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Metal-organic frameworks (MOFs) are a class of materials that combine the chemical
tunability of organic molecular chemistry with the porosity of zeolites. The crystallinity,
porosity, and chemical versatility of MOFs has led to their study for applications including
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storage and delivery of gases, catalysis, and separations. In order to utilize MOFs for
industrial applications, however, they must be processed into other forms. Previous work
showed that small amounts of flexible polymers can be combined with different MOFs to form
‘sheets’ of MOF, termed mixed-matrix membranes (MMMs), that display useful MOF porosity
and chemical accessibility in a flexible, stable form factor.
To build on this previous work, MMMs using three polystyrene-based polymers that
are similar in chemical structure but provide a range of flexibility are developed in Chapter 2.
MOF accessibility and MMM cohesion at up to 90 wt% MOF in styrene/butadiene copolymers
is demonstrated, and it is shown that the starting flexibility of the polymer affects the utility of
the resulting MMM.
To assess the factors that influence MMM cohesion, computational experiments
predicting the microscopic interfacial structures of MOF-polymer MMMs are performed in
Chapter 3. This computational modeling is then correlated with experimental findings to
elucidate the structure-compatibility relationship of the MOF-polymer pairs studied, and two
examples of MOF-polymer MMMs are found to contain both a flexible MOF-polymer interface
and strong MOF-polymer hydrogen bonding interactions.
Significant differences in MOF pore accessibility between these two MMMs prompted
further study and comparison, and NMR experiments detailed in Chapter 4 suggest the
polymer component infiltrates into MOF pores to differing extents depending on the nature of
the polymer used. This differing polymer infiltration behavior directly affects the utility of the
composite as assessed through other experiments.
Chapter 5 describes the fabrication of new MMMs from an inexpensive commodity
polymer, poly(ethylene-co-vinyl acetate) (EVA). These MMMs are then used in liquid-phase
applications including sorption and removal of harmful perfluoroalkane substances and
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catalytic breakdown of a chemical warfare agent simulant. When EVA-based MMMs are
compared with MMMs prepared using different polymers discussed in previous chapters,
polymer-dependent differences in MMM performance are observed.
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Chapter 1: Introduction to metal-organic frameworks (MOFs) and MOF-polymer
composites

1

1.1 Metal-Organic Frameworks
Metal-organic frameworks (MOFs) are a class of materials that combine the chemical
tunability of organic molecular chemistry with the porosity of zeolites.1 In these materials,
metal or metal oxide ‘nodes,’ also referred to as secondary building units (SBUs), are
connected in a crystalline lattice by rigid, multitopic organic ligands. MOF metal-ligand
coordination may extend in one, two, or three dimensions, yielding materials that range from
chains to three-dimensional crystals. MOFs with three-dimensional crystallinity often contain
repeating structural voids (pores) due to the metal-ligand bonds (Figure 1.1), and therefore
can possess high porosity resulting in internal surface area measurements that can reach
thousands of square meters per gram of material.2 The pore structure, stability, and
chemistry of a specific MOF derives from the unique combination of metal(s) and ligand(s)
used to form that MOF.

Figure 1.1. Zirconium-based MOF UiO-66. UiO-66 contains metal oxide nodes (top left)
composed of Zr4+ ions (6, purple), oxygen atoms (4, red) and hydroxyl groups (4, red).
These nodes are connected by terephthalic acid ligands (bottom left) to form large octahedral
pores (right, darker grey ligands in structure) surrounded by smaller tetrahedral pores (right,
lighter grey ligands). Each metal oxide node is coordinated by 12 ligands.

2

1.2 MOF Synthesis
Most MOFs are synthesized in organic solvents at elevated temperatures (i.e.,
solvothermally) from a range of metal salts and organic ligands.3 These syntheses typically
yield powdered materials that fall in the nano- to micro-crystalline size range. The scope of
metals and ligands that can be used to prepare MOFs results in a range of pore sizes, pore
shapes, and chemical properties in the final MOF materials, including both ligand- and metalbased functionality.2 In a simple example of MOF tunability, the principle of ‘reticular
chemistry’ can be employed.4 UiO-66 (University of Oslo), a Zr-based MOF that was first
synthesized by the Lillerud group in 2008,5 is composed of zirconium oxide SBUs and the
ligand 1,4-benzene dicarboxylic acid (H2bdc, also referred to as terephthalic acid) (Figure
1.1). By using similar synthesis conditions and the extended ligand 1,4-biphenyldicarboxylic
acid, the MOF UiO-67 can be obtained, which displays analogous crystallinity with expanded
pores compared to UiO-665 (Figure 1.2). These two materials demonstrate the principle of
reticular chemistry. Variation of the metal identity can also form materials with identical
connectivity, as demonstrated by UiO-66, which is able to be synthesized from both Zr4+ and
Hf4+. In contrast, using different metals (i.e. metals of differing oxidation state) with the same
ligand can create differing pore structures, exemplified by the contrast of MOFs UiO-66,
which utilizes Zr4+, and MIL-53 (Matérial Institut Lavoisier), which utilizes Fe3+ or Al3+.6-8 Both
UiO-66 and MIL-53 are formed using H2bdc as the ligand, yet UiO-66 contains characteristic
octahedral and tetrahedral pores (Figure 1.1), while MIL-53 possesses linear channels that
exhibit structural flexibility based on solvation (termed ‘breathing’). Conversely, the same
metal can be combined with ligands of differing structure or connectivity to produce different
MOFs. For example, MOF-5 (also called IRMOF-1 or isoreticular MOF-1)9 and ZIF-8 (zeolitic
imidazolate framework)10 (Figure 1.2) can be synthesized using Zn2+ as the metal source.
MOF-5 utilizes the ubiquitous H2bdc ligand, while ZIF-8 is formed from 2-methylimidazole.
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These simple examples of differing metal-ligand combinations extend to many different
metals and ligands, and lead to the development of thousands of new MOFs each year.

Figure 1.2. MOF structural variation. Different metals and ligands can be combined to
form MOFs of differing topologies, pore sizes, and pore chemistries. Zinc ions (blue) can be
coordinated by either terephthalic acid to form MOF-5 (upper left) or 2-methylimidazole to
form ZIF-8 (upper right), among others. Similarly, terephthalic acid (left) can be coordinated
by either zinc ions (blue) or zirconium ions (green) to give the respective structures MOF-5 or
UiO-66 (bottom left). Terephthalic acid can also be extended by one phenyl group and used
to create UiO-67, which is isostructural to UiO-66 but with larger pore sizes (bottom right).
Figure adapted from reference 3.
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1.3 MOF Chemical Diversity
As discussed in Section 1.2, structurally diverse MOFs can be obtained by simply
varying the identities of the metal and ligand components used. In addition, chemically
diverse MOFs can be obtained by exploiting specific chemically accessible sites within MOFs
on both the metal and ligand components. Metal ions in MOFs are often coordinatively
saturated but in certain cases, metal ions may be reversibly coordinated by solvent or
moisture from air. MOFs possessing these coordinatively unsaturated sites (CUS) can then
be targeted for applications that utilize electrostatic interactions or other bonding interactions
at the CUS to enhance their performance in a desired application, such as molecular
separations.
MOF ligands offer further chemical diversity with the installation of specific functional
groups into MOFs. Simple functional groups without strong metal-coordinating ability can
often be introduced to ligands presynthetically and the MOF may form under similar
conditions as the unfunctionalized version.11 UiO-66 demonstrates this phenomenon: 2aminoterephthalic acid is one example of a modified H2bdc ligand that can be
presynthetically introduced into similar syntheses and yield an amine-modified UiO-66
material with identical crystallinity to the parent MOF (Figure 1.3). Some ligands that are
capable of presynthetic inclusion into UiO-66 are 2-bromoterephthalic acid,12 1,4naphthalenedicarboxylic acid,12 and others. In some cases, presynthetic inclusion of a ligand
does not result in a crystalline MOF material. This tends to occur when the ligand possesses
a metal-coordinating functional group or is too sterically hindered to fit into the pore of the
MOF. These presynthetic limitations led to efforts to postsynthetically install functional
groups of interest onto ligands by a variety of methods including postsynthetic modification
(PSM) and postsynthetic exchange (PSE). In the process of PSM,11 a reactive handle
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presynthetically installed in the MOF is further transformed to produce the functional group of
interest within the as-formed MOF material (Figure 1.3). In the process of PSE,13 the
deprotonated form of the functionalized ligand of interest is introduced into solution with the
dispersed, unmodified MOF crystals, and over the course of hours to days, the functionalized
ligand will substitute into the MOF crystal (Figure 1.3), replacing unfunctionalized ligand or
occupying unfilled defect sites. Accordingly, PSE is particularly effective for MOFs with
kinetically labile ligands such as UiO-66 or MOF-5. Both PSM and PSE have been utilized to
generate a range of functional materials across many different MOFs.14
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Figure 1.3. Strategies to obtain MOF containing functionalized ligand. Octahedra are
representative of the UiO-66 crystal, with phenyl rings signifying the terephthalic acid linkers
present. Top: Presynthetic incorporation of 2-aminoterephthalic acid is possible. Middle:
PSE of 2-aminoterephthalic acid into native UiO-66 results in a mixture of terephthalic acid
and 2-aminoterephthalic acid linkers. Bottom: PSM of 2-aminoterephthalic acid with acetic
anhydride yields the amide product on many of the MOF linkers.
1.4 MOF Applications
The crystallinity, porosity, and chemical versatility of MOFs has led to the exploration
of MOFs for numerous applications ranging from storage or delivery of gases15 to catalysis16
and separations,17 among many others. Gas separations with MOFs are particularly wellstudied, with a variety of MOFs able to separate a range of gases with great fidelity. For
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example, amine-appended MOF powders (functionalized by PSM) can adsorb and desorb
carbon dioxide from simulated flue gas within a reasonable range of working temperatures
and pressures.18 MOFs capable of storing or separating gas streams have been thoroughly
catalogued in numerous reviews.19-21 While the native MOF powders are often utilized to test
these applications in laboratory settings, as-formed MOF powders generally must be
processed into monolithic materials before industrial use. For this reason, polycrystalline
MOF films grown on support substrates are being explored. By growing the MOF as a
supported film, MOF materials can be easily implemented in membrane reactors or sensor
devices,22 and MOF films have been shown to exceed the performance of polymer
membranes in important gas separations such as propylene/propane for applications in
petroleum industry, as well as H2/CO2.22 However, there are significant challenges to
overcome as MOF films tend to display brittleness, fragility, and defects that can negatively
impact separation performance.22
MOFs are also useful in liquid-phase separations of increasing environmental
concern such as organic pollutant remediation, heavy metal removal, and desalination
technology improvement. While many MOFs are unstable to water or water vapor, some
MOFs display sufficient aqueous and vapor stability to sequester contaminants such as
dyes,23 heavy metals,24 personal care products,25 and even environmentally-concerning
“forever chemicals” such as perfluoroalkane substances26 in aqueous conditions. One recent
study showed record levels of Au3+ uptake from seawater (without interference from the
complex seawater matrix) using a MOF-polymer composite, due to the specific chemical
environment created by the MOF and polymer components.27 Another area of intense study
at the interface of gas- and liquid- sequestration is the adsorption and mitigation of chemical
warfare agents or toxic industrial chemicals for the purposes of warfighter protection. 28 In
this field, the form factor of the MOF is a critical parameter, since the MOF should ideally be
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compatible with current warfighter suit and mask technology, which relies on adsorptive
cartridges of material in gas masks and fabric-based composites in suits. As-formed MOF
powders are typically used to evaluate the catalytic rate of warfare agent decomposition,29
but fiber-based composites that approach suit-based utility are also being explored.30-32

1.5 MOF-Polymer Composites
The potential for MOFs to increase separation factors and introduce unprecedented
levels of tunability to specific separation processes has led to interest in adapting MOFs for
use in commercial settings. Current MOF utilization in industrial processes is limited to two
instances of niche applications, 33-34 and further implementation of MOFs in commercial
processes is limited by their fine, powdery form, which introduces numerous barriers to
effective utilization, including low packing densities, the potential for downstream
contamination, and high pressure drop of gas or liquid flow through a packed bed. 35 The
relative difficulty of processing MOFs into usable forms disadvantages MOFs in comparison
to the commodity material of the 20th century, namely polymers. Polymers possess a
diversity of strength and flexibility characteristics and can be processed by a variety of
methods to yield final materials with an array of physical properties. If this profusion of
physical tunability could be transferred to MOFs, MOF implementation in (and improvement
of) key industrial processes could be within reach (Figure 1.4).36
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Figure 1.4. MOF and polymer properties. Ideally, MOF-polymer composites retain the
porosity and interesting chemistry relevant to catalysis or separations inherent to the MOF,
while incorporating polymer features such as flexibility and processability.
Many methods to combine MOFs with polymers have been investigated, including
both covalent and non-covalent approaches. Postsynthetic polymerization (PSP)24 is the
term used to describe covalently linked MOF-polymer composites, while non-covalent
approaches include pelletization,37 foaming,38 electrospinning,39 3D printing,40 and membrane
formation, among others.41
PSP is an extension of the PSM concept that specifically aims to covalently link
polymer and MOF components in composites to gain cohesive, stable materials. In the first
report of PSP by Wang et al, the PSP composite was produced from the photoinduced
polymerization of free methacrylate monomers with methacrylate monomers affixed to the
MOF via PSM. The resulting composites were homogeneous and flexible, and were
successfully employed for the separation of Cr(VI) ions from aqueous solution.24 Other
covalent hybridization strategies of polymers and MOFs are in development and have been
extensively reviewed.42 PSP yields covalently-integrated MOF-polymer composites, but
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because of this, specific functional groups and reaction conditions are required for their
formation, limiting the range of MOFs and polymers that can be combined.
Noncovalent MOF-polymer composites do not require the presence of specific
reactive handles and may be more straightforward to synthesize with a wider range of MOF
and polymer components. Pelletization, the process of physically ‘densifying’ MOFs under
pressure with binder materials (acting as the ‘glue’ for the final pellet) to create compact,
shaped MOF, is a straightforward solution to the problem of free MOF powders. Efforts to
pelletize MOFs have been successful and may be used in startup and industry formulations
of MOFs. However, pellets of MOF are still subject to breakdown over time 43 and can require
large amounts of inactive binder to maintain structural utility without MOF leaching.44
Foaming, the process of creating a sponge-like mass with pockets of air, is an alternative
that provides lower pressure-drop and potentially easier MOF access than pelletization.45
Similar in concept to expanded polystyrene or other foamed polymers, these materials could
be utilized in applications where high flux is required and the lower MOF packing densities
obtained are suitable. Electrospinning, the process of utilizing an electrical potential
difference to create fibrous mats of polymer, provides a final material that can resemble a
textile in both appearance and mechanical strength. MOFs have been incorporated with
some success into electrospinning processes, bringing us closer to fiber-like MOF-polymer
composites.46 In an interesting application of additive manufacturing, MOFs can also be
incorporated into typical 3D printing polymers to form 3D-printed MOF composites that retain
the properties of the starting MOF, providing access to complex or targeted architectures.47
Finally, the combination of MOFs with polymers can take a membrane form. These are often
termed mixed-matrix membranes (MMMs), which in this case refers to the physical
combination of MOFs with polymers in the membrane form and is discussed in detail in
Section 1.6.
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1.6 Mixed-Matrix Membranes (MMMs) Containing MOFs
Membrane technologies are an especially interesting application of MOF-polymer
combinations due to their burgeoning potential for industrial use. 48-49 The development of
membrane technology capable of replacing distillation processes would be extremely
valuable due to the much lower energy cost of membrane-based separations compared to
distillation.50 Current industrial membranes are typically pure polymer membranes, and are
composed of a few privileged polymers that demonstrate low manufacturing cost and
sufficient separation performance. 49 Polymer membranes are already extensively used in
water purification technologies such as desalination, and are currently used in the
commercial gas separation of nitrogen from air for use in gas tanks, as well as other niche
gas separation applications.49 Current polymer membranes utilized in gas separations are
assessed against an empirically-determined ‘upper bound’ of polymer membrane
performance known as the Robeson upper bound,51 beyond which the combination of high
selectivity and high flux becomes difficult to achieve in single-polymer systems (Figure 1.5).
MOFs do not suffer this limitation due to their stable and tunable pores; therefore, the
separation fidelity and permeation rate of MOFs can far exceed the capabilities of polymeronly systems. However, the fragility, difficult synthesis, and high cost of polycrystalline MOF
membranes currently preclude their use in commercial systems.
The success of MOFs and polymers for separation applications has led to the study
of MMMs with synergistic separation abilities superior to the starting components.52 MMMs
may combine the inorganic filler’s high flux and higher selectivity with the polymer’s
inexpensive processability to yield materials that exceed the Robeson upper bound, making
them viable candidates for industrial application (Figure 1.5). This is demonstrated in a
recent study utilizing MOF nanoparticles in a polyimide (6FDA-DAM) matrix.41 The MMM
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showed both increased selectivity and increased permeability compared to a pure polyimide
membrane in the important separation of ethylene from ethane. The MMM exceeded the
Robeson upper bound for this separation, demonstrating the superiority of this MMM
compared to many other pure polymer membranes.

Figure 1.5. Robeson upper bound features. Permeability and selectivity measurements
of typical polymer-only membranes generally fall near or below the experimentally
determined average of polymer membrane performance, called the Robeson upper bound
(blue line). Mixed-matrix membranes are expected to outperform pure polymer membranes,
and ideally achieve permeability and selectivity values well above the Robeson upper bound
(green box).

Despite their potential, MOF MMMs still pose challenges and limitations due to the
complexity of MMMs in general (utilizing any ‘filler’ particle, including MOFs, nanoparticles, or
zeolites, among others) compared to their single-component counterparts. An important
characteristic of MMMs is the nature of the interactions between the filler and the polymer.
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Ideally, the interface of filler and polymer is a seamless transition (Figure 1.6) with no
interruption in the ideal properties of each component. In zeolite-polymer MMMs, however, it
is common to see micro-gaps between the zeolite filler and the polymer, which creates the
so-called ‘sieve-in-a-cage’ effect (Figure 1.6) when the membrane is tested for its gas
separation abilities.53 This zone of incompatibility between the zeolite and the polymer
provides an ‘around-filler’ path for diffusing gas molecules, which lowers the selectivity of the
membrane.54 This ‘sieve-in-a-cage’ morphology is also commonly seen in MOF-polymer
MMMs, in addition to other interface issues such as polymer rigidification. This increased
polymer rigidity in the vicinity of MOF particles causes a decrease in gas permeability near
the MOF particles, resulting in the appearance of pore blockage (Figure 1.6).54

Figure 1.6. MOF-polymer interface morphologies in MMMs. Interactions between the
MOF and polymer component are key for creating application-ready composites. In an ideal
composite (left), there is no change in polymer properties around the filler component,
yielding a cohesive material with ideal separation properties. Known defects include ‘sievein-a-cage’ type (middle), in which gaps or voids appear between the filler and polymer,
decreasing the selectivity of the MMM. Another potential pitfall in MMM performance is the
appearance of rigidified polymer close to the filler particles (right), such that permeability of
the MMM is decreased.
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To maximize MMM utility, a substantial body of work in the MMM field is directed at
optimizing the choice of MOF and polymer components such that interfacial defects are
minimized. In the most straightforward examples, hydrophobic MOFs are physically blended
with hydrophobic polymers to create MMMs with increased selectivity, as in the case of ZIF8/polydimethylsiloxane (PDMS) MMMs.55 The opposite has also been shown by coating
hydrophobic ZIF-8 with a graphene oxide (hydrophilic) coating, allowing the MOF to be
effectively incorporated into hydrophilic polymer Pebax®.56 Specific interactions can also be
engineered between MOF and polymer to create high-performing MMMs.57 In two separate
reports,58-59 specific hydrogen bonding interactions between the MOFs used and polymer
PIM-160 (polymer of intrinsic microporosity) were demonstrated by FTIR experiments, and
these specific MMMs were shown to improve in gas separation performance compared to
control MMMs containing MOFs without strong hydrogen bonding interactions.59
A different approach to the issue of interfacial defect minimization is the chemical
modification of the MOF particles with small molecules or polymers designed to interact
effectively with the chosen polymer matrix. An early demonstration of this approach modified
the surface of UiO-66 particles with a variety of hydrophobic moieties and used these
particles to form mixed-matrix membranes with polyimide Matrimid®. The most successful
MMM tested in this study incorporated UiO-66 with a pendant phenyl ring (incorporated by
PSM onto the MOF ligand) which was thought to promote π-π interactions with the aromatic
Matrimid® polymer.61 Recent reports have developed methods to attach short polymer
chains to the surface of MOFs. By incorporating the polymer-modified MOFs into MMMs of
the same polymer, interfacial defects can be minimized or eliminated, and gas separation
properties are improved relative to the starting, non-modified MOF MMMs.62-64 Although
excellent results have been achieved by these studies, they are somewhat limited, as the
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MOF and polymer must be judiciously chosen for a specific application and further
engineered for maximum performance.

1.7 MOF-Dominant MMMs
In 2015, the Cohen lab published one of the first examples of a different type of
MMM.65 Rather than selecting a typical gas separation polymer like a polyimide, a polymer
commonly used as a binder in electrode materials, poly(vinylidene fluoride) (PVDF), was
used to form MMMs. This was achieved through the formation of a viscous MOF-polymer
‘ink’ that is then knife-cast onto an aluminum foil substrate and dried, then delaminated using
a swelling solvent such as methanol (Figure 1.7).

Figure 1.7. The MMM formation process. MMMs are prepared by suspending the MOF
crystallites in a polymer solution, creating an ink that is deposited on the desired substrate.
This ink is then spread into a film by casting methods such as doctor blading or spin coating.
Removing the casting solvent by evaporation leaves a composite film that may either be
used on the support substrate or can be delaminated to give a free-standing film or
membrane. Figure reproduced from reference 3.

PVDF can be combined with different MOF powders including common air- and
water-stable MOFs possessing a range of hydrophobicity/ surface charges like UiO-66, ZIF8, MIL-101 and others at a composition of 10% to 70% by weight MOF. The resulting MMMs

16

were robust, flexible, and retained all the properties of the starting MOF. Some of these
retained MOF properties included nitrogen uptake in gas sorption experiments, chemical
modifications such as PSM or PSE of the MOF ligands, and dye separation from water by a
pressure-driven, through-membrane setup (Figure 1.8). In a demonstration of the synergistic
power of MOF-polymer composites, a series of MMMs containing Cu-based MOF HKUST-1
(Hong Kong University of Science and Technology) and PVDF were able to augment
HKUST-1 powder for both ammonia uptake and stability over time. Unlike pure HKUST-1,
which degrades under humid conditions, the MMMs were stable under 90% relative humidity
for over a month and retained their ammonia sorption capacity. The added stability of
HKUST-1 within the MMMs is attributed, in part, to the hydrophobic PVDF polymer matrix.66

Figure 1.8. Dye separation by a UiO-66-based MMM. Liquid-phase separations are a
major application of MOF MMMs. In this example, a UiO-66 MMM (67% by weight in PVDF)
is used to separate organic dye species, methyl orange and Coomassie blue, in aqueous
solution by a filtration system. Figure reproduced from reference 3.
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PVDF-based MMMs were further expanded to incorporate multiple MOFs into a
single MMM.67 It was demonstrated that PVDF-based MMMs of different catalytically active
MOFs could perform catalytic transformations by passing reactants through the MMMs in a
flow-through reactor setup. This body of work established the area of MOF-dominant MMMs
as a viable strategy to produce materials with synergistic properties of both MOF and
polymer. The use of PVDF as a multifunctional MMM binder has been expanded upon by
other groups into the areas of sensing68 and mechanoresponsive materials,69 among others.

