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ABSTRACT

The transition to renewable energy requires efficient hydrogen storage and carbon
dioxide recovery technologies to mitigate gas emissions and facilitate the adoption of clean
energy sources. Hydrogen, a high-energy-density fuel, presents storage challenges due to its
low volumetric density. Materials-based hydrogen storage, particularly through
physisorption in metal-organic frameworks (MOFs) and covalent organic frameworks
(COFs), offers a promising alternative to conventional high-pressure or cryogenic storage
methods. However, improving storage capacity, desorption control, and processability
remains a challenge. Similarly, carbon recovery technologies must be optimized to reduce
energy requirements while maintaining high CO, sorption efficiency. This thesis explores
novel materials-based strategies for gas storage and separation, with an emphasis on
polymer mobility and phase transitions to control sorption and desorption processes.

This work begins with a review of polymer-encapsulated framework materials,
summarizing their synthesis, properties, and potential for gas storage applications
(Chapter 2). Polymer encapsulation can improve the processability of porous frameworks
while also influencing gas sorption behavior. In Chapter 3, polymer-framework composites
are investigated for hydrogen storage, demonstrating that encapsulation introduces a
temperature-dependent diffusion barrier. Below the polymer’s glass transition temperature
(Ty), hydrogen desorption is inhibited, providing a tunable mechanism for controlled gas
release.

To further understand the role of polymer mobility in hydrogen diffusion, Chapter 4
employs nuclear magnetic resonance (NMR) relaxometry to study polymer segmental
motion. By modifying polymer structures, the study identifies key factors that influence
hydrogen transport and retention. These findings suggest that polymer engineering can
enhance the performance of physisorption-based hydrogen storage materials.

Chapter 5 shifts focus to CO, capture, exploring ionic liquid crystals (ILCs) as

sorbents. A unique phase transition-driven desorption mechanism is discovered, wherein
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CO3 release occurs over the melting point of the ILC. This behavior suggests that ILCs
could offer a lower-energy alternative to conventional thermal swing regeneration processes.
Overall, this thesis advances the understanding of gas transport in polymer-modified
materials, providing insights into the design of more efficient hydrogen storage and CO,
capture systems. By leveraging phase transitions and polymer dynamics, this work

contributes to scalable, energy-efficient solutions for clean energy applications.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Transitioning to renewable energy is among the greatest challenges facing thé& 21
century. Dangerous levels of increased greenhouse gas emissions, in large part carbon
dioxide, have resulted primarily due to energy infrastructure relying on fossil fuel
combustion.30 32 Carbon dioxide emissions have grown in recent years at the fastest rates
recorded, exacerbating this issue.33, 34 In order to avoid the continued increase in levels of
CO,, carbon removal must occur alongside the transition to clean energy sources.35, 36
Achieving this will require e cient point source carbon capture strategies as well as the
development and deployment of additional energy sources such as hydrogen.37 39
Hydrogen fuel is a very promising clean energy source, as it displays signi cantly higher
energy density than most fuels without producing carbon dioxide emissions.40 42 The
success of a hydrogen economy hinges on e cient and successful hydrogen production,
transport and especially storage.43 45 Therefore, while advances in production and
utilization of hydrogen are well established, klgas storage is vital in order to facilitate the
necessary progress of hydrogen energy to additional technologies, including transportation.
1.2 Hydrogen Storage: Current Methods and Challenges

Gas storage methods generally fall into two categories: physical storage and
materials-based storage. Physical gas storage relies on high-pressure tanks or liquefaction
to achieve high storage densities. Materials-based gas storage involves two distinct
techniques: chemisorption, involving the formation of a bond between material and the
gas; and physisorption, involving gas stored in a material via weak intermolecular forces
(e.g. Van der Waals). As the lightest element, hydrogen has a very low volumetric energy
density (although its gravimetric energy density is very high). As a result, physical storage
of hydrogen relies on compression or liquefaction to increase the storage density.

