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ABSTRACT

Attempts to modify porous aromatic frameworks (PAFs) via altering reagent
composition, such as the addition of substituents to its precursor molecules, has
largely shown to be ineffective. However, porous aromatic frameworks (PAFs) can be
post-synthetically modified by relatively simple processes to create catalytically active
analogous structures for tailored applications. Using previously published and novel
methods, our group has post synthetically modify PAF-1with Brensted acid functional
groups. These modified PAFs were used as catalysts in hydroxyalkylation alkylation
(HAA) reactions, commonly used in the synthesis of alkylfuran precursors to
industrially relevant bio-lubricant base oils. Base oils are a vital commodity to the
production of commercial lubricants. Here we seek to optimize a step in the synthetic
route of bio lubricant precursors by creating a more efficient catalyst that can be used
in combination with cheap starting materials found in biomass like sugars, alcohols,
and agricultural waste. This allows for cost cutting in lubricant production while
improving desirable characteristics in the end product lubricants utilizing them.

As an alternative to PAFs, porous organic cages (POCs) can provide several
benefits; mainly, their crystallinity and their compatibility with density modification
strategies. An octahedral aldehyde and diamine-based imine cage, commonly referred
to as CC3, has received a fair share of interest, becoming well known in POC based
research into gas and small molecule storage and separations. While it excels at this
application, its primary drawback is poor surface area when compared to other porous

materials (MOFs, COFs, PAFs, etc.). Coupled with the moderately expensive starting



materials required for synthesis, namely 1,3,5-triformylbenzene, there is much room
for improvement in both synthetic process and molecular structure. The work outlined
here describes a strategy to modify the packing arrangement and density of CC3 to
explore optimization of density, to ultimately improve volumetric methane uptake in
POCs. This was achieved through the synthesis of film phase POCs, and the effects of

phase change on gas adsorption characteristics and density were investigated.

Xi



Chapter 1

INTRODUCTION TO POROUS MATERIALS

For over a century, scientists have been investigating the properties of porous
materials. This body of work even predates the advent of new synthetic materials to
when porous materials were limited to natural porous rock found in the ground.
Zeolites, for example, are a type of porous aluminosilicate mineral that can be found
naturally throughout the earth. In 1896, French mineralogist Georges Friedel
experimented with zeolite porosity by displacing water absorbed by zeolites with
organic solvents such as ethanol, benzene, and chloroform.!-? Shortly thereafter, F.
Grandjean demonstrated the adsorption of ammonia and hydrogen by a dehydrated a
sample of chabazite zeolite.? In the hundred years since, both naturally occurring and
synthetic porous materials have received considerable attention. This was largely
motived by the promising industrial applications of these solids. Union Carbide
demonstrated the first industrial-scale use of zeolites in 1953 when they employed
Linde Type A zeolite to remove oxygen impurities from argon at one of their chemical
plants.> More recently, particularly as a result of new designer materials, porous
materials have been a promising area of research has provided society with a multitude
of benefits. These have included processes for new and more efficient industrial
productivity,* breakthroughs in medical care® and potentially lifesaving drug delivery
systems.® Even beyond these, porous materials are responsible for many beneficial

technologies humans utilize every day.”:8-9



Whether considering naturally occurring or synthetic porous materials, modern
adsorbents are typically broadly split into 3 categories: microporous, which contain
pores less than 2 nanometers in diameter, mesoporous, which contain pores between 2
and 50 nanometers, and microporous, which contain pores greater than 50 nanometers
in diameter. As it is not uncommon for adsorbents to contain a combination of pore
sizes, their classification is usually based on the largest type of pore present, rather
than the most abundant. While all three of these classes of porous materials have
several applications,!®!! for the gas storage, chemical separation, and catalysis
applications discussed in this work, microporous materials are of greatest interest as
their pore size, shape, and surface functionalities can be tailored with the highest
selectivity. To characterize porous materials a variety of methods can be used, some of
the more prevalent methods include X-ray crystallography, infrared spectroscopy, and
powder X-ray diffraction. X-ray crystallography is particularly useful because pore
size and geometry can be inferred from the structural information it provides.
However, since certain materials are insoluble and/or amorphous, surface area and
porosity measurements are also important characterization methods for porous
materials.

In analyzing gas adsorption data for the characterization of porous solids, the
two most common methods of calculating surface areas involve either the Langmuir
model or the adsorption models developed by Brunauer, Emmett, and Teller (BET
Theory). The Langmuir adsorption model was developed over 100 years ago and is a
relatively simple adsorption model, although it holds up to intense scrutiny in all but
the most extreme cases. This model assumes that: adsorbates behave as an ideal gas

when conditions are isothermal, all adsorbent sites are equivalent, adjacent adsorption



sites do not interact, and that only a single monolayer of coverage forms on the surface
they adhere to. In using the Langmuir model to understand gas adsorption data, the
saturation uptake of a gas under specific conditions can be calculated, and from this
the material’s Langmuir surface area (Langmuir surface area is denoted by Srang).!?
In complex adsorbents, however, the Langmuir model fails to account for multiple
layers of adsorbent on a surface. The BET adsorption models, on the other hand,
expand upon the Langmuir model by accounting for multilayer adsorption (BET
surface area is denoted by Sger), among other phenomena. This theory hypothesizes
that gas molecules physically adsorb to surfaces in infinite layers, only interact with
adjacent layers, Langmuir theory applies to each layer, adsorbents can form higher
layers before the first layer is complete, and that adsorption enthalpy is highest for the
first layer subsequently decreasing in each additional layer.!® Despite their differences

it is common for both to be used concurrently in characterization.

1.1 Porous Solids

Although this work focuses on porous aromatic frameworks (PAFs) and
porous organic cages (POCs), two specific classes of porous organic materials, there
are several classes of all-organic, all-inorganic, and hybrid organic/inorganic materials
relevant to the work discussed here. Two notable examples of these materials
important to the field of porous materials chemistry, zeolites and metal-organic
frameworks (MOFs), will also be briefly discussed in addition to the exclusively

organic materials outlined in this chapter.



1.1.1 Zeolites

Zeolites are the most well-known solids among the broader class of all-
inorganic porous materials. The first documentation of a zeolite can be attributed to
Axel Cronstedt, who upon discovering stilbite created the term zeolite itself for this
newfound class of mineral.14 By definition, zeolites, which are often present in
hydrated forms, are crystalline aluminosilicate minerals commonly containing alkali
or alkaline-earth metals.!5 While these microporous minerals can be naturally
occurring, the majority of zeolites used today are synthesized via hydrothermal
methods. In fact, of the 2.6 million hypothetically possible zeolite structures, just
23016 have been isolated and of these, roughly 40 structure types are naturally
occurring.!7 The first successful custom zeolite synthesis was reported in 1862 with
the synthesis of levynite,!*18

The porous structures and thus adsorbent capabilities, in addition to their
nearly unparalleled stability, of zeolites make them ideal candidates for industrial
applications. Catalysis is the most common application where zeolites are used on a
large scale, however other common applications include gas separations!® and ion
exchange.20-21 A key factor in zeolites’ capacity to serve as effective catalysts in
numerous reactions lies in the ability to tune the material’s acidity, which is often
achieved through altering the ratio of silicon and aluminum in the framework to
increase/decrease the number of available Bronsted acid sites.2? In catalysis, the
overwhelming majority of zeolite utilization can be attributed to the fluid catalytic
cracking (FCC) process, which is used in petroleum refineries to convert the large
hydrocarbons in crude oil into smaller hydrocarbons used in petroleum derivatives like
gasoline and other distillate fuels.23 These FCC zeolite catalysts account for

approximately 95% of global annual zeolite catalyst consumption.24 Although they



have proven incredibly useful in many large-scale industrial applications, their narrow,
small diameter pores (<1.5 nm) result in diffusion limitations25-26 which can hinder

their use as catalysis or for separations involving bulkier molecules.2’

1.1.2 Metal Organic Frameworks (MOFs)

Definitively speaking, a MOF is a material comprised of metal ions and
organic linkers (ligands) that assemble to form a permanently porous crystalline solid.
Although examples of structures that would currently be classified as MOFs had been
previously synthesized,?®?° the creation of the term Metal-Organic Framework (MOF)
was credited to Omar Yaghi in 1995.% In the time since, MOFs have quickly found
themselves at the forefront of porous material research due to their amenability to
structural modification and often exceedingly high surface areas and porosity. The
current record holder for surface area is DUT-60 (Sger = 7839 m?/g) which was
synthesized in 2018.31 While DUT-60 holds the record, there are several MOFs with
BET surface areas in this range,32 and many more in the Sger= 3000-5000 m?/g
range,33 establishing the MOF as a strong leader in the realm of ultrahigh surface area
materials. Another impressive feature of the MOF is its structural variance, in terms of
both metal ion and ligand composition. The Cambridge structural database (CSD)
contains an estimated 70,000 unique MOF crystal structures,3* and this number
continues to grow rapidly. Such a wide variety of known structures and potential
building blocks allows the MOF an extremely high degree of tunability, opening them
to a wide array of applications in catalysis,3>-3 separations,37-38 and gas storage.3%40
However, a critical weakness of the MOF is that they often suffer from stability
issues,*! namely poor hydrostability, significantly decreasing in surface area and

structurally deteriorating upon exposure to moisture (i.e. atmospheric conditions).>



Stability issues in MOFs can be partially attributed to the labile nature of the metal-
ligand coordination bonds they are based on.#2 This is particularly the case for
ultrahigh surface area MOFs. This renders them difficult or impossible to work with in
most real-world applications where moisture free conditions are often impossible or

unrealistic due to the financial implications.