1.8 Scope of the Dissertation
This dissertation focuses on probing the interactions between the MOF and polymer
components within MMMs and using the information gained to make effective MMMs for a
range of applications. Chapter 2 describes the fabrication of a series of MMMs using
polymers of different chemical structures and physical properties and the characterization of
these MMMs. The mechanical strength of the MMMs is assessed as well as the MOF
accessibility to gas infiltration and chemical reactions.
Chapter 3 describes computational experiments predicting the microscopic interfacial
structures of a series of MOF-polymer MMMs using UiO-66 and polymers including PVDF,
PIM-1, polystyrene, and poly(ethylene oxide) (PEO). These computational experiments were
correlated with experimental findings to elucidate the structure-compatibility relationship of
the MOF-polymer pairs.
Chapter 4 details the solid-state NMR characterization of PVDF- and PEO-based
MMMs that show differing levels of polymer infiltration into the MOF. This polymer infiltration
behavior informs the utility of the composite as assessed through other experiments.
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Chapter 5 describes the fabrication of new MMMs from an inexpensive commodity
polymer, poly(ethylene-co-vinyl acetate). These materials were thoroughly characterized
and tested for their utility in three different liquid-phase applications, including dye
separation, sorption and removal of harmful perfluoroalkane substances, and catalytic
breakdown of a chemical warfare agent simulant.
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Chapter 2: Exploring key polymer properties for MOF-dominant MMMs
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2.1 Introduction
The MOF-dominant PVDF MMMs discussed in Chapter 1 showed that this new
approach to MMM formation could create materials combining MOF properties and polymer
flexibility. In addition to the PVDF-based MMMs described in Chapter 1, work by Ordoñez et
al1 showed the promise of MOF-dominant MMMs. MMMs with >50 wt% of ZIF-8 in Matrimid®
demonstrated improved selectivity for the separation of several different gas pairs, attributed
to a shift from a “polymer-driven to ZIF-8 controlled gas transport process.”1 The increase in
performance as this shift occurred demonstrates the value of a MOF-dominant MMM
approach.
Despite this success, their results also showed that MMMs >60 wt% ZIF-8 in
Matrimid® were too brittle and fragile to withstand gas testing. In a slight improvement,
PVDF-based MMMs were able to maintain stability up to 67 wt% ZIF-8. This difference
between the two MMM systems could be the result of several different factors. However,
one clear difference is the differing polymer binders used. Matrimid® is a glassy, aromatic
polyimide with high strength but relatively high elastic modulus (2.5 GPa), correlating to a
relatively rigid material.1 PVDF is a flexible, pliable, fluorinated polymer with a significantly
lower elastic modulus (~0.8 GPa).2
Given the substantial differences in both chemical structure and physical properties
between Matrimid® and PVDF, it is difficult to ascertain the characteristics that most strongly
correlate with robust MMM formation. A systematic approach was attempted in Chapter 2 in
order to separate the effects of physical property modulation and chemical differences
between polymers. Specifically, a series of styrene-based polymers were selected to assess
the importance to MMM cohesion of relative physical polymer properties such as elastic
modulus. The three polymers chosen are very similar in chemical structure but provide a
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wide range of physical properties that greatly differentiates their use and form. In Chapter 2,
we have expanded the range of polymers tested in MOF-dominant (that is, >50 wt% MOF)
MMMs and demonstrated MOF accessibility and MMM cohesion at up to 90 wt% MOF. We
also show that the physical properties of the polymer have a marked impact on the utility of
the final MOF-loaded MMM.

2.2 Fabrication of Polystyrene-based MMMs
Three polymer binders were explored in Chapter 2: pure polystyrene (abbreviated
PS, Mw = 35,000 g/mol), a polystyrene and polybutadiene block copolymer (SBS, M w =
97,000 g/mol), and a random copolymer of styrene and butadiene (SBR, Mw = 270,000
g/mol). These polymers are commercially available (Sigma Aldrich) and have well
established processing conditions and broad industrial uses. 3 PS is melted,4 extruded,5 and
foamed,6 providing a plethora of form factors for a mixed MOF-polymer system.
Styrene/butadiene copolymers are broadly used 7 binder-type elastomers8 that could offer
flexibility to a MMM. MOF-free films of pure PS, SBS, and SBR were readily formed by
casting a polymer solution onto a substrate and removing the solvent by evaporation. These
films displayed varying physical properties from highly brittle (PS) to tacky and deformable
(SBR), suggesting a range of final MMM physical properties. Given the few examples of
polystyrene/MOF MMMs in the literature, 9-11 a thorough investigation of these polymers in
combination with MOFs was undertaken.
UiO-6612 was used as a model MOF for forming MMMs. As-synthesized UiO-66
consisted of uniform ~200 nm truncated, rounded octahedra that appear roughly spherical,
as confirmed by scanning electron microscopy (SEM, Figure 2.1). The bulk crystallinity of
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the MOF was confirmed by powder X-ray diffraction (PXRD, Figure 2S.1) and porosity was
assessed by N2 sorption giving a BET surface area of 1214 ± 44 m 2/g (Figure 2S.2).

a)

b)

Figure 2.1. UiO-66 particle morphology. SEM images of as-synthesized UiO-66 at two
different magnifications (scale bars of 500 nm and 1 µm on the left and right, respectively).
These images highlight the uniform ~200 nm diameter size and roughly spherical
morphology of the particles.

MMMs were fabricated from a MOF-based viscous ‘ink’ of the MOF and polymer
components in solution (Figure 2.2). The ink was prepared by first pre-dispersing the MOF
and polymer components separately, then combining them to a homogeneous mixture of
honey-like viscosity.2 The MOF was dispersed by ultrasonication in a 1:1 mixture of THF and
ethyl acetate (200 mg MOF per mL of solvent) for roughly 30 min. The polymers were each
dissolved in THF prior to combination with MOF. PS was dissolved to a concentration of 220
mg/mL, while SBS and SBR were dissolved to 100 and 50 mg/mL, respectively, yielding
solutions of similar viscosity. These separate MOF and polymer solutions were then
combined to yield final MOF wt% concentrations from 30% to 70% in each of the polymers
tested, and ultrasonicated to homogeneity. The resulting ink was transferred to an aluminum
foil substrate, then cast with an automatic thick film coater (MTI Corp. MSK-AFA-II) using an
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adjustable doctor blade (blade height = 500 µm, speed = 25 mm/second), followed by drying
(55°C oven, 15 min) and delamination upon cooling, to yield membranes with thicknesses
ranging from 50-100 µm.

Figure 2.2. MMM casting procedure. First, the MOF and polymer are dispersed separately
in solvent, then the solutions are combined and ultrasonicated to create a viscous liquid.
This solution is then cast on an aluminum foil substrate and heated in a 55 °C oven to drive
off solvent. The resulting MMM can then be mechanically delaminated.

2.3. Assessment of MOF Characteristics
All MMMs showed excellent retention of the MOF crystallinity as assessed by PXRD
(Figure 2.3, Figures 2S.3-5). The polymers themselves were amorphous and did not
contribute significantly to the PXRD pattern.
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Figure 2.3. PXRD patterns. Crystallinity of UiO-66/SBS MMMs at the indicated wt%
loadings. All powder patterns show that UiO-66 remains highly crystalline within the MMMs.

Cross-section images obtained by SEM show retention of the MOF particle
morphology within the membranes as well, further confirming that no significant changes to
the structure of the MOF occurred upon incorporation into the MMM (Figure 2.4, Figures
2S.6-15).
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a)

b)

c)

d)

e)

f)

Figure 2.4. SEM images of MMM cross-sections. a) 50 wt% UiO-66/PS MMM b) 70 wt%
UiO-66/PS MMM c) 50 wt% UiO-66/SBS MMM d) 70 wt% UiO-66/SBS MMM e) 50 wt% UiO66/SBR MMM f) 70 wt% UiO-66/SBR MMM. All scale bars 5 µm.
At MOF loadings <70 wt%, SEM images of MMMs using all three polymers show
dense films, with a large polymer presence and interspersed MOF (Figure 2.4a, 2.4c, 2.4e).
At MOF loadings ≥70 wt%, SEM cross-sections show a marked difference in morphology:
very little polymer is seen in the SEM images, and membranes appear much more loosely
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packed (Figure 2.4b, 2.4d, 2.4f). At 70 wt% MOF loadings in SBS, both morphologies are
seen in a single membrane, highlighted in false-color SEM images (Figure 2.5).

a)

b)

c)

Figure 2.5. SEM comparison of differing MOF loadings in SBS. False color SEM images
of UiO-66/SBS MMMs at a) 50 wt% MOF, b) 70 wt% MOF, and c) 90 wt% MOF. Dense
(blue) and loose (red) membrane morphologies are highlighted. Scale bars 2 µm.

In contrast to the PVDF-derived MMMs described in Chapter 1, 2 N2 sorption analysis
revealed MMMs containing <70 wt% MOF in these styrene-based polymers to be nonporous. At ≥70 wt%, the surface area of the MOF was partially recovered, and type I
isotherms were observed, which is characteristic of native UiO-6613 (Figure 2.6, Table 2S.1).
BET surface areas were calculated using the criteria proposed by Rouquerol 14 and explored
by Snurr15-16 for UiO-66. The calculated surface areas of 70, 80, and 90 wt% UiO-66/SBS
membranes were 578 ± 182 m 2/g, 774 ± 32 m2/g, and 781 ± 48 m2/g, respectively. Surface
areas of 70 wt% UiO-66 in SBR and PS were 737 ± 248 m 2/g and 779 ±114 m2/g,
respectively, compared to the native UiO-66 surface area of 1214 ± 44 m 2/g. Representative
Rouquerol plots and BET constants are also provided (Table 2S.2, Figure 2S.16). Pore size
distributions demonstrate the preservation of the ~8.5 Å pores of UiO-6617 (Figure 2S.17).
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Figure 2.6. N2 sorption isotherms. All MMMs at ≥70 wt% MOF loading show the same
characteristic microporosity as the native MOF (black trace). Adsorption and desorption
branches are displayed with filled and empty symbols, respectively.
It is likely that the difference in surface area between the ≥70 wt% and < 70 wt%
formulations is a result of their different membrane morphologies. The total lack of surface
area seen in membranes with MOF loading <70 wt% corresponds to the dense morphology
seen in these membranes by SEM (Figure 2.5a). Conversely, surface area is recovered in
films with ≥ 70 wt% MOF that shows the more loosely packed particulate morphology (Figure
2.5c). Because the pure polymers show no inherent porosity, it is likely that when MOF
particles are isolated in a higher quantity of impermeable polymer, the MOF pores are
sealed, and porosity is lost. Once the polymer content is sufficiently lowered, some MOF
pores are again accessible, leading to partial recovery of surface area within the physically
robust membrane.
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2.4 Physical and Chemical Properties of MMMs
Physically and mechanically, the MMMs resemble their pure polymer counterparts.
At the thicknesses studied (roughly 50-100 µm), PS MMMs were extremely brittle, and
cracked upon delamination at all wt% MOF loadings, preventing analysis of bulk mechanical
properties (Figure 2S.18). SBR MMMs were extremely plastic and deformed readily upon
delamination, which similarly hindered mechanical strength analysis; only films with high
MOF loadings (70%) in SBR kept their shape upon physical manipulation enough to warrant
testing (Figure 2S.19). SBS MMMs delaminated easily and handled well at MOF contents
from 30-90 wt% MOF (Figure 2.7).

a)

b)

Figure 2.7. SBS-based MMMs. a) 70 wt% UiO-66, b) 80 wt% UiO-66 do not deform or
crack upon delamination and can withstand normal handling as well as mechanical testing.
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Mechanical testing on SBS MMMs revealed MMMs up to 80 wt% MOF maintain
higher tensile strength than both the pure polymer and the 70 wt% UiO-66/SBR MMM,
quantitatively confirming the superior physical properties of the SBS-based MMMs tested
(Table 2S.3, Figure 2.8, Figure 2S.20).

Figure 2.8. Ultimate tensile strength (UTS) of several MMMs. SBS-based MMMs at all
loadings tested show better performance than the 70 wt% UiO-66/SBR MMM. All SBS
MMMs tested show better ultimate tensile strength than the starting SBS. All measurements
are the average of at least three independent membranes.

The preferable physical characteristics of SBS composites, coupled with their
retention of porosity at high MOF loadings, warranted further studies to assess the chemical
reactivity and accessibility of the MOF within the SBS membranes. The chemical reactivity
of SBS MMMs were assessed by PSM18 and PSE19 reactions described in Chapter 1. SBS
MMMs fabricated with 80 wt% UiO-66-NH218 were immersed in neat acetic anhydride for 24 h
at 60°C, washed with copious amounts of methanol, and analyzed by 1H NMR by digesting
the MOF out of the MMM with hydrofluoric acid. Quantitative conversion of UiO-66-NH2 to
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UiO-66-AM118 was observed, and identical levels of conversion were achieved with the
native MOF (Figure 2.9).

Figure 2.9. Ligand PSM experiments on MMMs. Top: Scheme illustrating the PSM
reaction where UiO-66-NH2 is immersed in acetic anhydride resulting in acetylation of the 2aminoterephthalate ligand in the UiO-66-NH2 lattice, forming UiO-66-AM1. NMR traces show
the MOF starting material, MOF-only and polymer-only controls and the 80 wt% UiO-66/SBS
MMM tested. Unmodified 2-aminoterephthalate phenyl peaks are indicated with black
circles; acetylated 2-aminoterephthalate peaks are indicated with red circles.

PSE experiments were carried out with 80 wt% UiO-66/SBS MMMs immersed in
solutions of 2-aminoterephthalate at 60°C for 24h, followed by copious washing with both
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water and methanol. PSE was also successful, achieving ~21% exchange of terephthalic
acid for the amine-functionalized linker, compared to 52% exchange in the native UiO-66
control (Figure 2S.21).
MMMs subjected to PSM and PSE reactions were assessed for their post-reaction
mechanical integrity and preservation of MOF quality. Post-PSM MMMs fractured in the
reaction solution, confirming lower mechanical stability compared to the unmodified 80 wt%
MOF MMM. MMMs after PSE survived the reaction conditions intact, but upon quantitative
mechanical analysis, lost strength and elasticity relative to both the starting 80 wt% MMM
and the pure polymer (Figures 2S.22-23). However, after PSM or PSE the MOFs in these
MMMs retained their crystallinity, porosity, and morphology, as assessed by PXRD, N 2 gas
sorption and SEM, respectively (Table 2S.4, Figures 2S.24-26).
Dye filtration studies were used to further demonstrate the accessibility of the MOF
pores in the SBS MMMs. Previous studies described in Chapter 1 document the ability of
UiO-66 to adsorb charged dye molecules from aqueous solutions. 2, 20 80 wt% UiO-66/SBS
MMMs were housed in 13 mm Swinnex® syringe filters, and 10 µM dye solutions were
passed through the membranes in a dead-stop filtration set-up. Coomassie Brilliant Blue R250 was retained with 60% fidelity (Figure 2.10), but consistent with previous studies, 2
anionic Methyl Orange was not retained in the membrane, achieving only 22% retention
(Figure 2.11). MMMs used for Coomassie dye filtration also showed good recyclability
(Figure 2.12). The retention of the dye adsorption ability of UiO-66 within the MMM form
factor over multiple cycles demonstrates that the MOF pore chemistry and functionality is
retained and its processability is markedly increased in the membrane form factor.
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Figure 2.10. Coomassie blue dye filtration using UiO-66/SBS MMMs. The three
filtrations resulted in an average of 60±8% retention of the dye. Filtration experiments were
conducted using three independent 80 wt% UiO-66/SBS membranes, delivering 2.5 mL of 10
μM Coomassie Brilliant Blue R-250 dye.

Figure 2.11. Methyl orange dye filtration using UiO-66/SBS MMMs. The three filtrations
resulted in an average of 23±22% retention of the dye. Filtration experiments were
conducted using three independent 80 wt% UiO-66/SBS membranes, delivering 2.5 mL of 10
μM methyl orange dye. Upon examination, the Sample 1 membrane showed fracture defects
after filtration, likely resulting in its demonstrated 0% dye retention.
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Figure 2.12. Recyclability tests of dye filtration. Three 80 wt% UiO-66/SBS MMMs were
tested for dye filtration. Cycle 1 data is the data shown in Figures 2.10 and 2.11, while
Cycles 2 and 3 demonstrate the first and second reuse cycles, respectively. Upon
examination of the methyl orange-tested MMMs after Cycle 2, all membranes showed
fracturing consistent with 0% dye retention. Conversely, the Coomassie blue-tested MMMs
maintained their pristine form after three cycles, showing only slightly lowered dye retention
abilities upon reuse.

2.5 Conclusions
In summary, new MOF MMMs have been developed that add the physical flexibility
and strength of the polymer to the existing chemical abilities of the MOF. Retention of
porosity was seen in high MOF loadings in MMMs of all three polymers, and the mechanical
superiority of SBS made it the most viable formulation for further study. Postsynthetic
chemical reactions and dye filtration experiments on the sturdy SBS-based MMMs
demonstrate the chemical accessibility of the MOF, confirming that all major MOF
characteristics are preserved within the SBS MMMs. In comparison with previously studied
PVDF, SBS offers similar levels of durability and chemical inertness at lower cost and with
wider availability. The SBS MMMs fabricated also achieve higher MOF loadings than both
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PVDF2 and Matrimid®,1 maximizing the active component of the MMM to unprecedented
levels for this approach. This form factor can promote the direct application of MOF
materials to a myriad of membrane-based technologies, such as catalytic reactors, 21
commercial separations of gas streams, 22 wastewater treatment,23 toxic chemical
sequestration,24 and more. These results show that the physical properties of the polymer
used to form the MMM are important to MMM formation. Our results here are consistent with
previous results for PVDF and Matrimid ® that show that polymers with lower elastic modulus
values can yield MMMs with higher amounts of MOF without fracturing. Moving forward, a
deeper study of the various factors that affect MMM formation is warranted, specifically
whether the interface region (discussed in Chapter 1) of various MOF and polymer
combinations can be probed to yield new insights.

2.6 Appendix: Supporting Information
Materials
All solvents and starting materials were purchased from chemical suppliers and used without
further purification (Sigma Aldrich, Alfa Aesar, EMD, and TCI).
Synthetic Procedures
Synthesis of UiO-66: Zirconium(IV) chloride (61 mg, 0.26 mmol) and terephthalic acid (43
mg, 0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20 mL vial
with Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to
ambient temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000
rpm, 5 min), followed by washing with 310 mL DMF and 310 mL MeOH. The particles
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were then soaked in MeOH for 3 d, with solvent changed daily, before being dried under
vacuum at room temperature.
Synthesis of UiO-66-NH2: Zirconium(IV) chloride (61 mg, 0.26 mmol) and 2aminoterephthalic acid (47 mg, 0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL
glacial acetic acid in a 20 mL vial with Teflon-lined cap. The vial was then placed in a 120 °C
oven for 24 h. After cooling to ambient temperature, the particles were collected by
centrifugation (fixed-angle rotor, 6000 rpm, 5 min), followed by washing with 310 mL DMF
and 310 mL MeOH. The particles were then dispersed in MeOH (10 mg/mL concentration)
and heated to reflux for 24 h, before being dried under vacuum at room temperature.
Film Fabrication: UiO-66 was synthesized according to the procedure reported above, then
dispersed in a 1:1 THF/Ethyl acetate solution at a concentration of 200 mg/mL via sonication.
Polymers were dissolved in THF, (PS = 220 mg/mL, SBS = 100 mg/mL, SBR = 50 mg/mL)
then the MOF and polymer solutions were mixed (proportions dictated by final wt% of MOF
desired), sonicated, and doctor-bladed onto aluminum foil. Using the draw-down method,
the MOF-polymer solution was transferred to an aluminum foil substrate and then cast with a
MTI Corporation MSK-AFA-II automatic thick film coater using an adjustable doctor blade set
to a height of 500 μm at a speed of 25 mm/second. The cast films were then oven-cured at
55 °C until dry (30 min) and the aluminum backing was peeled away with tweezers.
Although the technique is inherently scalable, most MMMs contained a total of 200-500 mg
of combined MOF and polymer components and were roughly 35 in. (200 mg material) to
58 in. (500 mg material) in size.
Dye Filtration Experiment: A 13mm diameter circle of 80 wt% UiO-66/SBS MMM was
placed in 13 mm Swinnex® syringe filters, and 2.5 mL of 10 μM dye in water was filtered
through the membrane at a speed of 0.1 mm/min in a dead-stop filtration setup. The filtrate
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was collected and analyzed by UV-Vis spectrophotometry at the peak visible absorption of
each dye, and residual dye content was calculated relative to initial dye concentrations. For
Coomassie Brilliant Blue R-250, λmax = 555 nm. For methyl orange, λmax at pH 7 = 465 nm.
For recyclability measurements, the MMMs were removed from the syringe filter housings
and soaked in methanol for roughly 1 h. The MMMs were then dried in air for roughly 1 h,
replaced in the syringe filter housings, and re-challenged by the same procedure.
MOF and film digestion for NMR: 10 mg of UiO-66, UiO-66-NH2, or the equivalent weight
of MMM were dispersed in 590 μL of DMSO-d6, then 10 μL of HF was added. MOF mixtures
were sonicated for 30 min to fully dissolve the MOF for analysis by NMR. MMMs were
allowed to digest without sonication over a period of 12 h, over the course of which the
MMMs change from opaque to transparent; the DMSO-d6 solution was then analyzed by
NMR.
PSM with Acetic Anhydride: Three pre-cut strips of 80 wt% UiO-66-NH2/SBS MMM
(roughly 210 cm2 in size) were suspended in 100 mL neat acetic anhydride and heated at
60 °C for 24 h. The MMMs were then soaked and rinsed in MeOH for 3 d, and dried at
ambient temperature overnight. The 210 cm2 strips fragmented during reaction, yielding
MMMs roughly 23cm2 in size. Small portions were digested via the procedure given above
and analyzed by 1H NMR. The experiment was simultaneously conducted on ~80 mg of the
pure UiO-66-NH2 MOF and ~20 mg pure SBS as controls, as well as 80 wt% UiO-66/SBS
MMMs, to assess the effect of the reaction conditions on a non-reactive MMM. Integration
analysis of 2-aminoterephthalic acid peak areas compared to acetylated 2-aminoterephthalic
acid peak areas in the phenyl region show that both UiO-66-NH2 and the 80 wt% MMM
tested both achieve >95% conversion to the acetylated product. The pure SBS control and
the 80 wt% UiO-66/SBS MMMs generated no products under the same digestion conditions
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as gauged by NMR. The pure SBS control membrane (~100 μm in thickness) showed no
physical degradation in the reaction conditions. However, the 80 wt% UiO-66/SBS MMMs
fragment in the reaction conditions similarly to the 80 wt% UiO-66-NH2-based MMM, despite
a total lack of reaction at the MOF centers in the control. Therefore, the fragmentation of the
MMMs is attributed to small-scale, slow degradation of the polymer component that is
magnified in the MMMs relative to the pure polymer control, due to the greater porosity and
greater accessibility to smaller areas of polymer than the pure polymer control.
PSE with 2-Aminoterephthalic Acid: 50 equivalents (2 mmol) of 2-aminoterephthalic acid
was dissolved and deprotonated in 100 mL of 4 wt% aqueous KOH solution, then neutralized
to pH 7 with 6M HCl. To this solution was added 30 equivalents of UiO-66 in MMM form (80
wt% UiO-66/SBS, 300 mg of film). The solution was heated to 60 °C for 24 h, then the film
was rinsed in MeOH for 3 d. Small portions of the MOF were digested by the procedure
given above and analyzed by 1H NMR. The experiment was simultaneously conducted on
~80mg of the pure MOF and ~20mg of the pure SBS as controls. Integration analysis of
terephthalic acid peak areas compared to 2-aminoterephthalic acid peak areas in the phenyl
region show that UiO-66 alone achieves 47% conversion in the control experiment, while the
80 wt% MMM tested achieves 17% exchange with the 2-aminoterephthalate linker. The pure
SBS control generated no products under the same digestion conditions as gauged by NMR,
and showed no obvious physical degradation.
Materials Characterization
Powder X-ray Diffraction: PXRD data was collected at room temperature on a Bruker D8
Advance diffractometer running at 40 kV, 4 mA for Cu Kα (λ = 1.5418 Å), with a scan speed
of 0.2 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 5-50° at room temperature.
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N2 Sorption Analysis: ~50-100 mg of sample were placed in a tared sample tube and
degassed at 105 °C overnight on a Micromeritics ASAP 2020 Adsorption Analyzer until the
outgas rate was <5 mmHg. Post-degas, the sample tube was weighed, and then N 2 sorption
data with BET analysis was collected at 77 K on a Micromeritics ASAP 2020 Adsorption
Analyzer using a volumetric technique. BET surface areas were then determined from
analysis of the Rouquerol plots of the isotherm data, using ten data points each. The
guidelines set forth by Rouquerol14 use four criteria to obtain the most accurate BET surface
area values for microporous materials such as MOFs. Further work by Snurr,15 specific to
UiO-66, recommends the implementation of criteria I and II to obtain the most accurate BET
surface area measurement for this specific material (since criteria III and IV are not met in
UiO-66).15 Criteria I, that BET constant C must be positive, and criteria II, that the value V(1p/p0) must increase with increasing p/p 0 for all points chosen, are both true for the UiO-66
and MMMs in this study. Pore size distributions were calculated using the DFT method.
Scanning Electron Microscopy: MMMs were placed on conductive carbon tape on a
sample holder and coated using an Ir-sputter coating for 8 s. A Phillips XL ESEM
microscope was used for acquiring images using a 15 kV energy source under vacuum at a
working distance of 10 mm.
Nuclear Magnetic Resonance Spectroscopy: 1H NMR were recorded on a Varian FTNMR spectrometer (400 MHz). Chemical shifts are quoted in parts per million (ppm)
referenced to the appropriate solvent peak or 0 ppm for TMS.
Mechanical Testing: Tensile strength measurements were conducted according to ASTM
Standard D882-02 using an Instron® Universal Testing Machine (3342 Single Column
Model) with a 500N load cell in extension mode. Tensile measurements were acquired at an
extension rate of 0.005 mm/s with a sampling rate of 500 ms to generate stress-strain
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curves, then ultimate tensile strength and elastic modulus were calculated using MS Excel.
Sample thicknesses were measured using a Mitutoyo Digital Micrometer (0-25 mm range,
0.001 mm resolution, IP 54 standard) and averaged from 5 independent measurements from
each sample. Tensile data were collected for at least 3 independent samples.
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Supporting Tables and Figures
Table 2S.1. BET surface area measurements on all membranes show that below 70 wt%
MOF loading, none of the surface area of the MOF is retained. At and above 70 wt%,
surface area is partially recovered.
Polymer