Compression of H can lead to embrittlement and tank failure, while liquifying H is an



extremely energy-intensive process, requires temperatures at 20K (-2%83 to store, and is
prone to evaporation losses.45 48 Hydrogen storage in materials is a promising alternative,
increasing the volumetric density of storing hydrogen and removing the cost associated
with liquefying hydrogen.43, 44, 49 52

Examples of chemisorption-based material are metal hydrides (e.g., LiHNaBH,, or
MgH,)53 56 and liquid organic hydrogen carriers (LOHCs)49, 57 61 such as
benzene/cyclohexane, or formate/bicarbonate systems. Metal hydrides are typically very
cheap materials with high hydrogen capacities, but the high temperatures required to
desorb the hydrogen can be prohibitive.62 LOHCs facilitate a reversible catalytic hydrogen
storage and release cycle from a liquid system, which leads to high reversibility and the
advantages of being in a liquid form, but also requires high temperatures and typically
expensive catalysts.44, 63 65

Physisorption as a method of hydrogen storage is an alternative technique, whereby
hydrogen is adsorbed through weak Van der Waals forces to the surface of highly porous
and large surface area (> 1000fg) materials such as metal-organic frameworks
(MOFs)66 69 or activated carbons.70 72 The advantages of this method are the low cost
and high energy density of the stored hydrogen, as well as the rapid adsorption and
desorption processes.43, 73 76 However, due to the weak forces involved in this interaction,
the adsorption and storage are heavily dependent on temperature and pressure.
High-density hydrogen storage requires very low temperatures (often 77K for optimal
adsorption), and/or high pressures.51, 77 Recent advances have aimed to mitigate these
limitations by incorporating open metal sites into MOFs and covalent organic frameworks
(COFs),78 82 providing additional, higher-energy interaction sites for hydrogen, while in
activated carbon the introduction of boron and/or nitrogen achieves a similar result.83 87
Speci cally, the introduction of open metal sites has proved to be quite e ective at
increasing the B capacity of MOFs and COFs with higher isosteric heats of adsorption.
Ni,(m-dobdc), a MOF with nickel(ll) sites incorporated throughout, displays a H binding

enthalpy of -13.7 kJ/mol, the highest observed in a MOF.1 As a result, the volumetric
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capacities of Nj)(m-dobdc) and Ca(m-dobdc) is higher than that of pure compressed
hydrogen at 100 bar, showing a signi cant advantage even at room temperature (Figure

1.1).

Figure 1.1: Hydrogen adsorption isotherms for (a) Gém-dobdc), (b) Ni,(m-dobdc), (c)
COy(dobdc), and (d) Niy(dobdc) at -75 (black circles), -50 (navy squares), -40 (blue
triangles), -25 (green upside-down triangles), 0 (gold diamonds), 25 (yellow hexagons), 50
(orange stars), 75 (dark red pentagons), and 10@ (bright red crosses) measured between
0 and 100 bar and plotted in terms of total volumetric and gravimetric capacity. The black
line in each plot represents the volumetric density of pure compressed & 25 C. Reprinted
with permission from ref [1]. Copyright 2018 American Chemical Society.

COF-301 was functionalized with copper(ll) sites which enhanced the overall hydrogen
adsorption enthalpy, enabling hydrogen storage above room temperature.88 However, this
strategy still has the inherent drawback in which the capacity of ki signi cantly decreases

as temperature increases, and the inclusion of open metal sites adds synthetic cost. A



method of raising the temperature of desorption (Jes) of hydrogen beyond modifying
adsorption enthalpies is needed. A drawback of MOFs and COFs is their limited
processability. These rigid, powdery materials can generate dust, degrade under ambient
conditions, and pose challenges for industrial reactor integration.89 95 Encapsulating
framework nanoparticles within polymer coatings present a promising solution, combining
the structural malleability of polymers with the porosity and functionality of framework
materials.96 98 Polymer coatings can also provide a temperature-dependent di usion
barrier to gas molecules below their glass transition temperature §J.14, 15, 88 The lack
of polymer mobility below the Ty inhibits the mass transport of the gas, delaying the
di usion and subsequently increasing the temperature of desorption of the gas. As such,
the phenomenon is dependent on the density, free volume, and physicochemical properties
of the polymer layer. as well as leading to industrially valuable form factors such as porous
liquids. The formation of these polymer composite materials may be a path towards the
improvement and implementation of physical sorbents for hydrogen storage.
1.3 Materials-Based Strategies for Carbon Dioxide Capture

Physical versus chemical absorbents for GQapture face many of the same drawbacks
as for hydrogen storage. The most widely used method for G@apture is with amine
solvents (commonly, monoethanolamine or MEA).99 101 While e ective and highly
selective for CQ, these solvents require high temperatures and/or pressure swings to
desorb CQ and regenerate the solvent.38, 102, 103 Additionally, amine solvent solutions
are highly corrosive and volatile, which increases operational costs.104, 105 Physical
absorbents o er a lower-energy alternative. One such set of absorbents which has shown
great promise for CQ capture are ionic liquids.106 109 lonic liquids commonly de ned to
be salts with melting points below 100 C. lonic liquids are advantageous over amine
solvents due to their negligible vapor pressures and non-corrosive nature. The regeneration
of ionic liquids is also less energy intensive than that of amines due to the weaker Van der

Waals and electrostatic forces involved in the capture of CQyet the further reduction of



that energy would be bene cial to the cost of carbon capture.110, 111 Investigating ionic
liquid crystals to take advantage of their low-energy phase transitions as a strategy for
decreasing the energy required for cycling could be a way to achieve this.

