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peaks are consistent with the 4+, 3+, and 2+ m/z values for
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peaks at 782.1, 1042.5, and 1563.3 m/z. These peaks are
consistent with the 4+/2+, 3+, and 2+/1+ m/z values for a
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(Left) Low-resolution ESI-mass spectrometry data for
[Zr12(e3-O)a(e 2-OH)12(Cp)12(bpdc)s] (Cl)a/[ Zrs(g 3-O)2(€ 2-
OH)s(Cp)s(bpdc)s](Cl)2 in DMSO. The presence of one peak
indicates a singular phase, in this case, a cigar. (Right) Low-
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OH)12(Cp)12(bpdc)s](Cl)a/[Zre(€ 3-O)2(€ 2-
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(Left) Low-resolution ESI-mass spectrometry data for
[Zrs(e3-O)2(e2-OH)s(Cp)s(tda)s](Cl)2 in MeOH. Despite the
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(Left) Low-resolution ESI-mass spectrometry data for
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(Left) Low-resolution ESI-mass spectrometry data for
[Zr12(e 3-O)a(e 2-OH)12(Cp)12(pda)s] (Cl)a/[Zre(g 3-O)2(€ 2-
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(Left) Low-resolution ESI-mass spectrometry data for
[Zr12(e3-O)a(e 2-OH)12(Cp)12((OMe)2-pda)s] (Cl)a  in  MeOH.
The presence of one peak indicates a singular phase, in this
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(Left) Low-resolution ESI-mass spectrometry data for
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(Left) Low-resolution ESI-mass spectrometry data for
[Zre(e3-O)2(e 2-OH)s(Cp)s(9,10-ada)s] (Cl)2 in DMSO. Despite
the presence of two peaks, integration indicates a singular
phase, in this case, a cigar. (Right) Low-resolution ESI-mass
spectrum of [Zre(e3-O)2(e2-OH)s(Cp)s(9,10-ada)s](Cl)2 in
DMSO. The presence of only 2+ and 1+ peaks indicates the
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(Left) Low-resolution ESI-mass spectrometry data for
[Zrs(e3-O)2(e2-OH)s(Cp)s(tpdc)s](Cl)2 in MeOH. Despite the
presence of two peaks, integration indicates a singular
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ABSTRACT

Chapter 2 presents an electrochemical synthesis of the Fe3* framework
MIL-101. Due to the typically harsh synthetic conditions required to synthesize
green alternatives were pursued. Utilizing an oxidative room temperature
technique | am able to synthesize MIL-101 via facile conditions. Furthermore,
this technique allows for controlled growth on the electrode surface.

Chapter 3 addresses a challenge faced during coordination cage
synthesis, phase control. When the zirconocene capped cages, which
resemble UiO-66, are studied in situ utilizing *H NMR and mass spectrometry
some were found to isomerize to a cigar-like structure type. By utilizing
different types of functional groups, it is possible to control the structure type
formed, both in the solid state and in situ.

Chapter 4 describes a water-modulated synthesis of UiO-66. Typically
to form nanoparticles of UiO-66 to desired sizes the addition of a modulator is
required. These modulators lead to defects in the structure altering the
porosity and gas storage properties of the material. Use of water as a
modulator leads to nanoparticle formation of defect-free material via a non-
toxic modulator. These particles were then used in a subsequent study to test
the cargo storage and biocompatibility of these nanoparticles.

Lastly, in chapter 5, the discrepancy between bulk and crystallographic
density and its impact on CHa4 storage is discussed. In all cases the bulk

density of the selected MOF was lower than the crystallographic density,

Ixxiii



reducing the volumetric storage capacity of the material. A potential solution
was explored by creating a composite of MOF and porous polyhedra. Through
the use of helium pycnometry it is possible to measure the apparent density of
potential storage materials. With this technique | measured the apparent
density of over 40 materials to study the
storage targets, giving a better estimate on what potential maximum

volumetric capacities may be.
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Chapter 1

INTRODUCTION

1.1 Introduction into Metal-Organic Frameworks and Metal-Organic
Cages

In terms of their overall structural diversity, metal-organic frameworks
(MOFs) are unrivalled as compared to related extended solids, including
zeolites, activated carbons, and all-organic porous materials.! For example, in
comparison to zeolites, for which only a fraction of the total possible structure
types have been isolated, thousands of MOF structures have been reported
due to structural diversity in the organic ligands and metal nodes that can be
used to assemble the structures.2 Over the past two decades, researchers
have effectively leveraged this property for uses in a wide variety of
applications. These have included gas storage and separation, catalysis,
sensing, biomedical applications, and many others.3.4.5.6 Further, their highly
tunable nature allows for precise control over structure and resulting material
properties. In this regard, there are a large number of recent review articles
that discuss the applications and/or structures of MOFs.7.8.9,10,11,12

The structural diversity of supramolecular complexes is similarly
vast.13.14,1516 However, their molecular nature endows them with significant
advantages as compared to network solids. Here, solution-based synthesis
and characterization techniques afford significantly increased tunability.

Supramolecular complexes have also been investigated for a vast array of



applications that take advantage of their solubility. These include processes
such as catalysis, molecular recognition, and sensing. Here as well, a number
of recent review articles cover these areas in great detail.17.18 In contrast to
solution-based applications, some supramolecular complexes have been
targeted in an analogous manner to MOFs wherein permanent porosity in the

solid state is used for gas storage or separation.19.20

Metal Terminated

Ligand Terminated Metal Terminated

Figure 1.1. As an illustrative example, the structure of a canonical MOF,
HKUST-1, contains three types of distinct pores. As molecular
species, two of these pores are metal-terminated while the third
is ligand terminated.

Perhaps not coincidentally, the supramolecular complexes that have
been studied in this vein are structurally analogous to portions of metal-
organic frameworks. The relationship between Mz2a(bdc)2a cuboctahedral
cages and the well-known metal-organic framework HKUST-1 are an excellent

example of this (Figure 1.1). This MOF was first reported twenty years ago



and has been one of the most widely studied MOFs.21 The structure is further
synthesizable across a range of metal cations and in the time since its first
report, isostructural phases have been isolated for Cr, Fe, Co, Ni, Cu, Zn, Mo,
and Ru.22.23,24,25.26,27,28 The structure of the framework, which is based on
paddlewheel building units and trimesic acid ligands, is relatively simple. It
features three pore types. One of these pores has metal-coordination sites
pointing into and out of the pore space while the other two have paddlewheel
units at their periphery. Although we have recently shown that all three of
these pores can be isolated as discrete cages via novel ligand capping
strategies,2® the ligand-terminated cage has been the most widely studied
MOF-mimetic cage. Analogous Hzbdc-based cuboctahedra have been isolated
as molecular species for Cr, Ni, Cu, Mo, Ru, and Rh and for other metals
when functionalized ligands or pillaring strategies are employed.30.31,32,33,34
This scenario is relatively common across carboxylate-based ligand systems.
There are a number of cages that exist as molecular analogues to well-known
MOFs.

From a fundamental standpoint, this relationship can be used to
understand the synthesis, crystallization, and adsorption properties of MOFs
wherein soluble cages can serve as molecular MOF analogues. In a related
manner, there are countless promising MOF pores that would show favorable
interactions with small-molecules as molecular materials. Some recent reviews
have focused on the relationship between MOFs and cages from the
standpoint of better understanding the former as well as preparing MOFs

based on coordination cages.3°:36



1.2 Metal-Organic Cages as MOF-Mimetic Materials

The paddlewheel-based metal nodes that are often incorporated in
MOFs produce geometries that can be terminated predictably by application of
bidentate capping ligands. This straightforward approach is not suitable for
capping structurally diverse cluster nodes that are often generated from tri-
and tetravalent metal centers. This section describes vertex capping strategies
that have been successfully applied to generate carboxylate-based molecular
analogues of extended materials that incorporate cluster nodes. An atypical
example of a capped MOF-mimetic material was described by Fujita and co-
workers for a system based on pyridyl ligands.37 They prepared a 3-D
framework with octahedral Co?* metal nodes linked by 2,4,6-tris(4-pyridyl)-
1,3,5-triazine. Implementing pyridyl rather than carboxylate donors to link the
cage vertices allows for the incorporation of non-paddlewheel metal nodes in
the extended structure. These sites are easily terminated to generate a
molecular analogue of this structure using Pd?* nodes with ethylenediamine as

a capping ligand.

1.2.1 Sulfate-Capped Complexes

An early example of a MOF-mimetic trivalent capped cage was reported
by Yaghi and co-workers in 2005.38 They detail the generation of a porous
cage f e a0 bridged tyginudear iron cluster nodes (Figure 1.2). These
clusters are terminated by bound sulfate anions with pyridine coordinating to
open metal sites. The linear ligands bridge the metal clusters to form a
truncated tetrahedron that mimics the pore geometry observed in the extended

framework material MIL-101(Fe). MIL-101 was first synthesized by Margiolaki



and co-workers as a chromium terephthalate-bridged structure;3° subsequent
reports describe the synthesis of structurally analogous iron40 and aluminum41
derivatives. When the molecular cage analogue of MIL-101 was reported,
additional structurally related sulfate-capped cages were described with longer
bridging ligands, including both biphenyl- and terphenyl- dicarboxylic acid. In
contrast, the expanded biphenyl variant of MIL-101 was only described in
2014 and a terphenyl linked MIL-101 remains elusive to date.40

An additional sulfate-capped cage has been described that incorporates
the tritopic bridging ligand, 1,3,5-Benzene-trisbenzoic acid. For this species,
the ligand sits within the faces of the tetrahedron to form a truncated
heterocubane structure. This pore is analogous to another MIL series
framework, MIL-1 00, whi ch is generated fre®m tri me

cluster as MIL-101.42



Figure1.2.  (Top) A portion of the structure of MIL-101(Fe). (Bottom) The
tetrahedral pore of this framework is isolable as a molecular
species with sulfate capping ligands.

1.2.2 Cyclopentadienyl-Capped Complexes

A series of capped cages has been described that incorporate
threefold-s y mmet r i c, trinuclear zircosOiandn vert.
t h r e-®H groups. In these clusters, the remaining coordination sphere of Zr
is occupied bGpligaes dangbnidgingachrborylates. This cluster
motif was first observed by Kruger and co-workers in 1995, in their case with
formate incorporated as the bridging carboxylate ligand.43 Subsequent studies

have demonstrated that this cluster is accessible with a variety of substituted



carboxylate ligands, including benzoate4 and pyridine carboxylate,4> among
others.

These structures can be incorporated into zero-dimensional (discrete)
porous materials where di- or tri-carboxylate ligands are used to connect
multiple zirconium-cyclopentadienyl! clusters. Hong and co-workers created a
series of tetrahedral supramolecular complexes consisting of four metal
clusters with six bridging dicarboxylate ligands that sit along the edges of the
tetrahedra.#6 The same molecular cage structures are accessible by replacing
the linear dicarboxylate bridges with tritopic ligands. In the resultant species,
the ligands rest on the faces of the tetrahedron instead of along its edges.
Analogous pore structures are observed in the highly robust UiO series of
frameworks discovered by Lillerud and co-workers (Figure 1.3).47 This series
of MOFs have metal cluster nodes containing six zirconium atoms bound
toget her a0 tahn df ef@btgroaps The nodes are linked together
with the linear dicarboxylate ligands terephthalic acid, biphenyl-dicarboxylic
acid, and terphenyl-dicarboxylic acid for UiO-66, -67, and -68, respectively.
The geometry of the metal cluster controls the formation of a 3-D framework
consisting of tetrahedra that are structurally analogous to the cyclopentadienyl
capped cages. Like its MOF analogue, the molecular cages can be expanded
through simple extension of the ligands for both the ditopic and tritopic linkers.
For instance, utilizing biphenyl-dicarboxylic acid led to the generation of a
direct analogue to UiO-67 with the same pore size. Similarly, incorporating the
expanded tritopic ligand benzene-1,3,5-tris-benzoic acid results in the

formation a larger cage.46
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Figure 1.3. (Top) A portion of the structure of UiO-66. (Bottom) The
tetrahedral pore of this framework is isolable as a
cyclopentadienyl-capped molecular cage.

Both the extended and molecular materials can be further modified by
appending additional functionality to the bridging ligands. In 2013, a facile
approach to the synthesis of UiO-66 and UiO-67 as well as novel derivatives
UiO-66-NH2, UiO-66-NO2, and UiO-67-NH2 was reported.48 Following this
report, the molecular cage analogue of UiO-66-NHz was targeted and
synthesized by Choe and co-workers, the appended amino functional group

provides a handle for post-synthetic modification of the system.49 For instance,



the amino group can be converted to an amide in the presence of an acyl
chloride. Further, under these reaction conditions, the cage stability in the
presence of the acid by-product prompted a more detailed examination of its
pH stability.>0 Notably, the aminated cage was found to be stable over a pH
range of 2.0-10.0, which is comparable to the stability of its MOF counterpart.
Approaches have been developed to incorporate additional metal
binding sites in these materials.>! Long and co-workers demonstrated that a
2 , -Bigyridine derivative of UiO-67 binds a number of metals including iron,
copper, and iridium; the iridium variant was found to be an efficient arene C-H
borylation catalyst. Hong and co-workers synthesized the molecular
cyclopentadienyl capped analogue of this framework, with either copper
chloride or palladium chloride bound at the bipyridine site.52 The cage proved
to be sufficiently robust to allow for metal binding at the bipyridine site post-
synthetically, although the same structures could be accessed with the
bipyridyl site metallated prior to cage assembly. An additional report describes
the synthesis of a zirconium cage that incorporates a salen-type binding site in
the bridging dicarboxylate ligand.>3 These cages were found to incorporate a
1:1 mixture of iron and chromium to generate a material that is competent for
the sequential asymmetric alkene epoxidation/epoxide ring-opening reactions
with up to 99.9% enantiomeric excess. The corresponding MOF exhibits
stability over a wide pH range when compared with its UiO-68 analogue.>* Its
robust nature allows this MOF to be applied for CO2 conversion and

asymmetric C-H azidation.