% UiO-66

BET Surface
Area, m2/g

--

100

1214 ± 44

0

<5

30

<5

50

<5

70

779 ± 114

0

<5

30

<5

40

<5

50

<5

60

<5

70

578 ± 182

80

774 ± 32

90

781 ± 48

0

<5

30

<5

50

<5

70

737 ± 248

PS

SBS

SBR
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Table 2S.2. BET constants for several MMMs corresponding to the representative
Rouquerol plots in Figure 2S.16. Positive values of C indicate compliance with criteria I.
Polymer

% UiO-66

BET
constant C

BET constant Qm
(cm3/g STP)

--

100

5127

269

70

8018

174

80

5236

179

90

5411

189

PS

70

6608

203

SBR

70

8828

225

SBS

Table 2S.3. Ultimate tensile strength (UTS) and elastic modulus (in megapascals, MPa)
values for several MMMs. Note: values for PSE reacted MMMs are the average of two
measurements.
Sample

Ultimate Tensile
Strength (MPa)

Elastic Modulus
(MPa)

70 wt% UiO-66/SBR

0.17 ± 0.21

44 ± 42

0 wt% UiO-66/SBS

0.73 ± 0.1

53 ± 7

30 wt% UiO-66/SBS

1.57 ± 0.25

128 ± 28

50 wt% UiO-66/SBS

1.76 ± 0.12

387 ± 78

70 wt% UiO-66/SBS

0.93 ± 0.03

248 ± 47

80 wt% UiO-66/SBS

0.97 ± 0.22

209 ± 47

Post-PSE 80 wt%
UiO-66/SBS

0.37 ± 0.04

131 ± 38
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Table 2S.4. BET surface area measurements on PSM- and PSE-treated MMMs as
compared to pure MOF controls subjected to the same reaction conditions. Surface area
differences between the post-reaction MOF and the post-reaction MMM mirror the surface
area differences seen between the native UiO-66 and the 80 wt% UiO-66/SBS MMM,
suggesting that the reduction of surface area seen in the post-reaction MMMs relative to
post-reaction MOFs is likely a conserved result of the presence of the SBS component.
Note: all BET surface areas reported below are calculated using data that complies with
Rouquerol criteria I and II (see Appendix).
Reaction

PSM
PSE
No Reaction

Sample

BET Surface
Area, m2/g

80 wt% MOF/SBS

425 ± 5

Pure MOF

841 ± 5

80 wt% MOF/SBS

607 ± 5

Pure MOF

1104 ± 3

80 wt% UiO-66/SBS

774 ± 32

Pure UiO-66

1214 ± 44
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Ratio of
MMM: MOF S.A.
~0.5

~0.55

~0.6

Figure 2S.1. PXRD of as-synthesized UiO-66 with the calculated powder pattern for
comparison.

Figure 2S.2. Nitrogen sorption isotherm data of as-synthesized UiO-66.

49

Figure 2S.3. PXRD patterns of polymers as compared to UiO-66. The polymers alone
display amorphous character, with only a small feature at 2θ = ~19°.
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Figure 2S.4. PXRD patterns of UiO-66/PS MMMs at the indicated wt% loadings. All powder
patterns show that UiO-66 remains highly crystalline within the MMMs.

Figure 2S.5. PXRD patterns of UiO-66/SBR MMMs at the indicated wt% loadings. All
powder patterns show that UiO-66 remains highly crystalline within the MMMs.
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a)

b)

c)
Figure 2S.6. SEM top-down images of UiO-66/PS MMMs show increasing UiO-66 content
uniformly encased in polymer at a) 30 and b) 50 wt% loadings. At c) 70 wt% loadings, the
MOF appears more isolated and film surfaces roughen accordingly. All scale bars are 2 μm.
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a)

b)

c)
Figure 2S.7. SEM cross-section images of UiO-66/PS MMMs show increasing UiO-66
content uniformly dispersed in polymer at: a) 30 (scale bar = 50 μm), b) 50 (scale bar = 10
μm), and c) 70 wt% (scale bar = 20 μm) loadings.
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a)

b)

c)
Figure 2S.8. SEM cross-sectional zoomed-in images of UiO-66/PS MMMs show increasing
UiO-66 content uniformly encased in polymer at a) 30 and b) 50 wt% loadings. At c) 70 wt%
loadings, the MOF appears more isolated, showing a much more porous overall morphology
throughout the cross-section. All scale bars are 2 μm.
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a)

b)

c)
Figure 2S.9. SEM top-down images of UiO-66/SBR MMMs show UiO-66 particles dispersed
in polymer. At a) 30 wt% loading, MOF particles are encased in polymer. As MOF loading
increases in b) 50 wt% and c) 70 wt%, the MOF appears far more isolated and film surfaces
roughen accordingly. All scale bars are 2 μm.
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a)

b)

c)
Figure 2S.10. SEM cross-sectional images of UiO-66/SBR MMMs show increasing UiO-66
content uniformly dispersed in polymer at a) 30, b) 50 and c) 70 wt% loadings. All scale bars
are 20 μm.
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a)

b)

c)
Figure 2S.11. SEM cross-sectional zoomed-in images of UiO-66/SBR MMMs show
increasing UiO-66 content uniformly encased in polymer at a) 30 and b) 50 wt% loadings. At
c) 70 wt% loadings, the MOF appears more isolated, showing a much more porous overall
morphology throughout the cross-section. All scale bars are 2 μm.
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a)

b)

c)
Figure 2S.12. SEM top-down images of UiO-66/SBS MMMs show increasing UiO-66
content uniformly encased in polymer at a) 30 and b) 50 wt% loadings. At c) 90 wt%
loadings, the MOF appears more isolated and film surfaces roughen accordingly. All scale
bars are 2 μm.
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a)

b)

c)
Figure 2S.13. SEM cross-sectional images of UiO-66/SBS MMMs show increasing UiO-66
content uniformly dispersed in polymer at a) 30 (scale bar = 20 μm) b) 50 (scale bar = 50 μm)
and c) 90 wt% (scale bar = 50 μm) loadings.
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a)

b)

c)
Figure 2S.14. SEM cross-sectional zoomed-in images of UiO-66/SBS MMMs show
increasing UiO-66 content uniformly encased in polymer at a) 30 and b) 50 wt% loadings. At
c) 90 wt% loading, the MOF appears more isolated, showing a much more porous overall
morphology throughout the cross-section. All scale bars are 2 μm.
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a)

b)

c)

d)

Figure 2S.15. SEM cross-sectional images of a) 70 wt% UiO-66/SBS MMMs show two
distinct membrane morphologies in a single membrane (scale bar = 50 μm). Zoomed-in
image (b) shows the rougher morphology seen in higher MOF loadings, c) shows both
morphologies in a single image (rough on the left, dense on the right). Image d) shows the
dense morphology similar to lower MOF loadings. Scale bars of images b-d are all 5 μm.
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a)

c)

e)

b)

d)

f)

Figure 2S.16. Representative Rouquerol plots from several MMMs. The dashed lines on the
Rouquerol plots designate the upper limit of data used for calculating the BET surface areas
of the respective materials, demonstrating compliance with criteria II. Ten data points were
used for each BET surface area measurement. Rouquerol plots of a) 70 wt% MOF/SBS, b)
80 wt% MOF/SBS, c) 90 wt% MOF/SBS, d) 70 wt% MOF/PS, e) 70 wt% MOF/SBR and f)
pure UiO-66(Zr) are shown above.
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Figure 2S.17. Pore size distributions of several MMMs. Preservation of the ~8.5 Å pore of
the native MOF is seen in all MMMs. Differential pore size distribution is calculated by the
DFT method.
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a)

b)

Figure 2S.18. Photographs of a) a 50 wt% UiO-66/PS film and b) a fragment of the film,
demonstrating its extreme brittleness, which prevented mechanical testing.

a)

b)

Figure 2S.19. Membranes of a) 30 wt% UiO-66/SBR demonstrate the deformation of SBRbased films upon delamination. This deformation limits their utility and hinders mechanical
testing. At b) 70 wt%, however, UiO-66/SBR membranes were sufficiently robust to
withstand mechanical testing, seen here in the ASTM testing instrument.
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Figure 2S.20. Elastic modulus of several MMMs. SBS-based MMMs at all loadings tested
perform at least as well as the 70 wt% UiO-66/SBR MMM. All SBS MMMs tested show a
higher elastic modulus than the starting polymer. All measurements are the average of at
least three independent membranes.
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Figure 2S.21. Ligand PSE experiments on MMMs. Top: Scheme illustrating the PSE
reaction where UiO-66 is immersed in a solution of deprotonated 2-aminoterephthalate
resulting in displacement of terephthalate from UiO-66 and incorporation of the 2aminoterephthalate ligand into the UiO-66 lattice. NMR traces show MOF-only and polymeronly controls and the 80 wt% UiO-66/SBS MMM tested. Unmodified terephthalate phenyl
peaks are indicated with black circles; 2-aminoterephthalate peaks are indicated with red
circles. Note: integration values indicated in published traces shown here are incorrect. The
terephthalic acid peak should be normalized to 4 protons to correctly calculate the %
exchange. Corrected values of 52% exchange (UiO-66) and 21% exchange (80% UiO66/SBS) have been substituted into the text references in Chapter 2.
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Figure 2S.22. Ultimate tensile strength (UTS) of 80 wt% MOF/SBS MMM subject to PSE
compared to untreated MMM and the starting polymer. Tensile strength diminishes notably
post-PSE reaction. All measurements are the average of at least three independent
membranes, except for the post-PSE MMM measurement (n=2).

Figure 2S.23. Elastic modulus of 80 wt% MOF/SBS MMM subject to PSE compared to
untreated MMM and the starting polymer. Elastic modulus diminishes post-PSE reaction, yet
remains higher than that of the starting polymer. All measurements are the average of at
least three independent membranes, except for the post-PSE MMM measurement (n=2).
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Figure 2S.24. PXRD patterns of post-reaction 80 wt% UiO-66/SBS MMMs, compared to the
starting MOFs. All powder patterns show that UiO-66 remains highly crystalline within the
MMMs after reaction.
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Figure 2S.25. Nitrogen sorption isotherm data of post-reaction 80 wt% UiO-66/SBS MMMs,
compared to post-reaction pure MOF controls. Surface area differences between the postreaction MOF and the post-reaction MMM mirror the surface area differences seen between
the native UiO-66 and the 80 wt% UiO-66/SBS MMM, suggesting that the reduction of
surface area seen in the post-reaction MMMs relative to post-reaction MOFs is likely a
conserved result of the presence of the SBS component. Black traces represent UiO-66
samples, blue traces represent post-PSE samples, and green traces represent post-PSM
samples. Circle symbols represent MOF samples, while diamond symbols represent MMM
samples. Closed symbols represent the adsorption branch, while open symbols represent
the desorption branch of the respective isotherms.
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a)

b)

c)

d)

Figure 2S.26. SEM images of MOF pre- and post- PSE and PSM reactions show no
significant changes in morphology, as seen by comparing: a) native UiO-66 with b) postPSE 80 wt% UiO-66/SBS MMM cross section, both with scale bars 2 μm, and c) native UiO66-NH2 with d) post-PSM 80 wt% UiO-66-NH2/SBS MMM cross section, both with scale bars
1 μm.
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Chapter 3: Design rules and the nature of the MOF-polymer interface
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3.1 Introduction
Chapters 1 and 2 described the combination of small amounts of polymer binders
with MOFs to create MOF-dominant MMMs that retain the porosity and chemical accessibility
of the MOF within a flexible form factor. Despite these successes, one of the remaining
challenges in the field of MOF-based MMMs is that MOF-polymer compatibility is poor in
many cases, and as a result, only low filler loadings can be achieved before the MMM
performance begins to suffer: gas selectivity generally decreases, MOF begins to aggregate,
and the MMMs become more fragile and brittle as more MOF is added to the MMM. 1
Challenges remain for fabricating uniform and defect-free MMMs that permit for
homogeneous dispersion of the MOFs in the polymer to avoid agglomeration and other
defects.2-3 Understanding the factors that contribute to cohesive, MOF-accessible MOFpolymer pairs (such as UiO-66/PVDF and UiO-66/SBS) is essential to advancing the
development and utility of these composites. To this end, the microscopic origins of MOFpolymer compatibility must be investigated.
A useful example of a MOF-derived MMM is the combination of ZIF-8 and PIM-1.4
PIM-1 has unusually high permeability to several gases due to its rigidity that prevents
efficient packing of the polymer chains, 4 while ZIF-8 is known to be highly selective for
several gas separations.5-8 Therefore, their combination might be expected to benefit both
from the permeability of PIM-1 and the selectivity of ZIF-8.9 Bushell et al. have synthesized
MMMs based on this composite and studied their performances for CO 2 capture over N2.9
They found that both CO2 permeability and CO2/N2 selectivity of the MMM increase with ZIF8 loading. The increase in the permeability was suspected to be due to a global increase of
the free volume of the system resulting from the cumulative porosity of the two components
and additional voids created at the boundary between ZIF-8 nanoparticles and the PIM-1
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matrix. Maurin et al. recently developed a methodology to model MOF-polymer interfaces by
molecular simulations, and applied it to study the ZIF-8/PIM-1 case to shed light on the
organization of the composites at the molecular level. 10 Well-defined independent
microscopic voids were seen at the interface in the computational model, supporting the
hypotheses developed from the experimental findings. 9 In another study, ZIF-8/PIM-1
colloidal suspensions and membranes were prepared and carefully characterized by
advanced experimental tools combined with molecular simulations. 11 This study suggested
that the microscopic structure of the composites depends on many factors including the
physicochemical properties of the polymer and MOF-polymer interactions. Through these
pioneering studies, the molecular reasons for the relatively poor compatibility of the ZIF8/PIM-1 composites were unveiled.
In contrast, no reports are available that identify the microscopic origins for systems
that demonstrate more favorable MOF-polymer compatibility. Chapters 1 and 2 describe the
preparation of MMMs with high MOF content, including those fabricated from PVDF and
SBS, that can be delaminated and are mechanically stable and pliable,12 which suggest
excellent MOF-polymer compatibility. Here, we apply a computational approach to explain
the microscopic origin of the improved compatibility in UiO-66/PVDF MMMs. The behavior of
this composite is further compared with that predicted for three different UiO-66-based
MMMs: using PIM-1, polystyrene (PS), and polyethylene oxide (PEO) as the polymer
component (Figure 3.1). Composites including UiO-66 nanoparticles in PS13 and in PIM-11415

have already been reported. PEO-based solid electrolytes incorporating MOFs are

known,16-19 but they all incorporate lower loadings (<40%) of MOF and their membraneforming characteristics are rarely discussed in detail. Therefore, UiO-66/PEO MMMs with
high MOF content (both 70 and 80 wt% MOF) are reported here to validate the
computational study and to compare to previously reported MMMs.
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a)

b)

c)

d)

Figure 3.1. Polymer atomistic models. (a) PIM-1, (b) PS, (c) PVDF, and (d) PEO. A
monomer is highlighted in ball-and-stick form in each image. Color code: O (red), C (cyan),
H (white), N (blue), F (green).
Modeling predicts that the UiO-66/PEO composite possesses excellent compatibility,
with significant penetration of the polymer in the first layers of the UiO-66 surface and strong
MOF-polymer interactions. This scenario is confirmed by experimental studies on UiO66/PEO MMMs that show good compatibility, but also find a significant drop of MOF surface
area, which may be attributable to surface pore blockage. Together, the computational and
experimental studies have been used to identify key parameters that correlate with high
MOF-polymer compatibility and establish some general rules to identify MOF-polymer pairs
that will likely result in a stable composite material.
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3.2 Computational Modeling of MOF-Polymer Interface Density
Molecular simulations of the MOF-polymer interface are constructed by methods
described in detail elsewhere. 20 In short, separate models of the MOF and the polymer are
constructed, then the two are combined and molecular dynamics simulations are used to
simulate the MOF-polymer interface, yielding a wealth of information about the nature of the
interactions between the two components. An indicative metric when examining these
interactions is the relative density of the two components at their interface. The density
profile as a function of the direction normal to the MOF surface, namely the z coordinate, for
the UiO-66/PIM-1 interface is shown below (Figure 3.2). The UiO-66 surface is located at
the center of the simulation box, with the polymer phase on either side. In the proximity of
the MOF surface, the polymer density decays to zero (region A), while at both ends of the
box, it fluctuates around a mean density value unique to the specific polymer (region B). The
lower limit of region A is taken as the z value for the first non-zero polymer density, and the
upper limit is the point at which the polymer density starts to oscillate. The extension of
region A is the distance between these two points in the z axis, which will be referred from
here onwards as the z length A, which is 15±3 Å for UiO-66/PIM-1.
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Figure 3.2. Density map of UiO-66/PIM-1 interface. Top: Schematic of the interface
between PIM-1 and UiO-66. Bottom: Atomic density profile of PIM-1 (black) and UiO-66
(red) in the direction perpendicular to the surface slab. PIM-1 density fluctuates around a
constant value in region B and drops linearly in region A.
Within region A, there is a zone where the polymer and the MOF overlap due to the
penetration of the polymer into the “pockets” formed by the atomic roughness of the surface.
We have identified interfacial microvoids both in region A and B, with equivalent maximum
diameters of 13±4 Å and 13±3 Å, respectively, and some degree of interconnection. We
encountered a similar scenario for the UiO-66/PS composite, with the presence of microvoids
with diameters of up to 8±1 Å in region A and 6±2 Å in region B (Figure 3S.1). These
microvoids are consistent with those seen in our earlier reports10-11 of ZIF-8 and PIM-1, and
suggest a non-ideal MOF-polymer interface for UiO-66/PS and UiO-66/PIM-1. When tested
experimentally by preparing UiO-66/PS MMMs with high UiO-66 content (70 wt%), PS-based
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membranes form cracks during drying and cannot be removed from the substrate without
significant disintegration (Figure 3.3). 13 PIM-1 based MMMs with only 60 wt% UiO-66
similarly show significant cracking during drying (Figure 3.3). This result is commonly noted
in the MMM literature, where upper limits of MOF loading are cited based on where MMMs
begin to fail physically.9, 15, 21-22 Our modeling results for PS and PIM-1 predict poor
interactions between the polymer and filler in these MMMs, with increased rigidity, decreased
density, and appearance of microvoids at the MOF-polymer interface. This suggests that the
polymer is unable to fully conform to the surface of the filler in these combinations. Hence,
when rigid polymers are employed in these MMMs with high MOF loadings, both
computational and experimental data indicate poor compatibility of the MMMs.

a)

b)

Figure 3.3. Morphology of PS- and PIM-1-based MMMs. a) 70 wt% UiO-66/PS MMMs
form cracks as they dry, as do b) 60 wt% UiO-66/PIM-1 MMMs, precluding high MOF loading
into these polymers.
The density profile of a UiO-66/PVDF composite (Figure 3.4) shows notable
differences compared to that of UiO-66/PIM-1. For UiO-66/PVDF, MOF and polymer coexist
throughout all of region A and there are no interfacial microvoids. PVDF conforms to the
morphology of the MOF surface, filling the pockets of surface roughness.
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Figure 3.4. Density map of UiO-66/PVDF. Top: Schematic of the interface between PVDF
and UiO-66. Bottom: Atomic density of PVDF (black) and UiO-66 (red) in the direction
perpendicular to the surface slab. Note the MOF-polymer overlap in region A.
Moreover, the polymer terminations penetrate the surface pores of UiO-66. This is
illustrated in the snapshots showing a representation of the corresponding interface, which is
notably different when compared with those obtained for the other MMMs (Figure 3.5). This
microscopic scenario provides an explanation for the excellent MOF-polymer compatibility
that was experimentally found for this composite. 12
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a)

b)

c)

d)

Figure 3.5. Snapshots of MOF-polymer interface. (a) UiO-66/PIM-1, (b) UiO-66/PS, (c)
UiO-66/PVDF, and (d) UiO-66/PEO composites. Colors are opaque in region A and faded
for the rest of the interface. Orange circles mark where polymer end groups penetrate the
open pores of the MOF, and green circles mark the interfacial microvoids.
Interestingly, the density fluctuations in region B have a larger amplitude for the
PVDF-based composite than for PIM-1-based one, suggesting a longer-scale effect, and a
stronger interaction with the UiO-66 surface. The values of z length A for all UiO-66/polymer
composites studied are listed in Table 3.1. Those for the PIM-1 and PS-based composites
are larger than that of the PVDF-based one. This indicates that for these more
conformationally-rigid polymers, the polymer structure is more significantly disrupted by the
MOF and requires more distance to start recovering its bulk density. Based on this
parameter, the affinity of UiO-66 for PVDF (6 ± 1 Å) is higher when compared to PIM-1 (15 ±
3 Å) and PS (9 ± 2 Å), respectively.
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In order to quantify the amount of polymer that interacts with the open pores at the
MOF surface, we computed the atomic density of the polymer in the region where it coexists
with the MOF, ρs, calculated as the number of polymer atoms divided by the volume of the
superimposition region. From the comparison of ρs values in Table 3.1, we conclude that the
surface coverage of the UiO-66/PVDF composite is higher than that of UiO-66/PIM-1 and
UiO-66/PS MMMs, where microvoids are present. This is another indicator of the improved
compatibility of UiO-66/PVDF when compared with PIM-1 or PS. It could be argued that the
higher ρs at the interface for the PVDF-based composite is a feature originating from PVDF’s
intrinsically higher density (1.78 g/cm 3)23 when compared to PS (1.04-1.06 g/cm3)23 and PIM1 (1-1.2 g/cm3).24 To assess this, we have computed the normalized density λs which can be
calculated by dividing ρs by the bulk polymer density. If the higher density of PVDF in the
proximity of the MOF was only due to its intrinsic higher density, λs values would be
comparable for the three composites. As shown in Table 3.1, λs values follow the same trend
as ρs, indicating that the higher coverage is not due to the higher intrinsic density of PVDF
compared to PS and PIM-1, but rather it is related to a real increase in the MOF-polymer
affinity.
Table 3.1. Surface coverage parameters for the different UiO-66/polymer interfaces.
Polymer

z length A (Å)

ρs (Å-3)

λs

PIM-1

15 ± 3

0.013 ± 0.009

0.2 ± 0.2

PS

9±2

0.05 ± 0.01

0.5 ± 0.1

PVDF

6±1

0.10 ± 0.02

1.0 ± 0.2

PEO

5±1

0.11 ± 0.01

1.0 ± 0.1
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Interestingly, the λs values show that the density of PVDF close to the MOF surface is
on average statistically similar to its bulk density, while that for PS is ~50%, and for PIM-1
only ~20% of their respective bulk densities. This density decrease speaks to the lowered
structural integrity of the polymer close to the MOF in the case of PIM-1 and PS. The density
differences at the interface of MOF and polymer in MMMs can be understood in terms of
intrinsic polymer properties. PIM-125 and PS23 possess elastic modulus values of 1.26 and
2.25 GPa, respectively, while this value for PVDF is a mere 0.80 GPa. This corresponds to a
higher rigidity for PIM-1 and PS when compared to PVDF, which correlates with the
decreased interfacial density, the presence of interfacial microvoids, and the decreased
surface coverage in their MMMs with UiO-66. This suggests that the flexibility of the polymer
might play a crucial role in the MOF-polymer interfacial structure, and thus in the
compatibility of the MOF and polymer components.
In order to test this hypothesis and validate the computational model’s ability to
predict the formation of a cohesive MMM, we speculated that due to the very low elastic
modulus of the PEO used in this study (0.13 GPa), it would be a suitable candidate for
forming MMMs with UiO-66. Computations indicate that the UiO-66/PEO interface is similar
to that calculated for UiO-66/PVDF: (i) no interfacial microvoids are present, (ii) the polymer
adapts its configuration to the morphology of the MOF surface, and (iii) the end groups of the
polymer can penetrate into the surface pores of the MOF. From the surface coverage
analysis, the UiO-66/PEO composite follows the same tendencies as UiO-66/PVDF (Figure
3S.2). Specifically, for UiO-66/PEO, the z length A is shorter than for most other polymers,
and ρs and λs are comparable to those computed for UiO-66/PVDF (Table 3.1), both of which
indicate good surface coverage.
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3.3 Experimental PEO MMM Formation
To test the computational predictions above, UiO-66/PEO MMMs were fabricated at
70 wt% MOF using a modification of a previously established method.12-13 UiO-6626 was
synthesized according to previously-reported methods,13 yielding 200 nm truncated
octahedral particles (Figure 3S.3) with the expected powder X-ray diffraction pattern (Figure
3S.4) and a BET surface area of 1380 ± 60 m2/g (Table 3S.1, Figure 3S.5).27 A
homogeneous dispersion of MOF in acetone is combined with polymer pre-dissolved in
water, then concentrated to a viscous ink. The ink is then coated onto a removable
aluminum foil substrate, and the film is dried in an oven before being manually removed from
the aluminum foil with tweezers. UiO-66/PEO MMMs are flexible and visibly continuous at
70 wt% UiO-66, and they are similar in appearance to UiO-66/PVDF MMMs at the same
MOF loading (Figure 3.6, Figure 3S.6-7).
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a)

b)

c)

d)

Figure 3.6. Images of MMMs and MMM cross sections. Comparison of the bulk flexibility
of 70 wt% MOF MMMs using a) PEO and b) PVDF showing very little difference. The SEM
microstructure of the c) PEO-based and d) PVDF-based MMMs are very similar. Scale bars
are 2 µm.
PXRD spectra of PEO MMMs show retention of the crystallinity of the MOF in the
MMM (Figure 3.7). In SEM cross-section images, PEO and PVDF MMMs are essentially
indistinguishable (Figure 3.6, Figure 3S.8-10), with both showing the MOF-dominant, looselypacked morphology seen in previous studies.
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Figure 3.7. PXRD patterns of PEO MMMs. The polymer alone displays mostly amorphous
character, with small features at 19° and 23°. The MMMs show the same powder pattern as
UiO-66 alone, demonstrating that the MOF remains highly crystalline within the MMM.