E cient H , storage and CQ capture will be necessary for the clean energy future.
Optimizing the sorption processes will be crucial for di erent applications requiring
di erent operational conditions. Additionally, decreasing the energy requirements of the
sorption/desorption cycle will be vital to lower costs. Improving materials for this purpose
will require understanding, controlling, and exploiting gas mass transport properties
(di usion, migration, convection) in materials. The energy-e cient release of stored gas in
response to various stimuli such as temperature, light, or pressure that are less
energy-intensive than current state-of-the-art processes would be transformative
improvement for a variety of applications.
1.4 Chapter Synopses and Research Hypotheses

The objective of the projects discussed in this thesis is to improve the fundamental
understanding of the gas mass transport properties within materials' matrices that result
in the control of sorption processes. This thesis begins with a published work reviewing
and summarizing the synthesis and properties of polymer-encapsulated framework
materials and their relevance to gas storage applications, Chapter 2. Chapter 3 describes
the progress made in developing and characterizing polymer-framework composites for
hydrogen storage. The temperature-dependent polymer mobility and hydrogen desorption
phenomena discovered in Chapter 3 led to the investigation of the fundamental relationship
between polymer structure and polymer mobility via nuclear magnetic resonance (NMR)
relaxometry, and to establish the e ect of polymer substituent mobility on H di usion
(Chapter 4). Chapter 5 shifts focus to the investigation of ionic liquid crystals as CO
capture materials, discovering and characterizing a GQrapture method unique to
1-tetradecyl-3-methylimidazolium tetra uoroborate and 1-dodecyl-3-methylimidazolium

tetra uoroborate. Chapters 3, 4, and 5 are diverse, yet all focus on the exploitation of



phase transitions to induce signi cant changes in gas transport and therefore desorption.

The following key hypotheses are addressed:

1. Decreased polymer mobility below the glass transition ¢J temperature will result
in delayed H desorption from polymer encapsulated framework (PEF) materials and
PEF-based porous liquids.

2. Forming porous liquids in polymers with increasing J's will result in increasing
temperatures of desorption for hydrogen.

3. Introducing diphenyl groups into the backbone of poly(dimethylsiloxane) will
increase steric hindrance while also increasing free volume, having con icting e ects on the
H, mass transport in the material.

4. lonic liquid crystals will desorb CQ when heated across the crystalline-mesophase

and mesophase-isotropic phase transitions.



CHAPTER 2
POLYMER ENCAPSULATED FRAMEWORK MATERIALS FOR ENHANCED GAS
STORAGE AND SEPARATIONS

Reproduced with permission from ACS Materials Au
2024 The Authors. Published by American Chemical Society

Grace E. B. Redwine ™ %2 Wade Braunecker? Thomas Gennett, » %2

2.1 Abstract

Within the broader eld of energy storage, polymer-encapsulated framework (PEF)
materials have witnessed remarkable growth in recent years, with transformative
implications for diverse applications. This comprehensive review discusses in detail the
latest advancements in the design, synthesis, and applications of PEFs in gas storage and
separations. Following a thorough survey of existing literature, the article delves into
mechanistic considerations and foundational principles governing PEF synthesis. Emphasis
is placed on covalent and coordinative covalent grafting methods, physical blending,
nonsolvent utilization, and various vapor deposition techniques. The discussion critically
evaluates the advantages and disadvantages of these synthesis approaches, considering
factors such as grafting density, coating thickness, and other physical properties relevant to
processability and stability in comparison to traditional framework materials. Special
attention is given to the impact of polymer coatings on gas adsorption analysis. Finally,
notable accomplishments and advancements in the PEF eld, including mixed matrix
membrane (MMM) technology, improvements in framework form factors, and enhanced
chemical and mechanical stability are summarized. This review concludes by o ering
valuable perspective for researchers, highlighting gaps and challenges that confront the

current state-of-the-art in PEF materials, paving the way for future innovations that are
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poised to help address global energy challenges.
2.2 Introduction