1.3 Phase control of Metal-Organic Materials

A number of MOF-mimetic materials utilize the same precursors as
their MOF counterparts, which can often lead to isomerization between
multiple competing phases. As noted above, an early example demonstrating
this phenomenon was the equilibrium observed between triangular and square
pore windows observed by Cotton and co-workers upon reaction of
paddlewheel precursors with certain dicarboxylate linkers.>5.56 Selectivity for
the formation of structurally-related cage phases can be controlled through
choice of alternative capping ligands, as demonstrated recently by our
group.22 The wuse of bhipgidine tamd as cdpping agent for the
paddlewheel with trimesic acid as the bridging ligand creates a cuboctahedral
pore with 12 paddlewheel vertices and eight ligands sitting on triangular faces.
Utilization of functionalized 2-hip@ridine afforded the smaller octahedral
cage comprised of 6 paddlewheel units; these cage structures are analogous

to the small and medium-sized pores in HKUST-1.

1.4 Utilization of Metal-Organic Frameworks in Biomedicine

Due to the vast array of MOF structure types as well as the possibility of
further tuning through post-synthetic modification there are a plethora of
applications available and one particular area that can benefit is the
biomedical field. Despite the inherent toxicity of certain metals and linkers
utilized in some MOF syntheses,>’58 there is a whole suite of MOFs
synthesized using biocompatible materials.59.60.61 For the last decade these

materials have become a primary focus of a portion of the MOF community
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due to their appeal as well as the ever growing demand for drug delivery
systems.

An early demonstration of these applications in 2008 by Horcajada et
al. was the utilization of the flexible framework MIL-53 for ibuprofen delivery.62
MIL-53, made up of low toxicity components Fe3* 63 and terephthalic acid®4,
demonstrated Ibuprofen loadings of around 20 wt % as well as complete
release of cargo after 3 weeks. The same framework was synthesized by
Horcajada et al. in 2010 as a nanoscale carrier of certain retroviral drugs.®®
MIL-53 along with MIL-88B and MIL-101, two other frameworks synthesized
utilizing terephthalic acid and Fe®*, demonstrated their capability of not only a
controlled release cargo system but the ability for use in imaging.
Subsequently there have been other examples of Fe3* 66 MOFs utilized for
their imaging properties as well as more toxic metals such as Gd3* 67:68 and

less toxic metals like Mn2* 69 and Zn?2* 70,

Figure 1.4.  MIL-53(Fe) loaded with ibuprofen.
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One challenge with these non-toxic M?* and even to an extent M3*
MOFs is the lack of thermal’l and chemical stability.”2 One such way to
overcome that is typically through the use of higher valent MOFs such as
Zr**.73,74 One such MOF that possess inherent chemical and thermal stability,
whose degradation has been thoroughly studied is UiO-66.47.75.76 Since its
creation UiO-66 has been the target of multiple studies for its drug
delivery?7.78.79 and imaging applications based on its cargo.8? One flaw that is
often overlooked when considering this material for drug delivery is the
presence of defects within the structure8l.82 along with the control over the
particle size.83 These two issues are essential to overcome when creating a

cargo delivery system for targeted drug delivery.

1.5 Metal-Organic Materials in the Energy Sector

Natural gas production has increased steadily over the last decade and
is predicted to increase by nearly 150% over the next 30 years while
petroleum based production is predicted to only decrease based off of the US
ener gy information administration®
Unfortunately the energy density of natural gas is lower than that of gasoline
(0.04 MJ/L at STP vs. 32.4 MJ/L) and before it can be considered to be a
viable option this density needs to increase.8> Since current methods of
liquefaction86, and high pressure storage8’, are not considered commercially
viable for the average consumer, alternative pathways must be pursued. The
DOE considered porous storage materials as an alternative and set a target of

350 v/v at STP for practical applications.88 Further, the target allows for a 25%
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packing loss when storing the adsorbent in a tank indicating the real target for
an adsorbent is actually 263 v/v at STP.

Due to the inherent porosity of MOFs, a focus was shifted towards
creating high porosity materials. Until 2018 the record high surface area held
by a MOF was NU-110, with a BET surface area of 7140 m?/g and a pore
volume of 4.40 cm?3/g.89 Then in 2018 the record was broken with the creation
of DUT-60, which possessed a BET surface area of 7839 m?/g and a pore
volume of 5.02 cm?®g.90 Unfortunately these two materials possess
crystallographic densities of 0.222 g/cm?® and 0.187 g/cm?® respectively. With
such a low density offsetting the high porosity, coupled with complicated
organic synthesis to produce the linkers utilized in the MOF synthesis, the
commercial application of such high porosity materials was ruled out. This
conundrum addresses the need to select a more crystallographically dense
MOF made up of commercially available starting materials to be considered a
viable option for methane storage.

One series of frameworks that demonstrates high porosity with
commercially available ligands is MOF-74, which is made up of 2,5-
dihydroxyterephthalic acid (dobdc?) and a M?* source. MOF-74 has been
made with a series of 2+ cations including Ni%1, Co92, Zn%, Mn% and Fe?®>, all
which possess crystallographic densities greater than 1 g/cm?, along with the
Mg variant with a crystallographic density of 0.909 g/cm3.96 Nearly all of these
materials possess volumetric CHs uptakes of greater than 200 cm3/cm?3, with
Ni MOF-74 being the highest at 230 cm3/cm3. One other material considered

to be one of the most optimistic targets for methane storage is HKUST-1,21
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another open metal site framework with a volumetric uptake of 225 cm3/cm397

This same material o6s volumetriccmidcm®pacity

under synthetic conditions that form a sol-gel monolith.98 These two materials,
along with others with volumetric capacities greater than 200 cm3/cm? that
have emerged in the last fifteen years such as PCN-149, and NOTT-109100
demonstrate that MOFs may be soon reach the DOE target for a storage

material and be used to fuel the transportation industry for decades to come.

1.6 Chapter Summaries

This introduction was designed to outline the groundwork for which |
have based my dissertation work. The first project | discuss in chapter 2 is the
electrochemical synthesis of the Fe3* framework MIL-101. Utilizing an
oxidative room temperature technique | am able to synthesize MIL-101 via
facile techniques with controlled surface growth. The chapter following that
addresses a phase control issue similar to those mentioned in section 1.3.
When the zirconocene capped cages, which resemble UiO-66, are studied in
situ some were found to isomerize to a cigar-like structure type. By evaluating
different types of functional groups it is possible to control the structure type
observed. Chapter 4 describes a novel water-modulated synthesis to generate
nanoparticle UiO-66 with controlled defects, followed by studies into the
biocompatibility for this system. Lastly, in chapter 5, the discrepancy between
bulk and crystallographic density and its impact on CHas storage is discussed.
Additionally, a potential solution was explored by creating a composite of MOF
and porous polyhedr a. Further more,

density of the MOFs studied were studied using helium pycnometry.
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Chapter 2

ROOM-TEMPERATURE ELECTROCHEMICAL SYNTHESIS AND
CONTROLLED SURFACE GROWTH OF FE-MIL-101 AND FE-MIL-101-NH2

2.1 Introduction

As investigations into the chemistry and applications of metal-organic
frameworks (MOFs) have flourished over the past two decades, so have
related studies into more efficient and scalable routes for their preparation.
The syntheses of these crystalline, three-dimensional porous materials
typically involve the reaction of metal cations with multitopic organic ligands
under solvothermal or hydrothermal conditions.1.2.3 Although their relatively
straightforward nature has facilitated the discovery of a staggering number of
materials,4> solvothermal and hydrothermal methods remain plagued by

various issues.6 These reactions typically involve high temperatures with

reacti on mi xtur es at or above a s ol

inherent safety, scalability, and reproducibility issues.” These higher-pressure
reactions also often require the use of custom reaction vessels.8 Amide
solvents undergo relatively rapid decomposition reactions, particularly at

elevated temperatures, in the presence of the Brgnsted and/or Lewis acids

and bases that are abundant in MOF r eact i-dinmethylformdmidé 6

(DMF), which is the most common solvent in this arena, readily decomposes
into unwanted side products, including carbon monoxide, dimethylamine, and

formate, during MOF synthesis reactions.910 Many metal and ligand reagents
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have limited compatibility with these decomposition products.11 In addition to
this, the decomposition of amides during MOF syntheses prevents solvent
recycling for use in subsequent reactions. These issues are exacerbated for
the synthesis of metal-organic frameworks featuring metal cations in high
oxidation states. The relative substitutional inert nature of these cations often
necessitates higher reaction temperatures or the addition of toxic mineralizing
additives (such as HF) to afford crystalline, highly-porous phases.12.13

In order to address these issues, new, mild routes for metal-organic
framework synthesis have received considerable attention. Solvent-free
mechanochemical methods have been employed in this regard, including ball-
milling,14 extrusion,1> and grinding.16 These have largely been limited to the
production of MOFs that form under mild conditions such as those based on
metals in relatively labile M2?* oxidation states.17.18 For solution-based
reactions, the addition of base to deprotonate bridging ligand and facilitate
MOF synthesis at room temperature has been utilized to some success, most
typically in the synthesis of small-particle MOFs.19 Similarly, sonochemical and
microwave reactions have been employed for the synthesis of novel MOF
phases and in the preparation of known materials under more facile
conditions.20.21

Electrochemical techniques have also shown significant promise for the
synthesis of metal-organic frameworks. Of the methods reported thus far, they
are commonly classified as direct or indirect.22 For the former, the most
prominent example is the anodic dissolution of a metal source for MOF

synthesis.23 In this process, anode-liberated M™ ions can react with ligands at
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the electrode surface or in solution.24 Although anodic dissolution has been
primarily used for the synthesis of HKUST-1 and MOF-5, Cu?* and Zn?* based
materials, respectively, it has been successfully employed for a number of
other cations and can presumably be expanded to encompass any material for
which a metal source can serve as the anode.2526.27 This route has the
advantage that metal ion concentration can be precisely controlled during the
course of the reaction. As a result of this, various material properties, including
particle size, crystal morphology, structure type, and even adherence to the
electrode surface for thin film grown, can be controlled. In a related approach,
we have recently shown that the electrochemically-mediated synthesis of Ti%*
MOFs affords material of superior quality when compared to directly-
synthesized frameworks.28 Here, the reduction and subsequent heating of
TiCls in DMF solutions of carboxylate-based ligands affords highly crystalline
Ti(111)-MIL-100 or Ti(ll1)-MIL-101 phases with significantly higher surface areas
when compared to samples prepared directly from Ti3* starting materials.
Reductive deprotonation, an indirect electrochemical synthesis route,
similarly employs electrochemical reactions to trigger MOF formation but via
the synthesis of base equivalents.29 The firstexa mpl e of t hi s
utilized a strong electrochemical potential to reduce nitrate in the presence of
water affording nitrite and hydroxide ions,30 the latter of which served to
deprotonate terephthalic acid and afford MOF-5 on the electrode surface. This
electrochemically-mediated pro-base to base reaction similarly has potential
utility for a large number of MOFs and is highly tunable based on the rate of

base formation. However, co-reduction of metal ions during reductive
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deprotonation may complicate material synthesis and Ilimit pro-base
selection.31 This route does have the added advantage over anodic
dissolution in that it is potentially compatible with a wider array of electrode

materials, including surface-modified electrodes for thin film growth.32

Ry

ITO

Figure 2.1.  Electrosynthesis of Fe-MIL-101 where Fe3* cations generated
at the electrode surface from dissolved Fe?* starting materials
react with terephthalic acid ligands to afford highly crystalline
product. As compared to anodic dissolution or reductive
deprotonation, this approach proceeds at room temperature
and relies on the oxidation of metal cations in solution for the
formation of product.

Given the maturity of electrochemistry for bulk synthesis,33:34 it is
surprising that there are no examples of truly direct electrochemical MOF
syntheses where the reduction or oxidation of a metal ion in solution triggers
MOF formation. This approach would be compatible with any metal ion with
accessible redox states and an unlimited number of electrode materials. This
would allow for precise control of the rate at which metal oxidation is tuned

and thus serve as a route to control particle size, morphology, and phase of
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the resultant MOF. Herein, we report the direct electrochemical synthesis of
Fe(lll)-MIL-101 and Fe(lll)-MIL-101-NH2 via the oxidation of dissolved Fe?* at
an ITO surface (Figure 2.1). By precisely tuning the potential at which
oxidation takes place, we are able to produce large quantities of MOF at room
temperature in as little as 30 minutes. When carboxylate-functionalized
electrodes are employed, thin films of MOF can be easily tethered to the

electrode surface.
2.2 Experimental

2.2.1 General Considerations

General Considerations. All reagents were obtained from commercial
vendors and used without purification, excluding solvents. For electrochemical
experiments, Dimethylformamide (DMF) was obtained from a solvent drying
system and stored in a glove box under 4A sieves. TBAPFs was recrystallized
from hot ethanol and dried in vacuum overnight prior to use. Indium tin oxide
(1' TO) plates were purchased from nanocs, i
100 ohms. PXRD measurements were performed with a Bruker D8 XRD
(LynxEye position sensitiveixraytgeneratawr ) op e
(ee=1.54;) with a 40 kV beam v-pressurege and
adsorption measurements were obtained on a Micromeritics 3Flex.
Electrochemistry  was performed using either a CHI-620D
potentiostat/galvanostat or a CHI-760D bipotentiostat. All XPS spectra were
acquired using a Thermo Fisher K-alpha+ spectrometer equipped with a

monochrometer and a 128 channel CCD detector plate. The X-rays used were
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monochr oma t-Rays (1486.7 KW witk a power of 72 W (12 kV, 6 mA)
at a takeoff angle normal to the surface and a base pressure lower than 1 x
10'8 mBar. The X-Ray spot size was elliptical in shape with a semi-major axis
of 400.0 um. The intense C 1s peak at 284.8 eV was used to calibrate all
spectra. Initial XPS survey scans were collected at a pass energy of 50 eV
using a step size of 1.0 eV. High-resolution XPS spectra were collected at a
pass energy of 20 eV using a step size of 0.1 eV. Reported values for average
atomic surface composition were taken by integration of the high-resolution
spectra using the Scofield cross sections for the relative sensitivity factors.
Atomic percentages determined by XPS do not include hydrogen.

Scanning electron microscopy images, high resolution FIBing and
energy dispersive X-ray (EDX) spectra were acquired with a JSM-7400F high
resolution scanning electron microscope (SEM) or Auriga 60 CrossBeam high

resolution focused ion beam & scanning electron microscope.

2.2.2 Solvothermal Synthesis of Fe-MIL-101

The following synthesis has been modified from a previously published
paper.3®> FeClz 6 6MH(0.675 g, 2.45 mmol) and terephthalic acid (0.205 g,
1.24 mmol) were dissolved in DMF (15 mL) and sonicated until clear. The
mixture was then heated at 110 °C for 20 hours. After heating the product was
isolated via centrifugation and washed three times with DMF (20 mL) and

three times with MeOH (20 mL).
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2.2.3 ITO Preparation

Indium tin oxide (ITO) plates were cut into 2 x 1 cm? pieces and
prepared by NaOH base treatment.36 ITO plates were sonicated in a 10 wt %
solution of NaOH for 10 min twice and finally sonicated in Millipore water to
remove any excess NaOH rinsing with water in between and then immediately

used for the electrochemical deposition of 4-diazobenzoic acid.