1.2 Overview of Porous Organic Materials

The relatively poor stability of many MOFs is a debilitating drawback that
severely limits their feasibility in many desired applications. To potentially overcome
this disadvantage, many groups have turned to investigating porous materials that are
all-organic in composition. Strong covalent and/or aromatic bonding could allow for
increased stability while maintaining structural integrity and porosity. In MOFs, it is
well known that the lower strength of the M-L bonds, as compared to the C-C bonds
of their organic ligands, are a structural liability. Porous organic solids have been
under investigation for decades. One of the earliest examples of a porous organic
material is the hypercrosslinked polymer (HCP), first synthesized in 1969.43 Surface
areas for these amorphous materials range from 600 m?%/g - 2000 m?/g BET 4445
Modification of precursor concentration and structure allows for moderate pore size
tunability. HCPs have shown promise for CO, capture applications; however, their
adsorption capabilities often degrade in wet conditions.*¢

Polymers of intrinsic microporosity (PIMs) represent another early class of all-
organic porous solids. These amorphous materials, which are composed of rigid
polymer chains were first synthesized in 2002 and have surface areas ranging from
450-950 m?*/g BET.#7 Through judicious functionalization, triptycene-based PIMs

were able to reach surface areas up to 1760 m*/g .48 PIMs have seen success in gas



separations as their solubility in organic solvents allows for enhanced membrane
formation capabilities.*® Conjugated microporous polymers (CMPs) are similar to the
previously mentioned polymers but feature n-conjugation arising from the alternating
o and 1 bonding systems they contain. CMPs were introduced by the Cooper group in
2007 with the synthesis of CMP 1-4 via Sonogashira-Hagihara cross-coupling
reactions involving halogen and alkyne monomers.>0 Surface areas are usually around
1000 m?g BET for these materials but have been reported as high as 3180 m?/g
BET 5! They too are amorphous due to inefficient packing and the rotational ability of
the single bonds connecting their building blocks, but their electronic structure allows
for use in electronic (optoelectronics and photocatalysis)32 as well as traditional
porous material applications (catalysis, separations, etc.).53-54 It should be noted that
polymer-type porous materials in general however, do present a unique downside
compared to more structured materials: because their structures are completely
random, it is difficult to meaningfully install functional groups and methods of
functionalization must be designed accordingly.

Despite their impressive surface areas, the aforementioned limitations of
MOFs led researchers towards creating materials with the desirable qualities of the
MOF while possessing increased atmospheric stability and lower cost of synthesis.
This was somewhat achieved with the creation of organic materials such as HCPs,
PIMs, and CMPs, but they too suffer from stability issues. Additionally, they lack the
ability to pack efficiently causing them to be amorphous, which can cause reduced
adsorption capabilities at higher pressures due to flexibility, hindering gas storage
application possibilities. The irreversibility of their bonds also leads to a lack of

thermodynamic control during synthesis, often leading to formation of the less stable



product. With the creation of covalent organic framework (COFs), these crystallinity
and bond reversibility issues were solved. COFs are 2D or 3D micro and mesoporous
crystalline extended organic structures linked together by covalent bonds, first
described by Adrien Cote and Omar Yaghi in 2005.%> COFs improved upon the
chemical and thermal stability issues seen in MOFs by replacing metal-ligand
coordination bonds with stronger covalent bonds. Reversible bond formation during
synthesis allows for thermodynamic control during polymer formation, leading to
more stable products.3¢ The relationships between reversible bonding,
thermodynamics and kinetics in controlling COF formation has been investigated by
several groups.

However, this increased stability comes at the price of reduced surface area
when compared to MOFs, with the record COF surface area (DBA-3D-COF 1, Sger =
5083 m?/g)>7 falling significantly short in comparison to the highest recorded MOF
(DUT-60, Sger = 7839 m?/g).3! Despite this, they can serve a wide array of
applications because of almost limitless tunability. This is due to the sheer number of
available building blocks for synthesis and ease of functionalization, making it easy to
create application specific materials. Some of the applications of COFs include drug

delivery 8 gas storage, 5990 and catalysis.60!

1.3 Porous Aromatic Frameworks (PAFs)

Efforts to create materials that combine the high surface area of MOFs with the
stability of COFs led to the discovery of a new class of materials, porous aromatic
frameworks (PAFs), also known as porous polymer networks (PPNs). PAFs are
porous organic materials in which aromatic covalent bonding is used to create

extended, rigid, molecular structures providing enhanced surface area and increased



stability vs. COFs and MOFs, respectively. Most often they are synthesized through
coupling reactions using tetrahedral phenyl ring containing building blocks, or
monomers. Common synthesis methods used to construct PAFs include, but are not
limited to, Yamamoto-type Ullmann cross couplings,2 Suzuki cross-couplings,®3 and
ionothermal reactions.®* The first reported PAF (PAF-1) was synthesized in 2009 by
Zhu Et. Al. via a Bis(cyclooctadiene)nickel(0) catalyzed Yamamoto type Ullmann
cross-coupling reaction.®5 PAF-1 is an amorphous three-dimensional polymer with an
adamantane like pore structure featuring thermal stability up to 520°C, extreme
hydrophobicity, and a surface area of Sg = 5600 m?/g.% Additionally, given its
extended three-dimensional structure, it is insoluble in every organic solvent. Since the
introduction of PAF-1, PAFs have quickly become materials of interest due to their
unique properties, outstanding stability, and extremely high surface areas.

The majority of reported PAFs are comprised of interconnected tetrahedral
carbon centered monomers, tetrakis(4-bromophenyl)methane being a prominent
choice. Use of other central monomer atoms has also been explored, such as silicon66
and germanium.%” For example PPN-4 (also known as PAF-3), analogous to PAF-1 in
structure, utilizes a tetrakis(4-bromosilyl)methane monomer and holds the record
surface area for PAF materials at Sper = 6461 m%/g (Srang = 10063 m?/g).®® The nature
of linkers between tetrahedral centers can also vary, in both length (i.e. number of
phenyl rings), and composition (differing from the common biphenyl type linker).
When composition is altered it is often to construct a secondary building unit (SBU)
which is then interconnected as a monomer, this usually leads to a change in
framework topology (differing from the theorized dia topology of PAF-1% and its

analogs). Use of a SBU in PAF creation is exemplified in the synthesis of PAF-2,



where a triazine ring is used to create a SBU with tetrakis(4-cyanophenyl)methane to
produce a material with ctn topology.°8 While deviation from the standard PAF
structure of PAF-1, PAF-3, etc. in either topology or distance between tetrahedral
center invariably causes changes in pore characteristics, it also often leads to a
significant decrease in surface area.5%69 The same can be said for functionalization of
PAF linkers. A prime example of this is the functionalization of PAF-1 with amine
groups to obtain BPP-1, which is discussed in greater detail in subsequent chapters.
Addition of one amine substituent per linker decreases Langmuir surface area by ~
5200 m?/g. Ease of functionalization is a prime benefit in regard to structural
tunability, but the severe decrease in surface area is something that must be kept in
consideration when tailoring application specific materials.

A critical drawback of PAFs lies in their relative incompatibility with common
porous material characterization methods. The lack of both crystallinity and solubility
causes difficulties in the use of most conventional diffraction or spectroscopic
techniques. Surface area measurements are a primary method of characterization and
can provide insight into pore properties/characteristics, but they do not provide
significant structural information. This has led to computational methods becoming a
vital tool in predicting PAF structures, whereas traditional methods that provide more
concrete information like X-ray diffractometry and mass spectrometry are unable to be
of use. However, combining data from computations, IR spectrometry, solid-state
NMR, elemental analysis, and surface area calculations have allowed for PAF
structures to be known to an acceptable degree of certainty.

Despite being amorphous, PAFs have highly accessible pore structures that

facilitate optimal adsorption properties for both gasses and liquids. Their somewhat
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modular synthesis allows for diverse structural compositions and coupled with their
stability and ability to be easily functionalized, PAFs have the opportunity to become
essential materials for improving current processes/applications involving porous

materials (i.e. catalysis, separations, gas storage, etc.).

1.4 Porous Organic Cages (POCs)

Porous organic cages (POCs) are a class of all-organic materials that have
received heavy attention since their first report by Skowronek et. al.”0 They possess
many of the desirable properties of the previously mentioned extended network porous
organic materials. However, their molecular nature endows them with the added
benefits of being crystalline and potentially ultra-tunable. An early iteration of a type
of these materials was reported by Cooper et. al. in 2009.7! These tetrahedral, imine-
based cages are comprised of four equivalents of triformylbenzene and six diamine
units which condense to form the resulting cage. Depending on particular crystal
packing, this cage can display BET surface areas up to 624 m?/g. This type of [A + B]
formula allows for considerable tunability of imine-based cage structures. It is a
common motif amongst POCs’2 and the possible combinations that have emerged are
seemingly endless and include carbon-carbon’3 , boronic ester’#, and porphyrin
based”> cages, with some configurations of POCs containing up to 20 components.”®

Analogous to the relationship between the common synthesis methods for
PAFs and COFs, POC syntheses can utilize either reversible or irreversible bond
forming routes, though the latter is not as frequently utilized. Irreversible bonding
routes include metal catalyst assisted cross coupling,’’ ester condensation,’8 and
cycloaddition.”® As previously discussed, cage syntheses that rely on irreversible bond

forming reactions are not as ideal due to the lack of thermodynamic control they can

11



impart. Additionally, these reaction protocols often require multiple steps and
purification processes, both of which lead to lower yields. However, cages with
irreversible bonds often have increased stability over those based on reversible bonds
(imine, boronic ester, etc.). For this latter, more common route, imine condensation is
the most popular.89-81 However, novel synthetic methods, such as those based on
boronic ester formation32:83 and alkyne metathesis84-85 have recently been reported.
Reversible bond forming routes are preferred because it allows for corrections in self-
assembly leading to thermodynamic product formation. Cheaper cost of synthesis due
to lack of added catalysts and reduced purification steps are also benefits of these
routes. Most cages based on reversible bond forming reactions do not require any
added catalysts, exceedingly hazardous chemicals, or extreme temperatures and/or
pressures to synthesize, a benefit to both lab safety and budget. Many cages can be
synthesized using cheap reagents and common organic solvents. Although, like
irreversibly formed cages, cages formed via reversible bonding have potential issues
in their design, synthesis, and implementation. Chiefly among these are relatively low
hydrostability and the formation of interlocked cages during self-assembly due to
solvent-cage interactions, reducing surface area and pore size. Therefore, it can be said
that method of synthesis is an important factor and must be considered when designing
cages for applications in specific conditions, or high throughput processes where
excessive reaction times and purification steps could impede material production.
Regardless of their mode of synthesis, the molecular nature of POCs is a
particular advantage in the production of crystalline structures. From a fundamental
standpoint, this makes structure elucidation significantly easier in comparison to their

amorphous porous organic counterparts. Their inherent solubility is another benefit, as
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it permits co-crystallization with other cages,3¢ incorporation into other materials to
create composites like cage-MOFs,37 or creation of new materials altogether.88
Solubility can also be used to prepare thin layer or sheet-like formations, which can
provide desirable qualities when applied to surfaces, such as stereospecific
selectivity® and small molecule sensing capabilities.?0 Lastly, high solubility enables
the use of solvent interactions as a means of control cage packing arrangements in the
solid state, which can force the formation of alternative polymorphs and differing
crystal structures. This is due to the somewhat weak intermolecular forces between
cages. Their modular structures create the ability to design cages presynthetically with
specific building blocks, functional groups, or desired properties in mind. One
persistent negative aspect of POCs however, is that on average they tend to exhibit
lower surface areas when compared to materials like PAFs and MOFs.91 Although the
highest reported surface area among cages is quite high at Sger = 3758 m*/g92 they
typically display BET surface areas below 1000 m?/g. Despite this, with an extensive
list of benefits over other porous organic materials and an almost limitless
combination of structural components, POCs can be viewed as an ever-expanding
class of materials that possess impressive tunability towards application specific
molecules. They have already demonstrated functionality in sensing,”3 chemical

separations,?*95 and catalysis.?