Although PVDF and PEO-based MMMs are both stable to handling, tensile testing of
PVDF and PEO show that pure PVDF membranes are significantly stronger and more rigid
than pure PEO membranes. Significant differences between the mechanical properties of
MMMs from PVDF and PEO with 70 wt% UiO-66 are subsequently found, both in strength
(ultimate tensile strength, UTS) and rigidity (elastic modulus). Because the initial mechanical
properties of the pure polymer membranes vary greatly, it is difficult to extract meaningful
information about MOF-polymer interactions by directly comparing PVDF- and PEO-based
MMM mechanical properties. However, previous work has shown that we can gain insight
into the interactions between filler and matrix by comparing a pure polymer with its composite
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form.21, 28-32 By comparing mechanical properties between the pure polymer membranes and
the corresponding MMMs, we can hypothesize about the differences between PVDF and
PEO MMMs, while bearing in mind that differences in the inherent strength and rigidity of
these polymers also play a role.
In both PVDF and PEO systems, the UiO-66-based MMMs have much lower UTS
values than those of the corresponding pure polymer films (Figure 3.8, Table 3S.2). In many
composite materials, the addition of fillers increases the UTS of the composite, if filler loading
is low.33-35 However, as filler content is increased, filler aggregates can act as ‘stress
concentrators’34 and lead to a reduction in UTS,12-13, 28, 34 which is the result in both the PVDF
and PEO MMMs reported here. Despite UTS decreases in both systems, MMMs of both
PEO and PVDF containing 70 wt% UiO-66 maintain sufficient stability to be handled, rolled,
and twisted.

Figure 3.8. Ultimate tensile strength of materials. Ultimate tensile strength
measurements on pure polymer and 70 wt% MOF MMMs. Pure PVDF is by far the strongest
material, with similar values measured for the MMMs and pure PEO.
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We begin to see differences in the mechanical behavior between PVDF and PEO
MMMs when elastic modulus is examined. At low MOF loadings (<20-30 wt% MOF), prior
studies on MOF-based MMMs report that elastic modulus values tend to increase sharply
when compared to the base polymer,12-13, 21, 28, 30-32 indicating that MMMs are more rigid than
their pure polymer counterparts. This increased rigidity is attributed to strong MOF-polymer
interactions.21, 28, 30-32 A comparison of the elastic modulus of a pure PEO membrane film
with that of its corresponding 70 wt% UiO-66 MMM shows that the MMM is significantly more
rigid than the starting polymer, with elastic modulus values increasing from 133 ± 13 MPa in
pure PEO to 284 ± 124 MPa for the 70 wt% MOF MMM (Figure 3.9, Table 3S.2). When
PVDF is compared with its respective MMM, the rigidity of the pure polymer is almost
identical to that of the MMM, showing only a slight decrease of 32 MPa from 802±66 MPa for
PVDF to 770±54 MPa for the MMM. The differences in elastic modulus trends suggest that
the reduced rigidity of PEO combined with computationally-predicted strong UiO-66/PEO
interactions may explain the increase in rigidity seen in the PEO-based MMM.
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Figure 3.9. Elastic modulus values of materials. Elastic modulus measurements on pure
polymer and 70 wt% MOF MMMs. The increase in elastic modulus for the PEO-based MMM
(70 wt% UiO-66/PEO) when compared to pure PEO films indicates favorable MOF-polymer
interactions.
Thermal gravimetric analysis (TGA) data of PEO and PVDF-based MMMs differ from
the respective base polymers, suggesting incorporation of MOF into these polymers alters
the properties of the polymer. As the amount of MOF in the PEO MMMs increases from 0%
incorporation (a PEO-only membrane) to 30, 50, 70, and 80 wt% UiO-66, the degradation
temperature (Td) of PEO decreases from 388 °C for pure (0 wt% MOF) PEO to 324 °C for an
80 wt% MOF MMM, a total decrease of 64°C (Figure 3.10).
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Figure 3.10. TGA data of PEO and PEO-based MMMs. Data is staggered on y-axis to
emphasize differences in degradation temperature (Td) of polymer.

A slightly different trend is observed for PVDF MMMs (Figure 3.11). A 60 °C drop in
Td is observed as MOF is included, when comparing a pure, 0 wt% MOF PVDF membrane to
30 wt% UiO-66 in PVDF. As the MOF amount is increased to 50 wt%, a Td increase of 20 °C
is observed, and a further increase of 10 °C occurs in the 70 wt% MOF/PVDF MMM. The
initial drop in stability upon addition of 0-30 wt% MOF is also seen in a related study on
zeolite incorporation into PVDF. 36 In both PEO and PVDF MMMs, the overall decrease in the
thermal stability of the MMMs compared to polymer-only films can be attributed to
interruptions in long-range polymer interactions by the MOF additive.
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Figure 3.11. TGA data of PVDF and PVDF-based MMMs. Data is staggered on y-axis to
emphasize differences in Td of polymer.

A comparison of dynamic scanning calorimetry (DSC) traces reveals small
differences between PVDF-based MMMs and PEO-based MMMs (Figure 3.12). A 2°C
increase in melting temperature (Tm) from pure PEO to 30 wt% MOF in PEO is observed,
followed by decreases in Tm as more MOF is added. In the PVDF system, Tm decreases as
MOF is incorporated up to 70 wt%. The overall decreases in Tm in both systems again likely
correlates with reduced polymer-polymer interactions as the MOF component is increased.
The slight increase observed in the Tm of 30 wt% MOF/PEO MMM could be a sign of
increased stability of this MMM over the base polymer, perhaps due to MOF-polymer
interactions, although the small magnitude of this change make conclusions from this data
speculative at best.
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a)

b)

Figure 3.12. DSC traces of PEO, PVDF, and MMMs. a) DSC traces of PEO and PEObased MMMs. b) DSC traces of PVDF and PVDF-based MMMs. Endotherms are indicated
as negative, and shaded portions represent melt events of polymer. Data is staggered on yaxis to emphasize differences in melting temperature (Tm) of polymer. Peak temperatures
are actual sample temperature and may not directly correlate with x-axis (reference
temperature).

Additional differences in the UiO-66/PVDF and UiO-66/PEO MMMs are seen when
comparing the accessible internal surface area of the MMMs by N 2 sorption. While the 70
wt% UiO-66/PVDF-based MMM retains the characteristic surface area of the MOF
component, its PEO-based counterpart shows no accessible internal surface area at 77 K
(Figure 3.13). This observation is consistent with the strong UiO-66/PEO interactions seen
computationally and mechanically, and suggests that the surface pores of the MOFs may be
blocked by some combination of high surface contact (and concomitant pore penetration by
polymer) and strong MOF-polymer interactions. UiO-66/PEO MMMs fabricated with 80 wt%
MOF begin to recover some of the surface area of the MOF, but only ~50% the expected
capacity based on the amount of MOF present.
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Figure 3.13. Nitrogen sorption isotherms collected at 77 K of MOF powder and various
MMMs. UiO-66 powder shows microporous morphology consistent with prior reports, and
PVDF MMMs at 70 wt% UiO-66 show retention of MOF porosity proportional to MOF
content. However, PEO MMMs at 70 wt% MOF show no retained surface area and only
partial recovery is seen at 80 wt% UiO-66.

To further examine the intermolecular interactions in UiO-66/PVDF and UiO-66/PEO
and perhaps explain the stark differences in accessible surface area differences between
PVDF and PEO MMMs, we computed several site-to-site radial distribution functions, gαβ(r).
These functions represent normalized histograms of the distribution of atoms of type β at a
given distance of an atom of type α, averaged over all α atoms and the different
configurations in a molecular dynamics trajectory. Therefore, peaks are centered at the
preferred interaction distances, and the area under the peaks can be related to the
probability with which the interaction occurs. Both distance and probability of the interaction
are parameters that can be related to its strength. Figure 3.14 depicts the main interactions
for UiO-66/PVDF and UiO-66/PEO corresponding to the closest MOF-polymer contacts. The
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most significant interactions involve the hydrogen bonds between fluorine of PVDF and the
terminal OH in the MOF surface (FPVDF  HOUiO-66, Figure 3.14 and Figure 3S.11), and
between the oxygen of PEO and the OH groups (O PEO  HOUiO-66, Figure 3.14 and Figure
3S.12). Figure 3.14 shows that the main interaction for the PEO-based composite is
characterized by a shorter distance (1.7 Å for PEO versus 2.0 Å for PVDF). The integral
under the first peak is 3.6 for the PEO case versus 2.3 for the PVDF-based composite. This
trend supports a stronger MOF-polymer interaction for the UiO-66/PEO system and may
partially explain why the resulting interface of this composite is so compact (Figure 3S.13).

Figure 3.14. Radial distribution functions. The most preferential MOF-polymer
interactions for the UiO-66/PVDF (left) and UiO-66/PEO (right) interfaces demonstrate that
the slightly closer interactions in UiO-66/PEO may explain the differences in accessible
surface area seen.

3.4 Conclusions
The microscopic structure of UiO-66/polymer interfaces of several MOF-polymer pairs
that were previously synthesized into MMMs (Chapters 1 and 2) were systematically
investigated by computational methods combining force field and quantum-based molecular
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simulations. Our computational results correlate with previous empirical findings that
suggest that the rigidity of the polymer has a negative impact in the MOF-polymer
compatibility. These findings are also consistent with what has been proposed by Koros et
al. for different nanoparticle-polymer composites.37-39 Highly compatible systems are found
with polymers that show elastic modulus values less than 1 GPa. Polymers that meet this
criterion can readily adapt to the morphology of the MOF surface, filling the pockets formed
by the atomic roughness of the surface, with chain ends penetrating into the surface MOF
pores. This computationally predicted microscopic scenario was evidenced by first UiO66/PVDF and then UiO-66/PEO composites, which were subsequently synthesized to test
the computational prediction. The combination of UiO-66 and PEO yields flexible,
continuous MMMs with sufficient tensile strength and rigidity to yield cohesive, flexible films
at 70 wt% MOF. In contrast, poorly compatible systems such as UiO-66/PS and UiO66/PIM-1 exhibit interfacial microvoids, which increase the interaction distance between the
MOF and the polymers. Consistent with these calculations, UiO-66/PS and UiO-66/PIM-1
generate brittle, fragile MMMs9, 13 that prevented tensile strength testing and verification.
MOF-polymer compatibility can also be tuned by chemical functionality of the two
components. Simulations suggest a plausible microscopic explanation for the difference
between UiO-66/PVDF and UiO-66/PEO MMMs based on the difference in the strength of
these interactions. Both polymers penetrate the open pores of UiO-66. However, for UiO66/PEO, hydrogen bonding between the MOF and the polymer is stronger, making the
interface more compact, and resulting in apparent blockage of the MOF pores, while UiO66/PVDF makes strong interactions, but without pore blockage. Mechanical testing brings to
light further differences between UiO-66/PVDF and UiO-66/PEO MMMs, with UiO-66/PVDF
showing no change in rigidity as large amounts of MOF are incorporated, while the rigidity of
PEO membranes more than doubles upon incorporation of MOF, providing more evidence of
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a strong UiO-66/PEO interface. These differences in MOF pore access between PVDF and
PEO-based MMMs are not fully explained by our current understanding of the factors that
contribute to cohesive, MOF-accessible MMMs, which prompted further study of these two
contrasting materials in Chapter 4.

3.5 Appendix: Supporting Information
Materials
All solvents and starting materials were purchased from chemical suppliers and used without
further purification (Sigma Aldrich, Alfa Aesar, EMD, and TCI).
Synthetic Procedures
Synthesis of UiO-66. Zirconium(IV) chloride (61 mg, 0.26 mmol) and terephthalic acid (43
mg, 0.26 mmol) were dissolved in 15 mL DMF with 0.45 mL glacial acetic acid in a 20 mL vial
with Teflon-lined cap. The vial was then placed in a 120 °C oven for 24 h. After cooling to
ambient temperature, the particles were collected by centrifugation (fixed-angle rotor, 6000
rpm, 10 min), followed by washing with 310 mL DMF and 310 mL MeOH. The particles
were then soaked in MeOH for 3 d, with solvent changed daily, before being dried under
vacuum at room temperature and weighed. Yield: 55 mg (76%).
PEO MMM Fabrication. MOF-based MMMs in PEO (Mz = 900,000 g/mol, Đ = 1.2,
purchased from Sigma Aldrich) were fabricated according to a modified method. 12-13 The
MOF component was dispersed in acetone (3.5 wt% MOF) via ultrasonication for 30 min.
The polymer component was dissolved separately in water (3.5 wt%) to a honey-like
viscosity. The two component solutions were then combined in the appropriate ratios to yield
mixtures containing up to 70 or 80 wt% MOF, which were ultrasonicated for 1 h. The

96

resulting solution was then concentrated by rotary evaporation, removing the acetone, and
yielding a homogeneous ‘ink’ of MOF and polymer. The ink was then cast via doctor blade
onto aluminum foil using an automatic film coater set at a blade height of 800 µm and dried in
a 70°C oven. The membranes were then peeled from the aluminum foil backing using
tweezers.
PVDF MMM Fabrication. UiO-66 was synthesized according to the procedure reported
above, then dispersed in acetone (3.5 wt% MOF) via sonication. PVDF (Kynar® HSV 900,
Mw = 750,000 g/mol, Đ = 2.2; polymer and characterization data obtained from Arkema) was
dissolved in DMF to a honey-like viscosity (7 wt%) then the MOF and polymer solutions were
mixed to generate a 70 wt% MOF/ 30 wt% PVDF mixture, and ultrasonicated to
homogeneity. Using the draw-down method, the MOF/PVDF solution was transferred to an
aluminum foil substrate and then cast with a MTI Corporation MSK-AFA-II automatic thick
film coater using an adjustable doctor blade set to 400 μm, at a speed of 25 mm/second.
The as-cast films were then oven-cured at 70 °C until dry (roughly 1h) and the aluminum
backing was peeled away with tweezers. Most MMMs were composed of a total of 200-500
mg of combined MOF and polymer components.
Materials Characterization
MMM Mechanical Analysis. The mechanical integrity of MMMs was assessed in both
qualitative and quantitative ways. MMMs that do not form continuous films at 70 wt% MOF
(PS, PIM-1) could not be assessed for mechanical properties by quantitative methods.
MMMs that maintain physical integrity at 70 wt% MOF during drying and could be
delaminated as a single piece (PVDF, PEO) were subjected to ASTM standard tensile
testing. Tensile strength measurements were conducted per previous reports according to
ASTM Standard D882-02 using an Instron® Universal Testing Machine (5965 Dual Column
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Testing systems, Instron) with a 5 kN load cell in extension mode. Tensile measurements
were acquired at an extension rate of 0.005 mm/s with a sampling rate of 500 ms to generate
stress-strain curves, then ultimate tensile strength and elastic modulus were further
calculated. Tensile data were collected for 5-6 independent samples each and averaged.
Sample thicknesses were measured using a Mitutoyo Digital Micrometer (0-25 mm range,
0.001 mm resolution, IP 54 standard) and averaged from 5 independent measurements for
each sample.
N2 Sorption Analysis. Approximately 50 mg of sample (powders of MOF or gently-rolled
sections of MMMs) were placed in a tared sample tube and degassed at 105 °C on a
Micromeritics ASAP 2020 Adsorption Analyzer until the outgas rate was <5 mm Hg (12-48 h).
Post-degas, the sample tube was weighed, and then N 2 sorption isotherm data was collected
at 77 K using a volumetric technique.
BET Analysis of N2 Sorption Isotherms. N2 sorption isotherms were collected as described
above. BET internal surface areas were then determined from analysis of the Rouquerol 40
plots of the isotherm data, using 4-10 data points each. The guidelines set forth by
Rouquerol40 use four criteria to obtain the most accurate BET surface area values for
microporous materials such as MOFs. Further work by Snurr, 41 specific to UiO-66,
recommends the implementation of criteria I-III to obtain the most accurate BET area
measurement for this specific material (since criteria IV is not met in UiO-66).41 Criteria I,
that BET constant C must be positive, and criteria II, that the value V(1-p/p0) must increase
with increasing p/p0 for all points chosen, are both true for the UiO-66 and MMMs in this
study. Similarly, criteria III states that the total monolayer loading should correspond to a
relative pressure within the selected linear region, and holds true for our measurements on
UiO-66 and all MMMs.
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Powder X-ray Diffraction. PXRD data was collected at room temperature on a Bruker D8
Advance diffractometer, running at 40 kV, 4 mA for Cu Kα (λ = 1.5418 Å), with a scan speed
of 0.5 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 5-50°. Sample holders used
were zero-background Si plates (p-type, B-doped) from MTI Corp. Well-type sample holders
(0.5 mm depth) were used for powder samples. MMM and pure polymer samples were
affixed to flat sample holders using double-sided Scotch tape prior to measurement. Due to
differences in sample preparation between the UiO-66 powder and the PEO-based MMMs,
direct comparison of absolute peak intensity differences is not possible. 42
Scanning Electron Microscopy. MOF and MMM samples were placed on conductive
carbon tape on a sample holder and coated using an Ir sputter-coating for 7 s. A Phillips XL
ESEM microscope was used for acquiring images using a 15 kV energy source under
vacuum at a working distance of 10 mm.
Thermal Gravimetric Analysis. MOF and MMM samples (~5-10 mg) were weighed and
placed in alumina crucibles. Samples were analyzed under a flow of dry N 2 gas at a flow rate
of 70 mL/min from 30°C to 800°C at a heating rate of 5°C/min on a Mettler Toledo TGA/DSC
1 STARe system.
Dynamic Scanning Calorimetry Analysis. MOF and MMM samples (~5-10 mg) were
weighed and placed in alumina crucibles. Samples were analyzed under a flow of dry N 2 gas
at a flow rate of 70 mL/min on a Mettler Toledo TGA/DSC 1 STARe system. PVDF-based
samples were first heated to 200°C to remove the thermal history of the sample, then cooled
to 100°C, then heated again to 200°C, all at a rate of 10°C/min. PEO-based samples were
first heated to 80°C at 10°C/min to remove the thermal history of the sample, then cooled at
10°C/min to 30°C. The sample was then held at 30°C for 10 min to stabilize the temperature
reading, the heated to 80°C at 5°C/min to maximize the resolution of the melt event.
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Additional Experimental Results
Table 3S.1. BET surface area measurements and constants are given below for all MMMs
tested. All reported BET surface area values are the average of at least 3 independent
samples, while BET constants C and Q m are representative values from one sample.
Polymer

% MOF

BET Surface
Area, m2/g

BET Constant
C

BET constant
Qm (cm3/g STP)

--

100

1382 ± 58

2122

331

PVDF

70

759 ± 66

1472

185

70

29 ± 6

69

6

80

480 ± 50

3410

116

PEO

Table 3S.2. Ultimate tensile strength and elastic modulus values for all films tested. All
values are the average of at least five independent measurements.
Sample

Ultimate tensile
strength (MPa)

Elastic modulus
(MPa)

PVDF

29.7 ± 3.8

802 ± 66

70% UiO-66/PVDF

3.6 ± 0.5

770 ± 54

PEO

3.3 ± 0.9

133 ± 13

70% UiO-66/PEO

1.1 ± 0.1

284 ± 124
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Figure 3S.1. Density map of the UiO-66/PS interface. Atomic density of PS (black) and
UiO-66 (red) in the direction perpendicular to the surface slab. A scheme for the interface is
also provided. The behavior of the density profile is analogous to the UiO-66/PIM-1 case,
with the same two regions and the polymer density dropping before the appearance of the
first MOF atoms (part of region A where MOF and polymer do not superimpose).
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Figure 3S.2. Density map of the UiO-66/PEO interface. Atomic density of PEO (black) and
UiO-66 (red) in the direction perpendicular to the surface slab. The behavior of the density
profile for this interface is analogous to that described for the UiO-66/PVDF interface above
in Section 3.2. MOF and polymer atoms coexist throughout all region A. A scheme for the
interface is also provided.

a)

b)

Figure 3S.3. SEM images of UiO-66. Two different magnifications (scale bars of a) 1 μm, b)
2 μm) are shown. These images highlight the uniform ~200 nm diameter size and roughly
spherical morphology of the particles.
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Figure 3S.4. PXRD of as-synthesized UiO-66 used in this study with the calculated powder
pattern for comparison. The very similar nature of peak locations and peak heights indicates
preserved crystallinity of the as-synthesized UiO-66.
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Figure 3S.5. Nitrogen sorption isotherm data. As-synthesized UiO-66 used in this study
shows characteristic microporosity indicative of UiO-66.
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a)

b)

Figure 3S.6. Images of full-size MMMs. a) 70 wt% MOF and b) 80 wt% MOF in PEO
demonstrate that they are continuous, uniform and easily delaminated from the Al foil
substrate.

a)

b)

Figure 3S.7. Flexibility demonstration with MMMs. Sections of the above MMMs are cut
and bent, showing their flexibility at both a) 70 wt% MOF and b) 80 wt% MOF in PEO.
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a)

b)