2.2.4 Electrochemical Deposition of 4-Diazobenzoic Acid

4-aminobenzoic acid (2.7 mg, 0.020 mmol) and a small stir bar were
added to a 20 mL vial. To that was added Millipore water (19.1 mL) and
concentrated HCI (0.9 mL). 10 mL of the solution was combined with NaNO:>
(200 e€L) from a stock solution (1 M) and
A cleaned 2 x 1 cm? ITO plate was used as the working electrode with 1 x 1
cm? submerged. A cyclic potential was then swept from 0.6 V to -0.5 V versus

Ag/AgCl and back at a scan rate of 0.4 V/s with iR drop compensation.

2.2.5 Electrochemical Measurements

Cyclic voltammetry was performed using a standard three-electrode
configuration in a nitrogen-filled glovebox. A glassy carbon disk electrode
(GCE, 3.0 mm diameter) was polished with a slurry of 0.05 micron alumina
powder in Millipore water. Residual alumina was rinsed from the GCE surface
with Millipore water, and the electrode was then sonicated in Millipore water
for three minutes and transferred into the glovebox as the working electrode. A
piece of platinum gauze was used as the counter electrode. All potentials were
measured against a Ag wire reference electrode. Cyclic voltammograms were

recorded at 100 mV/s with IR drop compensation in a dry DMF solution
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containing 1.0 mM FeClz, 1.0 mM 2,6-lutidine, 1.0 mM terephthalic acid and

0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte.

2.2.6 Electrodeposition of Fe-MIL-101

FeCl2 (0.1268 g, 1.0 mmol) and terephthalic acid (0.1661 g, 1.0 mmol)
were fully dissolved in DMF (5 mL) in the glovebox, followed by the addition of
120 ¢ dutidide. 6ontrolled potential electrolysis (CPE) was initiated using
COOH terminated ITO plates in that solution with gentle stir at 0.5, 0.75, 1.0 or
1.25 V versus Ag for 2, 6, 10, 14 or 18 hours. After electrolysis the product

was isolated and washed three times with DMF (20mL).

2.2.7 Solvothermal Synthesis of Unknown Material via Electrochemical
Conditions

FeCls 6 @OH(0.270 g, 1 mmol), terephthalic acid (0.166 g, 1 mmol),
and 26-Luti dene (29 ¢L, 0.250 mmol ) wer e di ¢

sonicated until clear. The mixture was then heated at 110 °C for 20 hours.

2.2.8 Solvothermal Synthesis of Fe-MIL-101-NH:2

The following synthesis has been modified from a previously published
paper.37 FeClzs 6 6QH(0.720 g, 2.66 mmol) and 2-aminoterephthalic acid
(0.242 g, 1.34 mmol) were dissolved in DMF (12 mL) and sonicated until clear.
The mixture was then heated at 110 °C for 24 hours. After heating the product
was isolated via centrifugation and washed three times with DMF (20 mL) and

three times with CH2Cl2 (20 mL).
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2.2.9 Electrochemical Synthesis of Fe-MIL-101-NH:2

FeCl2 (0.1268 g, 1.0 mmol), 2-aminoterephthalic acid (0.1811 g, 1.0
mmol) and tetrabutylammonium hexafluorophosphate (0.1937g, 0.5 mmol)
were fully dissolved in DMF (5 mL) in the glovebox, followed by the addition of
120 ¢ dutidide. 6ontrolled potential electrolysis (CPE) was initiated using
COOH terminated ITO plates in that solution with gentle stir at 0.75 V versus
Ag for 8 hours. After electrolysis the product was isolated and washed three

times with DMF (20mL).

2.3 Results and Discussions

For the truly direct electrochemical synthesis of metal-organic
frameworks via the oxidation of metal cations in solution, iron-based
frameworks are a prime target. This is based on the ubiquity of Fe3* to MOF
chemistry, the harsh reaction conditions Fe3* MOFs generally require, the
large number of structure types that are possible for a single bridging ligand,
and the accessibility of the Fe?*/3* redox couple (Figure 2.2). To this end, we
targeted the synthesis of Fe3* MOFs based on terephthalic acid. These
reagents have been shown to form at least three distinct structure types under
solvothermal or hydrothermal conditions, including MIL-53, MIL-88B, and MIL-
101.21 While MIL-53 contains one-dimensional chains of hydroxide-bridged
Fe3* cations at the periphery of 1-D channels, both MIL-88B and MIL-101 are
based on hexacoordinated FesO clusters. They vary in their three-dimensional
connectivity with MIL-101 displaying a BET (Langmuir) surface area as high as

3,200 (4,535) m?/g while MIL-88B features a low surface area as a result of its
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flexibility. All three of these materials typically rely on relatively harsh reaction

conditions with high temperatures or the use of large quantities of base.

Figure 2.2.
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(a) Cyclic voltammogram recorded of FeCls (1.0 mM) in DMF
containing 0.1 M TBAPFs at a scan rate of 100 mV/s. (b) PXRD
patterns of electrochemically (red) and solvothermally
synthesized (black) Fe-MIL-101 electrochemically synthesized
Fe-MIL-101-NH2 (blue) as compared to the predicted powder
pattern (purple). (c) Cyclic voltammograms of 4-aminobenzoic
acid in aqueous solutions with (black) and without (red) NaNO:2
present. (d) High-resolution XPS spectra for the carbon 1s
region of unmodified (red) and modified (black) ITO.

Toward the electrochemical synthesis of these materials, we screened

the oxidation of Fe?* salts in the presence of terephthalic acid in various

solvents and solvent mixtures. The room temperature oxidation of FeClz in

DMF with terephthalic acid and one equivalent of 2,6-lutidine at +0.75 V (vs.

Ag/Ag+; Ev = +0.75 V under these conditions) with an ITO cathode in a one-
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compartment electrochemical cell, gives poorly crystalline solid of an unknown
phase in 30 minutes. The lack of defining peaks in the powder X-ray diffraction
(PXRD) pattern prevented structure identification. Given the likelihood of
competing reactions at the counter electrode during the course of the reaction,
a two-compartment cell was utilized to isolate each half-reaction. Here the
oxidation of FeClz via controlled potential electrolysis (CPE) at +0.75 V in the
presence of terephthalic acid affords crystalline dark orange powder in as little
as 30 minutes. Powder X-ray diffraction indicates that material isolated after
18 hours of CPE is highly-crystalline MIL-101 (Figure 2.2). Regardless of
synthetic conditions, including electrolysis time, MIL-101 is the favored phase.
Thorough solvent exchanges of the isolated material with DMF and
dichloromethane, followed by activation at 100 C afforded a solid with a BET
(Langmuir) surface area of 2368 (3333) m?/g. This is only slightly lower than
the surface area of an independently made sample from the solvothermal
reaction of Fe3* and terephthalic acid which displayed a BET (Langmuir)
surface area of 2679 (3502) m?/g (Figure 2.3). Additional characterization
(XPS, TGA, SEM) indicates the solvothermal and electrochemical materials
are essentially identical (See Appendix B).

As the potentiostat-mediated oxidation of Fe?* occurs at the electrode
surface, this technique offers a unique opportunity to produce MOF films on
electrodes. Practically, this offers the benefit that surface-attached MOF
sample could easily be separated from the amorphous, nonporous phase that
is cogenerated in a one-compartment cell by simply removing the electrode

after electrolysis. In using non-modified ITO in either one- or two-compartment
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cells, negligible material adheres to the electrode surface during electrolysis.
To facilitate surface growth, we turned to carboxylate surface modification.
This approach has previously been employed to promote surface growth in
both electrochemical and solvothermal MOF syntheses.38 To this end,
diazonium grafting is a particularly powerful surface modification technique
that was first reported nearly three decades ago.3° For this, essentially any
organic molecule containing an -NHz moiety can be reductively coupled to a
conducting surface. More recently, this has been utilized to graft 4-
aminoterephthalic acid and 5-nitroisophthalic acid to ITO for the solvothermal
surface growth of two copper-based MOFs, MFM-180 and MFM-186.40 To
facilitate surface growth of Fe-MIL-101, we utilized 4-aminobenzoic acid
functionalization (Figure 2.4). Cyclic voltammograms of this ligand in an
aqueous NaNO: solution at pH 2.0 with ITO indicate nearly complete surface
functionalization in just one CV sweep (Figure 2.2). XPS confirms the
presence of both aromatic and carboxylate carbon atoms after grafting (Figure

2.2).

38



35 (b) *':
30 wammanrra ki i¥

* * *
HAKT kK
25| xrappEEEROOO
*
*

*

35 (a) *****t*******:v
30 %k R e iolalal

25 x¥

Fe-MIL-101 EMOF 2-compartment
5 Fe-MIL-101 ) Fe-MIL-101-NH, EMOF
Fe-MIE-101 E!MOF 0 Fe-MIL-101 EMOF 1-compartment

0 02 04 06 08 1 0 02 04 06 08 1
P (bar) P (bar)

N, Adsorbed (mmol/g)
N
o

N, Adsorbed (mmol/g)
3

Figure 2.3.  (a) N2 adsorption in Fe-MIL-101 (black) as compared to Fe-
MIL-101 EMOF (red) from a 2-compartment cell with an
unmodified electrode. (b) N2 adsorption in Fe-MIL-101 EMOF
grown on modified ITO in a 1l-compartment cell (green) as
compared to Fe-MIL-101 EMOF (red) and Fe-MIL-101-NH2
EMOF (blue) from a 2-compartment cell. (c) SEM images for
electrochemically-synthesized, surface grown Fe-MIL-101 and
(d) Fe-MIL-101-NHoa.

Utilization of this benzoic acid modified electrode for electrochemical
MOF synthesis affords highly crystalline surface-grown MOF (Figure 2.4) in as
little as 30 minutes. PXRD patterns confirm the synthesis of Fe-MIL-101 under
these conditions (Figure 2.2). In addition to the large quantity of surface-
grown MOF, considerable additional product was isolated from the reaction
mixture in the two-compartment cell. Surface area analyses of both of these
products indicate BET surface areas of 2313 m?/g and 1905 m?/g for surface-

grown and free powder, respectively.
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To optimize material synthesis with a modified electrode in a one-
compartment cell, we screened the effects of applied potential and electrolysis
time on film growth. As shown in Figure B.8, tuning the applied potentials from
+0.5 to +1.25 V has essentially no effect on crystallinity of the sample,
although higher potentials increase the rate of MOF formation. Visually, the
sample prepared at +0.75 V had the most uniform coverage. A screen of
electrolysis time at +0.75 V similarly indicates little change in crystallinity from
2 to 18 hours of CPE time (Figure B.13). Surface characterization of
electrode-grown MIL-101 indicates the material is identical to solvothermally-
grown framework. However, the surface area of material removed from an
electrode is slightly decreased with a BET (Langmuir) surface area of 1806
(3061) m?/g as compared to the BET value of 2679 m?/g for solvothermally-
prepared framework. The utility of surface modification is apparent when
electrolysis is performed in a one-compartment cell. Material isolated from a
one-compartment cell when an unmodified electrode is used is nonporous and
essentially amorphous. However, the modified electrode preferentially grows
MOF on the surface and the adhered material can easily be removed from the

reaction mixture.
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Figure 2.4.  Surface-functionalization of conductive supports with carboxylic
acid groups enables direct E-MOF electrodeposition on an
electrode support. In contrast to more common MOF surface
growth methods such as drop casting or dipping, the E-MOF
material is attached to the electrode surface via robust covalent
linkages.

An additional advantage of Fe3*-based MOFs is their amenability to the
incorporation of a wide array of functional groups on their organic linkers. In
order to test the compatibility of our method with functionalized ligands, we
targeted the synthesis of Fe-MIL-101-NH2, which has previously shown to
display promising separation and catalytic properties.41.42 In an analogous
manner to the synthesis of Fe-MIL-101, the CPE of a solution of Fe?* chloride
with 2-aminoterephthalic acid in DMF at 0.75 V (vs. Ag/AgCl) at a
functionalized ITO surface in a one-compartment cell rapidly affords MOF.
Product from this reaction was isolated after an 8-hour electrolysis by simply
removing the electrode from the electrochemical cell. The surface-grown
product is highly crystalline (Figure 2.2) and displays a BET (Langmuir)
surface area of 1918 (2961) m?/g, which is in good agreement with the value

displayed by solvothermally-prepared MOF.41
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While the consumption of the electrode during anodic dissolution
necessarily limits compatibility with surface growth and patterning techniques,
our direct electrochemical growth of MOF on a surface-functionalized ITO is
highly tunable in this regard. To pattern Fe-MIL-101 on a conductive surface,
we masked portions of ITO electrodes and etched the conductive surface with
concentrated HCI prior to surface modification. During the diazonium grafting
procedure, the lack of conductive surface prevents electrode-mediated
modification at the etched location. Since our direct electrochemical MOF
synthesis affords product at the electrode surface by inducing metal oxidation,
MOF does not form and thus cannot be attached to the nonconductive and
unmodified portion of the ITO surface (Figure 2.5). Visual inspection of the
modified electrode indeed reveals a lack of MOF formation where pre-grafting
etching took place. Spectroscopic analysis of the patterned electrode reveals a
lack of conductive surface, as evidenced by a lack of indium in the XPS
spectrum, and a corresponding lack of carbon atoms as the benzoic acid
groups could not be appended to the nonconductive portion of the electrode.
This approach is applicable to a variety of size and shape modifications
ranging from a simple triangle to more complex patterns. Sophisticated
masking techniques are expected to afford even more complex designs on a
smaller scale, the types of which have previously been utilized in, for example,

photo-assisted synthesis of HKUST-1.43
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Figure 2.5. Patterning of shapes on a carboxylate-functionalized 1TO
electrode. Masking a portion of the electrode and etching the
conductive surface prevents surface modification and
subsequent MOF formation. Here shapes as simple as a
triangle or as elaborate as the state of Delaware can be
patterned.