1.5 Applications of Porous Organic Materials

The scope of applications for porous materials in general has seen considerable
growth since the initial commercialization of synthetic zeolites by Union Carbide in in
1954. Early materials were used as drying agents for refrigerant and natural gasses.?

Zeolites, porous silicas, and other inorganic porous materials are still heavily used in
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industry today as adsorbents for separations and catalysis.?798 However, they suffer
from issues that prevent a more widespread usage of these materials, including catalyst
deactivation,”® diffusion limitations,!%0 and coking (carbon deposit buildup).101 Metal-
organic frameworks (MOFs) have received considerable recent attention as hybrid
alternatives to all-inorganic porous materials. They have achieved some limited
success in respect to these applications. However, their lackluster stability and
relatively high reagent/synthesis cost has inhibited their widespread implementation.
The necessity to create materials with the ability to perform these same processes,
without the aforementioned limitations, has caused an immense uptake in research in
the synthesis of new porous organic materials. Porous organic solids have already
shown their utility for a variety of applications and their superb tunability has also led
to them being considered for novel solutions to existing problems. A summary of
current applications of porous organic materials will be discussed in three categories

herein: separations, catalysis, and gas storage.

1.5.1 Separations

Separations play a vital role in virtually all industrial sectors; in fact,
they account for an estimated 10-15 % of the world’s total energy
consumption,!92 and 40-90 % of industrial capital and operating costs.103 The
majority of separation methods used in industry today are energy intensive
processes based on massive thermal inputs: distillation, drying, and
evaporation. These alone account for 80 % of separations energy
consumption.!94 Large energy inputs are required as most common thermal
separation methods have terrible efficiency, typical distillation processes for

example, have a thermodynamic efficiency of 5-20 %.195 Distillation is the
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highest source of separations related energy consumption by a large margin, it
accounts for 90-95% of separations in both chemical and petroleum
industries.!®® It is primarily used to separate large hydrocarbons in crude oil
into smaller hydrocarbons for various uses (fuels, lubricants, etc.), separation
of organic chemicals, and gas phase separations (i.e. oxygen and nitrogen
production from air). Distillations have been relied on for so long, removing
such a staple in the separations process and replacing it with alternative
technology will be no easy feat. Adsorptive-based separations are inherently
more energy efficient; adsorption and membrane separations could be used to
decrease energy consumption by several orders of magnitude. However, these
are contingent on the development of novel adsorbents for specific
applications. This will require porous materials that provide equal separations
efficiency with dramatically lower energetic cost to offset the costs of
replacing current systems. However, there has been significant headway made
towards developing materials that could make this task achievable. In addition
to improving the separation efficiency of already employed industrial
separations, there are a number of novel separations where advanced porous
materials could have an impact. An important example of this is CO> capture
associated with electricity generation, referring to the process of adsorbing
COs: to prevent it from entering the atmosphere. Reducing CO> emissions is an
important aspect of environmental protection, as it is a greenhouse gas that
largely contributes to the climate change issues being encountered worldwide.
Progress made as of late involving separations centers around the

formation of membranes purely comprised of porous organic materials or
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formed by combining them with other porous materials to increase selectivity
and gas permeability. Fu et al.196 reported a promising example of this where
they utilized a tetra-(4-anilyl)methane and terephthaldehyde based imine cage
COF-300197 and [Zn2(bdc)2(dabeo)] to create a membrane, [COF-300]-
[Zn2(bdc)2(dabceo)], that shows exceptional Ho/CO» selectivity. This selectivity
is desirable for application in pre-combustion CO; capture, where CO2 would
be captured and sequestered while H» is combusted. PIM-1 and PIM-7
membranes have also displayed high selectivity and permeability towards
industrially relevant gas mixtures CO2/O; and CO2/CHs,108 whose separations
are important in nitrogen generation and natural gas enrichment processes,
respectively.109110 The porous, imine-based organic cage CC3 has shown
aptitude in performing various types of separations. Notable examples include
separation of rare gasses from air (Kr, Xe, Rn) at low concentrations,’* and
separation of sulfur hexafluoride from nitrogen.!!! Additionally, computational
studies of mixed matrix membranes (MMMs) constructed with varying
mixtures of POCs have shown impressive separations capabilities of H»/N> and
H»/CO> gas mixtures!12 exceeding the upper bound of the empirical
permeability/selectivity limit!13-114 of polymeric membranes. It has even been
demonstrated that CC3 has the ability to act as a stationary phase for high
resolution gas chromatography, allowing for the possibility of applications in
analytical chemistry. When CC3 crystals were applied as a coating to a silica
capillary gas chromatography column, the column was able to resolve n-
alkanes, n-alcohols, aromatic hydrocarbons, as well as provide

enantioselectivity that rivaled state-of-the-art commercial equipment.!15
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Light hydrocarbon separations are one of the primary processes in
which distillation is used,!!® consuming a staggering amount of energy
annually. As previously mentioned, the ability to carry out these separations
with porous materials would conserve massive amounts of energy. The
purification and separation of ethylene (C2Hs) from ethane (C2Hs) and
acetylene (C2Hy) is an example of a separation that is carried out on a massive
worldwide scale. Ethylene is a vital commodity in many industrial
applications and the production of polymers, rubbers, and plastics, at an
average of 1.53 million barrels per day consumed in the U.S. alone.!17 PAFs
have been investigated for the separation of ethylene from other C
hydrocarbons. As an illustrative example, PAF-1 was modified with sulfonyl
groups and ion exchanged with Ag to afford PAF-1-SO3Ag,!18 which
demonstrated high C2H4/C,Hg selectivity. PAF-110119 and PAF-120,120 which
feature naphthalene-1,4,5,8-tetracarboxylic dianhydride linkers coupled to
tris(4-aminophenyl)amine and 1,3,5-tris(4-aminophenyl)benzene monomers,
respectively, have been studied for CoH»/CoHy separations. Both PAFs show
noteworthy chemical and thermal stability, and have exceptional selectivity for
C2H> over CoHa, with PAF-120 being the highest among porous organic
materials studied for CoH2/C2H4 separations. While research into light
hydrocarbon separations with porous organic materials is relatively new, these
materials show that there is potential for their use in energy efficient

separations.
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1.5.2

Catalysis

It’s well known that catalysts play an imperative roll in all facets of
chemistry, from small scale reactions encountered in research laboratories to
the hundred plus kilogram scale processes seen in industry, catalysts are
critical components in countless chemical reactions. Porous materials have
long been investigated as catalysts due to their large available internal surface
areas that are able to facilitate chemical reactions, as well as the ability to tune
pore sizes and structures with functional groups to enable specific catalysis and
minimize unwanted side reactions. The ease of which materials such as PAFs
can be functionalized with metal ions or acidic/basic groups has garnered them
considerable attention as potential catalysts for a wide array of reactions. POCs
also have a degree of customizability in the fact that their assembly can be
tailored by choosing catalytically active building blocks that have sites that
retain their reactivity in the final assembled product. There are two strategies
that focus on utilizing these tunable properties to develop catalysts using
porous organic materials: direct synthesis using building blocks that feature
catalytically active groups, and post-synthetic modification of the parent
material to add catalytic functional groups or encapsulate the catalyst within
the porous material.

Of the two methodologies for catalyst design, utilizing a combination
of porous organic materials and reactive metal species has seen more interest,
and often provides an easier synthesis route. The widely researched and
understood nature of many metallic species allows for a more direct route to
achieve the desired reactivity. Previous studies into established catalysis with

zeolites, MOFs, or metal nanoparticles can be used as models towards intended
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reactivity. Many catalysts have been developed for organic reaction schemes,
where catalysts are essential to maintain high conversion rates. COFs in
particular have seen success as active catalysts for a variety of organic
transformations. COF-300 and COF-LZU1, two imine linked crystalline COFs,
have been loaded with Pd(OAc): to give Pd(OAc),@COF-300121 and Pd/COF-
LZU1122 respectively, to achieve high reaction yields in Suzuki-Miyura
coupling reactions for a wide array of starting materials (> 95% in most
instances). PAd(OAc¢).@COF-300 also showed high yields in both Sonogashira
and Heck cross-coupling reactions.'?!

Despite being relatively new materials, PAFs have also proved to have
potential as efficient catalysts. Maximov et al.123 used PAF-30 to support
ruthenium nanoparticles and form the catalyst Ru-PAF-30 for the
hydrogenation of arenes, which resulted in high percent conversions and size
selective hydrogenation capabilities. PAFs containing N-heterocyclic carbenes
were metallated with iridium or ruthenium (PAF-(NHC)Ir/PAF-(NHC)Ru) by
Rangel-Rangel et al.!24 and showed exceptional catalytic activity for alcohol
N-amine alkylation and transfer hydrogenation of ketones. These are but a few
instances, but there are a myriad of examples where using porous organic
materials to coordinate metal ions or support metallic catalysts combined the
desirable qualities of porous organics with the reactivity of metal species to
form efficient catalysts.