Figure 3S.8. SEM images of PEO-based MMMs. Comparison of top-view SEM images of
PEO-based MMMs at a) 70 wt% MOF and b) 80 wt% MOF. No significant differences can
be seen, and the PEO component is not visible in either image. Scale bars are 5 and 2 μm
for (a) and (b), respectively.

a)

b)

Figure 3S.9. Comparison of SEM images of the Al-foil side of PEO-based MMMs at a) 70
wt% MOF and b) 80 wt% MOF. The polymer component is visible in the 70 wt% MMM in the
continuous, flattened regions while the 80 wt% MMM shows no evidence of polymer
component. Scale bars are 2 μm.
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a)

b)

Figure 3S.10. Comparison of SEM images of the cross-section of PEO-based MMMs at a)
70 wt% MOF and b) 80 wt% MOF. The polymer component is not visible in either MMM, and
both exhibit a MOF-dominant, open morphology on the interior of the MMM. Scale bars are
2 μm.
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Figure 3S.11. Radial distribution functions between UiO-66 terminations and PVDF F and H
sites. The different colored curves represent results from different molecular dynamics
simulations. For UiO-66/PVDF, the main interaction is the H bond formed by the OH UiO-66
terminations with the FPVDF atoms, with a characteristic length of 1.95 Å (see left upper
panel). Weaker interactions can also be found between these same terminations on the
MOF and the HPVDF, and between the FPVDF sites and the HUiO-66 associated to the μOHUiO-66,
with distances of 2.7 and 2.95 Å respectively.
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Figure 3S.12. Radial distribution functions between UiO-66 terminations and PEO sites.
The different colored curves represent results from different molecular dynamics simulations.
A much shorter and three-fold intense peak at 1.7 Å in the top left panel indicates the
strongest site-site interaction observed for the composites studied, a hydrogen bond between
the OPEO and the OHUiO-66 terminations. The interaction with the μOHUiO-66 corresponds to
much longer distance of 3.3 Å. HPEO interacts with the OUiO-66 in the OHUiO-66 terminations.
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Figure 3S.13. Radial distribution functions between UiO-66 organic linkers and PEO sites.
There are interactions of similar lengths as some of those found for the terminations, the
HPEO sites interact with the aromatic HUiO-66 and with the COOUiO66 with characteristic
distances of 2.8 and 3.3 Å respectively. The intensities are comparatively low because all of
the organic linkers were considered in the analysis, and not only those at the surface. It can
be concluded that the MOF-polymer interactions are essentially uniform all along the xy
plane of the surface, and this contributes to explain the good adhesion and thus the pore
blockage observed experimentally.
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Chapter 4: Assessing the extent of polymer infiltration into MOFs in MMMs
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4.1 Introduction
Chapters 2 and 3 detailed our efforts to identify the key characteristics of polymers
that enable the cohesive formation of MOF-dominant MMMs. We determined through
experiments and computational analysis that the flexibility of the polymer is a key feature to
the formation of robust MMMs. However, comparison of two flexible polymers that enable
high MOF loadings, PVDF and PEO, show that there are still significant differences in MMM
performance that are not explained by polymer flexibility alone. Specifically, PVDF-based
MMMs retain porosity by nitrogen sorption measurements, while PEO-based MMMs do not.
Given the importance of MOF porosity to the performance of MOFs in a variety of
applications, this is an important difference that warrants further study. Direct observation of
the MOF-polymer interface could provide new insights to explain the difference in retained
MOF porosity between these two MMMs.
One of the main challenges in this research is that tools to assess the nature of the
MOF-polymer interface are somewhat limited.1 Currently, the primary and most widelyaccepted way of assessing the interface of the material is indirectly, via gas permeation
experiments.1 Depending on how the gas permeation of the MMM changes relative to the
pure membrane, conclusions can be drawn from the increase or decrease of either
permeability or selectivity. This is extremely relevant for membranes being used in gas
separations, but for materials being directed towards any other application, this metric
becomes ineffective. Direct visualization of the MOF-polymer interface can be accomplished
using SEM imaging, either via cryofracturing to reveal the MMM cross-section2 or by ionbeam milling (FIB-SEM) techniques that can systematically remove small layers of MMM and
then render a 3D image of the interior of a small (micron-scale) section of MMM.3 The direct
nature of these measurements is informative, but the small scale of the area being imaged
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means it is not always clear whether the area being measured is representative of the bulk
material. In addition, the effects of the fracturing/milling technique are difficult to assess: it is
possible that through the cryofracture process, extra defects are created by the harsh nature
of the cracking process, and the gallium ion beam used in the FIB-SEM process could
potentially melt or anneal the polymer to the MOF, sealing defects that were present. Other
methods to assess the MOF-polymer interface include study of the thermal properties of the
polymer in the MMM compared to the native polymer,4 but again, these measurements are
indirect and not always conclusive.
More complete information on MOF-polymer interactions has been gained through
the work of Uemura and co-workers, who have thoroughly characterized the infiltration of
small amounts of preformed polymer chains into MOF pores. 5-9 DSC, molecular dynamics
(MD) simulations, and solid-state NMR techniques were used to observe polymer
intercalation in simple model systems composed of MOF and polymer, to determine how
polymer properties change upon incorporation into the MOF pores. Most studies have
focused on MOFs with one-dimensional (1D) channels5-12 and small oligomers with generally
fewer than 20 repeat units.5, 7-9 Polymer is typically incorporated into the MOF without the
presence of solvent, but rather via direct heating of the MOF and polymer components
together. The largest non-protein polymers that have been shown to infiltrate a MOF are on
the order of 10,000-20,000 g/mol.6, 13 Despite their importance, the aforementioned studies
did not employ cohesive membrane materials, but instead incorporated small amounts of
polymer into MOF powders, which are not useful as a processable MOF form factor. There
are still no detailed studies of this nature of MOFs in a MMM utilizing high MW polymers,
leading to a gap between the thoroughly characterized model systems of Uemura and large
form factor, usable MOF-polymer MMMs. In this chapter, we demonstrate the use of solidstate NMR to bridge this gap and provide interface information in a MMM.
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Solid-state NMR can investigate the chemical and nanometer-scale structure of
materials without requiring long-range order, since it uses the nuclear spins as local probes
of bonding environments and proximities between distinct components. Couplings of nuclear
spins through distance-dependent dipolar interactions enable NMR to show spatial
relationships of different segments, from a few angstroms up to 20 nm when 1H spin diffusion
is exploited.5, 11-12, 14 In this work, solid-state NMR has been utilized to observe the
interactions between UiO-66 and two different polymers used to make MMMs with this MOF.
The NMR experiments were performed directly on the MMMs, without requiring any
simplification or use of model systems. In a series of MMMs with varying MOF content, the
NMR peak positions and line widths of the organic MOF linkers reveal interactions of PEO
with the framework. We show that PEO with a molecular weight of 900,000 g/mol (>20,000
repeat units) can infiltrate and fully occupy the pores of UiO-66 particles in MMMs (blocking
the porosity and surface area of the MOF), while PVDF shows much more limited infiltration
into the MOF, leaving substantial MOF porosity intact. The NMR measurements are
consistent with MOF surface area measurements, polymer crystallinity observed by DSC,
and MD simulations. The findings in Chapter 4 provide a new tool to study and define MOFpolymer interactions within freestanding MMM materials, and answer important questions
posed in Chapter 3.

4.2 MMM Preparation and Model Development
MMMs were fabricated as previously reported, 15 using PEO and PVDF with various
loadings of UiO-66 from 30:70 (wt%) UiO-66/PEO to 80:20 UiO-66/PEO. A single MMM with
70:30 (wt%) UiO-66/PVDF was also prepared for study by NMR. The as-formed MMMs are

117

uniform and sturdy (Figure 4.1), and SEM cryofracture cross-section images indicate
uniformly-dispersed MOF throughout the thickness of the membrane (Figure 4S.1-4S.5).

a)

b)

c)

d)

e)

Figure 4.1. Photographs of PEO-based MMMs at all MOF loadings studied. Full-size
MMMs in PEO at a) 0 wt% UiO-66, b) 30 wt%, c) 50 wt%, d) 70 wt% and e) 80 wt%
demonstrate that they are continuous, uniform and easy to delaminate from the aluminum foil
substrate. Each MMM is roughly 5 cm x 12 cm in size.

However, nitrogen sorption measurements show loss of UiO-66 microporosity at and
below 70:30 UiO-66/PEO loadings, while 80:20 UiO-66/PEO MMMs show half the expected
surface area of the MOF component (Figure 4.2, Table 4S.1), as determined in Chapter 3.
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Figure 4.2. N2 sorption isotherms collected at 77 K of all UiO-66/PEO MMMs compared
to the starting UiO-66 powder. Little to no MOF surface area is seen below 80wt% UiO-66
in PEO, while the 80wt% UiO-66/PEO MMM demonstrates partial recovery of UiO-66
microporous character.

The 70:30 UiO-66/PVDF MMMs show macroscale and SEM-scale uniformity as well
(Figure 4S.6), but in nitrogen sorption measurements this MMM retains surface area
proportional to that of the amount (wt%) of MOF present (Figure 4.3).
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Figure 4.3. N2 sorption isotherms collected at 77 K of UiO-66/PVDF MMM compared to
the starting UiO-66 powder. The UiO-66/PVDF MMM trace shows that access to UiO-66
micropores is retained within the PVDF matrix.

This difference in surface area retention between PEO- and PVDF-based MMMs was
noted in Chapter 3,15 and MD simulations performed in conjunction with those results
attributed this difference to strong MOF-polymer interactions within the PEO MMMs that
create a pore-blocking surface coating on the MOF particle surface. In Chapter 4, we
propose two possible models for MOF-polymer interactions that help us better understand
these composite materials (Figure 4.4): in the first, we obtain a uniform, limited infiltration
layer on the MOF particles (surface-coating model), while in the second, significant infiltration
of the PEO chains into and through the small, cage-like pores of UiO-66 is observed
(homogeneous pore-infiltration model).
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Figure 4.4. Representation of polymer interaction models. Two distinct models of 80:20
(wt%) UiO-66/PEO with particle size from SEM and realistic volume fractions. Left: surface
coating model; right: homogeneous pore infiltration model.

4.3 NMR Evaluation of PEO MMMs
The clearest difference between our two proposed models is the large fraction
(>50%) of MOF that is more than 15 nm from PEO in the surface-coating model with a 150
nm particle diameter. Therefore, monitoring MOF signals for signs of PEO proximity is the
most promising approach for determining the distribution of PEO within the MMMs among
the two proposed models. Figures 4.5 and 4S.7 show

C NMR spectra of the MOF linkers

13

(bdc2-) in a series of UiO-66/PEO MMMs. Peak positions of bdc2- carbon atoms shift as the
MOF component is decreased from 100 to 70 wt% UiO-66, then remain unchanged to 30
wt%. These chemical shift changes are analogous to solvent effects in solution NMR and
indicate direct interactions between PEO segments and most, if not all, of the MOF linkers.
The aromatic C-H groups from bdc2-, which protrude most prominently into the pore space,
show the largest chemical-shift change due to PEO at ~130 ppm, further supporting the PEO
infiltration model. Further experiments, including analysis of 1H NMR spectra and
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quantification of spin-lattice relaxation times of the starting MOF, polymer, and MMMs, also
indicate significant PEO presence within the MOF pores. These data, detailed elsewhere, 16
document more pervasive UiO-66/PEO interactions than would be achieved in the surfacecoating model described.

Figure 4.5. 13C NMR peak positions of MOF linker moieties in UiO-66/PEO MMMs as a
function of PEO content. The peak positions shift up to 30 wt % of PEO and then stabilize.
The full spectra are shown in Figure 4S.7.
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4.4 Heteronuclear Correlation Spectroscopy of PEO MMMs
The longest reach of the NMR methods employed in this study is achieved by 1H spin
exchange or spin diffusion, which can be quantified in a 2D 1H-13C heteronuclear correlation
(HetCor) experiment (Figure 4.6). During the spin-exchange time (tse) magnetization transfer
occurs between species that are close in space. Spatial proximity is seen in the appearance
of characteristic cross-peaks after a specific tse. The appearance of cross peaks at very
short spin-exchange times <2 ms indicates the species in question are within 2 nm of one
another.
The spectral changes discussed in Section 4.3 are strongly indicative of a guest
species affecting the linkers of the MOF. HetCor confirms that this pervasive guest is PEO
by direct observation of 1H spin exchange between PEO and the bdc2- linkers in UiO-66 in
the form of a characteristic cross peak between the aromatic protons of the MOF and the
carbon resonance of the PEO. A cross peak is clearly observed for 80:20 UiO-66/PEO
MMMs under tse conditions of 50 ms (Figure 4.6), suggesting close contact between UiO-66
and PEO in MMMs. A physical mixture of UiO-66 and PEO powders, in the same weight
proportions as the MMM, but not formulated into an MMM, does not show this cross peak,
demonstrating no close contact in the physically mixed powders (Figure 4S.8).
At shorter spin exchange times, we can begin to quantify bdc 2-/ PEO proximity. Spin
diffusion occurs with a diffusion coefficient of D ≤ 0.8 nm2/ms for rigid proton-rich organic
solids.17-18 This means that within a spin exchange time tse of 2 ms, magnetization will diffuse
by less than Δxrms = √(2𝐷𝑡𝑠𝑒 ) ≤ 2 nm. Thus, if significant cross peaks are observed between
two sites within 2 ms of exchange time, they must be within nanometers of one another. As
expected, the cross peak is absent at the shortest spin exchange time and sharply increases
with time (Figure 4S.9, Figure 4.11). A plot of the cross peak intensity as a function of spin-
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exchange time makes it clear that pronounced cross peaks are observed after only 1 ms of
spin diffusion between both 1H of the aromatic linkers and

C of PEO, and 1H of PEO and

13

C of the aromatic linkers (Figure 4S.9. Figure 4.11).

13

Figure 4.6. Extent of UiO-66−PEO contacts observed in 1H−13C HetCor NMR spectra
with 1H spin exchange. An intense cross peak (marked by a red arrow) between aromatic
protons and PEO carbons (red arrows) is detected in an 80:20 UiO-66/PEO MMM, proving
that PEO contacts nearly all MOF linkers. The 1H magnetization profiles at the MOF linkers
(black trace, y-axis) and at PEO (green trace) are the same, which indicates homogeneous
distribution of polymer throughout the MOF.

4.5 Extent of PEO Infiltration
The NMR data are quantitative enough to determine whether significant portions of
the MOF lattice (for instance in the core of the MOF particles) are free of PEO, assessing the
full extent of UiO-66/PEO interactions within this material (Figure 4S.10). Data from

C

13

NMR spectra and 1H T1ρ relaxation experiments (detailed elsewhere)16 both suggest that at
least 80-85% of MOF linkers are directly affected by close-proximity PEO. The extent of
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PEO infiltration can further be evaluated based on the HetCor spectra after spin exchange. If
all types of protons are in close proximity with one another, spin diffusion will equilibrate the
magnetization of all protons within a few tens of milliseconds, creating identical vertical cross
sections as well as identical horizontal cross sections. In 80:20 UiO-66/PEO, both identical
cross sections are indeed observed after 50 ms. In fact, the equilibration is nearly complete
after 2-5 ms, indicating total (>90%) infiltration of PEO into the MOF in this cohesive MMM.
Additional evidence of full MOF infiltration by polymer is evidenced in the disruption of
polymer packing characteristics as MOF amount in the PEO-based MMMs increases. At and
above 30 wt% PEO, visible peaks appear in the PXRD pattern at ~19° and ~23° that
correspond with crystalline PEO, indicating the existence of some ordered, non-MOFinteracting PEO outside of the MOF particles (Figure 4.7).
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a)

b)
Figure 4.7. PXRD patterns of PEO MMMs compared to UiO-66, PEO, and a blank
background. a) The polymer alone displays mostly amorphous character, with small
features at 19° and 23°. The MMMs show the same powder pattern as UiO-66,
demonstrating that the MOF remains highly crystalline within the MMM. The prominent PEO
peak at 23° is seen in 30 wt% UiO-66/PEO and 50wt% UiO-66/PEO MMM traces, indicating
the presence of crystalline PEO in these MMMs. b) zoom-in on the relevant region shows
distinct absence of crystalline PEO in 70% UiO-66 and 80% UiO-66 MMMs.
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This is further confirmed by dynamic scanning calorimetry, which indicates a melt
event that occurs in MMMs with significant (>30%) PEO content, again indicating the
presence of crystalline PEO outside the MOF in these MMMs (Figure 4.8).

Figure 4.8. DSC traces of UiO-66/PEO MMMs at different MOF loadings. MMMs above
50 wt% UiO-66 show no visible melt event, which may indicate significant disruption of
crystalline polymer chain packing in MMMs above 50 wt% UiO-66.
However, at and below 30% PEO (that is, 70wt% MOF and 80 wt% MOF MMMs)
both the crystalline peaks in the PXRD pattern and the melt event disappear, indicating that
PEO chain packing is thoroughly disrupted by infiltration into the MOF. A final piece of
polymer-based evidence to this effect lies in the degradation onset of the PEO in thermal
gravimetric analysis. As MOF amount increases, PEO degradation temperature shifts to
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lower values, indicating systematic, MOF-dependent disruption of the polymer lattice
consistent with the PXRD and DSC findings (Figure 4.9, Table 4S.2).

Figure 4.9. TGA traces of UiO-66/PEO MMMs at different MOF loadings. MMMs show
one step feature between 30 and 550°C, which corresponds to degradation of the PEO
component, allowing calculation of actual MOF content. Degradation steps shift to lower
temperatures as MOF content is increased, corresponding to a significant destabilization of
the polymer component as MOF content increases.
The homogeneous distribution of PEO throughout UiO-66, given the great length of
the polymer chains and the cohesive nature of the MMMs, is somewhat surprising. It is
therefore worth considering how deeply the polymer must diffuse into the MOF particles to be
compatible with the NMR data, to show PEO infiltration of at least 90% into every MOF
particle. Analyzing a model with a MOF particle core free of polymer demonstrates that a
core of r = 35 nm in a 150 nm diameter particle makes up 10% of the particle volume. This
means that the polymer must diffuse at least 40 nm deep into each UiO-66 particle (Figure
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4S.10). Our study shows quantitatively that the PEG-based pore-filling results of Uemura
and others7, 13 are extendable from small polymers (1,000-20,000 g/mol) to high MW
(900,000 g/mol), MMM-forming polymers and from isolated MOF particles to cohesive MMM
materials.

4.6 Heteronuclear Correlation Spectroscopy of PVDF MMMs
Extensive MOF-polymer interactions create an infiltrated MOF-polymer system in the
case of UiO-66 and PEO. To compare with a different system, MMMs constructed of UiO-66
and PVDF were assessed. As discussed in Chapter 1, PVDF produces MMMs with UiO-66
that have good mechanical properties and, critically, retain the surface area of the MOF and
MOF-based functionality such as postsynthetic modification and dye filtration. 2 Analysis of
the UiO-66/PVDF interface by HetCor spectroscopy sheds light on the significant surface
area differences seen in PEO and PVDF MMMs described above. The cross peaks show
that whereas high molecular weight PEO can penetrate many tens of nanometers deep into
UiO-66, PVDF provides only a superficial interaction with UiO-66 particles. Weak cross
peaks between aromatic 1H of the bdc2- linkers and PVDF methylene (--CH2--) groups in 1HC spectra of a 70:30 UiO-66/PVDF MMM contrast sharply with the strong, significant cross

13

peaks observed in PEO-based MMMs (Figure 4.10).
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Figure 4.10. Extent of UiO-66−PVDF contacts observed in 1H−13C HetCor NMR spectra
with 1H spin exchange. The small cross peak (small red arrow) in a 70:30 UiO-66/PVDF
MMM under the same conditions as the spectrum in Figure 4.6, as well as the small UiO-66
peak width, documents limited UiO-66−PVDF contacts.
In the 70:30 UiO-66/PVDF MMM studied here, a slow increase in the cross peak
intensity was observed over time (Figure 4.11). This can be attributed to magnetization
diffusing into a MOF particle from its PVDF-adhered surface. Accounting for the low proton
density of the MOF, the thickness of the MOF surface layer able to be polarized by PVDF
that is in reasonable contact with PVDF is roughly 3 nm, contrasting sharply with the >40 nm
infiltration of PEO. Comparison of cross peak intensity provides clear evidence for the
difference in MOF-polymer interactions between PEO and PVDF (Figure 4.11).
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Figure 4.11. Spin-exchange time correlates to models developed. Dependence of the
intensity of the cross peak between aromatic H and polymer −CH2− in 1H−13C HetCor spectra
on the square-root of the 1H spin exchange time tse.

4.7 Molecular Simulations of PEO and PVDF Interactions with UiO-66
Taken together, the PEO and PVDF MMM data demonstrate examples of poreinfiltration and surface coating models, respectively, that match DSC, PXRD, and nitrogen
sorption data of their respective MMMs. MD simulations were conducted to further elucidate
the nature of the MOF-polymer interface region and to provide a molecular explanation of the
differences seen between PEO and PVDF interaction behaviors. To investigate the
distribution of both polymer and MOF along the direction normal to the MOF surface (labeled
as the z-coordinate) a model adapted from Chapter 3 that incorporates both MOF and
polymer and allows the interface to relax and intermix was developed. The black curves
show the atomic distribution for UiO-66 located in the middle of the simulation box as
depicted in the snapshot above the density plots. For UiO-66/PVDF simulations, the red
curve corresponding to PVDF covers the full box range, from z = 0 Å to z = 100 Å. It shows
an irregular oscillation at low and high z values and drops to almost zero when entering the
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MOF surface region. This plot suggests an overlap between atoms of PVDF and UiO-66
over a length of about 20 Å, which is much more pronounced than what was seen in the
model used in Chapter 3 at room temperature (6±1 Å at 298 K), 15 owing to the additional
thermal energy (MD equilibrations performed at 1000 K) that allows the polymer to overcome
the energy barrier for the penetration phenomenon to take place.
By comparison, the density plots for the UiO-66/PEO system (Figure 4.12) show an
overlap between the two components over a much longer range, thus indicating a higher
degree of penetration of PEO into the open pores of UiO-66 than that observed for PVDF for
the same temperature (full z-length of the MOF of about 70 Å). This distinct simulated
behavior suggests that the energy barrier for PEO penetration into the pores of UiO-66 is
lower than for PVDF, consistent with the experimental findings in this Chapter.

a)

b)

Figure 4.12. Atomic density profiles for MMMs. a) UiO-66/PVDF and b) UiO-66/PEO are
shown with corresponding ‘maps’ indicating density of polymer and MOF. Snapshots are
shown for each interface. C, O, H, and F atoms are shown in gray, red, white, and green,
respectively.
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4.8 Blend MMM Development
While PVDF and PEO each possess the ability to create cohesive MOF-based
composites, there are distinct differences in behavior and properties between the two
polymers studied, both in regard to pore-filling (as detailed in Sections 4.4-4.6) as well as
physical properties of interest. PVDF-based MMMs are significantly stronger than PEObased MMMs, but also significantly more brittle; PVDF MMMs above 70 wt% MOF are too
inflexible to handle without fracturing, for instance, while PEO MMMs are fully flexible up to
80 wt% MOF. To combine the ideal properties of each system and explore surface area
retention in a PEO system, polymer blends of PVDF and PEO were prepared and fabricated
into membranes. These films and MMMs were then characterized by a series of methods to
assess any synergistic benefits or new properties, and assess how interactions between the
two polymers, if any exist, could change the MMM’s pore-filling behavior.
Films were fabricated by a variation of a previously reported method, at 70 wt% UiO66 incorporation. The polymer portion (30 wt%) includes varying amounts of both PEO and
PVDF. In addition to pure polymer versions of each and a 50/50 mixture of the two
polymers, 5/95 versions were also synthesized. Polymer-only films of the PEO/PVDF
mixtures show no visible phase segregation and are transparent, leading to the conclusion
that the two polymer phases, when dissolved in DMF, cast onto aluminum foil, and dried at
70°C show cohesive properties consistent with each of the pure-phase polymers. The ascast MMMs with 70 wt% UiO-66 also show no visible phase segregation and appear uniform
in color, texture and thickness. Films with greater PVDF content are stronger and slightly
more brittle, while those with greater PEO content are more flexible and fragile, which
corresponds to each of the pure-phase systems.
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TGA measurements (Figure 4.13, Table 4S.3) show that the expected proportions of
PEO and PVDF are indeed present in the final MMMs. Each component of the blend MMMs
(UiO-66, PEO, and PVDF) has distinct degradation temperatures and the relative amounts of
weight loss at these areas can be used to mathematically back-calculate the actual
percentage of each component in the MMM.

