NH2/PS composites showed higher 

loading (50 wt%) and methods for both trapping MOF inside or outside polymer resulting 

in slightly better for Cl2 and GD mitigation.146  Tighter junctions between MOF and polymer 

was achieved by direct growth of UiO-66-NH2 particles onto polyacrylonitrile (PAN) fibers 

electrospun with 2-aminoterethphalic acid and resulting in higher Cl2 loading.163  Finally, 

in an effort to assist in the mitigation of nerve agents, groups have co-spun additives.  

Jones et al. reported a PVDF/TiO2/UiO-66-NH2/triethanol amine composite that improves 

on previous PVDF electrospun fibers, but also report a MVTR that is on par with 

commercial protective fabrics.151  Taking advantage of the photothermal catalytic 

enhancement from reported for dopamine-melanine particles in sunlight,164 UiO-66-NH2 

was coated on these photosensitive microparticles and then electrospun in 55 wt% 

PAN/MOF fibers increased DMNP hydrolysis rates.150  Another report of growing MOFs 

from electrospun fibers takes this idea a step further by first spinning a mixture of 

polyvinylpyrrolidone and zirconium(IV) acetate into fibers and calcining the polymer away.  
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The resultant ZrO2 fiber mats were used as the metal precursor for synthesis of UiO-66, 

UiO-67, and UiO-66-NH2 films resulting in a strikingly high MOF content of >90 wt% 

(Figure 20).149  These MOF dominant films were self-standing mesoporous mats with 

higher BET surface areas than MOF powders and tensile strengths only an order of 

magnitude lower than >50% UiO-66 MOF MMMs.34  The MOF fiber mats were top 

performers as materials for DMNP hydrolysis when compared to other studies.  Overall, 

electrospun MOF composites described here are relatively simple process compared to 

ALD-MOF fibers but require specialized equipment that requires specialized equipment 

for scale up.  These composites have only been tested on a narrow subset of MOFs 

(mostly UiO-66-NH2) but have real promise for making practical filtration and textile 

materials. 
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Figure 20.  Fabrication method of high MOF mats derived from electrospun fibers.  
Reprinted with permission from reference 149.  Copyright 2018 American Chemical 
Society.149 

 
While MOF composites with ALD fibers, MMMs, and electrospun fibers have driven 

discovery, these composites have matured to address specific goals of protection.  There 

are still studies are pushing the boundaries of MOF-polymer composites with new 

techniques by focusing on discovery of new materials that approach the problem in 

unique ways.  For example, surface functionalized cotton to facilitate UiO-66-NH2 growth 

with the goal of making a simple wearable garment for protection have been reported.153-

154  Ryu and Jung et al. tested MOF/cotton materials as a barrier for the CWAs GD and 

sulfur mustard and observed an order of magnitude decrease in permeation of the agents 
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over bare cotton.  Unfortunately, this direct CWA permeance is not benchmarked to state-

of-the-art materials or other MOF-polymer materials.  Another creative form factor for 

MOF-polymer composites is additive manufacturing, which is an emerging application of 

MOFs.  Using commercial acrylates mixed with a photoinitiator and UiO-66, it was shown 

that a simple free-standing composite with 74 wt% MOF that was accessible to degrade 

DMNP.156  In another study, PSP was used by Cohen et al. to make covalent composites 

of polyamide-6,6 (PA-66) and UiO-66-NH2 in the form of ~30 wt% fibers.61  The MOF, with 

its reactive amine groups, is used as a crosslinker in the PA-66 synthesis, so MOF was 

evenly incorporated into fiber growth and allowed higher hydrolysis rates than UiO-66/PA-

66 physical mixtures. 

3.4 Applicable MOF-Polymer Form Factors.  Other approaches to synthesizing 

MOF-polymer composites to produce materials in form factors other than membranes 

have been reported.  The motivation for this work is focused on bringing MOFs closer to 

an industry application by implementing already well developed and scalable engineering-

based techniques such as extrusion, pressing, granulation, and freeze-drying.  Pressing, 

extrusion and granulation MOF powder into pellets has been previously explored; 

however, these materials are outside the scope of this review as they do not use polymer 

binders.165-171 

Wang et al. designed a continuous phase transformation process where a series 

of MOFs (HKUST-1, ZIF-8, MOF-74, UiO-66) were molded into porous foam materials.172-

173  This method uses a core-shell approach where, for example, HKUST-1@Fe3O4 

nanoparticles are prepared through a secondary growth method, sonicated in acetone, 

and subsequently added to a carboxymethylcellulose (CMC) solution and stirred at a high 
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speed.  The resulting solution is then freeze dried into a cylindrical shape resulting in light 

foams of varying MOF incorporation based on loading (25 – 45 wt%).  The standalone 

foams display good retention of MOF crystallinity, but low retention in MOF porosity.  The 

HKUST-1 foam was also used to test whether the MOF was catalytically active in this 

form factor and the HKUST-1 foam displays excellent performance for C-H oxidation of 

diphenyl methane to benzophenone to with 92% conversion, as compared to 58% for a 

polymer-free pressed MOF pellet.  Building from this work, Wang and coworkers prepared 

various hollow tube (e.g., Janus, coaxial, and cellular) MOF polymer composites with 

sodium alginate as a polymer binder (Figure 21).174  These materials are prepared by 

freezing an aqueous suspension of MOF particles and sodium alginate around a 

cylindrical template used to create the hollow cavity.  The template is then removed, and 

the resultant material is sublimed through the aforementioned freeze-drying technique.  

Interestingly, these materials can be prepared with high MOF loadings (up to 70 wt%), 

while controlling for the hole diameters of the tubes and maintaining almost all MOF 

porosity.  Hollow tube composites were made with a range of MOFs (UiO-66, UiO-66-

NH2, ZIF-8, MIL-101-NH2, MOF-74(Zn)) and with multicomponent systems where two or 

more MOFs were incorporated into the same composite (Figure 21).  These 

multicomponent composite materials maintained the properties of all incorporated MOF 

components as demonstrated through heavy metal and dye extraction experiments.  The 

hybridization of MOFs and polymers through MMMs or other MOF-polymer form factors 

has shown promise in making MOFs a more useful material.  However, most of the 

applications reported to date remain proof-of-concept studies and the field will benefit 

more by moving toward application studies with actual field conditions. 
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Figure 21.  Chemical structures of MOFs used for MOF foam synthesis.  Photographic 
images of multicomponent MOF hollow tube composites.  Reprinted with permission from 
reference 174.  Copyright 2017 American Chemical Society.174 

 

4.  Polymer-grafted MOF Surfaces 

Covalent attachment of polymer chains to MOF surfaces have been investigated 

to provide robust material properties or compatibility with matrix components.  In general, 

there are two common routes towards polymer-functionalized surfaces:  grafting-to and 

grafting-from.175-180  In the grafting-to approach, pre-synthesized polymers are end-

functionalized with a reactive group complementary to the surface functionality to which 

the chain is grafted.  A significant advantage of this approach is the ability to fully 

characterize the polymer prior to surface grafting; however, grafting-to suffers from poor 
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grafting density, which limits the mass fractions of polymer that can be achieved.  In 

contrast, the grafting-from technique begins by functionalizing the surface with initiator 

groups from which polymer is grown.  This technique allows for highly dense brushes and 

consequently, high mass fractions of polymer.  However, characterization of the polymer 

brushes is challenging, as cleavage and isolation of polymer chains from the surface is 

required for most analytical techniques. 