Compared to synthesizing porous organic catalysts that contain metal
ions, the creation of efficient catalysts made exclusively of organic porous

materials and functional groups has proven to be more challenging. However,
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PAFs provide a strong parent structure for this method of catalyst design, as
they feature high surface areas, extreme stability, and are amenable to
functionalization to add active sites. For example, sulfonation of 1,3,5-tris(4-
bromophenyl)benzene and tris(4-bromophenyl)amine based PAF structures
(Sulfo-1 & Sulpho-2, respectively) lead to outstanding catalytic ability towards
acid-catalyzed esterification of acetic acid with butanol.125> When compared to
a powerful esterification catalyst, Amberlyst-15,126 the Sulfo-1 compound had
higher activity over several recycles. Fine tuning pore characteristics within
PAFs via substituents can provide specific selectivity as well as impart high
catalytic activity. Chen et al.127 created a chiral catalyst using L-prolinamide to
functionalize PAF-1 for catalysis of the aldol condensation reaction between p-
nitrobenzaldehyde and cyclohexanone. PAF-1-NHPro not only displayed good
enantio- and diastereoselectivity but was also able to be recycled 10 times
without a significant drop in performance. Taking advantage of pore
morphology in a similar fashion, Sun et al.!28 exploited the large pore size of
PAF-70 to bind a large thiourea functional group. PAF-70-thiourea was then
used to catalyze the N-bromosuccinimide mediated oxidation of alcohols and
impressively, displayed no decrease in catalytic ability after 36 cycles.
Recyclability is an important aspect of all catalyst driven industrial processes,
due to the cost of replacing deactivated catalysts becoming a financial
burden.!2? The high chemical and thermal stability of PAFs gives them real
potential as platforms to produce efficient, recyclable catalysts for industrial

applications.
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1.5.3 Gas Storage

Among the investigated uses for porous organic materials, gas storage
has been the most thoroughly studied. This is primarily due to the increased
interest towards developing alternatives to fossil fuels in the automotive sector.
Alternative fuel research has seen a marked research in recent years as climate
change intensifies and its effects become increasingly apparent. In 2017 CO»
accounted for 81.6 percent of all greenhouse gas emissions at 5271 million
metric tons of carbon dioxide equivalents, a 2.9 percent increase from 1990!3°
Thirty seven percent of this massive number is a result of fossil fuel
consumption by the transportation sector.!3! As these large numbers show,
automobiles are a large contribution source of CO; emissions in the United
States. Although passenger vehicles are constantly becoming more efficient,
the ultimate efficiency of gasoline-based automobiles can only improve to a
limited extent.!32:133 Even in the most efficient vehicles, the fuel being
consumed still contributes heavily to CO, emissions. An alternative fuel to
gasoline, such as compressed natural gas (CNG) could provide similar fuel
economy and a up to a 15% decrease in greenhouse gas emissions.!34 Natural
gas is currently being produced in record numbers in the US and around the
world,!35 and mass adoption of CNG vehicles would also lead to decreased
dependence on foreign oil imports, providing major economic benefits!36 in
addition to reducing CO, emissions. However, in adopting a natural gas based
transportation sector lies in the utilization of the fuel in mobile applications.
Natural gas, primarily composed of methane, is a gas at room temperature and
atmospheric pressure and is thus considerably less dense than gasoline (0.657

kg/m? and ~750 kg/m? respectively).!37:138 As a result of this, it has a much
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lower energy density per liter of 0.04 MJ compared to gasolines 32.4 MJ.139
To allow vehicles to store enough fuel to have a range comparable to gasoline
powered vehicles, natural gas, the density of natural gas must be increased,
typically either by compression or liquifaction. Pressures of 200 — 350 bar are
required for adequate compression and liquid storage requires maintaining
cryogenic temperatures of —162 °C.140 In addition to the safety concerns of
these methods, both are expensive which serves as a major deterrent towards
widespread adoption of CNG vehicles, especially when compared to the cost
of a traditional gasoline fuel system. In attempt to remedy this issue, porous
materials have been investigated to provide a solution to the high compression
required in today’s natural gas vehicles.

Because of their high surface areas and promising methane adsorption
capabilities, porous organic materials have been considered for improving
current CNG fuel storage technology by facilitating adsorbed natural gas
(ANG) technology. These materials have the capability to adsorb and desorb
methane repeatedly, lowering the required pressure for adequate storage within
the fuel tank to the pressure required for the material to adsorb sufficient
quantities of methane. Pressures above atmospheric pressure would still be
required but would be considerably lower than what is required in current
CNG fuel systems. The Department of Energy (DOE) and the Advanced
Research Projects Agency — Energy (ARPA-E) have set guidelines for
materials intended to be used for this purpose, through their Methane
Opportunities for Vehicular Energy (MOVE) program. The target set for

adsorbent materials by the DOE is a total methane uptake of 350 cm*(STP)/cm?
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at 65 bar. The ARPA-E target is a deliverable methane capacity of 315
cm*(STP)/cm?® over a 5.8 — 65 bar range.!4! Since researchers began focusing
on making materials that meet or exceed these targets, there has been
considerable progress made. The current leaders in total and deliverable
methane capacity are the metal-organic frameworks HKUST-1142 with a total
methane capacity of 267 cm’/cm? at 295 K / 65 bar,143 and UTSA-76a with a
deliverable capacity (65 — 5.8 bar) of 197 cm®/cm? at 298 K.144 While
HKUST-1 and UTSA-76a are the closest to achieving the targets set by both
the DOE and ARPA-E, both suffer from typical MOF stability issues, namely
poor hydrolytic stability, that hinder their utilization for ANG storage. Several
other MOFs!45 have also come close to the capacities of HKUST-1 & UTSA-
76a, but they too suffer from stability problems. For this reason, many have
invested in developing porous organic materials as more stable alternatives to
meet these targets. Amongst organic materials, PPN-4 possesses the highest
methane storage capability with a total uptake of 155 cm?/cm?® at 298 K and 55
bar with a deliverable capacity of 138 cm?/cm?.146 COF-102 is another
promising material with a total volumetric capacity of 145 cm’/cm? at 298 K
and 65 bar and a deliverable capacity of 123 cm?/cm?.!4¢ Unfortunately, aside
from these two leading materials, the methane storage capacities of all-organic
porous materials fall significantly short of those displayed by many MOFs.!#?
If focusing on the methane storage capacities alone, one could assume
that porous organic materials fall significantly short of their MOF counterparts
in terms of performance. However, their stability remains unparalleled. MOFs

that cannot withstand atmospheric conditions face a very difficult path to
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implementation, regardless of their methane uptake capabilities. Indeed, porous
organic materials have a long way to go to overtake MOFs in terms of
capacity, but the sheer number of resources available in organic synthesis in
conjunction with vastly superior stability displayed by many porous organics

offers them a sizeable advantage.

1.6 Outlook for Porous Organic Materials

There are many promising opportunities for porous all-organic materials to
become staple materials in any number of applications, but there are several
shortcomings that must be addressed before this is made a reality. Despite their
impressive ability to be tuned in terms or pore size or the addition of desired
functional groups, etc. a drawback remains in the fact that these modifications often
severely decrease surface area, one of the most desirable properties of these materials.
Beyond this, there are relatively few examples of pore size/shape tuning, particularly
when compared to the vast reported body of literature concerning MOFs.

Perhaps the biggest obstacle these materials face in becoming real world
industrial adsorbents, catalysts, etc. is ease and cost of synthesis. For many industrial
processes, zeolites remain the most-used materials regardless of their relatively poor
performance. This is because their cost is significantly lower than those of more
designer materials. Many industrial processes require adsorbents or catalysts on the
thousand plus kilogram scale, and they cannot operate in a financially successful
manner if materials would need to be synthesized a couple hundred milligrams at a
time or using extremely expensive catalysts. So even if there are alternatives that
could provide significantly better performance and/or recyclability it would not cost

effective to implement them in such massive scale processes.
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For their ultimate utilization to be realized, the synthesis of these high
performing porous organic materials must be able to be scaled up to be produced in
large quantities and without the need for exotic catalysts. This challenge is no small
feat, as some materials lose desirable properties when synthesis is scaled past a certain
point, or alternatives synthesis routes that do not require catalysts have not yet been
discovered. Many researchers focus primarily on material optimization which is
undoubtedly important, however it must be considered hand in hand with overall cost

and scalability if real-world industrial application is to be seriously considered.
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Chapter 2

POROUS AROMATIC FRAMEWORKS

As aresult of their impressive physical and chemical properties, porous
aromatic frameworks (PAFs) are a class of porous materials that have garnered
appreciable attention since their first report in 2009.%° As interest in these materials,
and the ever-increasing diversity of applications they have shown promise for
continues to grow, it has become clear that this robust organic material is capable of
being useful in a large assortment of applications.!47 When approaching the design of
materials from a functionality standpoint, one must consider many factors that
influence the end product’s capability to be successfully implemented on a meaningful
scale. First of course, is the ability for the material to perform optimally for the
targeted application. Additionally, the material must be stable under, for example, the
regeneration conditions required for reuse. What makes PAFs such interesting
materials in this respect is not only their high surface areas, but also their remarkable
stability which typically remains intact after modification and functionalization. In the
areas where PAFs are sought to be applied (gas storage, separations, catalysis, etc.)
longevity towards repeatedly performing the specified task is crucial. Because they
offer such stability, combined with easy tunability, PAFs stand as ideal candidates to
serve as application specific porous materials that provide resilience to harsh operating

conditions and are also high recyclable.
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2.1 Optimization of PAFs

The first step towards creating application-specific PAF derivatives was to
optimize the synthesis and activation of the parent PAF structure, PAF-1. The majority
of the work presented here involved the modification of PAF-1, so it was imperative to
obtain the highest quality PAF-1 base materials prior to modification. Initial synthesis
of PAF-1 was performed following the first published synthesis of the material by Ben
et al.% and yielded a product with a Langmuir surface area of 6800 m*/g and a total
nitrogen uptake of 62 mmol/g at P/Po = 0.95. The initial wash and activation procedure

consisted of washes with HCI, THF, and H>O, followed by room temperature vacuum

drying.
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Figure 1: Reaction scheme of PAF-1 synthesis and representation of single
diamondoid pore (main image). Simplified diagram of PAF-1 pore
structure with biphenyl linker represented as stick, ball representing
tetrahedral carbon node (bottom left).
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However, consistently higher surface area material was able to be obtained through
alteration of the wash and activation procedure. This new scheme consisted of washes
with H>O, anhydrous EtOH, and THF, followed by drying under vacuum at room
temperature. Material worked up in this manner was able to consistently produce
material with a Langmuir surface area ~7200 m?/g and a total nitrogen uptake of 75
mmol/g at P/Po= 0.95. Additionally, to investigate the possibility of further enhancing
surface area, post-wash material was subjected to Soxhlet extraction for 24 hours with
THEF prior to vacuum drying. However, surface area and nitrogen uptake gains proved

to be negligible and Soxhlet extraction was deemed unnecessary.