Figure 4.13. TGA curves of blend MMMs. In the range studied, the MOF itself shows no
degradation. Polymer-only curves show different degradation temperatures from the blend
MMMs, which is consistent with previous reports. Warmer colors correspond to PVDFdominant MMMs while cooler colors correspond to PEO-dominant MMMs. The light blue
shaded region (~300-400°C) indicates the region from which PEO degradation amounts were
calculated, while the red-shaded region (~400-500°C) indicates the area from which PVDF
degradation values were calculated. PVDF MMMs appear to show a 2-step degradation
beginning around 250°C so the calculated values for PVDF MMMs are less accurate.
PXRD patterns of all films show that MOF crystallinity is maintained in all formulations
(Figure 4.14). SEM images of the MMMs also show the expected internal morphology, which
features MOF particles with small amounts of polymer binder visible (Figure 4S.14). These
results, thus far, corroborate our previous studies on MMMs comprising only the pure
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polymers and UiO-66 conducted in Chapters 3 and 4, and prove that combining the polymers
does not negatively impact the formation of the MMM.

Figure 4.14. PXRD traces of polymer blend MMMs. UiO-66 crystallinity peaks are the
only peaks seen in the MMMs, suggesting interruption of the semicrystalline packing of
PVDF and PEO that occurs in pure polymer MMMs.

Surface area measurements of the blend MMMs may elucidate the strength of the
relative MOF-polymer interactions and the infiltration ability of PEO in the presence of
another, competing polymer. Surface area measurements of the pure-polymer MMMs at 70
wt% MOF are comparable to the previously reported values for both PVDF and PEO.
Interestingly, the 50/50 PVDF/PEO blend (70% UiO-66, 15% PEO and 15% PVDF), shows
similar pore accessibility to 80wt% UiO-66/PEO MMMs- that is, roughly 40% of the surface
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area of the MOF is accessible to N2 at cryogenic temperatures. This measurement allows us
to speculate that the PEO outcompetes PVDF to achieve similar levels of both surface
contact and pore infiltration as the pure polymer system, indicating much stronger MOF/PEO
interactions than MOF/PVDF interactions. This experimental observation corroborates our
findings from NMR and computational measurements. Further evidence of these strong
MOF/PEO interactions is found in the 95/5 blends. While 95% PEO/5% PVDF MMMs show
no accessible surface area similar to UiO-66/PEO MMMs, the 5% PEO/95% PVDF MMM
displays slightly less surface area than the UiO-66/PVDF MMM (Figure 4.15, Table 4S.1).
This indicates that even though very small amounts of PEO are present in this MMM (~2
wt%), it may still infiltrate the MOF and lower the overall surface area of the composite.
These blend MMM studies serve to confirm the excellent film-forming properties of these
polymers and elucidates interesting phase behavior regarding MOF infiltration.
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18
UiO-66 Powder
70% UiO-66/30% PVDF
70% UiO-66/28.5% PVDF/1.5% PEO

Quantity N2 Adsorbed (mmol/g)

16
14
12

70% UiO-66/15% PEO/15% PVDF
70% UiO-66/28.5% PEO/1.5% PVDF
70% UiO-66/30% PEO

10
8
6
4
2
0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (p/p0)
Figure 4.15. N2 sorption isotherms collected at 77 K on polymer blend MMMs. Overall,
trends mimic those of pure-PEO and pure-PVDF systems at the extremes of their loading,
and the 50/50 PEO/PVDF blend MMM demonstrates similar porosity loss as 80 wt% UiO66/PEO MMMs, suggesting full PEO infiltration takes place despite the presence of PVDF in
the blend.

4.9 Conclusions
Overwhelming NMR evidence has been presented that in cohesive, freestanding
flexible UiO-66/PEO MMMs essentially all linkers in UiO-66 are perturbed by high-molarmass PEO/UiO-66:

C chemical shifts change, UiO-66 1H lines are broadened due to
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couplings to nearby protons of PEO, and UiO-66 1H T1ρ is dramatically shortened.16 Solidstate NMR, consistent with gas sorption experiments, shows that in 70:30 UiO-66/PEO
MMMs, the small, cage-like pores of UiO-66 are fully (>90%) occupied by PEO. At 80 wt%
UiO-66, access to some MOF pores is retained as well as favorable physical properties of a
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cohesive membrane. At PEO fractions ≥30 wt%, the excess polymer forms a semicrystalline
matrix outside the MOF, which is clearly observed by NMR and DSC. Similar NMR studies
on 70:30 UiO-66/PVDF MMMs show only limited PVDF-MOF contact in 2D HetCor NMR with
long 1H spin diffusion; the limited polymer occupation of pores is confirmed by ready pore
access deduced from nitrogen gas sorption. Experiments blending the two polymers in
single MMMs corroborate the strong MOF/PEO interactions through evidence of PEO
infiltration in the presence of PVDF. The differing ability of these two polymers to penetrate
the pores of the MOF has been further confirmed by MD simulations and is explained based
on the strength of site-to-site interactions. These studies establish solid-state NMR as a
practical direct bulk measurement of MOF-polymer interactions in as-made, applicationready MMMs. Furthermore, these results have granted new insights into our understanding
of the differences between PVDF- and PEO-based MMMs. Based on our observations in
Chapter 3, we speculated that hydrogen bonding interactions resulted in surface pore
blockage of MOF particles within UiO-66/PEO MMMs. With new insights provided by NMR
and other analysis in Chapter 4, we have instead confirmed MOF infiltration by PEO, an
unexpected result. Given our interest in applying these MMMs as functional materials, pore
infiltration is an outcome we can now attempt to bypass, and instead develop MMMs with
strong MOF-polymer interactions that leave the MOF pores open and available to conduct
applications of interest. In Chapter 5, we describe development of a new MOF-polymer
MMM using the insights into MOF-polymer interactions gained in Chapters 1-4.
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4.10 Appendix: Supporting Information
Materials
All solvents and starting materials were purchased from chemical suppliers and used without
further purification (Sigma Aldrich, Alfa Aesar, EMD, and TCI).
Synthetic Procedures
Large-Scale Synthesis of UiO-66. Synthesis of UiO-66 was performed via a reported
procedure.2 Zirconium(IV) chloride (1.45 g, 6.2 mmol) and terephthalic acid (1.04 g, 6.2
mmol) were dissolved in 360 mL molecular sieve-dried DMF via sonication (<1 min). Glacial
acetic acid (10.6 mL, 186 mmol) was added and the mixture was sonicated an additional 1
min to fully mix. The mixture was portioned evenly between 24 vials (20 mL, PTFE-lined
caps). The vials were then placed in a preheated 120 °C oven for 24 h. After cooling to
ambient temperature, the particles were collected by centrifugation (fixed-angle rotor, 5500
rpm, 10 min), followed by washing with 310 mL DMF and 310 mL MeOH. The particles
were then soaked in MeOH for 3 d, with solvent changed daily, before being dried under
vacuum at room temperature. Yield: 1.25 g (73%)
UiO-66/PEO MMM Fabrication. UiO-66 was synthesized according to the procedure
reported above, then dispersed in acetone (3.5 wt% MOF) via sonication. PEO (M z =
900,000 g/mol, PDI = 1.2; purchased from Sigma Aldrich) was dissolved in water to a honeylike viscosity (3.5 wt%). The two component solutions were then combined in the
appropriate ratios to yield mixtures resulting in 30-80 wt% MOF-loaded MMMs, which were
ultrasonicated for 1 h. The resulting solution was then concentrated by rotary evaporation,
removing the acetone, and yielding a homogeneous ‘ink’ of MOF and polymer in water.
Using a draw-down method, the UiO-66/PEO solution was transferred to an aluminum foil
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substrate and then cast with a MTI Corporation MSK-AFA-II automatic thick film coater using
an adjustable doctor blade set to 1 mm, at a speed of 25 mm/second. The as-cast films
were then oven-cured at 70 °C until dry (roughly 1 h) and the aluminum backing was peeled
away with tweezers. Most MMMs were composed of a total of 200-500 mg of combined
MOF and polymer components.
UiO-66/PVDF MMM Fabrication. UiO-66 was synthesized according to the procedure
reported above, then dispersed in acetone (3.5 wt% MOF) via sonication. PVDF (Kynar ®
HSV 900, Mw = 750,000 g/mol, PDI = 2.2; polymer and characterization data obtained from
Arkema) was dissolved in DMF to a honey-like viscosity (7 wt%) then the MOF and polymer
solutions were mixed to generate a 70:30 weight ratio of MOF to PVDF, and ultrasonicated to
homogeneity. The resulting solution was then concentrated by rotary evaporation, removing
the acetone, and yielding a homogeneous ‘ink’ of MOF and polymer in DMF. Using a drawdown method, the MOF/PVDF solution was transferred to an aluminum foil substrate and
then cast with a MTI Corporation MSK-AFA-II automatic thick film coater using an adjustable
doctor blade set to 500 μm, at a speed of 25 mm/second. The as-cast films were then ovencured at 70 °C until dry (roughly 1 h) and the aluminum backing was peeled away with
tweezers.
UiO-66/PVDF/PEO Blend MMM Fabrication. UiO-66 was synthesized according to the
procedure reported above, then dispersed in acetone (3.5 wt% MOF) via sonication. PVDF
(Mw = 750,000 g/mol, PDI = 2.2; polymer and characterization data obtained from Arkema)
and PEO (Mz = 900,000 g/mol, PDI = 1.2; purchased from Sigma Aldrich) were mixed as dry
powders in different ratios then dissolved in DMF to a honey-like viscosity. The MOF and
polymer solutions were then mixed to generate a 70:30 weight ratio of MOF to polymer
blend, and ultrasonicated to homogeneity. The resulting solution was then concentrated by
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rotary evaporation, removing the acetone, and yielding a homogeneous ‘ink’ of MOF and
polymers in DMF. Using a draw-down method, the MOF/PVDF solution was transferred to
an aluminum foil substrate and then cast with a MTI Corporation MSK-AFA-II automatic thick
film coater using an adjustable doctor blade set to 500 μm, at a speed of 25 mm/second.
The as-cast films were then oven-cured at 70 °C until dry (roughly 1 h) and the aluminum
backing was peeled away with tweezers.
Materials Characterization
Powder X-ray Diffraction (PXRD). PXRD data was collected at room temperature on a
Bruker D8 Advance diffractometer running at 40 kV, 4 mA for Cu Kα (λ = 1.5418 Å), with a
scan speed of 0.5 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 5-50° at room
temperature. Sample holders used were zero-background Si plates (p-type, B-doped) from
MTI Corp. Well-type sample holders (depth = 0.5 mm) were used for powder samples.
MMM and pure-polymer samples were affixed to flat sample holders using double-sided
Scotch tape.
N2 Sorption Analysis. Approximately 50 mg of sample were placed in a tared sample tube
and degassed at 70 °C on a Micromeritics ASAP 2020 Adsorption Analyzer until the outgas
rate was <5 mmHg (12-48 h). Post-degas, the sample tube was weighed, and then N 2
sorption isotherm data was collected at 77 K on a Micromeritics ASAP 2020 Adsorption
Analyzer using a volumetric technique. BET surface areas were then determined from
analysis of the Rouquerol19 plots of the isotherm data, using 4-10 data points each. The
guidelines set forth by Rouquerol19 use four criteria to obtain the most accurate BET surface
area values for microporous materials such as MOFs. Further work by Snurr,20 specific to
UiO-66, recommends the implementation of criteria I-III to obtain the most accurate BET area
measurement for this specific material (since criteria IV is not met in UiO-66).20 Criteria I,
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that BET constant C must be positive, and criteria II, that the value V(1-p/p0) must increase
with increasing p/p0 for all points chosen, are both true for the UiO-66 and MMMs in this
study. Similarly, criteria III states that the total monolayer loading should correspond to a
relative pressure within the selected linear region and holds true for our measurements on
UiO-66 and all MMMs.
Scanning Electron Microscopy (SEM). MMMs were placed on conductive carbon tape on
a sample holder and coated using an Ir sputter-coating for 7 s. A FEI Quanta 250 scanning
electron microscope was used for acquiring images using a 10 kV energy source under
vacuum at a working distance of 10 mm.
TGA Analysis. MOF and MMM samples (5-10 mg) were weighed and placed in alumina
crucibles. Samples were run under dry N2 gas at a flow rate of 70 mL/min from 30°C –
550°C at a heating rate of 5 °C/min on a Mettler Toledo TGA/DSC 1 STARe system.
DSC Analysis. MOF and MMM samples (5-10 mg) were weighed and placed in alumina
crucibles. Samples were run under dry N2 gas at a flow rate of 70 mL/min on a Mettler
Toledo TGA/DSC 1 STARe system. Samples were first heated to 80 °C at 10 °C/min to
remove the thermal history, then cooled at 10 °C/min to 30 °C. The sample was then held at
30 °C for 10 min to stabilize the temperature reading, then heated to 80 °C at 5 °C/min.
Computational Details
The surface model of the dehydrated UiO-66 material was constructed by first
optimizing the primitive cell at the DFT level, using the Quickstep module of the CP2K
software.21 The PBE functional22 was used along with a combined Gaussian basis set and
plane wave pseudopotential strategy as implemented in CP2K. Further details of the basis
set and the treatment of the dispersion forces are described elsewhere. 15 The Bravais-

142

Friedel-Donnay-Harker (BFDH)23-25 method was applied in order to identify the most stable
surfaces of this MOF, which led to the selection of the [101] surface. The surface was then
reconstructed to ensure dipole neutrality and capped by OH - and H+ groups. The LennardJones parameters, the ESP partial charges as well as the description of the bonded
contributions to the force field of the MOF model are detailed elsewhere. 15
Atomistic models for PVDF and PEO were constructed following a previously reported
polymerization strategy,15 and are detailed elsewhere.16 The resulting polymer models
contain 988 and 991 monomers for PVDF and PEO, respectively. They occupy similar
volumes and are large enough to prevent interactions between the MOF slabs through the
periodic boundary when polymer and MOF are put together in the simulation box.
MOF and polymer were combined to generate the interface model. Seven cycles of
three molecular dynamics (MD) simulations were performed, each consisting of two
simulations in the NVT and one in the NPnT ensemble, where Pn is the pressure component
in the direction perpendicular to the slab. The first simulation in each cycle was conducted at
600 K, while for the other two it was set to 300 K. Pressure was increased in the first three
cycles until it reached a maximum value of 1 kbar and then decreased down to ambient
pressure in the remaining four cycles, in order to pack the polymer to a reasonable density.
To further explore the penetration of polymer chains into the open pores of the MOF surface,
a 1 ns MD simulation was performed in the NVT ensemble at 2000 K. This high temperature
enabled the polymer to overcome the energy barrier to penetrate the MOF pores. Thereafter,
data were collected from a MD simulation in the NPT ensemble at T = 300 K and at P = 1 bar
lasting 10 ns with a 1 fs time step.
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NMR Details
Solid-State NMR. Solid-state NMR experiments were conducted on a Bruker Avance
DSX400 spectrometer operating at 13C and 1H resonance frequencies of 100 and 400 MHz,
respectively, using a Bruker double-resonance 4 mm magic-angle spinning (MAS)
probehead. MMM samples were packed into the rotor as received, with a 3 mm thick glass
spacer at the bottom of the rotor to keep all sample inside the radio frequency coil. 1H and
C 90°C pulse lengths were 4.2 µs, and 1H TPPM decoupling26 was applied at |γB1|/2π = 60
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kHz. Quantitative 13C NMR spectra were measured using multiCP at 14 kHz MAS, 27 with a
Hahn spin echo28 generated by a 180° pulse with EXORCYCLE phase cycling. 29 1H direct
polarization spectra were collected with a one-pulse probehead background suppression
scheme30 at 14 kHz MAS. 1H and 13C chemical shifts were referenced to hydroxyapatite at
0.18 ppm and to the carboxyl group of freshly made crystalline glycine at 176.49 ppm,
respectively.
2D HetCor NMR. 1H spin exchange between MOF and PEO can be observed with relatively
good resolution in a two-dimensional 1H-13C heteronuclear correlation (HetCor) spectrum.
Cross peaks link the 1H NMR frequency of the carbon sites that received the magnetization
after 1H spin diffusion and 1H-13C cross-polarization. HetCor spectra33 were measured at 7.5
kHz MAS with frequency-switched Lee-Goldburg homonuclear decoupling,34 a mixing time tse
for spin exchange or spin diffusion, 0.3 ms of cross-polarization, and TOSS before detection.
In the data analysis, the effective spin diffusion time during cross-polarization was assumed
to be 0.075 ± 0.025 ms.17
Model Development. SEM images of UiO-66 and UiO-66/PEO show nearly spherical 150nm diameter MOF particles. On this basis, two structural models of MOF/PEO MMMs with
realistic dimensions and PEO volume fractions, specifically for 80 wt% UiO-66 / 20 wt%
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PEO, were developed. Since the densities of the MOF and of PEO are both close to 1.2
g/cm3, the volume fractions are nearly equal to the known mass fractions. The models differ
distinctly in the PEO distribution. The model in Figure 4.4 (left) assumes a homogeneous
coating of PEO on the MOF particle surface, while the other (Figure 4.4, right) assumes a
homogeneous PEO distribution throughout the volume of the MOF (i.e. in the pores, which
are not resolved at the scale of the schematic). It is interesting to note that a 5-nm thin layer
of PEO on the surface of the 150-nm diameter particle accounts for 20% of the total volume
(since ([150+ 25]/150)3 = 1.21).
PVDF Surface Adhesion Model Development. Due to the low proton density of the neat
MOF, the spin diffusion coefficient is reduced relative to the value for typical rigid polymers
quoted above. Assuming DMOF = 0.1 nm2/ms, the thickness of the MOF layer polarized by
spin diffusion from the particle surface within tse = 200 ms is roughly xrms = 2DMOF tse = 6
nm, corresponding to a ~25% volume fraction of each particle, which within the uncertainties
is in agreement with the experimental observation (30 ± 7%).
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Additional Experimental Results
Table 4S.1. BET surface area measurements and constants are given below for all MMMs
tested.
Polymer

% UiO-66

BET SA
(m2/g)

BET
Constant C

BET Constant
Qm (mmol/g)

--

100

1380

2417

14.2

PVDF

70

780

1523

8.0

30

<5

--

--

50

<5

--

--

70

37

199

0.4

80

480

10658

4.9

30% PVDF

720

2258

7.4

28.5% PVDF/ 1.5% PEO

680

2316

7.0

360

3564

3.7

28.5% PEO/ 1.5% PVDF

30

--

--

30% PEO

20

--

--

PEO

15% PVDF/ 15% PEO

70
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Table 4S.2. Theoretical and calculated (from TGA trace, Figure 4.9) MOF content for all
PEO MMMs.
Polymer

PEO

% UiO-66
(theoretical)

% UiO-66
(calculated)

30

30

50

47

70

69

80

79

Table 4S.3. Calculated polymer content for all blend PEO/PVDF MMMs from TGA data
(Figure 4.13)
Polymer

% PVDF

% PEO

30% PVDF

18%

--

28.5% PVDF/ 1.5% PEO

18%

--

15% PVDF/ 15% PEO

15%

14%

28.5% PEO/ 1.5% PVDF

--

26%

30% PEO

--

27%
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Figure 4S.1. SEM image of as-synthesized UiO-66 (scale bar is 1 μm). This image shows
the uniform ~200 nm diameter size and roughly spherical morphology of the particles.

a)

b)

Figure 4S.2. Images of 30 wt% UiO-66/PEO MMMs on a) the top side of the MMM and b)
the MMM cross-section, with MOF visible as small round particles in a matrix of darker
polymer. Scale bars are 2 μm.
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a)

b)

Figure 4S.3. Images of 50 wt% UiO-66/PEO MMMs on a) the top side of the MMM and b)
the MMM cross-section. Scale bars are 2 μm. MMMs appear far more MOF-dominant, with
some evidence of polymer matrix visible connecting the particles in the cross-section of the
MMM.

a)

b)

Figure 4S.4. Images of 70 wt% UiO-66/PEO MMMs on a) the top side of the MMM and b)
the MMM cross-section. Scale bars are 2 μm. The polymer matrix is no longer visible in
these images, with MMMs appearing extremely MOF-dominant.
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a)

b)

Figure 4S.5. Images of 80 wt% UiO-66/PEO MMMs on a) the top side of the MMM and b)
the MMM cross-section. Scale bars are 2 μm. The polymer matrix is no longer visible in
these images, with MMMs appearing extremely MOF-dominant.

a)

b)

Figure 4S.6. SEM images of 70 wt% UiO-66/PVDF MMMs on a) the top side of the MMM
and b) the MMM cross-section. Scale bars are 1 μm. The continuous polymer matrix is partly
visible in these images, with MMMs appearing extremely MOF-dominant.
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Figure 4S.7. Full multiCP 13C NMR spectra of UiO-66/PEO membranes as a function of
PEO content. Spinning frequency: 14 kHz.
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Figure 4S.8. Extent of MOF–PEO contacts observed in 1H-13C HetCor NMR spectrum of
physical mixture of UiO-66 and PEO with 1H spin exchange. No cross peaks indicating
magnetization transfer are observed in a physical mixture.
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Figure 4S.9. Series of 1H-13C HetCor spectra of a 80:20 UiO-66/PEO MMM with (nominal)
spin-exchange times from 10 s to 20 ms, as indicated.
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Figure 4S.10. Model with 70-nm diameter PEO-free core in a typical MOF particle, which
accounts for 10% of the MOF volume. A larger empty core is excluded by the NMR data.