The current literature on the topic of covalent attachment of polymer chains to MOF 

particles is predominately focused on grafting-to and grafting-from methodologies.  That 

stated, other pioneering studies on MOF-polymer hybrids often relied on simple 

adsorption or layer-by-layer deposition of polymer chains on MOF surfaces.  While a 

detailed discussion of these earlier works is outside the scope of this review, we highlight 

some important examples.  In 2008 Kaskel and coworkers successfully incorporated 

Cu3(benzene tricarboxylate)2 MOFs into the pores of polymerized high internal phase 

emulsions (polyHIPEs) by loading the MOF precursor materials into the polyHIPE pores 

followed by solvothermal MOF synthesis.181  Following the study by Kaskel, Bradshaw 

and coworkers reported in 2010 the growth of HKUST-1 and CPO-27 MOFs inside 

millimeter-sized microporous polyacrylamide (PAM) beads.182  MOF growth in the bead 

pores was accomplished by adding the PAM beads to a typical synthesis of HKUST-1 or 

CPO-27.  This simple method worked because the PAM beads contain terminal amide 

functionalities that can serve as anchoring points for the growing MOFs.  In 2013 the Qui 

group used sulfonated PS particles to grow highly monodisperse, spherical, and hollow 

MIL100-Fe MOFs in a step-by-step fashion.57  The same year, Bradshaw, Huo, and 

coworkers also constructed hollow spherical MOFs using Pickering emulsions to locate 
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preformed MOFs (e.g., ZIF-8, MIL-101) on the droplet exterior followed by polymerization 

of the droplet exterior.183  These examples highlight some of the possibilities for creating 

MOF-polymer hybrids, but these methods generally lack specificity and control at the 

MOF-polymer interface.  The rational design of either anchoring points for polymers to 

attach (grafting-to) or initiating sites on MOFs from which to controllably grow polymers 

(grafting-from) allows for more precise control of composite structure and is the focus of 

the following section. 

4.1 Grafting-to Methodologies.  In general, the grafting-to strategy is simpler, as 

grafting-from surface-initiated polymerizations have inherent challenges, such as difficult 

characterization of the initiator-functionalized surfaces and the resulting polymer brushes.  

As such, the first examples of the covalent attachment of polymer chains to MOF surfaces 

utilized the grafting-to method.  Some of the earliest examples of grafting polymers to 

MOF surfaces involved the attachment of various polymers to Gd-based MOFs for 

medical imaging applications.  Boyes and coworkers184 synthesized a functionalized 

polymer using reversible addition-fragmentation chain-transfer (RAFT) polymerization, 

containing a thermally-responsive, poly(N-isopropylacrylamide) (PNIPAM) block, a 

pentapeptide targeting block or methotrexate functionalized block, and a fluorescently 

tagged block.  Aminolysis of the RAFT trithiocarbonate group allowed for anchoring to a 

Gd3+-MOF surface via Gd3+-thiolate ligation.  These functional MOF-polymer hybrids were 

shown to have excellent properties for magnetic resonance imaging (MRI) contrast, with 

T1 relaxation times on the same order as current clinically used Gd3+-based contrast 

agents.  In a follow up report by the same group, a wide variety of homopolymers 

synthesized via RAFT polymerization including poly(N-(2-hydroxypropyl) 
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methacrylamide), poly(N-isopropylacrylamide), PS, poly(2-(dimethylamino)ethyl 

acrylate), poly(((poly)ethylene glycol) methyl ether acrylate), and PAA were grafted-to 

Gd3+-MOFs.185  Attachment of this suite  of polymers allowed for tuning of the T1 

relaxation times, where hydrophilic polymers gave increasing long relaxation times as the 

polymer molecular weight was increased. 

Several studies have also utilized the grafting-to method to attach functional or 

stimuli-responsive polymers to MOF surfaces.  The first example to explicitly demonstrate 

thermally-responsive behavior in polymer-grafted MOFs was accomplished by Sada and 

coworkers, who grafted PNIPAM to the surface of UiO-66 particles (Figure 22).186  

PNIPAM is known for stimuli-responsive applications as it displays a lower critical solution 

temperature (LCST) near physiological conditions, making it particularly attractive for 

biomedical applications.187  PNIPAM was synthesized by RAFT polymerization and 

functionalized with an N-hydroxy succinimide activated-ester end group, which was 

subsequently coupled to exposed amino groups on UiO-66-NH2.  Analysis by 1H NMR 

revealed that about 11% of the ligands were functionalized with the polymer, suggesting 

that polymer grafting occurred primarily on the particle surface.  After showing that small 

molecules could still enter the MOF interior of the polymer-grafted materials, the MOFs 

were loaded with guest molecules, including resorufin, caffeine, and procainamide.  Due 

to the LCST behavior of the PNIPAM chains, internalized cargo loaded in the polymer 

grafted MOFs could be controllably released by adjusting the solution temperature.  

Above the LCST the polymer is desolvated and collapsed on the MOF surface, trapping 

the guest molecules.  When the solution temperature was cooled to below the LCST, the 
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polymer becomes solvated and extends from the MOF surface, allowing for escape of the 

guest molecules. 

 

 

Figure 22.  A) On-off gating of surface grafted PNIPAM for controlled release of guest 
molecules, and B) kinetics of guest release above and below the LCST.  Reproduced 
from reference 186 with permission from The Royal Society of Chemistry.186 

 
Wuttke, Lächelt, and coworkers grafted fluorescently tagged polymers selectively 

to the surface exposed carboxylate linkers of MIL-100(Fe).188  Both amino-functionalized 

PEG and Stp10-C, an oligoamino amide containing a terminal thiol, were grafted to the 

MIL-100(Fe) surface via carbodiimide coupling in aqueous conditions.  Particle size 

measurements by dynamic light scattering (DLS) confirmed the high colloidal stability of 

the polymer functionalized particles, and BET isotherms indicated a modest drop in 

surface area due to pore blockage by the polymer surfaces.  Because the Stp10-C 

polymer contained a terminal thiol, a fluorescent label Cy5 was attached via thiol-

maleimide conjugation to give dye labeled MIL-100(Fe) surfaces.  Fluorescence 

correlation spectroscopy (FCS) was then used to measure the diffusion coefficient of the 

dye molecules and confirm the surface grafting.  When non-surface grafted Stp10-C*Cy5 
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was measured with FCS an effective hydrodynamic radius of 1.1 nm was found.  In 

contrast, when the dye-labeled MOFs were measured, an effective size of 56 nm was 

found, which agreed well with measurements from DLS.  The authors went on the explore 

the cellular uptake of the polymer grafted MOFs, which were found to be taken up 

effectively in N2A cells with virtually no cytotoxicity at loadings as high as 300 μg/mL.  Lei 

and coworkers also utilized grafting-to strategies for biomedical applications, creating 

poly(methacrylic acid) functionalized UiO-66 particles with immobilized pectinase.189  In 

this example, poly(tert-butyl methacrylate) was synthesized using an azide functional 

ATRP initiator and grafted to the surface of alkyne functional UiO-66 using copper-

mediated azide-alkyne click chemistry.  Following hydrolysis of the tert-butyl esters, 

poly(methacrylic acid) polymers were exposed on the MOF surface to which pectinase 

was immobilized by mixing in a citrate buffer.  The authors showed that the surface 

tethered enzymes maintained high activity in a much wider range of pH and temperature 

than the free enzyme, highlighting the utility of polymer/MOF hybrid materials. 