In the past two decades, metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have garnered attention for several exceptional attributes, including
their high surface areas, tunable physicochemical properties, and versatile structures.
These characteristics have driven progress in numerous elds, spanning energy storage,
chemical separation technologies, drug delivery, and catalysis.112 120 Notably, framework
materials have made a substantial impact on gas storage and separation. In recent sorbent
and membrane literature, the key features of MOFs have enabled them to establish new
gas storage capacity and separation e ciency records.121 123 It is evident that these
highly functional materials have transformative potential for a wide diversity of
applications. One critical prerequisite for broader implementation of framework materials
on an industrial scale is enhancement of their durability and processability. This is
especially important for those frameworks that are inherently fragile microcrystalline
powders susceptible to degradation under environmental and mechanical forces.89, 124 Due
to this, some framework materials that exhibit promising behaviors in a controlled
laboratory setting may not be suitable for industrial use.89, 124, 125 The advancement of
polymer-framework composites, particularly polymer-encapsulated frameworks (PEFs), has
resulted in signi cant breakthroughs in addressing these limitations, demonstrating
numerous physicochemical improvements over pristine MOFs/COFs.
2.2.1 Background on Organic Framework Materials

MOFs and COFs are materials with porous framework structures formed from
repeating structural units/motifs. MOFs are highly crystalline materials synthesized via
the formation of coordinate covalent bonds between metal ions/clusters and organic
ligands. COFs are ordered materials composed exclusively of light elements such as boron,
carbon, nitrogen, and oxygen. In contrast to MOFs, the crystallinity of COFs is dependent

on the dynamic covalent chemistry of the chosen ligands.117 119 The variety of metals and



ligands from which to choose allows for exceptional tunability in MOFs and COFs.
Properties such as pore size, reactivity, and stability can be modi ed and controlled by
altering the metal-ligand (MOF) or ligand-ligand (COF) pairs. Many frameworks exhibit
high adsorption capacity and/or selectivity for gases such as G@r H,.121 123, 126 129
Despite the progress made in recent years towards the synthesis of stable MOFs,130
they are historically prone to chemical instability due to the labile nature of metal-ligand
coordination bonds.91, 125 Many MOFs are speci cally susceptible to hydrolysis,
undergoing degradation in humid and aqueous environments.131, 132 This decreases their
e ectiveness as gas separation materials due to the prevalence of humidity in gas streams
and the ubiquity of water in the environment.94 MOF microcrystalline powders also tend
to be mechanically fragile, which leads to brittleness, structural damage from handling,
and hazardous dust formation.89 COFs are generally more stable than MOFs in harsh
solvents and conditions, but still face challenges with processability.133 The combination of
instability and poor processability makes it di cult to transition MOFs and COFs to
practical engineering solutions for gas storage and separations, with only a few MOFs
reaching large-scale industrial production and commercialization.134 138
2.2.2 Polymer-Framework Composites
Developing new composite materials from MOFs/COFs and polymers is a relatively
recent research area focused on addressing these practical challenges. Polymer-framework
composites combine the traits of MOFs and COFs with the exibility of polymers,
resulting in improved processability and durability compared to the original framework
materials. Several methods can be used to generate these hybrid materials, resulting in a
range of chemical compositions, structural arrangements, and material characteristics.
These methods range from simple blends with limited interaction between the framework
and polymer, like mixed-matrix membranes (MMMs), to more complex approaches such as
polymer grafting within the framework pores.122, 123, 139 148 Polymer-encapsulated

frameworks (PEFs) are a speci ¢ type of composite that is achieved by encapsulating the



framework particles with a polymer coating or shell (Figure 1). A distinct polymer shell
and MOF/COF core di erentiate these materials from polyMOFs and MOF-encapsulated

polymers.

Figure 2.1: Scanning transmission electron microscopy (STEM) and STEM-energy dispersive
x-ray spectroscopy (EDS) images of a PEF consisting of colloidal COF-301 particles with
a surface-excluded poly(dimethylsiloxane) coating.2 The EDS maps show silicon at a much
higher concentration on the outer boundary of the spheroid, where the electron beam would
only be detecting the coating if it was indeed surface-excluded.