2.4 Conclusions

Rather than relying on the dissolution of an anode or the
electrosynthesis of base equivalents, the methods presented here represent
the first examples of the electrochemical oxidation of dissolved metal cations
for MOF formation. As this preferentially occurs at the electrode surface it
enables film growth on modified electrode surfaces. It is our expectation that
this approach will enable the higher throughput electrochemical synthesis of
novel materials, as they can be rapidly and conveniently removed from
reaction mixtures for spectroscopic or PXRD analysis. Further, for device

fabrication, where MOFs must be attached to electrically or thermally
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conductive surfaces, this electrochemical film syntheses represent a robust
bottom-up film growth technique. The facile nature of this synthetic method
should also enable the large-scale synthesis of materials as room temperature
MOF reactions generally avoid deleterious side products and solvent
decomposition pathways. | predict these methods will be broadly applicable to
a wide range of metal-organic frameworks for a variety of redox-active

transition metal cations.
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Chapter 3

LIGAND-BASED PHASE CONTROL IN POROUS ZIRCONIUM
COORDINATION CAGES

3.1 Introduction

As discussed above, supramolecular cages have been rigorously
studied for decades.12.3.4 These materials have open cavities that range in
size, shape, and functionality making them suitable for tailored interactions
with guests. The versatility of organic functionalization and variety of metal
cations that can be incorporated into these structures affords the opportunity
to synthesize complexes for a myriad of applications including host-guest
chemistry,>6  biomedical applications,’8 catalysis,®10 small-molecule
storage,11.12 and separations.13.14 A subset of these materials have shown
considerable porosity in the solid state and can be utilized in the area of small-
molecule storage and separations. Although the first reported permanently
porous coordination cage had a Langmuir surface area of just 107 m?/g,15 the
last decade has seen an exponential increase in the number of reported
porous species and the current record BET surface area, published by our
group, has recently surpassed 1,320 m?/g.16

While a number of metal cations and cluster types with a wide variety of
organic ligands have been used in the synthesis of porous metal-organic
cages, those based on carboxylic acid ligands have been the most prevalent

up to this point. Bent dicarboxylic acid ligands and bimetallic paddlewheel
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units have been extensively investigated in the synthesis of cuboctahedral and
octahedral porous cages.17.1819 For these materials, isolation of discrete
cages rather than extended structures results from termination of the structure.
For example, reaction of divalent metal cations with trimesic acid typically
affords HKUST-1 structures,20 while reaction with isophthalic acid affords
discrete cages.2! Substituting the bent ligands with linear ones, and using
metal-capped clusters, including calixarene-type22 and cyclopentadiene23 caps
have been successfully employed in the synthesis of a broad family of metal-
terminated porous coordination cages. The latter class of cages, those based
on cyclopentadienyl caps and zirconium(lV) metal cations (Figure 3.1), are
particularly interesting given their chemical stability,24 and hence compatibility
with post-synthetic modification. Additionally their design is mimetic to the
pores of well-known UiO-66-type metal-organic frameworks.25 Since their first
report, a number of additional analogous structures have been identified
where either tetrahedral (T),24.26.27.28,29 cubic,30 or more linear cigar-like (C)
cages have been isolated.31.3233 For these previously reported cages,
discrimination between structure types has shown to be a result of the angle
between carboxylate groups in ditopic ligands. In contrast to this, and similar
to what has been widely reported for numerous families of coordination
cages,34:3536,37.38 e show that many of the previously reported tetrahedral
cages based on linear dicarboxylate ligands exist as both tetrahedra and
cigars both in solution and in the solid state, despite being reported as phase
pure materials. By utilizing linear dicarboxylate ligands featuring varying levels

of bulky functional groups, we can control the phase of resulting cage. Where
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larger groups afford tetrahedral cages while linear ligands with minimal
functionalization typically result in the isolation of cigar phases. Additionally,
the use of a bent dicarboxylic acid produces a new, unreported window (W)
phase. Given a ligand-based level of structural tunability we report the design,
synthesis, and characterization of a broad new family of zirconium-based

coordination cages.
3.2 Experimental

3.2.1 General Considerations

All reagents were obtained from commercial vendors and used without
purification, excluding solvents. Dichloromethane (DCM, ACS reagent grade),
anhydrous tetrahydrofuran ( THF, 099. 9 %),
dicyclohexylmethylamine (NCy2Me, 97%) and anhydrous magnesium sulfate
(MgSO0Oa4), were obtained from Sigma-Aldrich. Sodium hydroxide (NaOH, Pearl
97%) was obtained from Fisher Scientific. Bis(tri-tert-butylphosphine)
palladium (Pd[P(‘Bu)s]z, 98%) was obtained from Strem Chemicals.
Hydrochloric acid (HCIl, ACS) was obtained from Macron Fine Chemicals.
N, MNDinethylformamide (DMF) was obtained from a solvent purification

system (SPS) and stored in a brown amber bottle on 4 A sieves.

3.2.2 Thermal Stability TGA
At least 10 mg of zirconium cage was loaded onto an aluminum pan.
Samples were heated up to 600 °C at a rate of 2 °C per minute while exposed

to a continuous flow of Na.

52



3.2.3 Mass Spectrometry
Generally, ~3 mg of zirconium cage was massed into a 4 mL vial, then
4 mL of the respective solvent was added to the vial. Simulated mass

spectroscopy data was collected from enviPAT web 2.4, envipat.eawag.ch.39

3.2.4 'H NMR Measurements
Generally, ~10 mg of cage was dissolve

deuterated solvent. The solution was then filtered before analysis.

3.2.5 Gas Adsorption Measurements

Low-pressure adsorption measurements were obtained on a
Micromeritics Tristar 1l PLUS at -196 °C and -78 °C for N2 and COg2,
respectively. Generally, chloroform washed material (~100 mg) was dried
under dynamic vacuum at room temperature until a free-flowing powder was
obtained. The dried powder was then transferred into glass gas adsorption
tubes and evacuated on a Micromeritics 3-Flex degas station at room
temperature. Samples were finally activated while heating under flowing

nitrogen for 18 hours.

3.2.6 Ligand Experimental Procedures

3.2.6.1 General carboxylic acid synthesis for acrylate ligands

A Schlenk flask under argon and equipped with a magnetic stir bar was
charged with the aromatic halide, methyl acrylate, N,N-
dicyclohexylmethylamine, Pd[P(t-Bu)s]2 (catalyst used at 1 mol % level), and
THF. The mixture was heated to 70°C for 24 h and periodically tested via TLC

for reaction completion. The crude product mixture was extracted three times
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with DCM and acidic water (5% HCI). The organic layer was dried with
MgSOsa, filtered, and the solvent removed using a rotary evaporator. The
resultant crude product was then further purified by flash chromatography and
excess was solvent removed using a rotary evaporator. The ester precursor
was then converted to the corresponding acid by refluxing for 4 h in a NaOH
(x10 mol equivalents) and methanol solution followed by cooling, acidification
to >2 pH with HCI, then the pure acid product was collected by vacuum

filtration.

3.2.6.2 Synthesis of Me-Hz2bdc

The following synthesis has been modified from a previously published
paper.40 In a N2 glovebox, magnesium metal (0.9 g, 37 mmol) and anhydrous
THF (50 mL) were measured into a 500 mL schlenk flask. The schlenk flask
was removed from the box and put under flowing N2. 2,5-Dibromotoluene (2 g,
8 mmol) was added to the schlenk flask. The mixture was heated to 60 °C
while stirring. Once at temperature, iodine (0.045 g, 0.18 mmol) was added to
the reaction. The reaction mixture was then allowed to stir at 60 °C overnight.
The reaction was then cooled to room temperature before being placed into a
reagent alcohol/dry ice bath. The reaction was allowed to cool for 15 minutes
before adding excess dry ice into the schlenk flask. The reaction was then left
overnight to slowly warm to room temp. Once warm, ~2 M HCI solution (60
mL) was added slowly into the schlenk flask whereupon the reaction bubbled
violently. Once the reaction stopped bubbling, DI H20 (150 mL) was added
into the schlenk flask to crash out desired product. Solid was then collected via

vacuum filtration. *"H NMR (400 MHz, DMSO-de) U 7. 85 (m, 3H), 2.
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3.2.6.3 Synthesis of Me2-Hz2bdc

The following synthesis has been modified from a previously published
paper.40 In an N2 glovebox, magnesium metal (0.9 g, 37 mmol) and anhydrous
THF (50 mL) were measured into a 500 mL Schlenk flask. The Schlenk flask
was removed from the box and put under flowing N2. 1,4-Dibromo-2,5-
dimethylbenzene (2 g, 7.6 mmol) was added to the Schlenk flask. The mixture
was heated to 60 °C while stirring. Once at temperature, iodine (0.045 g, 0.18
mmol) was added to the reaction. The reaction mixture was then allowed to
stir at 60 °C overnight. The reaction was then cooled to room temperature
before being placed into a reagent alcohol/dry ice bath. The reaction was
allowed to cool for 15 minutes before adding excess dry ice into the Schlenk
flask. The reaction was then left overnight to slowly warm to room temp. Once
warm, ~2 M HCI solution (60 mL) was added slowly into the Schlenk flask
whereupon the reaction bubbled violently. Once the reaction stopped
bubbling, DI H20 (150 mL) was added into the Schlenk flask to precipitate
desired product. Solid was then collected via vacuum filtration. *H NMR (400

MHz,DMSO-d¢) U 7.69 (s, 2H), 2.45 (s, 6H).

3.2.6.4 Synthesis of precursor to Hzcvba
Methyl (E)-4-(3-methoxy-3-oxoprop-1-en-1-yl) benzoate followed the
general synthesis above with the only change of 1.1 equivalents of methyl
acrylate was utilized resulting in a white powder. *H NMR (500 MHz, DMSO-
d) O 7.93 (s, 2H),J=716.8Hz, 1H)s6.75 @,H)F 160Hz,6 8 ( d,
1H), 3.82 (s, 3H), 3.70 (s, 3H).
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3.2.6.5 Synthesis of Hzcvba

(E)-4-(2-carboxyvinyl) benzoic acid followed the general synthesis
above resulting in a white powder. 'H NMR (500 MHz, DMSO-d¢) U 12. 83 (s
2H), 7.91 (d, J = 7.6 Hz, 2H), 7.77 (d, J = 7.8 Hz, 2H), 7.60 (d, J = 16.1 Hz,
1H), 6.61 (d, J = 16.2 Hz, 1H). 3C NMR (126 MHz, DMSO-Ds) U 167 . 83,
167.35, 143.17, 138.88, 132.34, 130.25, 128.82, 122.11.

3.2.6.6 Synthesis of precursor to Hztda
Di met h y-(thiophgne2,6-di y I ) -fiZciylate dalowed the
general synthesis above with the only change being that a manual column was
performed with 10% ethyl acetate, 5% DCM and 85% hexanes. Resulting in a
matte yellow powder. '"H NMR (500 MHz, DMSO-ds) U 7 .JZE86.0(Ha,,
2H), 7.53 (s, 2H), 6.30 (d, J = 15.4 Hz, 2H), 3.68 (s, 6H).
13C NMR (126MHz, DMSO-D¢) & 166. 66, 141.89, 137.16,

3.2.6.7 Synthesis of Hztda
(2E,2'E)-3,3'-(thiophene-2,5-diyl) diacrylic acid followed the general
synthesis above resulting in a matte yellow powder. *H NMR (500 MHz,
DMSO-ds) U 7 JZ 56.0Hd 2H), 7.53 (s, 2H), 6.30 (d, J = 15.4 Hz, 2H),
3.68 (s, 6H). *C NMR (126MHz, DMSO-Ds) U 167 . 52, 141. 80, 13¢
119.78.

3.2.6.8 Synthesis of precursor to Hzpda

Dimethyl 3,3'-(1,4-phenylene) (2E,2'E)-diacrylate followed the general
synthesis above with the only change of adding 5% DCM additive in the flash
chromatography. Resulting in an off white powder. *H NMR (500 MHz, DMSO-
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d) U 7.73 (sJ=16FAMz 2HY 6.68 8, J(=d5.2 Hz, 2H), 3.69 (s,

6H). 3C NMR (126 MHz, DMSO-Ds) u 167. 11, 144. 13,

119.43, 52.08.

3.2.6.9 Synthesis of Hzpda

(2E,2'E)-3,3'-(1,4-phenylene) diacrylic acid followed the general
synthesis above resulting in an off white powder. 'H NMR (500 MHz, DMSO-
d) U 7.69 (s,)=48D)Hz 2H), 656 (d,(Jd,16.0 Hz, 2H). 13C

NMR (126 MHz, DMSO-Ds) U 168. 04, 143.55, 136.40,

3.2.6.10Synthesis of precursor to F-Hzpda

Dimethyl 3,3'-(2-fluoro-1,4-phenylene) (2E,2'E)-diacrylate followed the
general synthesis above, but instead of an extraction with DCM and acidic
water the crude was stirred in acid water overnight and then filtered through a
silica plug. Resulting in a shiny white powder. *H NMR (500 MHz, DMSO-de) U
7.85 (s, 1H), 7.72 1 7.53 (m, 4H), 6.79 T 6.66 (m, 2H), 3.70 (s, 6H). 13C NMR
(126 MHz, DMSO-Des) u 166. 89, 162. 16, 160.
130.19, 125.61, 123.74, 121.75, 120.99, 115.90, 115.72, 52.24, 52.16, 40.05.

3.2.6.11 Synthesis of F-Hzpda

(2E,2'E)-3,3'-(2-Fluoro-1,4-phenylene) diacrylic acid followed the
general synthesis above. Resulting in a white powder. *H NMR (500 MHz,
DMSO-ds) U 7. 81 (is7.46 (mH4H), 6.62 (,6% 13.9 Hz, 2H). 13C

NMR (126 MHz, DMSO-D6 ) a 167. 80, 1 ®010,7132.32, 1 6 2 .

138.80, 138.73, 135.51, 130.04, 125.39, 123.74, 123.64, 123.11, 123.07,
122.31, 115.74, 115.56, 40.27.
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3.2.6.12 Synthesis of precursor to (OMe)2-Hzpda

Dimethyl 3,3'-(2,5-dimethoxy-1,4-phenylene) (2E,2'E)-diacrylate
followed the general synthesis above, but instead of an extraction with DCM
and acidic water the crude was stirred in acid water overnight and then filtered
through a silica plug. In addition, trimethylamine was used instead of the N,N-
dicyclohexylmethylamine. Resulting in a yellow powder. *H NMR (500 MHz,
DMSO-de) U 7 .J8 B5.6Hd 1H), 7.39 (s, 1H), 6.77 (d, J = 15.9 Hz, 1H),
3.84 (s, 3H), 3.69 (s, 3H).