4.2 Grafting-from Methodologies.  Grafting-from methodologies are a versatile 

route towards MOF-polymer hybrid materials, as a wide variety of polymers can be 

formed on the particle surfaces at high grafting densities.  Polymer grafting can enable 

fully aqueous dispersible MOFs as demonstrated by Webley, Qiao, and coworkers.190  To 

accomplish this, UiO-66-NH2 was synthesized and subsequently functionalized with an 

ATRP initiator, bromoisobutyryl bromide.  Following MOF functionalization, poly(ethylene 

glycol) methyl ether methacrylate (PEGMA) was polymerized from the surface under 

ARGET-ATRP (activators regenerated by electron transfer) conditions (Figure 23).191  

PEG is an ideal polymer to attach to MOF surfaces for improving the material dispersibility 
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as PEG is soluble in a wide variety of solvents, both hydrophilic and hydrophobic, and 

has numerous secondary benefits such as being highly inert and biologically 

compatible.192  Prior to polymer functionalization, both the native UiO-66-NH2 (~20-70 nm 

particles as determined by SEM) and the ATRP-functionalized UiO-66-NH2 particles were 

highly aggregated when attempts were made to disperse the particles in water, with 

hydrodynamic radii exceeding 1 micron as measured with DLS.  However, upon grafting 

of PEGMA to the MOF surface, aqueous dispersibility was easily achieved and the 

particles displayed hydrodynamic radii equal to that measured by SEM.  At high loadings 

of PEGMA in the grafting-from polymerization, sufficiently long brushes were grown such 

that the particles were dispersible over a wide pH range.  In contrast, when small loadings 

of PEGMA were used in the polymerization, only short brushes were obtained which 

caused particle aggregation in pH neutral water.  When the pH was raised to 9, the 

particles disaggregated and returned to the original 20-70 nm size, demonstrating the 

stimuli-responsive behavior of the particles.  While this example demonstrated the pH-

responsive properties of PEGMA-grafted MOFs, the unique thermal properties of this 

polymer (LCST) were not explored. 
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Figure 23.  Grafting of PEGMA via surface initiated ATRP for highly dispersible MOFs in 
aqueous conditions.  Reproduced from reference 190 with permission from The Royal 
Society of Chemistry.190 

 
 The field of functional or stimuli-responsive polymers has rapidly expanded in the 

previous two decades193-194 and has naturally extended to the realm of MOF-polymer 

composites.195-196  Thermally-responsive polymers are of significant interest as their 

behavior does not require physiochemical activation (i.e., unlike pH-responsive polymers 

that require protons or hydroxide ions to alter their properties).  In one of the earliest 

reports of thermally-responsive polymers conjugated to MOF surfaces via a grafting-from 

route, Zhu and coworkers grafted 2-(2-methoxyethoxy)ethyl methacrylate and 

oligo(ethylene glycol) methacrylate to the surface of MIL-101(Al)-NH2 particles using 

ATRP.197  The resulting particles were shown to easily disperse at room temperature, 

rapidly precipitate at temperatures above 45 °C, and dispersed again upon cooling in a 

process that could be repeatedly cycled.  Related work by Dong and coworkers 



 64 

demonstrating the grafting-from of poly(urea)s for the synthesis of stand-alone 

membranes in discussed in further detail in section 2.3.66 

Early efforts for achieving MOF-polymer hybrids often suffered from pore clogging 

by surface grafted chains, resulting in significantly reduced surface areas.  To overcome 

this issue, Matzger and coworkers designed a core-shell MOF in which the outer shell 

provided both initiating sites and mitigated pore blockage.68  In this example, IRMOF-1 

(a.k.a., MOF-5) was synthesized, followed by growth of an IRMOF-3 shell, which was 

subsequently functionalized with 2-bromoisobutyric anhydride to give ATRP initiator 

groups (Figure 24).  Following polymerization of poly(methyl methacrylate) (PMMA), the 

surface area was measured to be >2,800 m2g-1, corresponding to a modest 15% drop 

compared to the initiator-functional MOF.  Polymer grafted, core-shell single crystals were 

isolated, mechanically cleaved, and characterized by Raman microspectroscopy to 

determine the extent to which the polymer penetrates the MOF.  This experiment revealed 

that the polymer was only located in the IRMOF-3 crystal shell, with the MOF-5 layer 

being free of polymeric material. 
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Figure 24.  Grafting-from core-shell IRMOF-3@MOF-5 particles with poly(methyl 
methacrylate).  Reproduced from reference 68 with permission from The Royal Society 
of Chemistry.68 

 
Very recently Li and coworkers developed a highly generalizable strategy for 

attachment of ATRP initiators to a wide variety of MOFs including UiO-66, ZIF-8, ZIF-67, 

MIL-96(Al), and MIL-101(Cr).78  The authors first synthesized a random copolymer 

containing methacrylic acid (MAA) and an ATRP-functional monomer 2-(2-

bromoisobutyryloxy) ethyl methacrylate in an 8.5:1 ratio with a molecular weight of 10.3 

kDa.  The MAA units allowed for strong anchoring to the MOF surfaces, after which a thin 

shell of crosslinked polystyrene was grown from the surface of the MOFs, locking the 

initiating groups onto the particle surface for further functionalization (Figure 25).  The 
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authors elegantly demonstrated the robustness of their strategy by growing a layer of 

poly(4-chlorostyrene), microtoming ultrathin sections of the MOF, and imaging the slices 

with STEM.  EDX of the ultrathin sections, clearly showed the Zr4+ ions in the MOF core 

and Cl atoms in the outer polymer shell, confirming the precise placement expected for 

the surface-initiated polymer grafting.  Furthermore, it was demonstrated that a thin shell 

of polystyrene (7 nm) was capable of fully shielding UiO-66 particles from degradation by 

both 1M H2SO4 or 1M NaOH, both of which would significantly digest the free, 

unfunctionalized MOF. 

 

 

Figure 25.  General strategy to introduce ATRP initiators on a wide variety of MOFs.  
Reprinted with permission from reference 78.  Published by The Royal Society of 
Chemistry.78 

 

4.3 Grafting-through Methodologies.  A third type of grafting reaction for polymer 

surface functionalization is known as grafting-through.  In this method, similar to PSP, the 

surface is functionalized with a monomeric group that can become incorporated into a 
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growing, exogenously initiated polymer chain that then becomes covalently linked to the 

surface.  A simple, but illustrative example of grafting-through to create covalent MOF-

polymer hybrids was performed by Shojaei and coworkers.71  UiO-66-NH2 was 

functionalized with glycidyl methacrylate, followed by dispersion in a methyl methacrylate 

(MMA) solution and subsequent polymerization to give covalently grafted PMMA.  The 

resulting polymer-grafted MOFs were cast into MMMs at 28 wt% loadings, which showed 

a nearly doubled Young’s modulus over pure PMMA films.  In a separate study also using 

methacrylate functionalized UiO-66-NH2, Dong, Yao and coworkers grafted 

poly(diethylaminoethyl methacrylate) (PDEAEMA) from the MOF surface using a redox 

initiator system in aqueous solution.198  Following grafting of PDEAEMA brushes the 

particles were loaded with Pd nanoparticles which were shown to be highly effective at 

catalyzing the Knoevenagel condensation.  Additionally, because of the pH-responsive 

properties of PDEAEMA, stable aqueous suspensions could be formed under acidic 

conditions due to the protonated amine side chains.  Pickering emulsions were formed 

when an organic layer was present after the pH of the aqueous layer was increased.  

Work by Li and coworkers demonstrating the covalent immobilization of MOFs on nylon 

fibers is an interesting and novel approach to covalent MOF-polymer hybrids.199  In this 

example, MIL-101 was grafted to nylon surfaces by gamma-ray induced copolymerization 

with 2-hydroxyethyl acrylate.  The gamma-ray irradiation produced radicals on the 

aromatic rings of the MIL-101 as well as the nylon chains, which can both propagate 

through the growing chains of the poly(2-hydroxyethyl acrylate).  The authors showed 

that the resulting fibers were capable of withstanding 30 hours of laundering while 

maintaining surface attachment of the MOF particles.  A particularly well-executed 
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example by Wang and coworkers regarding photoinduced polymerization of poly(butyl 

methacrylate) through UiO-66-NH2 is discussed extensively in section 2.4.59  Polymer-

grafted MOFs are an important class of MOF-polymer hybrid materials that combine the 

exciting properties of both MOFs and polymers into a single system.  While significant 

strides have been taken in the last decade towards advancing these materials, much work 

remains to provides better control in these systems as well as more universal approaches 

towards polymer grafted MOFs.  Specifically, broadening the scope of controlled radical 

polymerizations from MOF surfaces, both in terms of polymerization mechanism (ring 

opening metathesis, reversible-addition fragmentation chain transfer, etc.), as well as 

expanded MOF and monomer scope will greatly enhance the feasibility for real-world 

implementation of these materials. 