PEFs o er distinct advantages over other polymer-framework composites, including
better compatibility between framework and polymer phases as well as maintaining the
framework's functional properties. In composites with minimal bonding between phases
such as MMMs, issues may arise due to incompatibility between the crystalline (in)organic
framework and soft, exible polymer chains. Phase separation can result, straining the

polymer chains and leading to defects such as voids, pore blockage, and material sti ening.
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These are all detrimental to the composite's mechanical properties. The polymer shell
bound to the surface of the nanoparticles in PEFs results in compatible polymer-polymer
interactions between particles, minimizing defect formation. Concerning functionality,
when a polymer is grafted from within or penetrates the framework's pores, it can reduce
the porosity of the material. However, by con ning the polymer to the particle's surface
and forming a coating, PEFs preserve the interior nanoparticle porosity. As a result, PEFs
emerge as a bene cial type of polymer-framework composite. This comprehensive
exploration delves into PEF synthesis and properties documented in the literature. This
work also presents an overview of some of the challenges associated with characterization
of these materials, as well as advances in the eld that have the potential to transform gas
storage and separation technologies.
2.2.3 Overview of the Existing Review Literature

The eld of polymer-framework composite materials has experienced signi cant growth,
leading to a marked increase in review papers over the past 5-7 years. However, no
comprehensive review exists speci cally focused on core-shell polymer-framework
composites for gas storage and separation applications. Various reviews cover
polymer-framework hybrids, such as polyMOFs, framework-encapsulated polymers,
mixed-matrix membranes (MMMs), MOF-organic hybrids, and inorganic-polymer hybrids,
touching on PEFs but only brie y due to broader scopes.139, 149 157 Other reviews focus
on speci ¢ applications like bioimaging or drug delivery.158 160 Narrower reviews on
MMMs, covalently bound MOF-polymer composites, and MOF-biopolymer composites
mention PEFs incidentally but do not address the challenges speci ¢ to their synthesis and
characterization.142, 145, 161 169 Concurrently, reviews on polymer-grafted nanopatrticles
are relevant to PEF formation but do not cover the unique challenges of preserving pore
accessibility in MOFs or COFs during coating processes.170 177

This review focuses on synthetic strategies to tailor PEFs for improved gas storage and

di usion, o ering a comprehensive analysis of their synthesis, characterization, and
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potential in gas separation, while also identifying underexplored areas in the eld.

2.3 Polymer Coatings on Framework Materials and Mechanistic
Considerations

For applications in gas storage and separations, key characteristics of framework
materials are their high surface areas, large pore volumes, and available binding sites.
While a tethered polymer coating can enhance material properties, in Itration of the
polymer into the pore structure decreases surface area and can block adsorption sites. If
the in Itration is substantial, the material is no longer useful for gas storage and
separation. Therefore, the mechanism of polymer attachment is critical. Attachment
mechanisms in the literature typically fall into one of three categories: grafting from,
grafting to, or grafting through (Figure 2.2).3, 178, 179 When the framework particle is
functionalized in a way that allows it to act as a macro-initiator for polymer growth, the
polymer coating is said to be applied using a grafting from mechanism.2, 180 187 In cases
where the framework acts as a macro-capping agent for a pre-synthesized polymer, the
mechanism is considered grafting to.10, 188 194 If the framework is functionalized to serve
as a macro-monomer or macro-crosslinking agent during polymerization, the coating
process may be classi ed as grafting through.11, 21, 195 198

While these classi cations serve as useful starting points, it's important to note that in
some cases the mechanisms can be more nuanced and may not neatly t into any single
category, or they may span multiple categories. Even so, considering the advantages and
disadvantages of each grafting technique can be helpful when designing a synthetic process
for a material with a speci c application in mind. For instance, in cases where a
pre-synthesized polymer is a xed to the framework surface via chemi- or physisorption
using a grafting to method, often excellent size-exclusion of the polymer from the
framework's interior is achieved. This is because the hydrodynamic volume of a random
coiled polymer is typically substantially larger than the pores of the framework. However,
due to steric repulsion between polymer chains, the overall grafting density on the

particle's surface after this technique tends to be rather low, which can lead to a more
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permeable coating.

Figure 2.2: Strategies for polymer grafting technigues commonly employed to synthesize
PEFs: (a) grafting to, (b) grafting from, and (c) grafting through. Reproduced with
permission under MDPI open access.3

Conversely, in grafting from techniques, the grafting density is signi cantly higher, and
lower permeability coatings are easier to attain. Depending on the pore size of the
framework, grafting from can result in partial or complete pore lling as it is more
challenging to size-exclude monomers than polymers. Grafting through techniques are

subject to the same problems as grafting from but can produce particularly robust
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