3.2.6.13Synthesis of (OMe)2-Hzpda

(2E,2'E)-3,3'-(2,5-Dimethoxy-1,4-phenylene) diacrylic acid followed the
general synthesis above. 'H NMR (500 MHz, DMSO-d¢) U 12. 38 ( s, 1H)
(d, J = 16.0 Hz, 1H), 7.34 (s, 1H), 6.65 (d, J = 16.1 Hz, 1H), 3.83 (s, 3H). 13C
NMR (126MHz, DMSO-Ds) a 168. 33, 152. 40, 138. 25, 17°
56.80.

3.2.6.14 Synthesis of 9,10-Hzada

The following procedure was modified from literature methods.*?
Generally, in a 250 mL 3-neck RBF, DMF (100 mL) was sparged with flowing
N2 for one hour. Then dibromoanthrance (4 g, 1.2 mmol), potassium carbonate
(2.3 g, 16.6 mmol) and tetrabutylammonium bromide (0.77 g, 2.4 mmol) were
added to the RBF. Ethyl acrylate (3.2 mL, 0.03 mol) was pipetted into the
stirring solution. Palladium acetate (0.135 g, 0.3 mmol) was then added into
the flask. The reaction was then heated under nitrogen at 130 °C for 24 hours.
Once cooled to room temperature, the resulting solution was poured into DI

water (300 mL). Solid immediately crashed out and was collected via vacuum
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filtration. The resulting solid was used without further purification and placed
into a 500 mL RBF. Tetrahydrofuran (40 mL), ethanol (40 mL) and DI water
(60 mL) were added to the RBF. Sodium hydroxide (3.8 g, 9.6 mmol) was then
added to the RBF. The resulting mixture was then refluxed for 24 hours. Once
cooled to room temperature, the volatile solvents were removed under
reduced pressure. Concentrated HCI was then added via pipette until the pH
of the solution reached approximately 1. The solid was then collected via
vacuum filtration, washed with fresh DI H20 and dried overnight. *H NMR (400
MHz,DMSO-ds) © 8.5 (d, 2H), 8.22 (d, 4H), 7.64

3.2.6.15Synthesis of Hatpdc

The following synthesis has been modified from a previously published
paper.41 In a 100 mL round bottom flask para-terphenyl (1.50 g, 6.51 mmol)
and oxalyl chloride (3.35 mL, 39.00 mmol) was dissolved in carbon disulfide
(30 mL). The round bottom was then placed in an ice bath followed by the
addition of aluminum chloride (1.475 g, 11.06 mmol). The solution was stirred
for an hour before adding more aluminum chloride (0.870 g, 6.51 mmol) before
stirring at room temperature for 24 hours. The mixture was then poured into
crushed ice until the mixture turned yellow. The carbon disulfide in the solution
was removed by reduced pressure before filtering the agueous suspension.
The mixture was then washed with dilute hydrochloric acid and diethyl ether
before drying overnight in an oil bath at 50 °C. A pale yellow solid was
obtained. *H NMR (400 MHz, CDCls) U 8 .J2 8.4 Kizd4H), 7.80 (d, J =
9.0 Hz, 8H).
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3.2.6.16 Synthesis of NH2-Hztpdc

The following synthesis has been modified from a previously published
paper.*? In a 100 mL RBF 1,4-dioxane (42 mL) and DI H20 (21 mL) were
combined and sparged with N2 for one hour. In a 3-neck, 500 mL RBF 2,5-

dibromoaniline (2 g, 7.9 mmol), 4-methoxycarbonylphenylboronic acid (3.16 g,

17.3 mmol), cesium fluor i de (7.26 g, 47
bis(diphenylphosphino)ferrocene]dichloropalladium(il) (0.29 g, 0.4 mmol) were
combined under flowing N2. The 1,4-dioxane/water mixture was then cannula
transferred into the 3-neck RBF. The reaction mixture was then refluxed at 100
°C for four days. The reaction was then cooled to room temperature and the
solid in the RBF was collected via vacuum filtration. The solid was washed
with fresh DI H20 and used without further purification. The crude product was
transferred into a 250 mL RBF and was combined with THF (30 mL), ethanol
(30 mL), DI H20 (30 mL) and sodium hydroxide (1.92 g, 48 mmol). The
reaction mixture was refluxed at 66 °C for 24 hours. Upon cooling to room
temperature the volatile solvents were removed under reduced pressure.
Concentrated HCI was then added until the pH of the slurry reached

approximately 1. The solid was then collected via vacuum filtration, washed

with fresh DI H20 and dried overnight. *H NMR (400 MHz, DMSO-ds) U 8.

4H), 7.85 (t, 3H), 7.75 (d, 2H), 7.65 (d, 1H), 7.48 (d, 1H).

3.2.6.17 Synthesis of Me-Hatpdc
The following synthesis has been modified from a previously published
paper.*? In a 100 mL RBF 1,4-dioxane (42 mL) and DI H20 (21 mL) were

combined and sparged with N2 for one hour. In a 3-neck, 500 mL RBF 2,5-
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dibromotoluene (2 g, 8 mmol), 4-methoxycarbonylphenylboronic acid (3.17 g,

17. 6 mmo |l ) , cesium fluoride (7-

bis(diphenylphosphino)ferrocene]dichloropalladium(il) (0.29 g, 0.4 mmol) were
combined under flowing N2. The 1,4-dioxane/water mixture was then cannula
transferred into the 3-neck RBF. The reaction mixture was then refluxed at 100
°C for four days. The reaction was then cooled to room temperature and the
solid in the RBF was collected via vacuum filtration. The solid was washed
with fresh DI H20 and used without further purification. The crude product was
transferred into a 250 mL RBF and was combined with THF (30 mL), ethanol
(30 mL), DI H20 (30 mL) and sodium hydroxide (1.92 g, 48 mmol). The
reaction mixture was refluxed at 66 °C for 24 hours. Upon cooling to room
temperature the volatile solvents were removed under reduced pressure.
Concentrated HCl was then added until the pH of the slurry reached
approximately 1. The solid was then collected via vacuum filtration, washed
with fresh DI H20 and dried overnight. *H NMR (400 MHz, DMSO-de) U
(g, 4H), 7.85 (d, 2H), 7.74 (s, 1H), 7.65 (d, 1H), 7.55 (d, 2H), 7.35 (d, 1H), 2.3
(s, 3H).

3.2.6.18 Synthesis of Me2-Hzatpdc

The following synthesis has been modified from a previously published
paper.42 In a 100 mL RBF 1,4-dioxane (42 mL) and DI H20 (21 mL) were
combined and sparged with N2 for one hour. In a 3-neck, 500 mL RBF 1,4-
dibromo-2,5-dimethyl benzene (2 g, 7.6 mmol), 4-
methoxycarbonylphenylboronic acid (2.861 g, 15.9 mmol), cesium fluoride

(6.95 g, 45 mmo | ) -
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bis(diphenylphosphino)ferrocene]dichloropalladium(il) (0.29 g, 0.4 mmol) were
combined under flowing N2. The 1,4-dioxane/water mixture was then cannula
transferred into the 3-neck RBF. The reaction mixture was then refluxed at 100
°C for four days. The reaction was then cooled to room temperature and the
solid in the RBF was collected via vacuum filtration. The solid was washed
with fresh DI H20 and used without further purification. The crude product was
transferred into a 250 mL RBF and was combined with THF (30 mL), ethanol
(30 mL), DI H20 (30 mL) and sodium hydroxide (1.92 g, 48 mmol). The
reaction mixture was refluxed at 66 °C for 24 hours. Upon cooling to room
temperature, the volatile solvents were removed under reduced pressure.
Concentrated HCl was then added until the pH of the slurry reached
approximately 1. The solid was then collected via vacuum filtration, washed
with fresh DI H20 and dried overnight. *H NMR (400 MHz, DMSO-de) U
(d, J = 8.3 Hz, 4H), 7.53 (d, J = 8.3 Hz, 4H), 7.20 (s, 2H), 2.24 (s, 6H).

3.2.6.19 Synthesis of 1,4-H2nbb

The following synthesis has been modified from a previously published
paper.*? In a 100 mL RBF 1,4-dioxane (42 mL) and DI H20 (21 mL) were
combined and sparged with N2 for one hour. In a 3-neck, 500 mL RBF 1,4-
dibromonaphthalene (2 g, 7 mmol), 4-methoxycarbonylphenylboronic acid
(2.77 g, 15. 4 mmo | ) , cesium fluo
bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (0.285 g, 0.35 mmol)
were combined under flowing N2. The 1,4-dioxane/water mixture was then
cannula transferred into the 3-neck RBF. The reaction mixture was then

refluxed at 100 °C for four days. The reaction was then cooled to room

62

ri de

(



temperature and the solid in the RBF was collected via vacuum filtration. The
solid was washed with fresh DI H20 and used without further purification. The
crude product was transferred into a 250 mL RBF and was combined with THF
(30 mL), ethanol (30 mL), DI H20 (30 mL) and sodium hydroxide (1.67 g, 42
mmol). The reaction mixture was refluxed at 66 °C for 24 hours. Upon cooling
to room temperature, the volatile solvents were removed under reduced
pressure. Concentrated HCI was then added until the pH of the slurry reached
approximately 1. The solid was then collected via vacuum filtration, washed
with fresh DI H20 and dried overnight. 'H NMR (400 MHz, DMSO-ds) U 8. 12
(d, J = 8.1 Hz, 4H), 7.87 i 7.84 (m, 2H), 7.76 (d, J = 8.3 Hz, 4H), 7.55 (t, J =
9.9 Hz, 4H).

3.2.6.20 Synthesis of 9,10-Hzabb

The following synthesis has been modified from a previously published
paper.*? In a 100 mL RBF 1,4-dioxane (42 mL) and DI H20 (21 mL) were
combined and sparged with N2 for one hour. In a 3-neck, 500 mL RBF 9,10-
dibromoanthracene (2 g, 5.9 mmol), 4-methoxycarbonylphenylboronic acid
(2. 36 g, 13.1 mmo |l ) , cesium fluo—ride ("
bis(diphenylphosphino)ferrocene]dichloropalladium(il) (0.243 g, 0.3 mmol)
were combined under flowing N2. The 1,4-dioxane/water mixture was then
cannula transferred into the 3-neck RBF. The reaction mixture was then
refluxed at 100 °C for four days. The reaction was then cooled to room
temperature and the solid in the RBF was collected via vacuum filtration. The
solid was washed with fresh DI H20 and used without further purification. The

crude product was transferred into a 250 mL RBF and was combined with THF
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(30 mL), ethanol (30 mL), DI H20 (30 mL) and sodium hydroxide (1.43 g, 35.7
mmol). The reaction mixture was refluxed at 66 °C for 24 hours. Upon cooling
to room temperature, the volatile solvents were removed under reduced
pressure. Concentrated HCI was then added until the pH of the slurry reached
approximately 1. The solid was then collected via vacuum filtration, washed
with fresh DI H20 and dried overnight. *H NMR (400 MHz, DMSO-de) U
(d, J = 8.2 Hz, 4H), 7.62 (d, J = 8.3 Hz, 4H), 7.56 i 7.54 (m, 4H), 7.47 i 7.44
(m, 4H).

3.2.6.21 Synthesis of 2,5-dibromobenzene-1,4-diol
2,5-dibromobenzene-1,5-diol was prepared according to literature

methods.43 1H NMR (400 MHz, DMSO-ds) 0 (, 2+9.3

3.2.6.22 Synthesis of (O'Bu)2-Hatpdc

The following synthesis has been modified from a previously published
paper.*? In a 3-neck, 250 mL RBF 2,5-dibromobenzene-1,5-diol (2.68 g, 10
mmol) and potassium carbonate (3.5 g, 25 mmol) were combined and left
under a flowing nitrogen atmosphere for one hour. Anhydrous DMF (30 mL)
was added to the RBF. 1-lodo-2-methylpropane (3.45 mL, 30 mmol) was
pippeted into the reaction mixture. The reaction was then heated at 65 °C for
four days. The reaction was then allowed to cool to room temperature and
washed with DI H20 (150 mL). The product was extracted using chloroform
(100 mL) and isolated under reduced pressure. The resulting red product,
potassium carbonate (3.5 g, 25 mmol) and dry DMF (20 mL) were combined in

a 250 mL RBF. 1-lodo-2-methylpropane (3.45 mL, 30 mmol) was added to the
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250 mL RBF. The resulting reaction mixture was heated at 65 °C for an
additional two days. The reaction was cooled to room temperature and then DI
H20 (200 mL) was added to the RBF. Red solid precipitated out of solution
and was collected via vacuum filtration. The crude red product was used
without further purification. 1,4-Dioxane (42 mL) and DI H20 (21 mL) were
combined in a 100 mL RBF and sparged with N2 for one hour. In a 3-neck, 500
mL RBF, the resulting product from above (-1 g, 2.9 mmol), 4-
methoxycarbonylphenylboronic acid (1.14 g, 6 mmol), cesium fluoride (2.6 g,
17. 3 mmo | ) ,-bis(diphehylpHosphinb)terrocene]dichloropalladium(ll)
(0.118 g, 0.14 mmol) were combined under flowing N2. The 1,4-dioxane/H20
mixture was then cannula transferred into the 500 mL RBF. The resulting
reaction mixture was then refluxed at 100 °C for four days. The reaction was
then cooled to room temperature. The reaction mixture was transferred into a
600 mL beaker and the reaction vessel rinsed with DI H20 (150 mL) which
was then added to the beaker. The product was then extracted with ethyl
acetate (100 mL). Resulting insoluble grey solid was then removed via
vacuum filtration and the filtrate was transferred into a 1L separatory funnel.
The ethyl acetate layer was washed with brine (3 x 30 mL), transferred into a
250 mL RBF and then removed under reduced pressure. The resulting solid
was used without further purification and combined with THF (30 mL), ethanol
(30 mL), DI H20 (30 mL) and sodium hydroxide (0.7 g, 17.3 mmol). The
resulting reaction mixture was refluxed at 66 °C for 24 hours. The reaction was
then cooled to room temperature and the volatile solvents were removed

under reduced pressure. Concentrated HCI| was added via pipet until the pH of
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the solution was approximately 1. The resulting solid was collected via vacuum
filtration and washed with DI H20. (400 MHz, DMSO-ds) U 8 J684Hzd,
4H), 7.73 (d, J = 8.5 Hz, 4H), 7.1 (s, 2H), 3.79 (d, J = 6.4 Hz, 4H), 1.91 (septet,
J=8.3 Hz, 2H), 0.89 (d, J = 6.7 Hz, 12H).