 

5.  Polymerization of Monomers within MOFs  

 The tunable chemistry and porosity inherent in MOFs offer a unique chemical 

environment for performing polymerization reactions.  The molecular scale of these 

channels has been used to control the arrangement and reactivity of guest monomers 

that when polymerized give polymers with structures and topologies different than those 

prepared in the bulk, solution phase.  MOFs have been used to alter the primary structure 

of polymers, including stereo- and regiochemical outcomes, and more recent applications 

as templates for the synthesis of precisely structured, non-crystalline materials show that 

MOFs have a versatile place in the field of polymer chemistry. 

5.1 Dispersity and Molecular Weight.  The dispersity of molecular weights in a 

given polymer sample is an important factor to consider particularly for the application 
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being explored and is often the main variable affecting physical properties of polymers 

with the same chemical structure.200  Free radical polymerizations are among the simplest 

of polymerization techniques, but the high reactivity of the propagating chain end leads 

to high rates of termination and transfer resulting in a wide variety of molecular weights 

in a single sample.  Over the past two decades, tremendous advances have been made 

in the field of controlled radical polymerization (CRP), but recent work using MOFs to 

control the chain properties of polymers offers promise as an alternative route towards 

accessing well-defined polymers.  The first polymerization of a monomer within the pores 

of a MOF framework was done using a free-radical polymerization of styrene and 

[M2(BDC)2(ted)]n (M = Zn2+ or Cu2+, (bdc = benzenedicarboxylate; ted = 

triethylenediamine) (Figure 26).201  The one-dimensional channels were filled with a 

mixture of monomer and initiator.  After careful removal of non-pore occupied monomer 

under vacuum, the polymerization was initiated by heating under an inert atmosphere.  

Dissolution of the MOF structure allowed for analysis of the resulting polymer, which 

revealed that the dispersity of the MOF-templated polymer was much lower than 

traditional bulk phase synthesis (1.6 vs 4.6).  Electron spin resonance of the MOF before 

dissolution showed the persistence of the chain-end radical, even after three days at 70 

°C.  These results indicate that the MOF protects the radical from termination, giving it a 

“living” character.  The extent of this space-effect was analyzed by changing the organic 

linkers to alter the pore size of the MOF to be longer and narrower.  In this case, almost 

no polymerization occurred.  NMR experiments revealed that the monomer has no free 

movement in the smaller MOF pores and cannot adopt the orientation necessary to 

propagate the reaction to the next monomer.  The molecular weight dispersity of the 
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polymer was inversely related to this, showing that control over the polymerization was 

subject to the narrow pores protecting the radical from termination events. 

 

 

Figure 26.  Scheme for the polymerization of styrene in the linear channels of a metal-
organic framework.  Reproduced from reference 201 with permission from The Royal 
Society of Chemistry.201 

 

5.2 Stereocontrol.  Free-radical polymerizations of vinyl monomers generally 

result in achiral polymers due to the prochiral and racemic nature of the vinyl group and 

propagating radical, respectively.200  However, polymers that have been synthesized with 

stereochemical control usually have higher packing density and stronger mechanical 

properties.  Because of this, control over the formation of stereocenters along the 

backbones of vinyl polymers is a long-sought goal of polymer chemists.  The main 

difficulty is the formation of a chiral environment around the propagating radical.  While 

some stereo-controlled radical polymerizations do exist, they are typically limited to very 

bulky or carbonyl bearing monomers in the presence of fluoroalcohols or Lewis acids, 

and the produced tacticity is usually syndiotactic rather than the often preferred 

isotacticity.202-204 
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MOFs provide a sterically confined space for both the propagating radical and 

approaching monomer, and the chemical structures of the organic linkers can be modified 

to force a commonly atactic polymerization to show some degree of tacticity under 

otherwise similar conditions.205  By altering the substituents of both the chemical and 

isomeric derivatives of BDC in a [Cu2(L)2(ted)]n MOF on the polymerization of MMA, a 

clear increase in the formation of meso diads was shown, indicating increasing 

isotacticity, when a 2,5-dimethoxyterephthalate ligand was used and showing an 18% 

increase compared to bulk polymerization.  Interestingly, the 2,3-dimethoxyterephthalate 

isomer showed almost no increase in tacticity from the bulk.  Further investigation using 

simulations of linker conformations indicated that the 2,5-substitution pattern was more 

likely to reside in a specific steric environment than the 2,3-substituted ligand.  This effect 

allowed the propagating polymer to remain in the necessary conformation, preventing a 

switch in the local environment and resulting in a higher amount of meso diads. 

The presence of unsaturated metal sites within the MOF channels was also able 

to give some control over tacticity in the polymerization of MMA through complexation 

(Figure 27).206  Using a series of metals (Al3+, Eu3+, Nd3+, Y3+, La3+, and Tb3+) as the metal 

ions in the MOF, increasing Lewis acidity of the metal center resulted in increasing 

tacticity at the expense of decreasing conversion.  The Tb3+ ion, which as a discrete 

complex shows no control over the tacticity of MMA, showed the highest increase, and 

statistical analysis of the tacticity values indicated a penultimate effect as the most likely 

mechanism for this control. 
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Figure 27.  Scheme for the coordination and subsequent radical polymerization of methyl 
methacrylate.  Reprinted with permission from reference 206.  Copyright 2011 American 
Chemical Society.206 

 

RAFT, a commonly used CRP technology that generally gives low dispersities 

(<1.2), was used by Hwang and coworkers to explore the effect of monomer size of a 

variety of acetates on the dispersity and tacticity of polymers synthesized in the pores of 

a [Cu2(L)2(ted)]n MOF.207  In the case of the free radical polymerization, as monomer size 

increased from vinyl acetate to vinyl butyrate, both conversion and dispersity decreased 

while the isotacticity increased, with vinyl pivolate being too large to polymerize.  When 

RAFT conditions were used the same effect was noticed, but the dispersities were 

significantly lower than in the case of free radical.  A hallmark of CRP is the ability of the 

polymer chain to be reinitiated and extended using another monomer to create a block 
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copolymer.  The recovered isotactic polyvinylpropionate (isoPVPr) was extended with 

vinyl acetate in solution to give isoPVPr-b-atPVA.  The authors note it is unclear whether 

the RAFT polymerization is undergoing the same chain-transfer mechanism in the MOF 

as in solution and further analysis is needed. 

Controlled radical polymerization using ARGET ATRP further expanded the tools 

available to control polymerizations in MOFs.  Polymerizations were performed with both 

free initiator and initiator physically installed into the MOF pores, and in both cases the 

polymers had high molecular weights, low dispersity, and an increase in overall tacticity 

depending on the size of the monomer.  The use of free initiator resulted in high molecular 

weights regardless of the amount of initiator present, indicating and increase in 

polymerization rate due to the confinement effect.  However, the initiator functionalized 

MOF showed better control over the molecular weight and decreasing the amount of 

initiator by half resulted in polymers of roughly double the molecular weight, as expected 

in a controlled polymerization.  Livingness was evaluated by chain extensions of the 

synthesized polymers to form block co-polymers, and a clean shift in the GPC traces 

indicated that the polymers all contain dormant chain ends even at high molecular 

weights, indicating that the MOF host decreased the rate of termination as well. 