2.2 PAF-1 Functionalization

Although PAFs feature high surface areas and large accessible pore space,
aside from gas storage applications, basic PAF structures consisting of phenyl rings
and uniform tetrahedral monomer centers (i.e. carbon, silicon) generally lack the
necessary functional groups to be used for most applications. That is to say,
functionalized PAF derivatives often outperform unfunctionalized PAFs in selectivity
and separations capabilities and basic PAF structures, which are inherently
homogenous in nature, are ordinarily unable to act as catalysts without the addition of
functional groups. Therefore, to achieve the desired functionality PAFs must be
synthesized with monomers or linkers containing the required functional groups or
basic PAFs necessitate post-synthetic modification. These added groups are generally

chosen to increase selectivity or to provide active sites for catalytic purposes.
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2.2.1 Brensted Acid Groups

The catalytic abilities of homogeneous Brensted acids and solid materials
containing Brensted acid groups has been well documented, and there are several
industrial processes driven by Brensted acid catalysts. Processes that use homogenous
Brensted acids such as HF and H>SOj4 in industry, however, consume massive
amounts of these liquid acids and require energy intensive separations to remove and
recycle them. In addition to this, the homogeneous nature of these acids necessitate
considerable engineering solutions as they are incredibly corrosive to industrial
infrastructure. Solid catalysts with Brensted acid sites like zeolites also require costly
regeneration due to the aforementioned issues with coking and deactivation.?®!*!
Previous publications have shown that PAFs can be used to create highly

recyclable catalysts,125,1z7,128

and we sought to evaluate the ability of a PAF-1
derivative functionalized with Brensted acidic and/or basic sites to perform a catalytic
process normally carried out by homogeneous Bronsted acid catalysts. The hypothesis
behind this was that the PAF derivative would be able to perform the reaction with
high turnover numbers and frequencies as it offers high internal surface area for
reactions to take place and would be easily recyclable in a similar fashion to
previously synthesized PAF-based catalysts. A proof of concept experiment was
designed in which a PAF-1 derivative with anilinium chloride functional groups would
be used to catalyze a hydroxyalkylation-alkylation reaction (HAA reaction). It was
hypothesized that addition of the anilinium chloride functional group will provide the
proton source necessary to drive the HAA reaction. We targeted the HAA of 2-
alkylfurans with aldehydes to create furan containing lubricant base oils, which are

used to create synthetic biolubricants.!48 Biolubricants can provide environmentally

and cost friendly alternatives to traditional fossil fuel-based lubricants because their
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starting materials can be derived from biomass sources such as Cs sugars,!49 biomass-
derived alcohols,!59 and cooking oil waste.!5! These starting materials are
exceptionally cheap when compared to purchasing industrially synthesized bulk
starting materials. Their use would take advantage of an ever-present supply of
biomass components including crops specifically grown for renewable energy
feedstock sources,!52 or materials regarded as waste products in their related industrial
processes. 153

First, PAF-1 was post synthetically modified to create Berkeley Porous
Polymer-1 (BPP-1), a derivative in which each biphenyl linker in the framework
contains one NH; functional group. BPP-1 was then further post synthetically
modified to give BPP-2, where the amino functional groups are protonated using
hydrochloric acid to produce anilinium chloride substituents. Due to the inherent
insolubility of both BPP-1 and BPP-2, initial characterization involved the use of

nitrogen adsorption isotherms and infrared spectroscopy.
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Figure 2: Infrared spectra of PAF-1 (black) and BPP-1 (blue)



For BPP-1 IR the spectrum showed a broad feature with two small peaks at 3400 and
3500 cm! characteristic of primary amine N-H stretching, a sharp peak at 1600 cm’!
of the N-H bend, at 1360 cm! of the C-N amine stretch, and a sharp peak at 800 cm™!

showing para substitution of benzene rings.
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Figure 3: Infrared spectra of PAF-1 (black) and BPP-2 (red)

The IR spectrum of BPP-2 showed similar features, with a large broad single peak at
3360 cm! indicating amine N-H stretching, a slightly shifted sharp peak at 1560 cm’!
signifying the N-H bend, and at 1360 cm! corresponding to C-N amine stretching. For
both BPP-1 and BPP-2 nitrogen adsorption isotherms aligned with published data for
surface area and nitrogen uptake values.!>4 BPP-1 possessed a Langmuir surface area
of 2000 m?/g and total nitrogen uptake of 21 mmol/g at P/Py = 0.8, BPP-2 Langmuir

surface area was 1500 m?/g with total nitrogen uptake of 15 mmol/g at P/Po = 0.8.
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Figure 4: Nitrogen adsorption isotherms at 77 K for PAF-1 (black), BPP-1 (blue),
BPP-2 (red)

This adsorption data also follows the trend of significant surface area and nitrogen
uptake decrease resulting from PAF-1 functionalization, both values dropped by
roughly 72 % for BPP-1 and 80 % for BPP-2. This trend can be rationalized by the
fact that functionalization inevitably leads to obstruction in three-dimensional pore
structures, with the extent of obstruction increasing with the use of larger functional
groups. Once Synthesis and characterization of BPP-2 was completed, the trial
experiment was run. Trial reactions were modeled after previous work by Liu et
al.,!*®155 selected 2-alkylfurans and aldehydes were combined in a 2:1 furan-aldehyde
ratio to form a stock solution. Stock solution was heated to 65° C, catalyst was added,

and the reaction was left to stir overnight.
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Figure 5: Hydroxyalkylation alkylation (HAA) reaction scheme showing furan and
aldehyde starting materials (top left), structure of BPP-2 catalyst biphenyl
linker (top center), furan containing lubricant product (top right), and
predominant side products (bottom)

Product was filtered when heterogeneous catalysts were used, and then quantification
was done via NMR. Control reactions were run with neat acids (phosphoric, sulfuric,
and hydrochloric acids) to evaluate their ability to perform the reaction as
homogeneous catalysts and compare to trials with BPP-2. Of the neat acids,
phosphoric acid achieved the highest percent conversion and selectivity with both at
100 %. Phosphoric acid also had 100 % conversion but only obtained 40 % selectivity.
Selectivity in this scenario was based on production of desired product vs known side

products. Following the same reaction set up, stock solution was combined with
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catalytic amounts of BPP-2 to evaluate its catalytic ability. BPP-2 was in fact able to
perform the reaction with 100 % selectivity, but only achieved 28 % conversion of
starting materials.

Data from these proof of concept experiments has shown that BPP-2 is in fact
able to act as a catalyst in reactions where Bronsted acid catalysts are typically
employed. Additionally, based off of the results using neat acid catalysts it can be
hypothesized that PAF-1 functionalized with acidic phosphonate or sulfonate groups
would provide enhanced percent conversion over BPP-2 in HAA or similar reactions.
However, further testing in different reaction scenarios is needed, and would provide
insight into how BPP-2 and other PAF derivatives could act as Brensted acid catalysts.
Furthermore, this data shows one of the ways that PAFs can be successfully utilized as

a platform to create functional porous organic materials.

2.2.2 Tuning of Pore Morphology

An important property that governs the ability of a porous material to adsorb
gases for storage or separation applications is the shape and size of pores that the
material contains. For this reason, when designing a porous material for optimal gas
adsorption capabilities a common strategy is to achieve a pore size that corresponds to
the kinetic diameter of the gas that is to be adsorbed to facilitate a molecular sieving
effect. This can be achieved through direct synthesis of materials containing pores of
the desired size, or via adding functional groups to an existing material to achieve the
required pore size. The latter method serves as a way to effectively decrease pore
diameter in a material that would otherwise contain pores that are too large for optimal
adsorption of a given gas. In addition to tuning pore size, functional groups can

provide sites that enhance adsorption and desorption through selective surface
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interactions, by increasing or decreasing heat of adsorption (Qs). Strong interactions
between adsorbate and adsorbent is one quality that endows porous materials with
high uptakes capabilities for a given gas. Although it is important to note that strong
interactions between adsorbent and adsorbate may also have detrimental effects on
desorption properties, if surface interactions are too strong for adsorbates to be
efficiently removed. Both adsorption, and desorption capabilities are necessary for
porous materials to be successful in separations and gas storage applications.!36
Therefore, there is an ever-present need for a strategy that allows for precise tuning of
adsorption enthalpies. However, obtaining the highest ability for gas adsorption or
separations is not as simple as maximizing a single parameter. Studies have shown
that the correct combination of surface area, pore size, pore volume, and heat of
adsorption must be achieved for peak performance.157

It has been proven and is well understood that unsaturated metals provide
strong adsorption sites in MOFs.158159 For example, HKUST-1,'4? UTSA-76a,'* and
NOT-101,160 some of the leading materials in terms of methane uptake and
deliverable capacity all contain a high density of open metal sites. Because porous
organic materials lack these type of strong adsorption sites altogether, different
approaches must be taken to increase adsorption and separation capabilities. As
mentioned previously, one strategy to achieve this is through modifying the material to
contain groups that create a suitable pore morphology and/or increase adsorbent-
adsorbate interactions. Functionalization with alkyl groups allows for tuning of
material adsorption properties through control over pore size and/or shape, where the
length and bulk of the substituent governs the extent to which pores become

obstructed.
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There is an abundance of literature showing that introducing functional groups
that vary in size and orientation are effective in tuning pore size.l61:162:163 Syccessful
application of this method to PAFs was demonstrated by Garibay et. al,164 where
PAF-1 derivatives were synthesized containing methyl, hydroxymethyl, and
phthalimidomethyl functional groups resulting in changes to pore volume and
diameter. To tune adsorption properties via the strength of surface interactions,
materials can be functionalized with polar groups such as amides or fluorinated
substituents. Previous research has shown that the introduction of amide functional
groups to porous materials can increase both gas uptake and selectivity.165-166.167.168
This was exemplified by Zheng et. al'®? in the synthesis of the amide functionalized
MOF [Cu24(TPBTM)s(H20)24], which showed increased CO; capacity and higher CO»
selectivity in CO2/N2 and CO,/CH4 mixtures over the non-amide functionalized
analogue PCN-61.170 To evaluate these modification strategies in PAFs, we
functionalized PAF-1 with a series of amide functional groups containing alkyl groups
of varying sizes, to provide control of pore morphology while increasing adsorbate-
adsorbent interactions for optimal adsorption and selectivity. This was achieved by
reacting BPP-1 with select acyl chlorides: acetyl chloride, phenylacetyl chloride,
butyrl chloride, and acryloyl chloride. Methane adsorption experiments were then run
on the series of BPP-1-amides at 195 K to compare the resulting isotherms to PAF-1
methane adsorption at 195 K.