3.2.7 Cage Experimental Procedures

3.2.7.1 Synthesis of [Zre(g3-O)2(€2-OH)s(Cp)s(fum)sz](Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and fumaric
acid (Hzfum) (69.6 mg, 0.6 mmol) were dissolved in DMF (20 mL). The stock
solution (1 mL) and DI water (100 L) were transferred to a 7 mL vial and
heated at 65 °C for 8 hours. White crystalline solid was collected via pipet and
transferred into a 20 mL vial. Upon collection of all sample vials the slurry was
centrifuged, and mother liquor decanted. Activated material was prepared by
washing as synthesized cage in fresh DMF three times, with solvent replaced
every 24 hours. The DMF solvated material was then exchanged three times
with chloroform, with fresh solvent added every 24 hours. Chloroform solvated

material was then activated under dynamic vacuum at room temperature.

3.2.7.2 Synthesis of [Zri2(€3-0)a(€ 2-OH)12(Cp)12(bdc)s] (Cl)a/[Zrs(e 3-O)2(€ 2-
OH)s(Cp)s(bdc)z](Cl)2

In a 20 mL vial zirconocene dichloride (672 mg, 2.3 mmol) and
terephthalic acid (Hzbdc) (191.0 mg, 1.15 mmol) were dissolved in DMF (19
mL). The stock solution (2.375 mL) and DI water (77 L) were transferred to a
7 mL vial and heated at 65 °C for 8 hours. White crystalline powder was

collected via pipet and transferred into a 20 mL vial. Upon collection of all
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sample vials the slurry was centrifuged, and mother liquor decanted. Activated
material for NMR and mass spectrometry was prepared by washing as
synthesized cage in DMF three times, with solvent replaced every 24 hours.
The DMF solvated material was then exchanged three times with chloroform,
with fresh solvent added every 24 hours. Chloroform solvated material was
then activated under dynamic vacuum at room temperature.

3.2.7.3 [Zr12(e3-O)a(e2-OH)12(Cp)12(bdc)s] (OTf)a/[Zre(e 3-O)2(€ 2-

OH)s(Cp)s(bdc)s](OTf)2
[Zr12(£ 3-O)4(e2-OH)12(Cp)12(bdc)s](Cl)a/[Zrs(e 3-O)2( 2-

OH)s(Cp)s(bdc)s](Cl)2  154DMF (197 mg, 0.045 mmol) and silver
trifluoromethanesulfonate (47 mg, 0.18 mmol) were combined in a tinfoll
wrapped 20 mL scintillation vial. Methanol (10 mL) was added to the vial. The
resulting mixture was stirred in darkness at room temperature for 3 days. The
resulting slurry was then centrifuged, and the mother liquor removed via pipet.
The methanol was then removed under reduced pressure resulting in off-white
cage product. Single-crystal quality material was obtained by dissolving as
synthesized material in methanol and recrystallizing via diffusion with diethyl
ether. Material for NMR and mass spectrometry was obtained by collecting the
non-cubic crystals/crystalline powder via pipet and then washing with diethyl
ether, finally the material was dried under dynamic vacuum at room

temperature.

3.2.7.4 Synthesis of [Zri2(€3-O)a(€ 2-OH)12(Cp)12(NH2-bdc)e] (Cl)a
In a 20 mL vial Zirconocene Dichloride (350 mg, 1.2 mmol) and 2-amino

terephthalic acid (NH2-H2BDC) (108 mg, 0.6 mmol) were dissolved in N,N-
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Diethylformamide (DEF) (20 mL). The stock solution (1 mL) and DI water (200
e L) tnaas$erred to a 7 mL vial and heated at 65 °C for 8 hours. Activated
material for NMR and mass spectroscopy was prepared by washing as
synthesized cage in DEF three times, with solvent replaced every 24 hours.
The DEF solvated material was then exchanged three times with chloroform,
with fresh solvent added every 24 hours. Chloroform solvated material was
then activated under dynamic vacuum at room temperature.
3.2.7.5 Synthesis of [Zri2(e3-0)a(€2-OH)12(Cp)12(Me-bdc)s] (Cl)4/[Zrs(E 3-
0)2(e2-OH)s(Cp)s(Me-bdc)s](Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 2-methyl
terphthalic acid (Me-H2BDC) (108 mg, 0.6 mmol) were dissolved in N,N-
dimethylacetamide (DMA) (20 mL). From the resulting solution, five mL were
removed and DI water (2 mL) were added. The resulting solution was heated
at 65 °C for 8 hours. White crystalline powder was collected via scrapping as
synthesized material from the side of the vial. The slurry was then centrifuged
and the mother liquor was decanted off. Activated material was prepared by
washing as synthesized cage in fresh DMA three times, with solvent replaced
every 24 hours. The DMA solvated material was then exchanged three times
with chloroform, with fresh solvent added every 24 hours. Chloroform solvated
material was then activated under dynamic vacuum at 60 °C.
3.2.7.6 Synthesis of [Zri2(e3-O)a(€ 2-OH)12(Cp)12(1,4-ndc)s] (Cl)a/[ Zrs(E 3-

0)2(e2-OH)s(Cp)s(1,4-ndc)s](Cl)2
In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 1,4-

naphthalene dicarboxylic acid (1,4-H2ndc) (0.130 g, 0.6 mmol) were dissolved
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in DMA (20 mL). The stock solution (0.5 mL) and DI water (60 L) were
transferred to a 4 mL vial. The 4 mL vial was placed into a 20 mL vial
containing ethyl acetate (3 mL) and left to diffuse for 48 hours. Cubic and non-
cubic crystals were collected via pipet and transferred into a 20 mL vial. Upon
collection of all sample vials, the mother liquor was removed via pipet.
Activated material for NMR and mass spectrometry was obtained by washing
as synthesized material in DMA. Solvent was exchanged with fresh DMA three
times with solvent replaced every 24 hours. DMA solvated material was
washed with chloroform three times with solvent replaced every 24 hours.
Activated material was obtained by removing the chloroform under dynamic

vacuum at room temperature.

3.2.7.7 Synthesis of [Zri2(€3-O)a(€ 2-OH)12(Cp)12(Me2-bdc)s] (Cl)4

In a 20 mL vial zirconocene dichloride (175 mg, 0.6 mmol) and 2,5-
dimethylbenzene-1,4-dicarboxylic acid (Mez2-Hz2bdc) (96.6 mg, 0.5 mmol) was
dissolved in DMF (10 mL). The stock solution was combined with DI water
(500 ¢L) and was heated at 65 °C for 8 hours. Phase-pure cubic crystals/white
crystalline solid was collected via scrapping the as synthesized material from
the side of the vial. The slurry was then centrifuged, and the mother liquor
decanted off. Activated material was prepared by washing as synthesized
cage in fresh DMF three times, with solvent replaced every 24 hours. The
DMF solvated material was then exchanged three times with chloroform, with
fresh solvent added every 24 hours. Chloroform solvated material was then

activated under dynamic vacuum at 85 °C.

69



3.2.7.8 Synthesis of [Zri12(€3-O)a(e2-OH)12(Cp)12(Me2-bdc)es] (OTf)a
[Zr12(3-0)4(e2-OH)12(Cp)12(Me2-bdc)s](Cl)a 166DMF (200 mg, 0.0436
mmol) and silver trifluoromethanesulfonate (43.4 mg, 0.169 mmol) were
combined in a tinfoil wrapped 20 mL scintillation vial. Methanol (10 mL) was
added to the vial. The resulting mixture was stirred in darkness at room
temperature for 3 days. The resulting slurry was then centrifuged, and the
mother liquor removed via pipet. The methanol was then removed under
reduced pressure resulting in off-white cage product. Activated material was
prepared by washing as synthesized cage in fresh DMF three times, with
solvent replaced every 24 hours. The DMF solvated material was then
exchanged three times with chloroform, with fresh solvent added every 24
hours. Chloroform solvated material was then activated under dynamic
vacuum at 100 °C. Single-crystal quality material was obtained by dissolving
the white powder in methanol and recrystallizing via diffusion with Ethyl

Acetate.

3.2.7.9 Synthesis of [Zri2(€3-0O)a(€2-OH)12(Cp)12(cvba)s] (Cl)a/[Zrs(e 3-O)2(€ 2-
OH)es(Cp)s(cvba)s](Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and (E)-4-(2-
carboxyvinyl) benzoic acid (H2cbva) (130.9 mg, 0.6 mmol) were dissolved in
DMA (20 mL). The stock solution (0.5 mL) and DI water (60 ¢ L) wer e
transferred into a 4 mL vial. The 4 mL vial was placed into a 20 mL vial
containing acetone (3 mL) and left to diffuse at room temperature for 48 hours.
Cubic and non-cubic crystals were collected via scrapping off the crystal from
the sides of the vial and transferring solid into a 20 mL vial. Upon collection of

all sample vials, the mother liquor was removed via pipet. Activated material
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for NMR and mass spectrometry was prepared by washing as synthesized
cage in fresh DMA three times, with solvent replaced every 24 hours. The
DMA solvated material was then exchanged three times with chloroform, with
fresh solvent added every 24 hours. Chloroform solvated material was then

activated under dynamic vacuum at room temperature.

3.2.7.10 Synthesis of [Zri2(e3-0)a(e2-OH)12(Cp)12(2,6-ndc)s] (Cl)4/[Zrs(€ 3-
0)2(e2-OH)s(Cp)s(2,6-ndc)s](Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 2,6-
napthalenedicarboxylic acid (2,6-Hzndc) (129.7 mg, 0.6 mmol) were dissolved
in DMF (20 mL). The stock solution (1 mL) and DI water (150 €L) were
transferred to a 7 mL vial and heated at 65 °C for 8 hours. Cubic and non-
cubic crystals were collected via pipet and transferred into a 20 mL vial. Upon
collection of all sample vials, the slurry was centrifuged, and mother liquor
decanted off. Activated material was prepared by washing as synthesized
cage in fresh DMF three times, with solvent replaced every 24 hours. The
DMF solvated material was then exchanged three times with chloroform, with
fresh solvent added every 24 hours. Chloroform solvated material was then
activated under dynamic vacuum at room temperature.
3.2.7.11 Synthesis of [Zri2(e3-O)a(e2-OH)12(Cp)12(bpdc)e] (Cl)a/[Zrs(e 3-O)2(€ 2-

OH)s(Cp)s(bpdc)s](Cl)2

In a 20 mL vial Zirconocene Dichloride (233.8 mg, 0.8 mmol) and
biphenyl dicarboxylic acid (H2BPDC) (96.9 mg, 0.4 mmol) were dissolved in
DMF (16 mL) with DI Water (1.2 mL) and trimethylamine (0.56 mL) and

sonicated until dissolved. The stock solution (2.2 mL) was transferred to a 4
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mL vial and heated at 65 °C for 24 hours. White crystalline material was
collected via pipet and transferred to a 20 mL vial. Upon collection of all
sample vials the slurry was centrifuged and the mother liquor decanted off.
Activated material for NMR and mass spectrometry was prepared by washing
as synthesized material with fresh DMF three times, with solvent replaced
every 24 hours. DMF solvated material was exchanged with chloroform three
times, with solvent replaced every 24 hours. Activated material was obtained

by removing the chloroform under dynamic vacuum at room temperature.

3.2.7.12 Synthesis of [Zre(e3-O)2(€2-OH)s(Cp)s(tda)s] (Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and
(2E,2'E)-3,3'-(thiophene-2,5-diyl) diacrylic acid (Hztda) (134.4 mg, 0.6 mmol)
were dissolved in DMA (20 mL). The stock solution (1.5 mL) and DI water (50
eL) were transferred into a 7 mL vial and heated at 65 °C for 8 hours. Non-
cubic crystals/yellow crystalline solid was collected via pipet. Upon collection
of all sample vials, the slurry was centrifuged, and mother liquor decanted off.
Activated material was prepared by washing as synthesized cage in fresh
DMA three times, with solvent replaced every 24 hours. The DMA solvated
material was then exchanged three times with chloroform, with fresh solvent
added every 24 hours. Chloroform solvated material was then activated under

dynamic vacuum at room temperature.

3.2.7.13Synthesis of [Zriz(e3-O)a(€2-OH)12(Cp)12(pda)s] (Cl)a/[Zrs(€ 3-O)2(€ 2-
OH)s(Cp)s(pda)s](Cl)2
In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and

(2E,2'E)-3,3'-(1,4-phenylene) diacrylic acid (Hzpda) (69.2 mg, 0.6 mmol) were
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dissolved in dry DMF (20 mL). The stock solution (0.5 mL) and DI water (150
eL) were transferred into a 4 mL vi
vial containing acetone (3 mL) and left to diffuse at room temperature for 48
hours. Cubic and non-cubic crystals were collected via scrapping off the
crystal from the sides of the vial and pipetting out solid into a 20 mL vial. Upon
collection of all sample vials, the mother liquor was removed via pipet.
Activated material was prepared by washing as synthesized cage in fresh
DMF three times, with solvent replaced every 24 hours. The DMF solvated
material was then exchanged three times with chloroform, with fresh solvent
added every 24 hours. Chloroform solvated material was then activated under

dynamic vacuum at room temperature.

3.2.7.14 Synthesis of [Zri2(e3-O)a(e 2-OH)12(Cp)12(F-pda)s] (Cl)a/[Zrs(€ 3-
0)2(e2-OH)s(Cp)s(F-pda)s] (Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and (2E,2'E)-3,3'-
(2-Fluoro-1,4-phenylene) diacrylic acid (F-H:pda) (141.7 mg, 0.6 mmol) were
dissolved in DMA (20 mL). The stock solution (1 mL) and DI water (60 €L) were
transferred into a 4 mL vial. The 4 mL vial was placed into a 20 mL vial containing
ethyl acetate (3 mL) and left to diffuse at room temperature for 48 hours. Cubic and
non-cubic crystals were collected by scrapping off the crystals from the sides of the
vial and transferring solid into a 20 mL vial. Activated material was prepared by
washing as synthesized cage in fresh DMA three times, with solvent replaced every
24 hours. The DMA solvated material was then exchanged three times with
chloroform, with fresh solvent added every 24 hours. Chloroform solvated material

was then activated under dynamic vacuum at room temperature.
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3.2.7.15 Synthesis of [Zri12(€3-0)a(e2-OH)12(Cp)12((OMe)2-pda)s] (Cl)4

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and (2E,2'E)-3,3'-
(2,5-Dimethoxy-1,4-phenylene) diacrylic acid ((OMe).-Hzpda) (141.7 mg, 0.6 mmol)
were dissolved in DMA (20 mL). The stock solution (5 mL) and DI water (300 €L)
were transferred into a 20 mL vial. The 20 mL vial was placed into a 100 mL glass
media jar containing acetone (15 mL) and left to diffuse at room temperature for 48
hours. Yellow cubic crystals were collected by scrapping the material off the sides of
the vial. Activated material for NMR and mass spectrometry was prepared by washing
as synthesized cage in fresh acetone three times, with solvent replaced every 24
hours. Acetone solvated material was then activated under dynamic vacuum at room

temperature.