5.3 Sequence Control.  Controlling either the location or distribution of repeat 

units, as well as the inter- and intra-molecular connections within the polymer structure 

can completely change the physical properties of the resulting material.  Monomer 

sequence is precisely controlled in nature as a fundamental component of complex 

biomacromolecules, but the ability to control such structure in synthetic polymer systems 
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is comparably if polymer technology is ever to reach such advanced levels, generally 

applicable precision in monomer sequence must be developed. 

The well-defined, periodic spacing of organic linkers and metal clusters in MOFs 

can be used to control the placement of monomers along the backbone of a polymer if 

they are designed to position one of the monomers in place along the narrow pores.  To 

achieve this, open metal sites of a coordinatively unsaturated MOF framework can be 

used to selectively complex one monomer over another at specific intervals and create a 

controlled copolymer with a non-complexing ligand.  For example, a lanthanide-based 

MOF, [Tb(btb)]n (btb = 1,3,5-benzenetrisbenzoate), was infiltrated with a mixture of MMA 

and styrene and the monomer ratio was tuned in the resulting copolymer by varying the 

polymerization conditions.208  Interestingly, when the copolymer was synthesized at 70 

°C the ratio of incorporation of the two monomers did not differ from the bulk 

polymerization, but light-initiated polymerization at room temperature gave consistently 

high ratios of MMA to styrene over a wide range of initial feed ratios.  Variable-

temperature IR of the monomer-infiltrated MOF indicated that at above 40 °C the MMA 

dissociated from the coordination sites and negated the influence of the MOF on the 

polymerization.  However, it was also shown that while an increase in the MMA fraction 

compared to the bulk was achieved, no control over the final sequence was observed. 

In a similar example, the organic linkers of a MOF were modified into a monomer 

that could be incorporated into a copolymer at regular intervals (Figure 28).209  

Isoterephthalic acid was synthesized as a styrene derivative and the Cu2+-based MOF 

formed from this ligand contained one-dimensional channels with the vinyl groups 

projecting into the pores at regular intervals.  The space between each ligand was bridged 
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with acrylamide as the comonomer and polymerized, which was shown to be a 

poly(acrylamide-co-vinylisoterephthalic acid) copolymer with an isoterephthalic acid 

group at every fourth repeat unit.  Modeling of the acrylamide monomer present in the 

MOF during the polymerization showed that the propagating radical was sterically favored 

to contact the MOF vinyl group after polymerizing exactly three acrylamide monomers, 

giving a precise (AAAS)n repeat unit along the backbone. 

 

 

Figure 28.  Schematic showing the infiltration of MOF pores with free monomer and the 
ordered spacing leading to the sequence-controlled polymerization.  Reprinted from 
reference 209 under Creative Commons License.  Published by Nature Publishing Group. 
209  (https://creativecommons.org/licenses/by/4.0/). 

 
5.4 MOFs as Templates for Materials.  The synthesis of well-defined polymeric 

particles with controlled morphologies or intrinsic porosity is generally performed using 

hard, inorganic templates such as porous silica particles or zeolites.210-211  The drawbacks 

of these templates are the harsh conditions necessary to remove the templates, as well 

as the general meso- or microporous nature of the polymeric products which can result 

in pore collapse of less rigid polymers.  MOFs offer a well-defined template with nanoscale 

https://creativecommons.org/licenses/by/4.0/
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pores that can be easily removed under mild conditions, increasing the range of polymers 

that can be used and improving the final porosity and stability of the polymer particles. 

The morphology of simple polymer particle shapes was controlled by using MOFs 

as a template for styrene and MMA polymerizations.212  By first synthesizing MOFs of 

different shapes (rods, cubes, and hexagons) and polymerizing monomer within these 

structures, dissolution of the framework kept the polymer chains in the macroscopic 

shape of the MOF particle (Figure 29).  The retention of these forms was accessible due 

to the mild isolation techniques, which could be performed at room temperature below the 

glass-transition temperature (Tg) of the polymer, and heat treatment of the polymer 

monolith above its Tg resulted in a loss of form as observed by SEM. 

 

 

Figure 29. Scheme showing SEM of MOF crystals before polymerization and of polymeric 
monoliths formed after dissolution.  Reprinted with permission from reference 212.  
Copyright 2013 American Chemical Society.212 

 
Adsorption of 3,4-dihydroxy-L-phenylalanine (L-DOPA), a chiral monomer, into a 

HKUST-1 SURMOF and subsequent photopolymerization created a chiral, poly(L-DOPA) 
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gel after dissolution of the MOF.213  This chiral gel thin film showed a 32% increase in 

adsorption of S-naproxen over its enantiomer, demonstrating its use for chiral separation 

technology, and this methodology could be applied generally to synthesize homochiral 

polymer thin films.  Another biologically compatible gel was prepared by the cationic 

polymerization of glucose within the pores of HKUST-1.214  This gel was permanently 

porous, showing a BET surface area of 153 m2 g-1, and decreasing polymerization time 

and conversion could create gels with wider pores and lower surface area.  Uptake and 

release experiments were performed with ibuprofen and BSA, with ibuprofen releasing 

faster from the gel than from the pure crystal and BSA releasing slower as the pore size 

decreased. 

Polypyrrole was synthesized into two different morphologies depending on the 

template used.215-216  Redox-active, two-dimensional coordination nanosheets of {Ni-

(dmen)2}2{FeIII(CN)6}]PhBSO3 (dmen = 1,1-dimethylethy-lenediamine;  PhBSO3 = p-

phenylbenzenesulfonate) were intercalated with pyrrole and oxidatively polymerized by 

the framework structure.  Following the removal of the framework materials, the polymers 

clearly showed intercalated sheets, unlike the amorphous structures of solution 

polymerized pyrrole.  Changing the MOF to a three-dimensional [Cu3(BTC)2]n (BTC = 

benzene-1,3,5-tricarboxylate) template, the isolated polypyrrole retained a fully integrated 

3-dimensional structure with permanent porosity. 

A fully porous, conductive polymeric monolith was achieved by the polymerization 

of aniline within the pores of HKUST-1 on the surface of a platinum electrode.217  

Deposition of a thin layer of HKUST-1 onto the surface of a platinum electrode, followed 

by electropolymerization of aniline within the pores, created a microporous polyaniline 
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structure with a surface area of 986 m2 g-1, indicating a highly rigid polymer, and an 

electrical conductivity of 0.125 S cm-1 which is significantly higher than any MOF or COF 

to date. 

The orientation of polymer chains, especially conjugated polymers, has a 

significant effect on the physical properties of the material.  Several processing 

techniques such as mechanical stress or electrospinning have been used to force 

polymer chains into different alignments, but these methods are only applicable for a 

limited number of polymers.  Polymerizations conducted in MOFs can use the regular 

array of nanochannels to precisely align polymer chains, and removal of the MOF leaves 

the polymers in their polymerized state.  Polythiophene was prepared in the linear 

channels of a MOF through oxidative polymerization of the adsorbed monomers.218  

Dissolution of the framework did not disturb the aligned polymer chains, yielding a 

monolith of polymer chains that showed an increase in conductivity three orders of 

magnitude higher than traditional polythiophene. 

The organizing properties of the MOF can also be extended to the side chains. 

Poly(N-vinylcarbazole) (PVCz) is the most widely studied organic polymeric 

photoconductor due to its ability to form radical cations under irradiation, and the charge 

transport abilities of this polymer are strongly affected by the π-stacking of the pendant 

group.  Uemura et al.219 was able to show that first loading the N-vinylcarbazole into the 

MOF caused the monomers to stack prior to polymerization, and the polymers in the MOF 

showed hole mobilities close to the ideal values calculated for this polymer.  Dissolution 

of the MOF led to a decrease in this mobility as the polymer chains were able to relax, 

but the polymers still showed higher mobilities than the bulk polymer. 
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5.4.1 Gels from Crosslinked MOF Ligands.  Functionalization of MOF ligands 

with multiple polymerizable group allows the organic linker to act as either a crosslinking 

agent in the case of radical polymerization or as a monomer in step growth 

polymerization.  For example, in contrast to the sequence control example above where 

a single vinyl group incorporated the ligand into a linear polymer, a difunctional monomer 

2,5-divinyl-terephthalic acid incorporated in small percentages into a MOF lattice acted 

as a crosslinking agent when copolymerized with adsorbed styrene.220  The recovered 

polymer gel showed both crystallinity by PXRD and permanent porosity, indicating that 

the MOF could organize and template the gel into a purely organic mirror image of itself. 