The best way to investigate the effect of functionalization on pore morphology
would undoubtedly be to obtain a crystal structure via X-ray crystallography, so exact
pore dimensions could be mapped. As PAFs are necessarily amorphous, diffraction

methods cannot be used for their characterization and alternative methods must be
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used to look for indications of alterations in PAF pore structure. For our materials, gas
adsorption experiments were used to provide data exhibiting these changes. Gas
adsorption isotherms and their related calculations are a critical piece of data needed to
characterize pore structure, pore volume, and adsorbent properties in all porous
materials. Besides the obvious differences in total uptake gathered from isotherms, the
shape of an isotherm curve can indicate changes in pore structure or strength of
adsorbent-adsorbate interactions.!7! This method is used extensively to compare
adsorption characteristics between porous materials,! 72173 as well as the effects of
functionalization on adsorption properties.!74175 There are numerous literature
examples in which comparative isotherms displaying differences in adsorption at
certain pressure regions, or in total uptake are utilized to signify changes to pore

morphology and/or adsorbate-adsorbent interactions.176-177:178
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Figure 6: Methane Adsorption isotherms for select PAF-1-amides at 195 K, PAF-1
(black), PAF-1-acetamide (blue), PAF-1-butyrlamide (red), PAF-1-
acryloylamide (purple), PAF-1-phenylacetamide (green)
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Methane adsorption isotherms of the amide functionalized PAF-1 derivatives
displayed changes in shape compared to unfunctionalized PAF-1, signifying the
successful modification of pore morphology and adsorption characteristics. Although
PAF-1 and PAF-1-amide derivatives all exhibited similar type I adsorption isotherms,
differences in the slope of adsorption curves at certain pressure ranges are what
indicated adsorbate-adsorbent interaction and pore morphology changes. Notably,
quantities adsorbed from 0.0 — 0.45 bar in PAF-1-acetamide, 0.0 — 0.15 bar in PAF-1-
butyrlamide, and 0.0 — 0.1 bar in PAF-1-acryloylamide were higher than in PAF-1 for
these ranges. The positive increases in slope of PAF-1-amide derivatives at lower
pressure ranges indicates increased micropore filling, which in this case can be
attributed to the polar nature of amide functional groups causing increasing adsorbate-
adsorbent interactions. This was displayed in all amide derivatives except PAF-1-
phenylacetamide where the size of the amide functional group was too large,
outweighing the positive adsorbate interaction effects of polarity. It is also possible
that this was caused by the presence of the phenyl ring resulting in a lower difference
in polarity across the phenylacetamide functional group. A decrease in surface area
and total methane uptake occurred in all PAF-1-amides. The reduction of surface area
and methane uptake were both correlated to alkyl group size, amides containing larger
alkyl groups resulted in a more substantial decrease. PAF-1-acetamide had a Langmuir
surface area of 1342 m?/g (77 K N) and a total methane uptake of 4.6 mmol/g at P/Py
=0.95 (195 K), PAF-1-butyrlamide Srang = 1118 m*/g (77 K N2) with a total methane
uptake of 3.2 mmol/g at P/Po = 0.95 (195 K), and PAF-1-Phenylacetamide Syang = 805

m?/g (77 K N,) with a total methane uptake of 1.4 mmol/g at P/P = 0.95.
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2.2.3 Conclusion and Outlook for Porous Aromatic Frameworks

If trends in porous materials research continue on as they have been, PAFs
have a promising path ahead of them. Their impressive stabilities and surface areas put
them at the forefront of interest in porous materials as few, if any, competing organic
materials possess these qualities concurrently at such extremes. While statistically
impressive, PAFs have major hurdles to overcome before their capabilities can be put
to use in real world scenarios, most concerning being the high cost of synthesis. The
amount of catalyst required to synthesize PAF-1 and PPN-4 at the gram scale, for
example, is prohibitive to virtually any real world application due to the cost of
Ni(COD)a. Second, is the lack of concrete structural information available as almost
all PAFs are amorphous. To fully utilize PAFS for the design of application specific
porous organic materials more information on their structures is necessary, in order to
optimize synthesis and modification methods. Nevertheless, the future looks bright for
PAFs if these issues can be worked, making them more viable alternatives to porous

materials currently implemented in industrial gas storage and catalysis applications.

2.3 Experimental Section

2.3.1 General Information

All solvents and reagents were obtained from commercial sources and used
without any further purification (unless otherwise noted). Dry dichloromethane and
N,N-dimethylformamide were obtained from a solvent purification/drying system and
stored under a nitrogen atmosphere. H-NMR spectra were taken on a Bruker AV 400
spectrometer. Infrared spectroscopy measurements were collected under atmospheric
conditions using a Bruker APLPHA II. Scanning electron microscope images were

taken using a SEM/FIB Auriga 60 housed in the Advanced Materials Characterization
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lab at the University of Delaware. All gas adsorption measurements were obtained
using Micromeritics 3Flex and TriStar II gas adsorption analysis instruments. 3Flex
and TriStar II tubes were heated in the oven at 120° C overnight to remove water.
Once cooled the tubes were evacuated and backfilled with nitrogen using the Smart
VacPrep system and weighed. Samples were loaded into the tubes and degassed
overnight at their respective activation temperatures. Isothermal jackets were used on
analysis tubes for cryogenic measurements. Surface areas for PAF-1 and PAF-1
derivatives were measured via Nitrogen adsorption isotherm measurements in a 77 K
liquid nitrogen bath and calculated using the corresponding Micromeritics software for
each instrument (TriStar II & 3 Flex). Surface areas for porous organic cages were
measured in the same fashion as PAF-1 for Nitrogen adsorption isotherms. For porous
organic cage surface area measurements utilizing carbon dioxide, isotherms were
measured in a 195 K isopropanol / dry ice bath. Excluding high pressure
measurements, methane isotherms for all materials were measured using a 195 K
isopropanol / dry ice bath. High pressure methane measurements were collected on a
Hy-Energy Scientific Instruments PCT-Pro-2000 at room temperature.

BET calculations were used on PAF-1 for initial characterizations. For BPP-1,
BPP-2, and all porous organic cages Langmuir calculations were used in the interest of

throughput, due to the drastically reduced time of measurement.

2.3.2 Synthesis Procedures

2.3.2.1 Synthesis of tetrakis(4-bromophenyl)methane
32 ml of bromine was added to a 3 neck round bottom flask containing a stir

bar. 10 g tetraphenylmethane was added in small portions under vigorous stirring and
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left to stir at room temperature for 20 minutes. The flask was then cooled to - 78° C in
a COz /isopropanol bath, and 75 ml anhydrous ethanol was added slowly. The
resulting mixture was left in the bath to warm to room temperature and stir overnight.
The precipitate was filtered and washed with a saturated solution of sodium bisulfite,
then water, to obtain a beige powder which was dried overnight under vacuum at room

temperature.

2.3.2.2 Synthesis of PAF-1

Inside of a glovebox under nitrogen atmosphere 2.25 g bis(1,5-
cyclooctadiene)nickel(0), 1.28 g 2,2’-bipyridine, 1.12 g 1,5-cyclooctadiene, and 120
mL anhydrous N,N-dimethylformamide were combined in a 500 mL Schlenk flask.
The flask was then removed from the glovebox and placed under nitrogen atmosphere
on a Schlenk line. The deep purple mixture was stirred at 80° C for 1 hour then 1 g
tetrakis(4-bromophenyl)methane was added under positive nitrogen flow. The reaction
was sealed and left to stir at 80° C for 24 hours under nitrogen. Once cooled to room
temperature, 70 mL concentrated (18 M) hydrochloric acid was added and the solution
was left to stir overnight at room temperature. The resulting emerald green suspension
was filtered, and the precipitate was washed with water, anhydrous ethanol, and
tetrahydrofuran followed by 24 hours of Soxhlet extraction with tetrahydrofuran. The
resulting beige solid was dried for 24 hours at room temperature under vacuum to

obtain a bright white solid.

2.3.2.3 Synthesis of BPP-1
100 mg PAF-1 and a stir bar were placed in a 300 mL three neck round bottom

flask equipped with a solid addition tube containing 3.0 g copper nitrate hemi-penta
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hydrate. The flask was then placed under nitrogen atmosphere utilizing a Schlenk line.
14 mL acetic anhydride and 14 mL anhydrous dichloromethane were added and the
flask was cooled to 0° C in an ice bath. Once cooled the copper nitrate hemi-penta
hydrate was added over a period of 5 minutes, the ice bath was removed, and the
mixture was left to stir 24 hours at room temperature. The resulting dark blue solution
was filtered and washed with 3 normal hydrochloric acid (causing a color change to
beige), 80° C water, and 60° C methanol and left to dry on a vacuum funnel for 15
minutes. Obtained solid was placed in a 100 mL Schlenk flask under nitrogen
atmosphere with 48 mL of 50/50 methanol:water and 2.9 g sodium dithionite and left
to stir for 24 hours. Solid was filtered and suspended in 80° C water for one hour,
water decanted and replaced with fresh hot water. This was repeated for a total of 5
cycles, followed by suspension in 60° C anhydrous ethanol followed by decanting and
replacing with fresh hot ethanol twice. Product was obtained via filtration, washed

with warm tetrahydrofuran, and dried under vacuum at 80° C overnight.

2.3.2.4 Synthesis of BPP-2

100 mg BPP-1 was placed in a 50 mL Schlenk flask under nitrogen atmosphere
with 4 mL 1,4-dioxane and 1.5 mL 4 M hydrochloric acid in 1,4-dioxane. The solution
was left to stir overnight at room temperature. Product was obtained via filtration and
washed with 1,4-dioxane followed by anhydrous ethanol. The tan colored solid was

then dried under vacuum at room temperature for 24 hours.

2.3.2.5 Synthesis of PAF-1-Acetyl Chloride
100 mg BPP-1, 10 mL tetrahydrofuran, and 1mL acetyl chloride combined in a

25 mL round bottom flask. The mixture was refluxed at 90°C for 3 days. Solid was
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isolated via filtration, washed with tetrahydrofuran, and dried under vacuum at room

temperature.

2.3.2.6 Synthesis of PAF-1-Phenylacetyl Chloride

100 mg BPP-1, 10 mL tetrahydrofuran, and 2 mL phenylacetyl chloride
combined in a 25 mL round bottom flask. The mixture was refluxed at 90°C for 3
days. Solid was isolated via filtration, washed with tetrahydrofuran, and dried under

vacuum at room temperature.

2.3.2.7 Synthesis of PAF-1-Butyrl Chloride

100 mg BPP-1, 10 mL tetrahydrofuran, and 1.6 mL butyrl chloride combined
in a 25 mL round bottom flask. The mixture was refluxed at 90°C for 3 days. Solid
was isolated via filtration, washed with tetrahydrofuran, and dried under vacuum at

room temperature.

2.3.2.8 Synthesis of PAF-1-Isobutyrl Chloride

100 mg BPP-1, 10 mL tetrahydrofuran, and 1.6 mL phenylacetyl chloride
combined in a 25 mL round bottom flask. The mixture was refluxed at 90°C for 3
days. Solid was isolated via filtration, washed with tetrahydrofuran, and dried under

vacuum at room temperature.