Figure 4S.11. Nitrogen sorption isotherm data of UiO-66 used in this study.
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Figure 4S.12. PXRD of as-synthesized UiO-66 used in this study with the calculated powder
pattern for comparison.
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Figure 4S.13. Powder X-ray diffraction patterns of the starting UiO-66 compared to a 70
wt% UiO-66/PVDF MMM demonstrates identical crystallinity, suggesting the MOF retains its
crystallinity within this MMM.
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a)

b)

c)

d)

e)
Figure 4S.14. SEM cross-section images. Blend MMM cross-sections (scale bars 1 µm) are
shown, at a) 30% PEO, b) 28.5% PEO/1.5% PVDF, c) 15% PEO/15% PVDF, d) 1.5%
PEO/28.5% PVDF, and e) 30% PVDF (all at 70 wt% MOF).
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Chapter 5: MOF MMMs prepared from poly(ethylene-co-vinyl acetate)
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5.1 Introduction
In Chapters 2-4, we have determined that for MOF-derived MMMs to be useful
materials, it is imperative to maximize their surface area and pore access, yet maintain close
interactions between MOF and polymer to ensure the formation of robust materials that
minimize interfacial defects.1 We have developed several MMM systems utilizing different
polymers and studied the nature of the MOF-polymer interface by new methods, including
computational and solid-state NMR methods. Among these MOF-based MMMs, we found
that the surface area of the MOFs can become inaccessible due to pore blockage or filling. 2-3
Specifically, the NMR experiments detailed in Chapter 4 showed that while PVDF maintained
close contact with the MOF surface and left the MOF pores open, PEO completely infiltrated
the internal pores of the MOF in the MMMs, explaining the observed loss of surface area in
the MOF-PEO MMMs.
Because of their ability to retain accessible MOF porosity, PVDF-based MMMs are an
excellent benchmark for developing new materials, yet PVDF has some shortcomings that
limits its broader utilization. Similarly to PTFE (Teflon), 4 PVDF is known to break down into
fluorinated oligomers5 that can potentially bioaccumulate and result in health problems in
humans.6 In addition, PVDF is an expensive polymer; inexpensive, ‘greener’ polymer
alternatives would be valuable for large scale applications.
In Chapter 5, polymer poly(ethylene-co-vinyl acetate) (EVA) was used to form new
MOF-based MMMs. EVA is widely used in a range of commercial products, is generally
considered non-toxic, and is roughly one-third the cost of PVDF. The mechanical properties
of EVA are similar to those of high molecular weight PEO, the latter of which produced
excellent MMMs, despite the pore-filling effect of the polymer described in Chapters 3 and
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4.1-2 With its bulkier backbone and vinyl acetate functional groups, EVA was expected to
reduce pore-filling relative to PEO, and provide robust MOF MMMs with accessible pores.
MOF-EVA MMMs were subjected to a series of experiments to show the utility of
these composites. The EVA-derived MMMs can remove perfluoroalkane substances
(PFAS), such as perfluorooctanoic acid (PFOA), from aqueous solutions. It is also shown
that these MMMs can be used to catalytically degrade a chemical warfare agent (CWA)
simulant in a high-throughput screening (HTS) assay format. 7-9 By comparing MMMs
prepared using different polymers, interesting polymer-dependent differences in MMM
performance are observed, suggesting that although the polymer acts largely as a binder in
these MMMs, it can still alter the performance of the overall material.
5.2 EVA-based MMM Development and Characterization
The EVA polymer used in this study (Sigma Aldrich) contains 40% vinyl acetate (VA)
monomer and 60% ethylene monomer. EVA can take on very different physical properties
depending on both the amount of VA incorporation and the molecular weight of the
polymer.10 Gel permeation chromatography measurements show this EVA has M w = 43,000
g/mol with a dispersity of 3.3 (Figure 5S.1). The VA incorporation in the polymer used in this
study is quite high and classifies this EVA as a thermoplastic, with rubber-like qualities.10
EVA-only films are extremely pliable and show an ability to deform when stretched. The
storage modulus of the pure EVA polymer film at 1 Hz is 3.3 ± 0.3 MPa, while the loss
modulus is 0.5 ± 0.1 MPa (Table 5S.1). Storage and loss modulus of materials were
measured using dynamic mechanical analysis (DMA) and give information about the energy
storage and dissipation as heat within viscoelastic materials. Thermal gravimetric analysis
(TGA) and dynamic scanning calorimetry (DSC) measurements provide further insight into
this polymer (Figure 5S.2). EVA undergoes a two-step degradation that begins at roughly
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300°C and degrades completely under a nitrogen atmosphere. Due to the amorphous nature
of this polymer, DSC traces show no meaningful melting temperature (Tm) within the pure
polymer films.
MMMs were fabricated with MOF loadings ranging from 50% to 80% by weight UiO66 by first dispersing the MOF in a suitable solvent (ethyl acetate) via sonication for 30-60
min until all visible aggregates of particles were absent, and the MOF was uniformly
dispersed in solution. This MOF dispersion was then combined with pre-dissolved solutions
of EVA in toluene, which were further vortexed and sonicated to combine the two solutions at
low viscosity before being concentrated to a viscous, homogeneous ‘ink’ of MOF and
polymer. The MOF ink is then cast onto a glass substrate coated in Bytac® (Teflon-coated
aluminum foil) and dried to yield uniform MMMs that can be removed to obtain a freestanding
film.
Final MOF incorporation was assessed by TGA, which shows degradation of MOF
and polymer at separate onset temperatures of roughly 300°C (EVA) and 500°C (MOF),
allowing for back-calculation of the MOF content of the MMM (Figure 5.1, Table 5S.2). By
TGA, all MMMs contained MOF loadings consistent with the amount of MOF and polymer
used in the preparation solutions.
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Figure 5.1. TGA degradation profiles of starting UiO-66, EVA, and MMMs. EVA (red
trace) shows complete degradation within the highlighted blue window, while UiO-66 (orange
trace) shows minimal degradation within this window. As such, polymer content was backcalculated from the % mass loss calculated from the indicated highlighted blue window within
the MMMs (green, blue and purple traces). Calculated values are found in Table 5S.2.

Visual inspection shows all the MMMs are homogeneous and quite flexible (Figure
5.2), although the MMMs are stiffer and less flexible when compared to pure EVA films.
While EVA-only films deform under tension, displaying the plasticity and low elastic modulus
of the polymer, the MMMs are more likely to tear than deform as tension is applied.

a)

b)

c)

Figure 5.2. Images of MMMs. Representative images of as-cast, dried, delaminated
MMMs in EVA at a) 50 wt% UiO-66, b) 70 wt% UiO-66, and c) 80 wt% UiO-66. Images show
homogeneous, cohesive MMMs at all MOF loadings studied.

165

Storage moduli of the MMMs at a range of frequencies show that the stiffness of the
MMMs is indeed more than an order of magnitude greater than that of the starting polymer,
leading to greater deformation resistance in the MMMs than the starting polymer (Table 5S.1,
Figure 5.3).

Figure 5.3. Dynamic mechanical analysis (DMA) on EVA and UiO-66-based MMMs.
Each measurement is the average of at least three different samples tested. As expected,
MMMs are much more robust and stiffer than the starting polymer and much less
deformable. 50 wt% UiO-66/EVA MMMs appear to be somewhat less stiff than the 70 and
80% UiO-66/EVA MMMs, although no clear trend exists to correlate storage modulus to MOF
loading within the error achieved.

Comparison of storage moduli of various MMMs at 1 Hz show that 50 wt% UiO66/EVA MMMs tend to be less stiff than those at 70 and 80 wt%, although all three are quite
similar, so loading-related trends are difficult to ascertain (Figure 5.4). Regarding the
qualitative strength of the MMMs, they retain enough flexibility to be rolled, folded, twisted,
and otherwise handled without visible damage.
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Figure 5.4. Storage modulus of MMMs and EVA. Graphed storage moduli at 1 Hz of EVA
film and UiO-66-based MMMs, demonstrating the large increase in modulus seen in MMMs
compared to the starting polymer, as well as the intermediate stiffness of the 50% UiO66/EVA MMMs compared to the higher loaded MMMs.

Satisfied that the EVA-based MMMs are sufficiently strong and contain the expected
amounts of MOF and polymer, the MMM was assessed for retention of MOF properties,
including crystallinity, morphology, and internal surface area. Powder X-ray diffraction
measurements show that the crystallinity of UiO-66 within the MMM is retained, which
suggests that the MOF is stable to the MMM synthesis conditions and is not degraded by the
polymer (Figure 5.5).
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Figure 5.5. Powder X-ray diffraction. Powder X-ray diffraction patterns of the starting
MOF and polymer compared to the MMMs. EVA is completely amorphous and shows
essentially no features, while UiO-66 retains its characteristic peak locations and intensities
in both the starting MOF and the MMMs, suggesting total retention of MOF crystallinity within
the composites.

SEM images of the top, cross-section, and substrate side of the MMMs at various
MOF loadings indicate homogeneous incorporation of the MOF component throughout the
MMM in 50 wt%, 70 wt% and 80wt% MMMs, and show decreasing presence of EVA as the
MOF wt% loading increases (Figure 5S.3). At 50 wt% UiO-66, the MOF appears to be
uniformly ‘encased’ in a dense layer of EVA in close-up cross-section images (Figure 5.6a),
while at 80 w% UiO-66, the structure of the composite is more akin to compressed particles
of MOF held together with minimal EVA (Figure 5.6c).
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a)

b)

c)
Figure 5.6. SEM cross-section images. SEM images of MMM cross sections at three
different UiO-66 wt% loadings in EVA. Scale bars are 1 µm. At higher polymer content,
MOF appears ‘encased’ in dense polymer, such as in: a) 50 wt% UiO-66/EVA MMMs, while
in b) 70 wt% UiO-66/EVA MMMs and c) 80 wt% UiO-66/EVA MMMs, gaps between MOF
particles are not completely filled by polymer.
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Gas sorption measurements of the starting MOF, UiO-66, show characteristic
microporosity,11 evident in the large uptake of nitrogen seen at very low partial pressures
(Figure 5.7). MMMs at 80 wt% UiO-66 show that despite the very low temperature of these
measurements (77 K) the kinetics of nitrogen penetration through the polymer coating is
sufficient to provide access to the internal surface area of the MOF (Figure 5.7, Table 5S.3).
Roughly 70% of the microporosity of the MOF component is retained. At lower MOF
loadings (≤70 wt% MOF) microporosity as measured by nitrogen sorption is lost.

Figure 5.7. Nitrogen sorption isotherms. Nitrogen sorption isotherms of the starting MOF
and MMMs at a variety of MOF loadings. UiO-66 powder (black trace) shows the highest
internal surface area, while both 50% and 70% UiO-66/EVA MMMs (green trace and orange
trace) show no microporosity by this measurement. 80% UiO-66/EVA MMMs (blue trace)
display roughly proportional amounts of surface area to the amount of MOF present in the
MMM (see Table 5S.3 for values).
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This observation is consistent with prior studies that show limited MOF pore access in
N2 sorption at and below 70 wt% UiO-66 in MMMs of certain polymers.2-3 For example, in
PEO-based MMMs, this loss of surface area results from uniform pore-filling by the PEO, as
evidenced by solid-state NMR in Chapter 4.2 Surface area loss by N2 sorption
measurements was also seen in SBS polymer-based MMMs in Chapter 2;3 however, given
the bulkiness of styrenes, SBS should be too sterically hindered to infiltrate the pores of UiO66. Understanding the details of gas sorption and accessible surface area of MOF-based
SBS and EVA MMMs will require additional measurements conducted with different gases
and temperatures.
5.3 Assessing MOF Pore Accessibility
Indirect evaluation of MOF pore accessibility at non-cryogenic temperatures show
that the MOF pores remain accessible to chemical modification and separation applications.
UiO-66 has been reported to undergo PSE (Figure 5.8) under a variety of conditions, as
discussed in Chapters 1 and 2.12-13 To examine this in the MMM, exchange of the native
terephthalic acid linker in UiO-66 for 2-aminoterephthalic acid was conducted in water at
55°C for 24 h. NMR measurements on supernatant from PSE reactions of MOF powder and
MMMs after exchange show the presence of terephthalic acid (Table 5S.4, Figure 5S.4),
indicating that the native linker has been exchanged out of the MOF. Acid digestion of the
UiO-66 powder shows that 2-aminoterephthalic acid makes up 73% of MOF linkers after PSE
(Table 5.1, Figure 5S.5).
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Figure 5.8. Schematic of the PSE reaction. By comparing the relative peak integration
values of terephthalic acid with the peaks associated with 2-aminoterephthalic acid, the
amount of 2-aminoterephthalic acid exchanged into the MOF can be calculated.

The amount of exchange within 80 wt% UiO-66/EVA MMMs is lower at 44%, but
clearly indicates that PSE takes place to a significant extent (Table 5.1). PSE within 70 wt%
UiO-66/EVA MMMs is low at ~14%. Given the high hydrophobicity of this polymer and the
aqueous nature of these experiments, it is not surprising that the MOF would be less
accessible in composites with increasing amounts of polymer present, yet the measurable
amounts of exchange that occur in both MMMs demonstrate pore accessibility by both the
aqueous solvent and the exchanging ligand. These results are striking in comparison to
similar PSE experiments performed on PEO-based MMMs. As demonstrated by solid-state
NMR in Chapter 4, PEO infiltrates the MOF pores homogeneously when used to prepare an
MMM.2 Even though PEO is soluble in water, PSE experiments can be performed over the
course of 24 h without dissolution of the MMMs; significant polymer swelling takes place but
the MOF does not disintegrate out of the polymer matrix, which appears to remain intact for
the duration of the measurement. Under these conditions, PSE in PEO-based MMMs is
much lower than in EVA-based MMMs (Table 5.1), which is attributed to PEO occlusion of
the MOF pores.
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Table 5.1. Postsynthetic exchange values for EVA- and PEO-based MMMs, compared.
Sample

% PSE
EVA-based MMMs
in H2O

UiO-66 Control

% PSE
PEO-based MMMs
in H2O

73 ± 1

% PSE
EVA-based MMMs
in MeOH
42 ± 3

70% UiO-66 MMM

14 ± 4

9±1

32 ± 1

80% UiO-66 MMM

44 ± 4

9±2

37 ± 1

Postsynthetic modification experiments also suggest pore accessibility. 1, 3, 14 PSM of
UiO-66-NH2 MOF powder shows that acetic anhydride (in MeOH, r. t.) converts 36% of the
MOF amine groups to amides (assessed by NMR upon digestion of the MOF after PSM,
Table 5.2, Figure 5.9, Table 5S.5, Figure 5S.6); PSM also occurs in DMF (Table 5S.5).

Figure 5.9. Schematic of the PSM reaction. By comparing the relative peak integration
values of 2-aminoterephthalic acid with the peaks associated with the amide-functionalized
ligand, the amount of 2-aminoterephthalic acid that reacted with acetic anhydride can be
calculated.

When PSM is conducted on both 70% UiO-66/EVA and 80% UiO-66/EVA MMMs in
both methanol and DMF at room temperature, levels of modification in the MMMs are nearly
identical to those in the as-synthesized MOF powders (Table 5S.5). The EVA polymer
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allows solvent and reactant interactions with the MOFs (Table 5S.5). The excellent PSM
yields are attributed to swelling of the EVA induced by the organic solvents used during the
PSM reaction.
Table 5.2. Postsynthetic modification values for PSM reaction run in methanol solvent at
room temperature.
UiO-66-NH2
70% UiO-66-NH2/EVA 80% UiO-66-NH2/EVA
Control
MMM
MMM
% Modification

35 ± 2 %

36 ± 4 %

39 ± 3 %

After PSM, MMMs maintain their cohesive nature and good physical properties,
confirming that the swelling caused by the solvent is sufficient to allow chemical access to
the MOF without dissolving out the polymer or otherwise harming the composite. This is
confirmed by DMA analysis of 70 wt% UiO-66-NH2/EVA MMMs before and after MeOH
exposure (r. t., 24h), which shows a negligible change in MMM physical properties (Table
5S.1, Figure 5S.7). Similarly, SEM images after MeOH exposure appear unchanged from
the native MMM (Figure 5.10).
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a)

b)

c)

d)

e)

f)

Figure 5.10. SEM images. SEM images of 70 wt% UiO-66/EVA MMMs with and without a
methanol soak demonstrate identical morphologies, suggesting that exposure to a swelling
solvent does not damage or change the MOF-polymer structure of the MMM. (a) and (b)
depict the top view of the MMMs before (a) and after (b) methanol soak; (c) and (d) depict
the aluminum foil side of the MMM before (c) and after (d) methanol soak; and (e) and (f)
show cross-section interiors before (e) and after (f) methanol soak. All scale bars are 1 µm.
To directly compare the effects of organic vs. aqueous solvent conditions on MOF
accessibility, PSE was performed on UiO-66/EVA MMMs in methanol (see Appendix for
conditions). While PSE in water showed large discrepancies in the amount of PSE between
30% EVA, 20% EVA and 0% EVA (MOF-only controls), with greater amounts of polymer
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yielding lower amounts of exchange (Table 5.1), the levels of exchange that occur in
methanol at room temperature are nearly identical across the different loadings of MOF in
EVA. This suggests that polymer swelling in organic solvents allows for improved access to
MOF in the MMM (Table 5.1). These simple PSE and PSM experiments suggest these
MOF-centered reactions can be used as an indirect proxy to assess the extent of polymer
infiltration into the pores of the MOF, although a more thorough study will be required to
validate this proposition.
5.4 Dye Separation Studies
A simple proof-of-concept dye separation experiment was used to demonstrate the
utility of these MMMs. 80 wt% UiO-66/EVA MMMs were capable of isolating Coomassie
Blue dye from 10 µM aqueous solutions with 98% dye retention (Table 5S.6, Figure 5.11),
and mirrors previously reported dye separations under identical conditions by both 70 wt%
UiO-66/PVDF MMMs14 and 80 wt% UiO-66/SBS copolymer MMMs.3
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Figure 5.11. UV-Vis spectra. UV-Vis measurements of several filtration experiments
utilizing 10 µM Coomassie blue dye. In each case, the MMM successfully separated >95%
of the dye from the test solution. Each test was run using different MMMs from different
batches of MOF, demonstrating the repeatability of the separation.

A single 80 wt% UiO-66/EVA MMM could be ‘washed’ with a MeOH/water solution
and then re-challenged with fresh dye up to five times, with no loss in dye separation ability
(Table 5S.7, Figure 5.12). This exceeds the performance of the SBS-based MMMs, which
showed lowered Coomassie Blue retention after 1 cycle,3 and matches that of the PVDFbased MMMs, which retained high separation ability for 2 cycles.14
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Figure 5.12. Dye retained. % Dye retained by one 80 wt% UiO-66/EVA MMM through five
separate challenges by 2.5 mL 10 µM Coomassie blue dye, with washing by 1:1 MeOH:H2O
and water between dye challenges performed to ‘wash’ the collected dye through the
membrane. The membrane successfully retains >95% of the dye through all five cycles.
5.5 Trapping Perfluoroalkane Substances in EVA-based MMMs
To explore other proof-of-concept applications, the MMMs were tested for their utility
in a separation of environmental interest. PFAS (such as PFOA) are a subject of increasing
environmental concern.6 Their widespread use over decades in areas such as military
firefighting foams and furniture protectants, 15 coupled with their extreme stability, have led to
widespread contamination15 of water supplies with these potentially-dangerous substances.
Inadvertent ingestion of PFAS through contaminated groundwater supplies has been shown
to have health effects that range from higher risk of cancer 16 to developmental issues in
children.17 MOFs like UiO-66 are beginning to be studied for PFAS sequestration.18-19 A
detailed study of PFAS removal (specifically perfluorooctanesulfonic acid, PFOS) from
solutions near industrial contamination levels (~500 ppm) with UiO-66 shows very fast uptake
of PFOS compared to commercial ion exchange resins;18 however, the overall uptake level
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by UiO-66 was far exceeded by the commercial resin. Given the speed of UiO-66 PFAS
uptake, the use of composites in a sorptive setup could be a useful alternative to a solidphase extraction packed bed. To test this, dead-stop filtration of 500 ppm aqueous PFOA
using UiO-66/EVA MMMs was performed.
Filtration tests with various MMMs and conditions are shown in Figure 5.13, with
further details in the Appendix (Table 5S.8-9, Figures 5S.8-5S.10). An initial test at an
infusion pump rate of 30 µL/min showed very low levels of PFOA capture (Table 5S.9, Figure
5.14). By significantly slowing the passage of the solution through the MMM to 10 µL/min,
uptake in 80 wt% UiO-66/EVA MMMs increased to 124 ± 14 ppm, a 46% increase (Figure
5.13, Table 5S.9). Concentrated industrial streams of PFAS are known to contain roughly
5% isopropyl alcohol (IPA) as a solubilizing agent.18 This suggested that the swelling of the
EVA MMMs could be potentially beneficial for this separation experiment. Therefore,
solutions of 500 ppm aqueous PFOA were diluted with 5% IPA and then passed through the
MMM. Uptake of PFOA by the MMM improved slightly from 124 ± 14 ppm to 138 ± 5 ppm
(Figure 5.13), suggesting slightly better access to the MOF when IPA was included as an
additive.
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Figure 5.13. PFOA separation. Separation studies utilizing various MMMs and conditions
challenged with 2.5 mL PFOA solution (500 ppm), showing the concentration of PFOA
retained by the MMM. Results show that all composites are capable of removing >20% of
PFOA from water.

While the MOF itself outperforms all composites (Figure 5.13-14, Table 5S.9) both at
experiment times of 5 min and 24 h, a control study of a 80 wt% UiO-66/EVA MMM left in 2.5
mL PFOA solution for 24 h shows very low uptake, indicating that perhaps the hydrophobicity
of the EVA polymer acts as a barrier to PFOA uptake (Table 5S.9, Figure 5.14). By
switching to a 70 wt% UiO-66/PVDF MMM, uptake increased significantly, to 215 ± 25 ppm
(Figure 5.13). This could be due to a concerted absorptive effect of both MOF and polymer,
or due to differences in polymer hydrophobicity, MOF pore access, or other differences in the
MOF-polymer interactions in this MMM. It is clear from these experiments that composites
are able to remove PFOA from solution in simple deadstop filtration conditions, which could
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be further optimized. Importantly, the choice of polymer binder dramatically affects the
performance of the MMM, which suggests that substantial optimization is possible.

Figure 5.14. PFOA separation controls. Control experiments show that the MOF by itself
outperforms all composites studied, even at short contact times (5 min) chosen to mirror the
short contact time of the PFOA solution as it passes through the dead-stop filtration
apparatus. The very low uptake of the EVA-based MMM soaked in PFOA solution overnight
demonstrates that the hydrophobicity of this MMM may be the reason for the lowered uptake
of the composite. An experiment conducted at a faster throughput rate of 30 µL/min seems
to confirm this by showing noticeably lower uptake than the slower throughput rate of 10
µL/min.

5.6 High-Throughput Screening for Chemical Warfare Agent Mitigation by MMMs
In a final proof-of-concept demonstration of the utility of EVA-based MMMs, the
composite was tested for its ability to degrade the CWA simulant dimethyl-4-nitrophenyl
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phosphate (DMNP, Figure 5.15). DMNP simulates the degradation of chemical warfare
agents GD (Soman) and GB (Sarin) by breakage of a P-O bond within the phosphoester
complexes.8 While composite materials have been tested for DMNP degradation before, 9, 2021

the experiments here are the first example of a HTS format for screening composites

involving different polymer binders. The HTS assay has already been reported with MOF
powders,8 and was adapted for use with MMMs. Unlike previous studies of HTS for MOFs 8
and fibrous composites,9 MMMs require development of a special technique to prevent them
from migrating in the well of the multiwell plate and blocking the beam of the absorbance
plate reader (Figure 5S.11, 5S.12). The HTS was run on three replicates each of MMMs
using three different polymers: EVA-based MMMs at both 70 wt% UiO-66 and 80 wt% UiO66 were compared to 80 wt% UiO-66/PEO MMMs and 70 wt% UiO-66/PVDF MMMs (Figure
5.15, Table 5S.10, Figure 5S.13-15). The experiments show that PVDF-based MMMs
outperform EVA and PEO MMMs, but all of the MMMs are capable of decomposing the CWA
simulant.
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Figure 5.15. HTS screening results. HTS results comparing MMMs fabricated from three
different polymers at two different MOF loadings. The results are illustrative of the role of the
polymer binder in overall composite activity.

Importantly, the polymer used to form the MMM clearly affects the overall reaction
rate, and as such, is an important consideration for future design and implementation of
these catalytic composites. That stated, catalytic activity is only one factor for developing a
composite of this type. For example, when the MMMs tested were subjected to significant
physical handling, the 70 wt% MOF/ PVDF MMMs were prone to cracking due to brittleness.
Similarly, the PEO MMMs swell significantly in aqueous solution and have delicate edges
prone to tearing. In contrast, at 80 wt% UiO-66 in EVA, the MMMs retained excellent
flexibility and maintained structural integrity through a series of qualitative handling tests
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such as rolling, folding, bending, and twisting. Both the reactivity and stability of these
materials must be considered and optimized for future advancement of new materials for
MOF-based protective equipment.

5.7 Conclusions
A new MOF-polymer MMM using EVA as the polymer binder allows access to MOF
functionality within a tough, commercially-available, non-fluorinated polymer matrix. Polymer
swelling, which is seen as a disadvantage in many MMMs, may improve access to MOF
pores as illustrated by PSM and PSE experiments, a new result not seen in previous MMMs
based on PVDF or PEO studied in previous chapters. Finally, these MMMs were tested in
several proof-of-concept studies, including PFOA sequestration and CWA mitigation studies,
demonstrating their utility in situations where the pure MOF powder is disadvantaged due to
its particulate form factor. By utilizing the information gained in Chapters 2-4 on the
mechanics of MOF-polymer interactions within MOF-dominant MMMs, EVA was selected as
a polymer binder and demonstrates several advantageous features for future MOF-based
MMM development. Furthermore, we were able to compare MMMs using the variety of
polymer binders studied over the course of this dissertation and discovered polymer-based
differences in MMM performance that may inform future MMM development.