Non-crystalline, swellable polymer gels were synthesized using click chemistry 

between azide difunctionalized organic ligands in a MOF that were crosslinked by an 

external multifunctional alkyne.221-222  These gels still retained the macroscopic shape of 

the parent MOF crystal, but lost all crystallinity after cleavage of the metal-ligand bonds.  

The Sada group used this methodology on a MOF that contained large pore windows 

along specific axes.223  When the external alkyne was added, it preferentially crosslinked 

the ligands along these axes, giving anisotropic crosslinking density.  Removal of the 

metal ions created an anisotropic gel which could swell in along a single axis (Figure 30).  

The Wöll group applied this gel synthesis to surface-mounted MOFs (SURMOFs) that 

were used as biocompatible substrates for small molecule release and cell adhesion and 

modification.224  Using the interior of MOF crystals to control polymerizations is an exciting 

route towards highly controlled polymers.  While the field of controlled radical 

polymerizations has blossomed in the previous two decades, facile routes towards 

stereospecific polymers and, in particular, sequence defined polymers remains largely 
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elusive.  Because of the highly controlled and tunable pore environment of MOFs, 

polymers with well-defined tactility and sequence control can be achieved.  MOFs with 

variable pores, such as breathing MOFs, may offer methodologies to even more complex 

polymer topologies, and increasing the yield of polymer in pore-controlled polymerizations 

will be highly important for future research in this field. 

 

 
Figure 30. A) scheme of crosslinking and hydrolysis leading to anisotropic gel B) ligands 
and crosslinker used in the study C) DMF swelling experiment showing the anisotropic 
growth of the gel along a specific axis.  Reprinted with permission from reference 223.  
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Copyright 2017 Wiley Publishing Group.223 
 

6.  Polymers Templating MOFs  

Controlling the crystal habit (i.e., crystalline phase, shape, size, mesoporosity) of 

MOFs using organic polymers is an intriguing strategy for hybridizing MOFs and 

polymers.  In contrast to templating MOFs using small molecules or inorganic substrates, 

organic polymers have the advantage of containing many coordination sites, having an 

ability to self-assemble, and are highly tunable for different applications.  Although the 

literature is rich with examples of the use of polymers to template the morphologies of a 

wide variety of metal oxides, minerals, and soft matter structures, the use of polymers to 

template and control the growth of MOFs is still in its infancy.  This section assesses how 

polymers have been used to template MOF materials and highlights important areas for 

which future endeavors may be particularly fruitful. 

6.1 Polymers as Soft Templates for MOFs.  In an earlier review, Bradshaw and 

co-workers discussed the importance of using nonionic polymers to produce hierarchical 

porosity in MOF materials.225  Nonionic polymers do not contain any coordinating groups 

but are able to spontaneously self-assemble in solution to direct the structures of MOFs 

through electrostatic interactions.  A common class of these nonionic polymers include 

Pluronic type polymers, which are composed of PEO and poly(propylene oxide) (PPO) 

blocks.  For example, Do and coworkers used the polymer F127 (PEO97PPO69PEO97) 

and acetic acid in situ during synthesis of HKUST-1 to obtain crystalline MOF materials 

with 4 nm mesopores (Figure 31).226  The triblock copolymer spontaneously self-

assembled into hierarchical superstructures of micelles in solution, producing mesosized 

channels and pores with polar surfaces for the growing MOF to nucleate.  Following the 
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synthesis of HKUST-1, the assembled polymer template was removed to yield a MOF 

with a high abundance of both micro- and meso-sized pores.  In another example, Wang 

and coworkers synthesized ZIF-67 and ZIF-8 using stoichiometric amounts of metal and 

ligand in the presence of P-123 (PEO20PPO70PEO9) and ammonium hydroxide.227  In both 

examples, the Pluronic type polymers form micelles in solution, which also have the ability 

to solubilize metal ions in solution.  However, in both of the previous examples an 

exogeneous small molecule modulator was required to maximize crystallinity in the 

resulting MOFs. 

 

 

Figure 31.  Synthetic strategy to achieve HKUST-1 with hierarchical porosity using block 
polymer self-assembled templates.  Reprinted with permission from reference 226.  
Copyright 2012 American Chemical Society.226 

 
Another common polymer used for templating MOFs is polyvinylpyrrolidone (PVP).  

Like Pluronic polymers, PVP can act as a surfactant in solution, but PVP has the 

additional benefit of containing amide groups which can further stabilize metal ions in 

solution via metal-amide interactions.  However, like Pluronic polymers, PVP is typically 
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used in combination with small molecule modulators to control morphologies and sizes of 

the resulting MOF crystals.  Eddaoudi and coworkers demonstrated that PVP could be 

used to control the size of Fe3+, In3+, and Ga3+ square-octahedral (soc) MOFs to prepare 

cubic, truncated cubic, and colloidosome MOFs (Figure 32).228-230  Additional modulators 

such as tetramethylammonium nitrate (TMAN) or tert-butylamine were required to 

regulate the shape of the MOF materials, but the presence of PVP was critical to control 

the particle morphology.  Eddaoudi and coworkers found that the resultant Ga-soc-MOFs 

were irregular in shape and size in the absence of PVP and modulator, demonstrating the 

importance of using polymers as soft templates for regular MOF growth.230 

 

 

Figure 32.  A representative scheme depicting the use of polyvinylpyrrolidone (PVP) in 
combination with surface directing agents to modulate MOF growth.  Increasing 
concentration of PVP allowed for selective tuning of the size of 100 facet.  Reprinted with 
permission  from reference 228.  Copyright 2012 American Chemical Society.228 

 
In a report by Wang and co-workers, it was shown that IRMOF-1 with highly 

uniform shapes and sizes could be synthesized with the use of PVP and triethylamine 
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(TEA).231  By changing the concentration of TEA and keeping the concentration of PVP 

constant, the authors were able to obtain IRMOF-1 particles in sizes ranging from 50 nm 

to 2.5 µm.  Conversely, increasing the concentration of PVP under diluted IRMOF-1 

conditions revealed that the shape of the materials varied from cubes to truncated cubes 

to truncated octahedron and finally to octahedron.  It was proposed that the PVP directs 

the MOF growth by blocking the 111 face of the crystals, producing the observed shapes.  

Using Fourier-transform infrared (FTIR) spectroscopy and thermogravimetric analysis 

(TGA) Wang and co-workers determined that a minimum amount of PVP remains in the 

product, but the IRMOF-1 retains its porosity (2500-2700 m2/g), highlighting the value of 

this technique to create polymer-templated MOFs. 

6.2 Polymers as Modulators for MOF Crystal Growth.  Although templating of 

MOFs has been possible with nonionic polymers, the ability to prepare polymers with 

coordinating groups provides additional control in MOF templating that can potentially 

provide access to a wider variety of MOF sizes and morphologies.  Early work with ionic 

polymers to template MOFs was demonstrated by Kitagawa and co-workers, wherein 

polyvinyl sulfonic acid was used to control the size of a MOF [Cu2pzdc2(pyz)n] (pzdc = 

pyrazine-2,3-dicarboxylate; pyz = pyrazine) from 2 µm platelets to 70 µm platelets.232  

Since then, a combination of coordinative block copolymers have been prepared for 

controlling the crystal habit of MOFs.  In a particularly elegant example, block polymers 

of poly(styrene-b-(acrylic acid)) and poly(styrene-b-vinylpyridine) were prepared as 

sacrificial templates for the preparation of ZIF-8 and HKUST-1.233  By introducing the 

block polymers to metal ions (Zn2+ or Cu2+), Cheetam and co-workers were able to 

prepare block polymer micelles containing a source of metal ions for MOF nanoparticles 
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to grow (Figure 33), which in turn directed the morphology of the MOF.  The block 

polymers were then removed by washing, leaving mesoporous MOF materials behind.  It 

must be noted that the MOFs themselves were not mesoporous, but instead the 

mesoporosity was attributed to the voids left by removal or block copolymer.  This result 

demonstrates a promising way to template MOFs using organic polymers. 