2.3.2.9 Synthesis of PAF-1-Acroloyl Chloride

100 mg BPP-1, 10 mL tetrahydrofuran, and 1.2 mL acroloyl chloride
combined in a 25 mL round bottom flask. The mixture was refluxed at 90°C for 3
days. Solid was isolated via filtration, washed with tetrahydrofuran, and dried under

vacuum at room temperature.
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2.3.2.10 Hydroxyalkylation Alkylation (HAA) Reactions

In a typical reaction set up the selected 2-alkylfuran and aldehyde were
combined in a 2:1 furan-aldehyde ratio to form a stock solution. 0.5 mL or 3.5 mL
(depending on catalyst) stock solution was placed in a vial sealed with a Teflon lined
cap and heated to 65° C, catalyst and stir bar were added, and the reaction was left to
stir overnight at 65° C. Product was filtered when solid catalyst was used, and

analyzed via 'TH-NMR.

2.3.3 Nuclear Magnetic Resonance Spectra

Determination of percent conversion of starting material was carried out using
a simplified method in which the peak at 7.3 ppm corresponding to the furan
component of the starting material stock solution was compared to the main product
peak at 3.9 ppm. Percent selectivity in this case is a comparison of side product peaks
at 3.7 ppm and 9.3 ppm, and the main product peak at 3.9 ppm. This method was used
to determine a rough percent selectivity and conversion to screen for catalytic ability.
Complete quantification of the previously mentioned values will require mass
spectrometry and more comprehensive analysis of product mixture(s) utilizing gas
chromatography methods. In the interest of time these methods are to be performed
once the best catalyst is identified and optimized. Peaks used in calculations shown in

Figure 7.
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Figure 7: Peaks of interest denoted by red arrows for the furan starting material (1),
final product (2), condensation side product (3), }4 reaction side product
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Figure 8: "TH-NMR spectra of 2-ethylfuran & pentanal stock solution (2:1 ratio)
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Figure 9: "TH-NMR spectra of 2-pentylfuran & pentanal stock solution (2:1 ratio)
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Figure 10: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal) and concentrated HCI
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Figure 11: "TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal) and 4 M HCI in Dioxane
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Figure 12: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal) and 2 M HCl in ether
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Figure 13: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal) and concentrated H>SO4
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Figure 14: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal) and H3PO4
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Figure 16: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal), PAF-1, and HCl
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Figure 17: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal), PAF-1, and 4 M HCl in dioxane
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Figure 18: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal), PAF-1, and 2 M HCl in ether
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Figure 19: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal), PAF-1, and H2SO4
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Figure 20: 'TH-NMR of product from HAA reaction with 0.5 mL stock solution (2:1
ethylfuran/pentanal), PAF-1, and H3PO4
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Figure 21: "TH-NMR of product from HAA reaction with 3.5 mL stock solution (2:1
ethylfuran/pentanal) and BPP-2
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Figure 22: 'TH-NMR of tetrakis(4-bromophenyl)methane
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2.3.4 Infrared Spectra
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Figure 23: Infrared spectrum of activated PAF-1
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Figure 24: Infrared spectrum of activated BPP-1
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Figure 25: Infrared spectrum of activated BPP-2
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Figure 26: Infrared spectra of PAF-1 (black), BPP-1 (blue), and BPP-2 (red)
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Figure 27: Infrared spectrum of activated PAF-1-acetamide
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Figure 28: Infrared spectra of PAF-1 (black) and PAF-1-acetamide (blue)
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2.3.5 Gas Adsorption Isotherms
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Figure 29: N> adsorption at 77 K for activated PAF-1 using original wash and
activation methods (see experimental section)
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Figure 30: N2 adsorption at 77 K for activated PAF-1 using altered wash and
activation methods (see experimental)
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Figure 31: High pressure CH4 adsorption at 298 K for PAF-1
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Figure 32: CH4 adsorption at 195 K for PAF-1
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Figure 33: N> adsorption at 77 K for BPP-1
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Figure 34: CH4 adsorption at 195 K for BPP-1
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Figure 35: N2 adsorption at 77 K for BPP-2
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Figure 36: N> adsorption at 77 K for PAF-1-aceteamide
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Figure 37: N> adsorption at 77 K for PAF-1-butyrlamide
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Figure 38: N> adsorption at 77 K for PAF-1-phenylacetamide
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2.3.6 Scanning Electron Microscope Images
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Figure 39: Scanning electron microscope image of PAF-1 at 20,000 x magnification
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Figure 41: Scanning electron microscope image of PAF-1 at 50,000 x magnification
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Figure 43: Scanning electron microscope image of PAF-1 at 10,000 x magnification
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Chapter 3

POROUS ORGANIC CAGES

In the field of porous materials, porous organic cages are a diverse class that
offer the desired qualities seen in other porous organic materials (HCPs, PIMs, CMPs,
etc.) with the added advantage of being crystalline, and the potential to be ultra-
tunable due to their molecular nature. These two qualities have played an integral role
towards the explosion of research POCs have seen in the years since Skowronek et.
al’® reported the first assembly of an imine based POC in 2008. The ability to use
covalent chemistries and readily obtainable organic reagents to synthesize porous and
highly tunable organic materials has opened up a wealth of possibilities for
applications of porous organic materials. Organic cages also satisfy key requirements
for materials used in large scale industrial operations, namely low-cost synthesis and
high scalability. Factors such as these are of high priority in industry when selecting
porous materials to serve as adsorbents and catalysts, where throughput and cost of

operation are considered in every step of the process.

3.1 Current Interest in Porous Organic Cages

Research in the Bloch group concerning porous organic cages has primarily
revolved around methane storage. Although the gravimetric surface areas of most
POC:s fall short of the record values displayed by other porous solids, their span of
pore sizes lie within the ideal range for methane molecules, allowing them to possess
good volumetric methane storage capacities. Of particular interest to our group is the
porous organic cage CC3, which was among the first organic cages reported by

Cooper et. al.”! in 2009 and is by far the most widely studied POC. As previously
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mentioned, it has been studied for its potential use in a variety of applications,3”-20-93-%

but most involve its impressive separation abilities.”*?>!!1:!1> What makes CC3, more
specifically CC3-R, a target in our research is its facile synthesis, tunability, and
methane storage capacity. When crystallized to form the CC3[3 polymorph this cage
closely resembles the smallest pore in the MOF HKUST-1, one of the leading
materials in methane storage.'** Both are octahedral in shape, with CC3-R containing
edge lengths of 9.46 A and the HKUST-1 pore 9.29 A. Being similar in morphology,
it comes as no surprise that CC3[3 possesses the ability to store impressive amounts of
methane given its surface area (Sger 652 m?/g), with a volumetric storage capacity of
83.0 cm’/cm?® at 65 bar and 298 K based off a crystallographic density of 0.922 g/cm?.
179 While this capacity is lower than seen in high capacity MOFs, CC3j does have a
significantly higher crystallographic density than many MOFs!* due to close packing
of cage molecules. Another desirable characteristic of CC3f is its solubility, which
can be used to increase its bulk density. Taking advantage this high solubility prior
work in the Bloch group showed that dissolving CC3f in dichloromethane and upon
solvent evacuation with flowing nitrogen, its bulk density increased from 0.139 g/cm?
to 0.309 g/cm?® with no resulting loss of surface area. When calculated using the initial
bulk density of CC3p its volumetric capacity was 12.35 cm?/cm?, after the increase in
bulk density volumetric capacity rose to ~29 cm3/cm?.!”® Although this increased
capacity also falls short of record holding MOF materials,'#’ the capability to employ
solubility as a method of significantly increasing density and, in turn, volumetric
capacity allows for an added degree of cage tunability. Material bulk density is an
important factor for gas storage applications as basing volumetric capacity

calculations on crystallographic density is unrealistic, it is not feasible to synthesize a
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single crystal large enough to use in a storage tank scenario. The implications of this
on the development of porous materials for gas storage applications will be discussed

in subsequent sections within this chapter.

3.2 Imine Based Porous Organic Cage CC3 and Derivatives

One of the significant benefits of CC3, and porous organic cages in general, is
it their ease of synthesis when compared to other porous materials such as MOFs or
PAFs. Most MOFs require lengthy synthesis times, high temperatures, extensive
solvent exchanging procedures that can take several days, and air free conditions
during synthesis and after activation to maintain porosity. On the other hand, PAFs
usually require multi-day synthesis procedures that involve many reagents and

expensive catalysts, like Ni(COD): in the case of PAF-1 and PPN-4.
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Figure 44: Scheme showing the reaction of a 4:6 ratio of 1,3,5-triformylbenzene to
1,2-diaminopropane and the resulting CC3 cage structure.
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In contrast, synthesis of CC3 and related structures takes place in a one-pot reaction
that simply involves combining reagents in solvent, purging the reaction vessel with
nitrogen, and leaving the reaction mixture to stir at room temperature for a few days
under nitrogen atmosphere. Additionally, activation procedures are simple, only
requiring removal of solvent to afford activated product with satisfactory surface
areas. There is no need for high temperatures or solvent exchanges like with MOFs or
extensive vacuum drying like there is with PAFs. This not only makes it easier to
obtain pristine cage but enables POCs to be easily synthesized in high yields. Lastly,
the route of CC3 activation offers an additional degree of tunability, where the method
and conditions of solvent evacuation can be utilized to alter cage packing,
morphology, and crystallinity in the product. Their simple, cost effective, and efficient
synthesis combined with an exceedingly high degree of tunability towards both intra-
and intercage space, makes CC3 and organic cages in general perfect platforms for gas

storage applications.

3.2.1 Tuning Cage Packing and Density

Our group has previously shown that by functionalizing parent cage molecules
the packing arrangement of cages, and thus volumetric gas storage capacity, can be
altered. Additionally, we have manipulated charge in coordination cage structures to
get precisely targeted functional group mixtures.!80 Tuning the packing arrangement
of POCs can be accomplished in a similar fashion through functional group addition,
or via mixing two different types of cage structures. Our groups prior work with CC3
and its derivatives led to it being the primary cage of interest in regard to investigating
alterations to cage packing formations. To explore routes of adjusting cage packing

while best preserving the structure of CC3 two distinct methods can be utilized:
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combining CC3 with analogous porous organic cages or alternate diamine caps to
solutions of the CC3 parent cage. The Cooper group!8! investigated the synthesis of
POC:s created via the mixing of two different cage structures, and by reacting ratios of
two differing diamine caps with a 1,3,5-triformylbenzene linker. This resulted in
mixtures of “scrambled” amorphous cage structures where the extent of porosity is
attributed to both intercage pore volume and internal cage volume. Though these
processes were shown to be effective, it results in a highly mixed product containing
combination ratios of each cap and linker present. This causes isolation of particular
cage species of interest to be exceedingly difficult. Additionally, monitoring reaction
kinetics to obtain specific ratios of cap to linker during the reaction is difficult to
monitor in a normal synthesis scenario. Because we sought to achieve products with
more finely tuned amounts of CC3 diaminocyclohexane cap being replaced, we
focused on how packing arrangement changes effect surface area and porosity when
varying amounts of diamine are added to a parent solution of CC3.