5.8 Appendix: Supporting Information
Materials
All solvents and starting materials were purchased from chemical suppliers and used without
further purification (Sigma Aldrich, Arkema, Alfa Aesar, EMD, and TCI).
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Synthetic Procedures
Large-Scale Synthesis of UiO-66.2 Zirconium(IV) chloride (1.45 g, 6.2 mmol) and
terephthalic acid (1.04 g, 6.2 mmol) were dissolved in 360 mL sieve-dried DMF via sonication
(<1 min). Glacial acetic acid (15 mL, 262 mmol) was added and the mixture was sonicated a
further 1 min to fully mix. The mixture was portioned evenly between 24 vials (20mL, PTFElined caps). The vials were then placed in a 120 °C oven for 24 h. After cooling to ambient
temperature, the particles were collected by centrifugation (fixed-angle rotor, 5500 rpm, 10
min), followed by washing with 320 mL DMF and 320 mL methanol. The particles were
then soaked in methanol for 3 d, with solvent changed daily, before being dried under
vacuum at room temperature and weighed. Yield: 1.25 g (73%)
Large-Scale Synthesis of UiO-66-NH2.2 Zirconium(IV) chloride (1.45 g, 6.2 mmol) and 2aminoterephthalic acid (1.13 g, 6.2 mmol) were dissolved in 360 mL sieve-dried DMF via
sonication (<1 min). Glacial acetic acid (15 mL, 262 mmol) was added and the mixture was
sonicated a further 1 min to fully mix. The mixture was portioned evenly between 24 vials
(20mL, PTFE-lined caps). The vials were then placed in a 120 °C oven for 24 h. After
cooling to ambient temperature, the particles were collected by centrifugation (fixed-angle
rotor, 5500 rpm, 10 min), followed by washing with 320 mL DMF and 320 mL methanol.
The MOF was then resuspended in 200 mL methanol and 20 mL 1M HCl was added. The
solution was then refluxed for 18 hours before being washed with 3x20 mL fresh methanol.
The particles were then soaked in MeOH for 3 d, with solvent changed daily, before being
dried under vacuum at room temperature and weighed. Yield: 1.82 g (quantitative yield).
EVA-based MMM Fabrication. UiO-66 was synthesized according to previous reports, 2, 14
then approximately 200-300 mg were dispersed in ethyl acetate solution (5 mL) via
sonication. EVA amounts corresponding to 50-80 wt% of the projected total MMM contents
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were dissolved in 1 mL of toluene, then the MOF and polymer solutions were mixed and
sonicated. The fluid ink was then subjected to rotary evaporation to remove the ethyl acetate
and concentrate the ink to a honey-like viscosity. The ink was then vortexed and sonicated
briefly to ensure homogeneity. The ink was allowed to sit for 15 min to permit bubbles to
escape the solution. Using the draw-down method, the MOF-polymer solution was
transferred to a substrate of Bytac©-coated glass and then cast with a MTI Corporation MSKAFA-II automatic thick film coater using an adjustable doctor blade set to a height of 500 μm
at a speed of 25 mm/second. The cast films were then cured at 55 °C on a hotplate under a
thin-neck glass funnel, for 1 h. After cooling, the films were removed from the substrate with
tweezers. Although the technique is inherently scalable, most MMMs fabricated were
composed of a total of 200-300 mg of combined MOF and polymer components and were
roughly 35 in2 in size.
Materials Characterization
N2 Sorption Analysis. Approximately 50 mg of sample were placed in a tare-weighed
sample tube and degassed at 105 °C on a Micromeritics ASAP 2020 Adsorption Analyzer
until the outgas rate was <5 mmHg (12-48h). Post-degas, the sample tube was weighed,
and then N2 sorption isotherm data was collected at 77 K on a Micromeritics ASAP 2020
Adsorption Analyzer using a volumetric technique. BET areas were then determined from
analysis of the Rouquerol22 plots of the isotherm data, using 4-10 data points each.
BET Analysis of MMMs. The guidelines set forth by Rouquerol22 use four criteria to obtain
the most accurate BET surface area values for microporous materials such as MOFs.
Further work by Snurr,23 specific to UiO-66, recommends the implementation of criteria I-III to
obtain the most accurate BET area measurement for this specific material (since criteria IV is
not met in UiO-66).23 Criteria I, that BET constant C must be positive, and criteria II, that the
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value V(1-p/p0) must increase with increasing p/p0 for all points chosen, are both true for the
UiO-66 and MMMs in this study. Similarly, criteria III states that the total monolayer loading
should correspond to a relative pressure within the selected linear region and holds true for
our measurements on UiO-66 and all MMMs.
Scanning Electron Microscopy (SEM). MMMs were placed on conductive carbon tape on
a sample holder and coated using an Ir sputter-coating for 7 s. A FEI Quanta 250 scanning
electron microscope was used for acquiring images using a 10 kV energy source under
vacuum at a working distance of 10 mm.
Powder X-ray Diffraction (PXRD). PXRD data was collected at room temperature on a
Bruker D8 Advance diffractometer running at 40 kV, 4 mA for Cu Kα (λ = 1.5418 Å), with a
scan speed of 0.5 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 5-50° at room
temperature. Sample holders used were zero-background Si plates (p-type, B-doped) from
MTI Corp. Well-type sample holders (depth = 0.5 mm) were used for powder samples.
MMM and pure-polymer samples were affixed to flat sample holders using double-sided
Scotch tape, which does not contribute meaningfully to the spectra.
Thermal Gravimetric Analysis. MOF and MMM samples (5-10mg) were weighed and
placed in alumina crucibles. Samples were run under dry N 2 gas at a flow rate of 70 mL/min
from 30°C – 550°C at a heating rate of 5°C/min on a Mettler Toledo TGA/DSC 1 STARe
system.
Gel Permeation Chromatography. GPC was performed on a Malvern GPC with a D4000
single-pore column and a D6000M general-purpose mixed-bed weight divinylbenzene
column connected in series. Solutions were dissolved in THF at <1 mg/mL and filtered
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through a 0.4 µm PTFE membrane before being run at 0.7 mL/min using PMMA calibration
standards.
1

H Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR were recorded on a

Varian FT-NMR spectrometer (400 MHz). Chemical shifts are quoted in parts per million
(ppm) referenced to the appropriate solvent peak.
19

F Nuclear Magnetic Resonance Spectroscopy (NMR). 19

F NMR were recorded on a
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JEOL ECA NMR Spectrometer (500 MHz). An external standard in a coaxial NMR tube was
utilized to reference all PFOA experiments. 3 mL D 2O was mixed with 6 µL trifluoroethanol,
and 100 µL of this solution was added to a coaxial NMR tube to act as the external standard.
The same standard was used for all 19F NMR experiments conducted, to increase the
reliability of the measurements. The fluorine spectrum was centered at -75 ppm with a 50
ppm sweep to encompass the internal standard (-76 ppm) and the PFOA trifluoromethyl end
group (-81 ppm) and increase the resolution of the experiment. Chemical shifts are quoted in
parts per million (ppm) referenced to the appropriate solvent peak.
Dynamic Mechanical Analysis. Dynamic mechanical analysis was performed on a Perkin
Elmer DMA 8000. Frequency sweep experiments were conducted over a range of 0.1 Hz to
20 Hz at room temperature with 50 µm strain.
Postsynthetic Modification.14 40 mg of UiO-66-NH2, or the equivalent weight of MMM,
were submerged in 2 mL MeOH or DMF. To the solvent was added 41 µL (3 equivalents
relative to MOF linker) of acetic anhydride. The solutions sat for 24 hours at room
temperature. The supernatant was removed and the MOF/MMMs were washed x3 with
MeOH and let sit in MeOH for 2 days, with solvent changed daily. Samples were then dried
at room temperature in a vacuum oven overnight, then subjected to digestion procedures to
analyze the amount of conversion.
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Postsynthetic Exchange in Aqueous Conditions:14 25 mg of 2-aminoterephthalic acid (1
equivalent relative to MOF linker) was suspended in 2 mL D 2O. The pH was adjusted to
basic using NaOD in order to dissolve the ligand, and DCl was then used to neutralize the
solution to pH 7. 40 mg UiO-66, or the equivalent weight of MMM, were submerged in the
ligand solution and sat for 24 hours at 55°C. The supernatant was then collected and
analyzed by NMR for presence of both 2-aminoterephthalic acid and exchanged terephthalic
acid. The MOF/MMM portion was then washed extensively in MeOH and dried in a vacuum
oven at room temperature. MOF samples were then subjected to digestion procedures to
analyze the amount of conversion within the MOF.
Postsynthetic Exchange in Methanol:14 25 mg of 2-aminoterephthalic acid (1 equivalent
relative to MOF linker) was suspended in 10 mL methanol. To the solution was added 40 mg
UiO-66, or the equivalent weight of MOF in MMM. The solutions sat for 24 hours at room
temperature. The supernatant was removed and the MOF/MMMs were washed x3 with
MeOH and let sit in MeOH for 2 days, with solvent changed daily. Samples were then dried
at room temperature in a vacuum oven overnight, then subjected to digestion procedures to
analyze the amount of conversion.
MOF and film digestion for NMR. 10 mg of UiO-66, UiO-66-NH2, or the equivalent weight
of MMM were dispersed in 590 μL of DMSO-d6, then 10 μL of HF was added. Mixtures were
sonicated for 30 min to fully dissolve the MOF for analysis by NMR.
Dye Filtration Experiment.3, 14 A 13mm diameter circle of MMM was cut from the MMM and
placed in 13 mm Swinnex® syringe filters, and 2.5 mL (in a 3 mL syringe) of 10 μM
Coomassie Brilliant Blue dye was filtered through the membrane at a speed of 30 µL/min in a
dead-stop filtration setup using an infusion pump. The filtrate was collected and analyzed by
UV-Vis spectrophotometry at the peak visible absorption of the dye, and residual dye content
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was calculated relative to initial dye concentrations. For Coomassie Brilliant Blue R-250, λmax
= 555 nm.
PFOA Sorption.18-19 MOF at a range of concentrations (0.5 mg/mL to 6.2 mg/mL) was
suspended in 2.5 mL of 500 ppm PFOA solution and sonicated briefly. The solutions were
then allowed to sit at room temperature for 24 hours before the MOF was removed by
centrifugation. The supernatants were analyzed by

F NMR using trifluoroethanol as an
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external standard (in coaxial NMR tube) (Figure 5S.8). From the remaining PFOA in
solution, axes Ce and qe were calculated according to the below equations. Sorption
isotherms of the UiO-66 used in this study fit a Langmuir sorption model, with constant
values that compare relatively well to published literature, 18-19 which has shown a wide range
of performances for UiO-66 depending on synthesis conditions, defect level, and likely other
variables not controlled for (Table 5S.8, Figures 5S.9-10).
Ce = mg PFOA remaining in supernatant/L PFOA solution used
qe = mg PFOA removed from supernatant/g MOF used
The isotherm was then plotted using the linear versions of the Freundlich and Langmuir
equations to obtain constants K f, n-1 (Freundlich) and qm, b (Langmuir) for each fit.
Freundlich: log(qe) = log(Kf) + n-1log(Ce)
Langmuir: Ce/qe = Ce/qm + 1/b*qm
Using the constants obtained from the linear isotherms, the fits were calculated and plotted
alongside the isotherm data using the Freundlich and Langmuir equations:
Freundlich: qe = Kf*Ce1/n
Langmuir: qe = qm*b*Ce/(1+b*Ce)
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PFOA Separation. A 13 mm diameter circle of MMM was cut from the bulk MMM and
placed in 13 mm Swinnex® syringe filters, and 2.5 mL (in a 3 mL syringe) of aqueous PFOA
(500 ppm) was filtered through the membrane at a speed of 10 µL/min in a dead-stop
filtration setup using an infusion pump. The filtrate was collected and analyzed by 19F NMR
using trifluoroethanol as an external standard (in a coaxial NMR tube); the TFE standard
appears at -76 ppm, and the PFOA end-group appears at -81 ppm, enabling easy
quantification of PFOA present compared to TFE standard by peak integration. The final
amount of PFOA present can be determined by comparing the peak integration values of the
PFOA starting solution with the peak integration values of the filtrate. The concentration of
PFOA used mirrors previous reports within the MOF field, 18 and the amount of MOF
challenged by the specific amount of PFOA solution falls within the PFOA sorption isotherm
curve. The approximate weight of a 13 mm diameter circle of MMM is 12-13 mg; at 80 wt%
MOF, roughly 10 mg of MOF was challenged by 2.5 mL of 500 ppm PFOA solution. A
control was run to assess if PFOA adsorbs to the syringe and filter housing during throughput
tests. 2.5 mL of 500 ppm PFOA solution was passed through the syringe setup without an
MMM present. Results show nearly identical PFOA peak heights before and after this test,
confirming that the syringe setup itself has a negligible impact on the PFOA sorption (Table
5S.9).
High-Throughput Screening of MMMs. Membranes (~12 mm  8 mm) were inserted into
3D printed plastic holders and placed in individual wells of an Olympus Plastics clear, flatbottom 24-well assay plate. In order to avoid beam blockage, a small rubber o-ring was used
to keep the membrane in place along the wall of the well. Buffer solution (2 mL of 20 mM Nethylmorpholine, pH = 8.0) was added to each well. A solution of dimethyl-4-nitrophenyl
phosphate (DMNP, 20 µL of 25 mM in MeOH) was added and appearance of p-

191

nitrophenoxide was monitored at max = 407 nm every 12 sec for 30 min. Slopes were
calculated from the linear region of each plot (typically at 500-800 seconds) and normalized
by the mass of membrane in the holder.
MMM ‘Holder’ Fabrication. In order to keep the membranes from floating to the surface of
the well or blocking the beam of the absorbance spectrometer, MMM holders were fabricated
using a 3D printer. Rectangular holders with slits were made in Blender (open source 3D
rendering software) and printed with a Prusa i3 MK3 3D printer using polylactic acid (PLA) as
the polymer. MMMs were cut to fit into the holders and slid into the groove: Figure 5S.11
show the holders and how they were placed in the 24-well plate with o-ring to secure them.
PEO MMMs swelled in solution and were more mobile, so a rubber band was added for
additional security in the holder (Figure 5S.12).
Additional Experimental Results
Table 5S.1. Storage modulus (E’) and loss modulus (E”) values at a frequency of 1 Hz,
obtained from dynamic mechanical analysis.
Sample

E’ (MPa)

E” (MPa)

EVA

3.3 ± 0.3

0.5 ± 0.1

50% UiO-66/ EVA MMM

57 ± 14

13 ± 2

70% UiO-66/ EVA MMM

85 ± 15

15 ± 5

80% UiO-66/ EVA MMM

74 ± 10

10 ± 3

70% UiO-66-NH2/ EVA MMM

48

7

70% UiO-66-NH2/ EVA MMM
(MeOH exposed)

56

8
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Table 5S.2. Percent MOF in MMMs calculated from TGA traces. Values with error
calculations are the result of at least 3 separate measurements on different MMMs.
Sample

% MOF Present

50% UiO-66/ EVA MMM

57% ± 2%

70% UiO-66/ EVA MMM

74% ± 2%

80% UiO-66/ EVA MMM

83% ± 1%

Table 5S.3. BET surface areas (SA) calculated from nitrogen sorption isotherms, with
representative BET constant values and overall percentage of MOF surface area retained.
MOF surface area retention is calculated from the amounts of MOF present in the MMM:
surface area is recalculated based on this (lower) amount of MOF present in the sample, and
the value is reported as a percentage of the starting MOF’s surface area. All values with
error bars are the average of at least 3 separate measurements on different MMMs. PEO
and PVDF-based MMMs are previously published,2, 14 and MMMs fabricated for this study
conform to published values.
Sample

BET
Surface
Area (m2/g)

BET
Constant
C

BET
Adjusted
Constant Qm BET SA
(mmol/g)
(m2/g)

% SA
Retained

UiO-66

1320 ± 10

3380

13.6

--

--

4±1

18

0.1

8±3

< 5%

22 ± 12

25

0.2

35 ± 17

< 5%

730 ± 190

4070

9.4

900 ± 240

68%

36

157

0.4

50

< 5%

400

3040

4.1

500

38%

720

1745

7.4

1030

78%

13

17

0.1

18

< 5%

200

46904

2.0

250

19%

50% UiO-66/
EVA MMM
70% UiO-66/
EVA MMM
80% UiO-66/
EVA MMM
70% UiO66/PEO MMM
80% UiO66/PEO MMM
70% UiO66/PVDF MMM
70% UiO-66NH2/EVA MMM
80% UiO-66NH2/EVA MMM
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Table 5S.4. PSE experiment exchange levels achieved as calculated from NMR peak
integration. Values with error bars are the average of 2 separate experiments.
Sample

% Exchange
(MOF Digestion)

% Exchange
(Supernatant)

UiO-66

73 ± 1

60

14 ± 4

8

44 ± 4

26

70% UiO-66/
EVA MMM
80% UiO-66/
EVA MMM

Table 5S.5. PSM experiment modification levels achieved as calculated from NMR peak
integration. Values with error are the average of 3 separate experiments.
Sample

% Modification in
MeOH, RT

% Modification in
DMF, RT

UiO-66-NH2

35 ± 2

14 ± 4

70% UiO-66-NH2/
EVA MMM

36 ± 4

13 ± 3

80% UiO-66-NH2/
EVA MMM

39 ± 3

14 ± 2

Table 5S.6. Dye filtration experiments with three different MMMs at 80 wt% UiO-66/EVA.
Absorption was taken at λmax for the starting dye solution and used to calculate the % dye
retained.
Sample

Absorbance at λmax

% Dye Retained

Coomassie Blue, 10 µM

0.44

--

80% UiO-66/EVA MMM 1

0.010

98%

80% UiO-66/EVA MMM 2

0.010

98%

80% UiO-66/EVA MMM 3

0.007

98%
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Table 5S.7. Dye filtration experiments on one 80 wt% UiO-66/EVA. The MMM was first
challenged by 2.5 mL 10 µM aqueous dye, then ‘washed’ with infusion of 2.5 mL
methanol/water solution (1:1). This challenge/rinse cycle was repeated five times. Each
time, dye filtrate was carefully collected separately from the wash solution and tested by UVVis. Absorption was taken at λmax for the starting dye solution and used to calculate the %
dye retained.
Sample

Absorbance at λmax

% Dye Retained

Coomassie Blue, 10 µm

0.360

--

Cycle 1

0.014

96%

Cycle 2

0.008

98%

Cycle 3

0.003

99%

Cycle 4

0.004

99%

Cycle 5

0.003

99%

Table 5S.8. Fit constants of Freundlich and Langmuir data models (see above in Appendix
for calculation, as well as Figure 5S.10).

UiO-66

Freundlich Constants

Langmuir Constants

Kf

n-1

R2

qm

b

19.7

0.42

0.92

256.4

0.012 0.94
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Table 5S.9. PFOA retention in various conditions studied, including uptake by bare MOF,
controls, and throughput experiments. Measurements with error bars are the result of at
least 3 separate measurements on different MMMs.
Sample

% PFOA
Retained

ppm PFOA
Retained

Syringe-only control

4

20

80% UiO-66/EVA MMM,
submerged 24 h

11

55

80% UiO-66/EVA MMM,
30 µL/min

17

85

80% UiO-66/EVA MMM,
10 µL/min

25 ± 3

124 ± 14

80% UiO-66/EVA MMM,
IPA-doped, 10 µL/min

28 ± 1

138 ± 5

70% UiO-66/PVDF MMM,
µL/min

43 ± 5

215 ± 25

UiO-66 only, 5 min
contact

49

245

UiO-66 only, 24h contact

89 ± 2

443 ± 5

Table 5S.10. DMNP hydrolysis rates and standard deviations for MOF MMMs based on
three replicates for each. Rates are normalized by the mass of the individual MMMs and by
cut area (roughly 12 mm  8 mm).
Sample

Average DMNP Rate
(per mass) (mM sec-1
mg-1  10-6)

Std.
Dev.

Average DMNP
Rate (per area)
(mM sec-1  10-6)

Std.
Dev.

70% UiO-66/ EVA
MMM

1.1

0.1

7.9

0.7

80% UiO-66/ EVA
MMM

16.6

3.0

70.6

3.0

80% UiO-66/ PEO
MMM

25.4

7.0

61.6

18.2

70% UiO-66/ PVDF
MMM

70.8

15.2

262

7
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Figure 5S.1. Gel permeation chromatography (GPC) trace of as-received EVA (Sigma
Aldrich). Through comparison to PMMA standards, relative molecular weight of the polymer
and dispersity can be determined.
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Figure 5S.2. TGA data (top) and DSC data (bottom) of the pure EVA polymer film. EVA
exhibits a 100% degradation that takes place in 2 steps and begins at roughly 300°C. DSC
trace shows no melt event, consistent with this polymer’s 100% amorphous nature.
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a)

b)

c)

d)

e)

f)

g)

h)

i)

Figure 5S.3. SEM images of MMMs at various MOF loadings. (a)-(c) depict 50 wt% UiO66/EVA MMMs, (d)-(f) depict 70 wt% UiO-66/EVA MMMs, and (g)-(i) depict 80 wt% UiO66/EVA MMMs. (a), (d), and (g) depict the top sides of MMMs, with scale bars 1 µm. (b), (e)
and (h) depict aluminum foil side MMMs, with scale bars 1 µm. (c), (f) and (i) depict full
cross-sections of MMMs, with scale bars 40 µm. Overall, appearance of EVA ‘glue’ between
MOF ‘filler’ decreases as polymer loading decreases, as expected. Full cross-sections
demonstrate the uniformity of the MMM across the thickness of the material at all MOF
loadings tested.
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Figure 5S.4. Schematic of the PSE process (top) and labeled NMR of PSE supernatant
(solvent: D2O) after exchange (bottom). By comparing the relative peak integration values of
unfunctionalized terephthalic acid (blue, left) with the peaks associated with 2aminoterephthalic acid (green, right) the amount of terephthalic acid exchanged out of the
MOF can be calculated.

Figure 5S.5. Labeled NMR of digested UiO-66 after PSE (NMR solvent DMSO-d6). By
comparing the relative peak integration values of unfunctionalized terephthalic acid (blue,
left) with the peaks associated with 2-aminoterephthalic acid (green, right) the amount of 2aminoterephthalic acid exchanged into the MOF can be calculated.
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Figure 5S.6. Schematic of the PSM reaction (top) and labeled NMR of digested UiO-66-NH2
after PSM (bottom). NMR solvent DMSO-d6. By comparing the relative peak integration
values of 2-aminoterephthalic acid (green) with the peaks associated with the amidefunctionalized ligand (blue) the amount of 2-aminoterephthalic acid that reacted with acetic
anhydride can be calculated.
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a)

b)
Figure 5S.7. Dynamic mechanical analysis of a 70 wt% UiO-66-NH2/EVA MMM with no
methanol exposure (labeled ‘Native MMM’) and a 70 wt% UiO-66-NH2/EVA MMM subjected
to 24 hours of soaking in methanol followed by drying at room temperature (labeled ‘PostMeOH’). Frequency scans were conducted from 0.01 Hz to 25 Hz, with corresponding
storage moduli shown in (a), and the storage moduli of the materials at 1 Hz are graphed in
(b). Slight differences are seen but given the large error bars on the measurements shown in
Figures 5.3 and 5.4, these differences are likely negligible.

202

Figure 5S.8. Example spectrum of the TFE standard signal compared to the PFOA end
group. A spectrum of the starting PFOA solution was obtained, and the relative change in
signal of the filtrate compared to the identical standard was used to determine the extent of
separation achieved.
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Figure 5S.9. Sorption isotherm data acquired for the UiO-66 used in this study. The data
was fit to both the Freundlich and Langmuir models, and shows slightly better fit to the
Langmuir model.
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a)

b)
Figure 5S.10. Linearized versions of the Freundlich and Langmuir sorption models were
used to determine fit constants and R-squared values of the fits, indicating a slightly better fit
of the Langmuir model to this data.
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a)

b)

c)

d)
Figure 5S.11. a) Blender schematic and b)/c) photographs of 3D printed plastic ‘holders’ for
MMMs prevent the MMM from interfering with the UV-Vis measurement without limiting
solution access to MMM surfaces. The MMM is cut to fit the holder, then the MMM and
holder are submerged and isolated against the wall of the well using a standard o-ring (d).
This method yields reliable data with minimal interference by hydrophobic, floating, polymerbased composites.
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a)

b)

Figure 5S.12. Rubber band secured PEO MMM (a) and top view of plate with PVDF MMMs
(no rubber band secured) and PEO MMMs (rubber band secured) in wells of 24-well plate.

Figure 5S.13. Calibration curve for p-nitrophenoxide (hydrolysis product of DMNP) in pH =
8.0 N-ethylmorpholine buffer that is used to calculate hydrolysis rates.
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Figure 5S.14. UV-Vis readout of absorbance at λmax of DMNP, indicating turnover rates for
various polymers and MOF loadings studied. Clear, replicable differences depending on the
identity of the polymer are seen in turnover rates and amounts.
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a)

b)
Figure 5S.15. Full UV-Vis spectra of several wells containing assay conditions and MMMs,
demonstrating turnover of DMNP to the yellow nitrophenoxide product.
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