 

 

Figure 33.  Polystyrene-co-polyvinylpyridine were self-assembled and loaded with zinc 
to be used as templates for the synthesis of ZIF-8.  Reproduced from reference 233 with 
permission from The Royal Society of Chemistry.233 

 
Cohen and coworkers prepared a poly((isophthalic acid)-b-(ethylene oxide)) 

polymer to control the morphology of metal-organic polyhedra (MOPs).234  The polymer 

design included isophthalic acid moieties interconnected by ethylene oxide trimers, both 

of which proved to be important for control of MOP morphology (Figure 34).  MOP-1, 

composed of isophthalic acid and Cu2+ paddlewheel structures, was used as a prototype 

for morphology control of MOPs.  MOP-1 typically forms heterogeneously sized 

crystallites in two different phases (triclinic and cubic).  Use of the poly((isophthalic acid)-

b-(ethylene oxide)) polymer during the synthesis resulted in the successful isolation of 
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only large, cubic crystals of MOP-1.  Demonstrating the importance of one of the defining 

features of synthetic polymers, namely high molecular weight, oligomer derivatives of the 

polymer alone were unable to control the morphology of these MOP materials.  

Furthermore, morphology control was still achieved when MOPs containing ligand 

derivatives of isophthalic acid were used as well, showcasing the generality of this 

approach.  Finally, the polymer was shown to be useful for growing MOPs on glass 

substrates, opening opportunities in macro-scale material fabrication. 

 

 

Figure 34.  Optical images of as synthesized A) MOP-H (small cubic c-MOP-H crystals 
are circled in red) and B) pm-MOP-H (large cubic c-MOP-H crystal circled in red), where 
‘pm’ indicates ‘polymer modulated’.  Reprinted with permission from reference 234.  
Copyright 2016 American Chemical Society.234 

 

Recently, Schmidt and coworkers developed a double-hydrophilic block polymer 

(DHBC), poly(ethylene oxide)-block-poly(methacrylic acid) (PEO68MAA8), to control the 

crystal habit of MOFs that display multiple crystalline phases.235  In contrast to amphiphilic 

block polymers, the DHBC does not spontaneously self-assemble into a micellar structure 
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in solution.  The morphology control produced by the DHBC is not caused by phase 

separation of the block copolymer, rather, morphology control of the MOF occurs through 

coordination-modulation exhibited by the carboxylic acid groups in DHBC, while the 

ethylene oxide block induces particle stabilization by controlled aggregation during 

nucleation of MOFs (Figure 35).  For this study, [M2(bdc)2dabco]n (where “M” is Zn2+ or 

Cu2+, “bdc” is benzene-1,4-dicarboxylic acid and “dabco” is 1,4-

diazabicyclo[2.2.2]octane) was chosen because it produces two crystalline topologies, 

kinetically-favored hexagonal plates and thermodynamically-favored cubic crystals.  

Using PEO68MAA8 as a modulator, Schmidt and co-workers were able to trap the kinetic 

hexagonal phase, yielding hexagonal mesocrystal rods.  By varying the ratio of [CO2H of 

EO68MAA8]/[Zn2+], PEO68MAA8 kinetically trapped the hexagonal phase of the material 

by preferentially coordinating from the Zn-bdc surfaces of the materials.  Furthermore, 

modifying the ratios of ethylene oxide:methacrylic acid in the polymer demonstrating the 

importance of both components acting together to control the shape and size of the MOF 

mesocrystals.  By understanding the mechanism of nucleation for these MOF 

mesocrystals, the authors demonstrated the ability to transform hexagonal rods into 

thermodynamically stable cubic rods by submerging mesocrystals into methanol to slowly 

dissolve PEO68MAA8.  Additionally, Schmidt and co-workers demonstrated the ability to 

grow hexagonal nanorods of [Cu2(bdc)2dabco]n onto the surfaces of [Zn2(bdc)2dabco]n 

cubic crystals using PEO68MAA8 as a modulator, demonstrating the power of using 

polymers to modulate the growth of MOFs. 
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Figure 35.  A DHBC used to modulate a MOF that experiences two different phases.  
Reprinted with permission from reference 235.  Copyright 2018 American Chemical 
Society.235 

 

 Another recent, spectacular example of polymer control over MOF morphology 

was reported by Johnson and co-workers.236  In this study, a polymer comprised of a long 

PEG block and a 1,4-benzenedicarboxylic acid (H2bdc) tetramer (see below) were used 

as modulators for the synthesis of IRMOF-1 and UiO-66 particles.  The result was the 

production of MOF nanoparticles with sizes as small as ~20 nm (Figure 36).  These MOF 

nanoparticles were also extremely stable.  For example, the IRMOF-1 particles, which 

are typically quite unstable in water, were found to form stable colloids in DMF for up to 

7 months and were stable to ambient conditions for as long as 6 weeks.236  The use of 

polymers containing a H2bdc block has proven a rich area of chemistry beyond 

nanoparticles, making new MOF hybrids in their own right. 
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Figure 36.  A) TEM image of polyMOF-5 NPs (282 nm in diameter) formed using 

PEG5k-L4.  B) TEM image of polyMOF-5 (201 nm in diameter) formed using PEG10k-
L4.  C and D) TEM images of PEG 10k-L4 modulated polyMOF-5 NPs.  Reprinted with 
permission from reference 236. Copyright 2019 Wiley Publishing group.236 

 

7.  Bottom-up MOF/Polymer Composites: polyMOFs, polyMOPs 

 PolyMOFs are a unique class of MOF-polymer materials where the framework is 

composed polymers (instead of molecular organic linkers) and metal ion SBUs.  This 
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approach is remarkable as amorphous polymers fold into highly crystalline MOFs simply 

by undergoing interaction with a variety of metal salts, such as Zn2+ and Zr4+.237  This 

bottom-up approach to synthesizing MOF-polymer hybrids is unique as it integrates 

organic polymers as part of the MOF lattice.  PolyMOFs possess both the crystalline, 

porous capacities of MOFs and the potential to behave like polymers.  Additionally, 

polyMOFs break the dogma that linear, one-dimensional amorphous polymers cannot be 

transformed into highly crystalline, porous materials.  Studies on polyMOFs to date have 

focused on structural relationships to match MOF formation between MOF scaffolds (e.g., 

formation of different MOFs such as IRMOF-1237, UiO-66238, or pillared-MOF 

structures239) with polymer architecture (e.g., spacer-length, isoreticular expansion,240 

and the use of block co-polymers).241-242  Combining these materials to form block 

polymers has opened the possibility to produce polyMOFs as a material with functional 

properties like membrane formation, conductivity, solubility, and stimuli-responsiveness.  

This section will examine the strengths and shortcomings of polyMOFs as a method that 

integrates processible polymers with functional MOFs. 