3.2.7.16 Synthesis of [Zrs(e3-O)2(e 2-OH)s(Cp)s(9,10-ada)s](Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 9,10-
anthracene diacrylic acid (9,10-Hz2ada) (96.1 mg, 0.6 mmol) were dissolved in
DMA (20 mL). The stock solution (1.5 mL) was transferred into a 7 mL vial and
heated at 65 °C for 8 hours. Non-cubic crystals were collected via pipet and
transferred into a 20 mL vial. Upon collection of all sample vials, the mother
liquor was pipetted off. Activated material for NMR and mass spectrometry
was prepared by washing as synthesized cage in fresh DMA three times, with
solvent replaced every 24 hours. The DMA solvated material was then
exchanged three times with chloroform, with fresh solvent added every 24
hours. Chloroform solvated material was then activated under dynamic

vacuum at room temperature.
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3.2.7.17 Synthesis of [Zrs(e3-0)2(e2-OH)s(Cp)s(tpdc)s](Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and p-
terphenyl-4 , -dicarboxylic acid (Hztpdc) (186.4 mg, 0.6 mmol) were dissolved
in dry DMF (20 mL). The stock solution (3 mL) and DI water (450 €L) were
transferred to a 7 mL vial and heated at 65 °C for 8 hours. White crystalline
material was collected via pipet and transferred to a 20 mL vial. Upon
collection of all sample vials the slurry was centrifuged, and the mother liquor
decanted off. Activated material for NMR and mass spectrometry was
prepared by washing as synthesized material with fresh DMF three times, with
solvent replaced every 24 hours. DMF solvated material was exchanged with
chloroform three times, with solvent replaced every 24 hours. Activated
material was obtained by removing the chloroform under dynamic vacuum at

room temperature.

3.2.7.18 Synthesis of [Zre(g3-O)2(€2-OH)s(Cp)s(NH2-tpdc)s] (Cl)2

In a 100 mL VWR jar zirconocene dichloride (350 mg, 1.2 mmol) and 2-
amino-p-terphenyl-4 , -dicarboxylic acid (NHz2-Hztpdc) (200 mg, 0.6 mmol)
were dissolved in dry DMF (40 mL). The stock mixture (1.5 mL) and DI water
(00e L) were transf er r eted ati6h tCdor & houts. Mob-
cubic crystals/white crystalline material was collected via pipet and transferred
to a 20 mL vial. Upon collection of all sample vials the slurry was centrifuged
and the mother liquor decanted off. Activated material for NMR and mass
spectrometry was prepared by washing as synthesized material with fresh
DMF three times, with solvent replaced every 24 hours. DMF solvated material

was exchanged with chloroform three times, with solvent replaced every 24
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hours. Activated material was obtained by removing the chloroform under

dynamic vacuum at room temperature.

3.2.7.19 Synthesis of [Zrs(e3-0)2(e2-OH)s(Cp)s(Me-tpdc)s](Cl)2
In a 20 mL vi al zirconocene diehlorid

methyl-p-terphenyl-4 , -dicarboxylic acid (Me-Hatpdc) (99.7 mg, 0.3 mmol)
were dissolved in dry DMF (10 mL). The stock solution and DI water (0.5 mL)
were heated at 65 °C for 8 hours. Non-cubic crystals/white crystalline material
was collected via pipet and transferred to a 20 mL vial. Upon collection of all
sample vials the slurry was centrifuged and the mother liquor decanted off.
Activated material for NMR and mass spectrometry was prepared by washing
as synthesized material with fresh DMF three times, with solvent replaced
every 24 hours. DMF solvated material was exchanged with chloroform three
times, with solvent replaced every 24 hours. Activated material was obtained

by removing the chloroform under dynamic vacuum at room temperature.

3.2.7.20 Synthesis of [Zri2(e3-O)a(€ 2-OH)12(Cp)12(Me2-tpdc)s] (Cl)4/[Zre(e 3-
0)2(e2-OH)s(Cp)s(Me2-tpdc)s](Cl)2

Il n a 20 mL vi al zirconocene dic-hloride
dimethyl-p-terphenyl-4 , -dicarboxylic acid (Mez-Hztpdc) (212.7 mg, 0.6 mmol)
were dissolved in dry DMF (20 mL). The stock solution (10 mL) and DI water
(1 mL) were transferred into a 20 mL vial and heated at 65 °C for 8 hours.
Cubic and non-cubic crystals were collected via scrapping as synthesized
material off the sides of sample vial. The slurry was then centrifuged, and
mother liquor decanted off. Activated material was prepared by washing as

synthesized cage in fresh DMF three times, with solvent replaced every 24
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hours. The DMF solvated material was then exchanged three times with
chloroform, with fresh solvent added every 24 hours. Chloroform solvated

material was then activated under dynamic vacuum at 65 °C.

3.2.7.21 Synthesis of [Zri12(€3-0O)a(e2-OH)12(Cp)12(Me2-tpdc)s] (OTf)a/[Zre(e 3-
0)2(e2-OH)s(Cp)s(Me2-tpdc)s](OTf):

[Zr12(3-0)a(e2-OH)12(Cp)12(Me2-tpdc)e](Cl)a/[Zrs(e 3-O)2(€ 2-
OH)s(Cp)s(Me2-tpdc)s](Cl)2 16(DMF (316 mg, 0.145 mmol) and silver
trifluoromethanesulfonate (74 mg, 0.29 mmol) were combined in a tinfoil
wrapped 20 mL scintillation vial. Methanol (10 mL) was added to the vial. The
resulting mixture was stirred in darkness at room temperature for 3 days. The
resulting slurry was then centrifuged, and the mother liquor removed via pipet.
The methanol was then removed under reduced pressure resulting in off-white
cage product. Single-crystal quality material was obtained by dissolving as
synthesized material in methanol and recrystallizing via diffusion with Ethyl
Acetate.
3.2.7.22 Synthesis of [Zri2(e3-0)a(€ 2-OH)12(Cp)12(1,4-nbb)e] (Cl)4/[Zres(e 3-

0)2(e2-OH)s(Cp)s(1,4-nbb)s] (Cl)2

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 1,4-
naphthalene bisbenzoic acid (1,4-Hz2nbb) (221 mg, 0.6 mmol) were dissolved
in dry DMF (20 mL). The stock solution (1 mL) and DI water (150 €L) were
transferred into a 4 mL vial. The 4 mL vial was placed into a 20 mL vial
containing ethyl acetate (3 mL) and left to diffuse at room temperature for 48
hours. Cubic crystals were washed with fresh ethyl acetate three times with

solvent replaced every 24 hours. Activated material for NMR and mass
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spectrometry was obtained by drying ethyl acetate washed material under

flowing nitrogen at room temperature.

3.2.7.23 Synthesis of [Zri2(e3-0)a(e2-OH)12(Cp)12(9,10-abb)e] (Cl)4

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 9,10-
anthracene bisbenzoic acid (9,10-Hz2abb) (251 mg, 0.6 mmol) were dissolved
in DMA (20 mL). The stock solution was heated to 100 °C, the hot solution (5
mL) and DI water (500 €L) were transferred into a 20 mL vial. The 20 mL vial
was placed into a 100 mL glass media jar containing chloroform (15 mL) and
left to diffuse at room temperature for 48 hours. Large cubic crystals were
collected via pipet. Activated material was prepared by washing as
synthesized cage in fresh DMA three times, with solvent replaced every 24
hours. The DMA solvated material was then exchanged three times with
chloroform, with fresh solvent added every 24 hours. Chloroform solvated

material was then activated under dynamic vacuum at room temperature.

3.2.7.24 Synthesis of [Zri2(e 3-O)a(e 2-OH)12(Cp)12((O'Bu)2-tpdc)s] (Cl)4
In a 20 mL vi al zirconocene dic-hloride
diisobutoxide-p-terphenyl-4 , -dicarboxylic acid ((O'Bu)2-Hatpdc) (138 mg, 0.3
mmol) were dissolved in dry DMF (20 mL). The stock solution (0.5 mL) and DI
water (100 €L) were transferred into a 4 mL vial. The 4 mL vial was placed into
a 20 mL vial containing ethyl acetate (3 mL) and left to diffuse at room
temperature for 72 hours. Cubic octahedral crystals were washed with fresh

ethyl acetate three times with solvent replaced every 24 hours. Activated

78



material for NMR and mass spectrometry was obtained by drying ethyl acetate

washed material under flowing nitrogen at room temperature.

3.2.7.25 Synthesis of [Zri2(e3-O)a(e 2-OH)12(Cp)12(fdc)s] (Cl)4
In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 2,5-
furandicarboxylic acid (H2fdc) (93.6 mg, 0.6 mmol) were dissolved in DMA (20
mL). The stock solution (1.5 mL) and DIwater (50 ¢ L) wer e transferre
7 mL vial and heated at 65 °C for 8 hours. Activated material was prepared by
washing as synthesized cage in fresh DMA three times, with solvent replaced
every 24 hours. The DMA solvated material was then exchanged three times
with chloroform, with fresh solvent added every 24 hours. Chloroform solvated

material was then activated under dynamic vacuum at room temperature.

3.3 Results and Discussion

The reaction of ZrCl2Cp2 and terephthalic acid (Hz2bdc) in DMF affords
the tetrahedral structure [Zri2( £0)s( £OH)12(Cp)i2(bdc)s]Cla (Figure 3.1) in
high yield. Given the limited solubility of this cage in many organic solvents,
we targeted anion exchange to isolate the triflate salt of the cage.?® Indeed,
reaction of [Zri2( £0)a( &O0H)12(Cp)i2(bdc)s]Cla with AgOTf in methanol
affords a highly soluble sample with concomitant precipitation of AgCI.
However, rather than the triflate salt of the tetrahedral structure, crystallization
of this solid from methanol cleanly afforded a two-vertex cigar-like structure
with half the expected nuclearity, [Zrs( £0O)2( £OH)s(Cp)s(bdc)s]OTf2, as
determined by single crystal X-ray diffraction. It is somewhat surprising to

isolate the cigar phase with a short rigid ligand like terephthalic acid as there is
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significant bend away from planarity for the ligands in this structure (Figure
3.1). As a result of this distortion, the distances between carboxylate carbon
atoms at the vertex of a cage decreases from 4.6 A in the tetrahedron to just
4.2 A'in the cigar. It is notable that the ratios of metal:ligand:anion are identical
in these materials; isomerization of the tetrahedral cage affords two
equivalents of the cigar. Close inspection of both NMR spectra and mass
spectrometry data indicate that regardless of counter anion, this cage exists as
both structures in solution (Figure 3.2). Here the ratio of tetrahedron:cigar is
variable depending on the solvent. Accordingly, BET surface area
measurements on solid samples of cage typically fall in the range of 250-550
m?/g and are somewhat irreproducible, as a result of the presence of
significant quantities of low porosity cigar, from batch to batch (See Appendix

C for full characterization details).
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Figure 3.1.
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Isomerization between tetrahedron (T), [Zriz( €0)4( &
OH)12(Cp)12(bdc)s]** and  cigar (C), [Zre( €0)( &
OH)s(Cp)s(bdc)z]?>* for the terephthalate-based cage. Here
yellow, gray, and red spheres represent zirconium, carbon, and
oxygen atoms, respectively. Hydrogen atoms, solvent
molecules, and charge balancing anions have been omitted for
clarity. Although the metal:ligand:cap ratio is identical for these
structures, the nuclearity of the cigar is half that of the
tetrahedron. The exact ratio of cigar to tetrahedron is solvent-
dependent.
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The detailed use of both NMR spectroscopy and mass spectrometry
are vital for understanding speciation in these cages. If phase pure, their NMR
spectra are relatively straightforward. For example, [Zri2( €0)( &
OH)12(Cp)12(bdc)s]Cla is expected to show just three resonances, one each for
the ligand, cyclopentadienyl cap, and hydroxide groups, although these later
resonances are often not observed due to H-D exchange. Higher resolution
NMR spectra (greater than 400 MHz) collected in a variety of solvents reveal
that both the Cp 'H peak and ligand peaks show multiple resonances. In
addition to this, the ratio between peaks changes as a result of solvent used
for the analysis. In methanol and dimethyl sulfoxide, the secondary peak is
significant with nearly equivalent speciation between the two cages (Figure

3.2). However, in DMF the amount of secondary species is diminished.

82



Figure 3.2.
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Solution-based characterization of terephthalic acid-based
zirconium cages. Here NMR spectra (a,b) in DMSO (top) and
methanol (bottom) indicate a mixture of products for the bdc-
based cage (a) and a single species for the Me2-bdc-based
cage (b). Orange, purple, and green dots indicate residual
DMF, ligand, and cyclopentadienyl resonances, respectively.
Mass spectrometry data confirms this interpretation with two
distinct signals HPLC-MS raw data for the bdc? structure (c)
and one for the Mez2bdc? structure (d) in both DMSO (top) and
methanol (bottom). Integrating the raw data separately reveals
two species for the bdc-based cage (e) with only the
tetrahedron present for the functionalized ligand (f). *Peaks
below 0.5 minutes are background for low-resolution mass
spectrometry data.
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Mass spectrometry data also consistently confirm the presence of two
phases in solution. If the intensity versus time data is simply integrated, the
expected M/Z peaks associated with 4+, 3+, and 2+ tetrahedral ions are
apparent (the 1+ peak is outside the M/Z limit of the instrument). These peaks
correspond to the loss of all four anions (4+) and the additional loss of protons,
presumably from the bridging hydroxide groups on the metal clusters (3+, 2+,
1+). As the components and charge are identical for a given cigar and
tetrahedron, the 4+ and 2+ M/Z peaks for a tetrahedron coincide with the 2+
and 1+ M/Z peaks for the cigars. However, for most of these cages the
intensity versus time data show two distinct peaks (Figure 3.2c). Integrating
them separately yields dramatically different results. Via this route, two distinct
plots are attainable, one with the 4+, 3+, and 2+ peaks visible, the other with
only 2+ and 1+ peaks (Figure 3.2e). Integration of the mass spectrometry data
for the terephthalic acid-based cage ((BDC) 2T/C) from 1.8-1.96 minutes
(Figure 3.2c, red trace) yielded three distinct M/Z values (Figure 3.2e, red).
These values (781.5, 1042.8, 1562.7) corresponding to the 4+, 3+, and 2+
species, respectively, which are in close agreement with the M/Z values
simulated for a tetrahedron (Figure C.144). Integration of the data from 1.96-
2.2 minutes gave two distinct M/Z values. The integrated values for the cigar
phase, 781.8 and 1562.7, could either correspond to the 4+ and 2+
(tetrahedron) or 2+ and 1+ (cigar) ions. However, the absence of the 3+ peak
indicates the phase is the smaller nuclearity cluster. The presence of two
peaks in the intensity versus time data, together with this analysis, can confirm

the presence or absence of tetrahedra or cigars in solution.
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Table 3.1. Summary of ligands used in this study and resulting cage
phases where C = Cigar and T = Tetrahedron.