As stated above, when diamine is added to cage solution products do not
consist of a 1:1 ratio of CC3 to the cage with the added diamine cap. The product
consists of an amalgam of pure CC3 and cage with all added diamine cap, as well as
cages containing intermittent ratios of CC3 with between 1 to 6 diaminocyclohexane
caps replaced by the added amine. By altering the amount of diamine added one can
control the extent of cap replacement, where increasing amounts of diamine lead to
higher ratios of product with all caps replaced. Changing the ratio of substituted
diamines allows for the tuning of packing structure in the resultant compound in two
ways: through control of intercage void space and differences in the pore sizes of

cages where caps from the parent structure have substituted. Higher rates of
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substitution increase disorder among the molecules leading to increasingly disordered
packing, creating a larger number of voids between cages. Size of the additional
diamine introduced to the parent cage solution permits for an additional degree of
control, as it determines the size of the resulting intercage voids. To investigate this,
experiments were set up where CC3-R was dissolved in dichloromethane and 1,3-
diaminopropane was added in different amounts. The reaction vessel was sealed with a
septum, solution was purged with nitrogen, then 1,3-diaminopropane was added via
syringe through a septum, and the reaction mixture was left to stir for 3 days at room
temperature under nitrogen atmosphere. When targeting this approach, it was difficult
to get crystals for analysis, as all products obtained were amorphous due to their
inefficient packing. Despite this, the methodology showed that it is possible to tune of

density through altering the level of disorder amongst cage molecules.

3.2.2 Density Tuning to Create Film Phase Cages

The aforementioned experiments on tuning cage resulted in difficulties in
obtaining crystals for structural analysis, attempts to evacuate solvent led to the
formation of a highly viscous liquid phase product. Being able to only obtain products
of this nature, we then turned attention to using these amorphous compounds to
synthesize organic cages in a film like phase to optimize density. Although its
crystallographic density is relatively high the bulk density of CC3 in its CC3f3
polymorph is very low, at just 0.139 g/cm?>. For porous materials intended to be used
as adsorbents volumetric capacity is typically the most important metric for its true
capacity to store a gas, in both transportation and stationary applications. In the
transportation sector, for example, methane storage in porous materials is being

extensively researched for application as a clean fuel. As discussed in prior sections of
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this work, the DOE and ARPA-E have set targets for porous materials to be used for
compressed natural gas (CNG) storage. Materials have been synthesized that possess
the ability to store volumes of methane approaching these targets, but their use for

vehicular CNG storage becomes unrealistic when their density is taken into account.
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Figure 45: High pressure methane isotherms at 195 K showing crystallographic
(shaded) vs. bulk density (open) adsorption for HKUST-1 (black squares)
and Co-MOF-74 (blue circles)

For example, two of the leading materials in methane storage, HKUST-1 and Co-
MOF-74, are reported to have total methane uptakes of 267 and 248 cm?*(STP)/cm? at
65 bar, respectively.!*? The problem lies in the fact that these uptakes are calculated
using crystallographic density instead of bulk density (also known as volumetric

density), which fails to account for the volume the material occupies in the phase that
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it would be in when used in an actual vehicle fuel tank. Essentially these high uptake
examples are misleading because the adsorbent material would be packed into a fuel
tank in a powder like solid phase, not as one large crystal. When the bulk density of
HKUST-1 and Co-MOF-74 are taken into account their deliverable capacity falls to
around 100 cm*(STP)/cm?,!82 less than half of what is commonly reported. Vehicles
would require prohibitively large fuel tanks to store the required amount of natural gas
within these low-density materials, or the material would have to be made denser. Gas
storage capabilities in porous materials are often diminished when they are made
denser via forceful methods like compression, due to pores essentially being
crushed.!83-184 Since porous materials cannot be compressed enough to provide
sufficient density without loss of porosity, other methods to obtain higher density must
be explored. In order to achieve higher density in a porous organic cage, we took
advantage of the tunability of packing and density of CC3 to create a film phase

porous material.
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Figure 46: Diagram depicting the method used to create a film phase CC3-R and 1,3,-
diaminopropane based film phase porous organic cage



To create the film phase cage, we took the amorphous products from the
reactions of CC3 and 1,3-diaminopropane and slowly evaporated solvent in vacuo at
30° C followed by vacuum drying at 80° C to form a dense film. Gas adsorption
experiments of these materials resulted in all being effectively nonporous. They were,
however, able to adsorb quantities of CO> which correlated to the amount of 1,3-
diaminopropane added to solution, higher diamine content resulted in higher CO»
uptake. Total CO- uptake at 195 K for the film phase cages from least diamine added
to most were as follows: 6.1 cm?/g STP at P/Py = 0.95, 7.8 cm?/g STP at P/Py = 0.95,
and 28.3 cm?/g STP at P/Py = 0.95. These values represent uptakes of film phase cages
created in mmol ratios of CC3-R:1,3-diaminopropane of 0.1:3, 0.1:6, and 0.05:6,
respectively. Although largely nonporous, the ability to uptake CO; in these film
phase materials is possible due to the intercage space resulting from disordered
packing caused by the introduction of 1,3-diaminopropane. Additional
experimentation is needed to quantify the exact amount of diamine needed to obtain
specific densities, however these proof of concept experiments show that density
tuning is possible through the creation of film phase porous organic cages.

Finally, although the well-known POC, CC3-R, shows incredible utility for a
variety of applications, the cost of the trialdehyde used in the synthesis of this cage is
often viewed as prohibitive. Instead, we targeted the synthesis of porous organic cages
using a 1,3,5-tricetylbenzene linker and various diamine caps. The primary reason for
this being that 1,3,5-triacetylbenzene is cheaper than 1,3,5-triformylbenzene, at $34
and $174 per gram respectively. Such a significant difference in price makes a
triformylbenzene based cage scalable at a more reasonable price, an important aspect

when looking forward to potential large scale or industrial application.
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Although their surface area and gas uptake were negligible compared to the CC3 cage,
with the best solid phase product having a Langmuir surface area of just 297 m?/g,
many of the combinations of triacetylbenzene and diamines resulted in an extremely
viscous liquid when in vacuo concentration was attempted to obtain solid. This is
likely not due to a change in the cage structure, as the triacetylbenzene linker creates
an analogous cage to CC3. Therefore, as results from the previous CC3-R experiments
showed, it can be said that this amorphous structure is also caused by disordered
packing. At that time, the adsorption properties of these triacetylbenzene solutions
when transformed into films was not investigated. Future work on this project will
provide insight into the structure and tunability of density and packing in
triacetylbenzene based cage structures, along with properties of amorphous or film

phase cage mixtures of both triformylbenzene and triacetylbenzene based cages.

3.3 Conclusion and Outlook for Porous Organic Cages
Porous Organic Cages present a highly tunable and easily synthesized platform

for the creation of application specific molecules. With a seemingly unlimited number
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of reagents that can be considered for cage synthesis, future research into POCs could
very well reveal an unprecedented amount of cage structures as time goes on and
computational power increases. The ability to create film phase materials with POCs
also opens the possibility for instant membrane creation, where the cage itself would
serve as the membrane, eliminating the need for surface deposition or mixing with
other materials to create composite membranes. One future direction our lab intends to
take is the mixing of two cages that have structures based on irreversible bonds,
resulting in an actual mixture of the two parent cages without any scrambling taking
place. This would allow for the combination of cages with two specific functionalities
in exact ratios for finely tuned separation or catalysis capabilities. Despite their
relatively low surface areas, it can be said that POCs show a more realistic promise
towards large scale applications in comparison to other porous materials like MOFs or
PAFs. This is due to their cheap and easily scalable synthesis, as well as their
unmatched structural versatility, allowing them the ability to serve a wide range of

functions.

3.4 Experimental Section

3.4.1 General Information

See section 3.1.1 for general information

3.4.2 Synthesis Procedures

3.4.2.1 Synthesis of Porous Organic Cage CC3
1.0 g triformylbenzene, 1.2 g 1,2-diaminocyclohexane, and 450 mL anhydrous

dichloromethane were combined in a 500 mL round bottom flask equipped with a
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septum. The flask was purged with nitrogen for 30 minutes then left under nitrogen
atmosphere to stir for 3 days at room temperature. The resulting pale-yellow solution
was concentrated in vacuo, redissolved in dichloromethane, and filtered to remove
contaminants. This solution was then concentrated in vacuo again and the resultant
solid was washed with ethyl acetate, redissolved once more in anhydrous
dichloromethane, concentrated in vacuo, and dried under vacuum at 90° C for 24

hours to afford a slightly pale yellow solid.

3.4.2.2 Synthesis of Triacetylbenzene-diaminocyclohexane imine cage

210 mg triacetylbenzene, 175 mg 1,2-diaminocyclohexane, and 60 mL
anhydrous dichloromethane were combined in a 100 mL round bottom flask and
purged for 30 min with nitrogen. The solution was then stirred at 45° C under nitrogen
atmosphere for 3 days equipped with a condenser to prevent evaporation of solvent.
The resultant solution was concentrated in vacuo to obtain a burnt orange film like
substance, which was then left to dry under vacuum at room temperature 24 hours to

obtain a flakey tan powder-like substance.

3.4.2.3 Synthesis of Scrambled Film Phase CC3 Based Cage

50 mg CC3 cage and 50 mL dry dichloromethane were combined in a 100 mL
round bottom flask equipped with a septum. The solution was stirred at room
temperature for 30 minutes while purging with nitrogen. 0.50 mL 1,3-diaminopropane
was then added via syringe and the solution was left to stir for 3 days under nitrogen
atmosphere. The solution was then concentrated in vacuo, redissolved in anhydrous
dichloromethane, filtered to remove contaminants, concentrated again in vacuo and

dissolved in ethyl acetate, then concentrated in vacuo again. Solid dissolved in
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anhydrous dichloromethane once more and concentrated in vacuo again to obtain a
highly viscous liquid. This liquid was then slowly heated to 80° C inside of a TriStar

II gas adsorption tube under vacuum for 24 hours to produce a thin film-like solid.

3.4.3 Gas Adsorption Isotherms
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Figure 48: N, adsorption at 77 K for porous organic cage CC3
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Figure 49: CH4 adsorption at 195 K for porous organic cage CC3
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Figure 50: CO; adsorption at 195 K for 1,3,5-triacetylbenzene and 1,2-
diaminocyclohexane porous organic cage
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Figure 51: CO; adsorption at 195 K for scrambled film phase CC3 & 1,3-
diaminopropane porous organic cage
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