In the first report, Cohen and coworkers successfully prepared a polyMOF of the 

IRMOF-1 type architecture (Figure 37).237  A linear, 1-dimensional polymer was 

synthesized (using a Williamson ether synthesis polycondensation) containing H2bdc 

units within the backbone of the polymer; the spacing between the H2bdc units could be 

varied by using methylene spacers of different lengths.  It was determined that with 

appropriate methylene spacing (CH2 = 5-8), materials with high crystallinity could be 

prepared (Figure 37).  Although IRMOF-1 typically produces cubic crystals, using polymer 

ligands changed the morphology of these materials from to intergrown, spherical 
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crystallites.  IRMOF-1 is typically not stable under ambient conditions but using a polymer 

ligand also increased the stability of the structure, whereby the MOF could be left in 

ambient air for up to three days.  In fact, even upon decomposition due to ambient 

moisture, polyIRMOF-1 could be regenerated by immersing the material in DMF at 60 °C 

for 1 h.  In general, using a polymer ligand could be used to tune and improve the 

properties of an established MOF. 

 

 

Figure 37.  A representation of preparing a polyMOF using a linear, 1-dimensional, 
amorphous polymer ligand is presented.  Reprinted with permission from reference 237. 
Copyright 2015 Wiley Publishing group.237 

 
Having established the possibility to make a linear, 1-dimensional polymer ligand 

into a MOF, Cohen and co-workers sought to investigate the compatibility of polyMOFs 

with other framework architectures (Figure 38).  Using pillaring ligands such as 4,4′-

bipyridine a co-ligand strategy could be developed to synthesize new polyMOFs.239  In 

another example, Zr4+-based UiO-66 polyMOFs were also prepared.238  Acyclic diene 

metathesis (ADMET) polymerization was used to synthesize polymers with well-defined 

end-groups and higher molecular weights, both of which could not be achieve with 

Williamson ether polycondensation.  Linear polymers with varied spacer-lengths, 
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molecular weights, and dispersities were prepared to determine the extent to which they 

affected properties of the UiO-66 polyMOF.  A hierarchically mesoporous UiO-66 

polyMOF was obtained with an unprecedented, interlaced morphology when an 

appropriate spacer-length between the H2bdc monomer units was used.  In both 

examples, the use of polymer ligands serves to modify the properties of MOF materials. 

 

 

Figure 38.  The preparation of UiO-66 polyMOF with a unique, mesoporous, interlaced 
morphology is presented.  Reproduced from reference 238 with permission from The 
Royal Society of Chemistry.238 

 
Although reports have demonstrated the ability to synthesize polyMOFs of various 

MOF architectures, there have been fewer reports on varying the architectures of the 

polymer.  In one report, isoreticular chemistry was applied to the linear, 1-dimensional 

polymers used to synthesize polyMOFs (Figure 39).240  Axially-extended polymer ligands 

containing 1,4-biphenyl dicarboxylic acid (H2bpdc) and 1,4-terphenyl dicarboxylic acid 

(H2tpdc) were prepared to investigate both the UiO-polyMOF series and the polyIRMOF 

series.  The results demonstrated that extended polyMOFs increase the surface area 

when compared to the parent MOFs.  In a more recent report, ortho-substituted benzene 

dicarboxylic acid ligands (o-H2bdc) were used to determine the importance of positioning 

the organic linker.243  Although polyMOFs of the IRMOF-1 architecture could be achieved 

using polymers containing o-H2bdc, the same ligands could not form the previously 
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reported Zr4+-based polyUiO-66 MOFs, highlighting the importance of polymer 

architecture in affecting or limiting the formation of polyMOFs. 

 

 

Figure 39.  Axially extended polymer ligands were used to prepare polyMOFs with 
greater surface areas.  Reproduced from reference 240 with permission from The Royal 
Society of Chemistry.240 

 
Block co-polymers hold a promising future for the preparation of functional 

polyMOFs, with two recent reports on block co-polyMOFs (BCPMOFs).236  In the first 

report, Johnson and co-workers prepared dimeric or tetrameric (H2bdc) ligands using a 

synthetic strategy called iterative exponential growth (IEG); the oligomers were then 

coupled to a PS block using copper “click” chemistry (Figure 40).242  Interestingly, their 

results demonstrated that the number of repeating units of (H2bdc) were crucial to 

BCPMOF formation, as the (H2bdc) dimer was unable to yield a crystalline material.  

Using various methods (TEM, SAXS, and WAXS), Johnson and co-workers observed that 

IRMOF-1 prepared from the block polymer ligand undergoes nanophase-separation 

between the MOF component and the PS component.  Their results demonstrate that 

these materials have to potential to behave like block co-polymers, which could hold as 

a promising way to make processable materials. 
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Figure 40.  A block co-polymer, synthesized by iterative growth, was used to prepare 
polyRIMOF-1.  Reprinted from reference 242 with permission from The Royal Society of 
Chemistry.242 

 
To take advantage of block co-polymer function, the Cohen group reported that 

block polymer ligands containing non-coordinating blocks combined with MOF-forming 

blocks can be used to control the morphology of resultant polyMOFs (Figure 41).241  Using 

ADMET polymerization, block co-polymers composed of H2bdc blocks and either PEG or 

poly(cyclooctadiene) (polyCOD) were used to prepare BCPMOFs.  The non-MOF forming 

blocks could be varied by size as a basis to direct the BCPMOF morphology and size.  

Morphology control of the BCPMOFs affected the porous properties of these materials, 

transforming block-polyUiO-66 from a mesoporous material to a microporous material.  In 

addition, the method was applicable to two different MOF scaffolds, IRMOF-1 and UiO-

66, suggesting that the technique can be applied to various polyMOF scaffolds.  

PolyMOFs are a unique class of bottom-up MOF-polymer hybrid materials because the 
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MOFs are prepared from polymer macromolecules.  The field is still in its infancy as there 

is limited knowledge as to how the architectures of MOFs and polymers interplay to 

develop functional polyMOF materials.  Efforts to understand polyMOFs, their structure, 

and properties should produce interesting composites with exceptional properties. 

 

 

Figure 41.  A block co-polymer was used to direct the morphology of two different classes 
of polyMOFs.  By varying the amount of the morphology directing block, the shape of UiO-
66 polyMOFs could be controlled (top left and right SEM).  Varying the amount of the 
morphology directing block, the size of polyIRMOF-1 could be varied.  Reprinted with 
permission from reference 241.  Published by The Royal Society of Chemistry.241 

 
8.  Concluding Remarks and Future Directions 

The hybridization of MOFs and polymers has become an increasingly explored 

area over the last decade.  Unique and elegant approaches have been developed in an 

attempt to understand the interactions and interplay between these hard (MOF) and soft 

(polymer) materials, and to bring MOFs closer to implementation for applications.  These 

new materials have been synthesized using top down approaches, wherein MOF particles 
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are postsynthetically incorporated into a hybrid composite, as well as by bottom up 

approaches where MOF particles are synthesized from polymer-based ligands.  However, 

synthesis of MOF-polymer hybrid materials requires careful consideration and 

characterization of both materials to ensure the material contains the desired properties 

of the MOF, the polymer, or both. 

New approaches and significant advancements of MOF-polymer composites are 

expected in the next several years as MOFs increasingly gain attention for commercial 

applications.  Achievement of single component MOF MMMs that combine the precision 

of inorganic membranes with the flexibility and processability of polymer membranes will 

be breakthrough materials for gas separations.  Synthesizing MOFs from polymer-based 

ligands in which the resulting structure of the MOF can be determined a priori is likely to 

become more significant in designing multifunctional materials with complex domain 

structures.  The use of MOF-polymer hybrids as catalytic membranes has rarely been 

reported and my find use in future studies of flow- or continuous-synthesis systems.  

Finally, the use of MOF-polymer composites has been reported in several studies ranging 

from gas separations to chemical warfare agent degradation in many proof-of-concept 

experiments.  While these findings are valuable, applications that more accurately mimic 

field conditions are certain to be important in developing the utility of MOFs in a variety of 

technologies.  We look forward to the many discoveries to come in this exciting frontier of 

MOF-polymer hybrid materials chemistry. 
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