# Ligand Phase Abbreviation # Ligand Phase Abbreviation
1 et c fum N
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HO OH
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With this characterization protocol in mind, we targeted a more precise
control of the phase of these cages. For this we turned to ligand tuning routes
(Table 3.1) as we have previously shown that modest functionalization can be
used to control phase in paddlewheel-based structures.** Utilization of 1,4-
naphthalenedicarboxylic acid (1,4-Hz2ndc) (5) also affords a mixture of cigar
and tetrahedron, presumably a result of the propensity of naphthalene to pi-
stack in the solid state, an interaction that is facilitated in the cigar structure for
this asymmetric ligand. Installation of functional groups on the 2- and 5-
positions of terephthalic acid was expected to disfavor the cigar structure.
Indeed 2,5-dimethyl-bdc (Me2-bdc) (6) only adopts the tetrahedral structure,
[Zr12( £0)a( 80H)12(Cp)12(Me2-bdc)s]Cls, as evidenced by both NMR and
mass spectrometry (Figure 3.2).2° Integration of the single peak observed in
the raw mass spectrometry data yields M/Z values of 824.1, 1098.1, and
1646.3 corresponding to the 4+, 3+, and 2+ species, respectively. These
values are in good agreement with the simulated M/Z values (Figure C.145).
The phase purity of this cage in solution translates to the solid state, as
confirmed by powder X-ray diffraction (Figure C.151). In order to determine if
the speciation of this cage was related to its relatively low solubility, salt
metathesis with AgOTf gave [Zriz2( £0O)a( £OH)12(Cp)i2(Me2-bdc)s]OTfs in
guantitative yield. This salt displays appreciable solubility in many organic
solvents and retains phase purity in all solvents tested, including MeOH, DMF,
and DMSO. We have recently taken advantage of the phase purity of this cage
in the synthesis of a porous salt wherein both cation and anion are porous

cages.?
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Table 3.2. ESI mass spectrometery for select cages. 2Integration of
first/only mass spec. raw data signal. °Integration of second
mass spec. raw signal. “Observed crystallographically.

Cage M/z M/z

4+ or 2+ 3+ 2+ or 1+
1 calc. 707.0 942.4 1610.4
1 obs.2 706.7 T 1610.9
2 calc. 782.1 1042.5 1563.3
2 obs.2 781.8 T 1562.7
2 obs.P 781.5 1042.8 1562.7
5 calc. 857.2 1142.6 1713.4
5 obs.2 856.7 T 1713.5
5 obs.P 856.7 1141.9 1713.5
6 calc. 824.2 1098.6 1647.4
6 obs.2 824.1 1098.1 1646.3
8 calc. 857.2 1042.6 1713.4
8 obs.2 857.1 T 1713.0
8 obs.P 857.1 1042.4 1713.0
10 calc. 868.9 1158.3 1736.9
10 obs.2 869.0 T 1737.8
12 calc. 887.3 1182.7 1773.5
12 obs.2 887.1 T 1773.4
12 obs.P 887.1 1183.2 1773.4
13 calc. 950.3 1266.8 1899.7
13 obs.2 950.2 1267.7 1900.2
15 calc. 1010.5 1347.0 2020.0
15 obs.2 1010.2 T 2019.8
18 calc. 1052.5 1402.9 2103.9
18 obs.2 1052.2 T 2103.8

18 obs.bc i i i
19 calc. 1085.5 1447.0 2170.0
19 obs.2 1085.2 - 2170.4
19 obs.P 1084.9 1446.6 2168.9
20 calc. 1160.6 1547.1 2320.2
20 obs.2 1159.9 1547.3 2319.9
21 calc. 1226.7 1635.3 2452.5
21 obs.2 1226.4 1634.8 2451.7

Perhaps as expected, isolating phase-pure cage becomes increasingly

difficult upon utilization of longer dicarboxylate ligands. Samples of cage
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based on 2,6-napthalenedicarboxylic acid (2,6-H2ndc) (8) are consistently
present as both structures in solution. Interestingly, in amide-based solvents
only the presence of one phase is indicated by the mass spectrometry data, in
this case, the cigar. In contrast, in both DMSO and methanol, the tetrahedron
and cigar are present in similar concentrations. Characterization of the
material in the solid state corroborates this where both phases can be
crystallographically isolated, as evidenced by powder and single-crystal X-ray
diffraction (Figure 3.3 and Figures C.153-C.154, C.226-C.227). An extended
dicarboxylate ligand, thiophene diacrylic acid (Hztda) (10), displays minimal
lateral ligand bulk and thus affords phase-pure cigar structure (10C). Mono-
functionalization of a diacrylate ligand ((F-pda) 12) gives a mixture of both
structures similar to what was observed for ((1,4-ndc) 5T/C). This indicates
that asymmetric functionalization on dicarboxylic-acid ligands does not induce
enough steric bulk to prevent structural isomerization. Following the same
approach outlined earlier, we functionalized these extended dicarboxylic-acid
derivatives with two-methoxide functional groups ((OMe)2-pda 13). The
resulting cage was a phase-pure tetrahedron as evidenced by mass

spectrometry (Table 3.2) (Figure C.116-C.118)%54647
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Figure 3.3. Expanded cages based on 2,6-ndc (Top) and tpdc (bottom).
Here vyellow, gray, and red spheres represent zirconium,
carbon, and oxygen atoms, respectively. Hydrogen atoms,
solvent molecules, and charge balancing anions have been
omitted for clarity.

Additional levels of functionalization are required when using longer
ligands. p-Terphenyl-4 , -dicarboxylic acid (Hztpdc) (15) with no
functionalization gives phase-pure cigar, as evidenced by NMR, mass
spectrometry, and X-ray diffraction. Addition of small functional groups (Me2-
tpdc) (18) however, did not lead to phase pure cage. The functionalization
does not provide adequate ligand width in relation to ligand length in order to
isolate a phase pure product. In solution we observe only the cigar phase by
both- NMR and mass spectrometry (Figure C.63-C.64, C.131-C.133).

Comparatively, both species, the tetrahedron and cigar, crystallize out of
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solution (Figure C.157-C.158, C.234-C.235). For long, terphenyl-like ligands,
significant ligand functionalization is necessary to produce tetrahedral
structures. Extension of the functional groups to longer and bulkier
substituents (iso-butoxide) yielded phase-pure tetrahedral cages (21T). The
ligand 1,4-napthalene bisbenzoic acid (1,4-H2nbb) (19), similar to (18),
displays a ligand width to ligand length ratio that yields a mixture of cigar and
tetrahedron phases. The isolation of phase pure tetrahedral cages based on
ligands with extended ring systems was afforded by utilization of an
anthracene-derived dicarboxylate ligand ((9,10-abb) 20).

Based on these results, a clear trend relating ligand functional group
bulk as a function of ligand length becomes apparent. Shorter ligand groups,
such as those based on terephthalic acid, require significantly smaller
amounts of functionalization to drive phase-purity as these groups are in close
proximity in the cigar phase. Longer ligands, particularly those based on
terphenyldicarboxylate units require significantly larger functionalization to
afford phase-pure tetrahedral cages. Using the library of cages reported here,
we have developed an approximate phase diagram for zirconium cages based
on linear, ditopic carboxylates. Plotting the Ccarboxylate t0 Ccarboxylate distance in a
structure against the widest distance on the ligand perpendicular to the
aforementioned C-C vector segregates resulting cages into three distinct
regions. Low ligand width:ligand length values give phase-pure cigars while
high ligand width:ligand length values give phase-pure tetrahedral cages. For
ligands in the intermediate space, mixtures of products are expected (Figure

3.4).
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cages. (*) Denotes materials whose phase does not reflect their
position on the figure.

Isolation of phase-pure cage samples facilitates more straightforward

surface area determination. Reported tetrahedral cages have displayed BET

(Langmuir)

surface areas as high as 782 (900) m?/g, while reported cigar

structures show significantly lower surface areas of just 200 (213) m?/g.23, 26,

27, 28 Here, following optimized solvent exchange and protocols, we studied

the gas adsorption properties of selected phase pure and mixed-phase

materials (Table C.1). Consistent with previously reported tetrahedral

structures,

phase-pure [Zri2( £0)s( £OH)12(Cp)i2(Me2-bdc)s]Cls displayed a
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BET(Langmuir) surface area of 610 (741) m?/g. Phase-pure cigars showed
negligible uptake of nitrogen and CO:2 accessible surface areas below 100
m?/g. Not surprisingly, mixed phase materials displayed a range of BET
(Langmuir) surface areas from 62 (84) to 418 (525) m?/g that were poorly

reproducible.

3.3.1 Conclusions

We have shown that an emerging class of zirconium-based
coordination cages display unexpectedly dynamic behavior. The use of only
one characterization techniqgue can yield misleading data towards the
identification of phase pure materials. Here we show that the combination of
higher-field NMR, mass spectrometry, and crystallography were needed to
properly elucidate the speciation of these zirconium cages. Depending on the
length and functionalization of the ditopic organic bridging ligand, phase
control is achievable across a wide variety of cage sizes. With a more
predictable control over the phase of these types of cages, anion metathesis
reactions can be utilized to tune their solubility in organic solvents, as
exemplified by the isolation of highly soluble triflate salts of a subset of these
cages. It is my expectation that the design and characterization strategies
outlined here will be useful for the isolation of an even further expanded class
of porous cage materials, including those based on new di-, tri-, and tetra-topic

ligands.
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Chapter 4

SYNTHESIS AND APPPLICATION OF UlIO-66 FOR DRUG DELIVERY
APPLICATIONS

4.1 Introduction

Metal-organic frameworks (MOFs) have been widely investigated over
the past decade for a variety of factors, including their record surface areas
and tunable pore chemistry.1.23.45 Uniquely to MOFs, these characteristics
are possible because of the variety of structures and ligand functional groups
that can be utilized to form these structured frameworks. Accordingly, MOFs
have many proposed applications including uses in gas storage and
separation, catalysis, biomedicine, batteries, and sensors.6.7.8.9.10 However,
many reported MOFs lack the thermal or chemical stability needed to be
compatible with large-scale implementation.1l As most MOFs are based on
divalent metal cations and carboxylic acid ligands, their relatively weak metal-
ligand bonds typically afford materials with limited thermal, chemical,
mechanical, and/or hydrolytic stability.12.13.1415 Higher-stability materials
typically feature higher-valent metal cations or ligands with increased basicity,
such as triazolate or pyrazolate groups.16 In the case of the former, the UiO
(University of Oslo) series of framework materials show considerable promise
with greater thermal, chemical, and hydrolytic stability. Among these materials,
the most widely studied has been the terephthalic acid-based MOF, UiO-66

(Figure 4.1).17 This material, based on a six zirconium(IlV) cluster, is well
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known for both its high stability and amenability to post-synthetic modification

strategies.18.19

ZrCl, 7.2-57.5eq. H,0 )
i » UiO-66
xH,bdc DMF 110 °C 24h
A NS
TN Y 1N
. :

Figure 4.1. Reaction Scheme of UiO-66. The blue box highlights the six-
metal cluster while the red box indicates a terephthalic acid
l i gand. The absence of the former i
and the | atter, Aligand defective. o

Although UiO-66 is nominally referred to as ZrsO4(OH)a(bdc)s (bdc? =
1,4-benzenedicarboxylate), its composition is highly variable based on
synthetic and activation conditions. The framework has a well-known
dehydration step of the i OH group in the metal node upon heating above 250
°C to afford ZreOs(bdc)s.20 This transformation has a pronounced effect on

material properties and has been leveraged to tune gas adsorption, ionic

100



conductivity, and catalytic properties.21 The pre-activation composition of the
structure is also highly variable.22 In order to modulate the crystallinity of the
MOF, acids are routinely added to UiO-66 syntheses.23.24 The use of these
modulators, which include both mineral and organic acids, has also been
found to profoundly affect particle size. Accordingly, reports of UiO-66 patrticle
sizes range from 10 to over 1,000 nm.2526 The inclusion of acid in MOF
synthesis also plays an important role in material composition and
reproducibility.2” Depending on the exact synthetic conditions, UiO-66 is often
produced with high levels of structural defects.28 These defects, which can be
attributed to either missing ligands or missing clusters in the structure, are
closely tied to material properties, including surface area, hydrolytic stability,

and thermal stability.29.30.31 Such characteristics can have immense effects on

a materialds wuseful ness 32iFor exampe, defect e nd e d

engineered UiO-66 displays higher gas adsorption capacities as compared to
defect-free material.24 Currently, there are no synthetic approaches to
simultaneously tune the extent of UiO-66 defectiveness and the resultant
particle size, limiting the overall applicability of this MOF material.

As shown in Figure 4.1, the synthesis of UiO-66 typically proceeds via
a solvothermal route by reacting ZrCls and Hzbdc at elevated temperatures in
appropriate non-anhydrous, amide-based solvents. The chosen solvent is
frequently N,N-dimethylformamide (DMF), often with uncharacterized water
content. Water is necessary for formation of the ZreOs(OH)4?* cluster in UiO-
66 and is thus required for material synthesis,33 however, it has been

demonstrated that high water content in the solvent can impede

101



crystallization.34 This has been the case both for syntheses in which water or
acid is the modulator.3> Surprisingly, the role of water in UiO-66 synthesis
remains poorly characterized, and its undocumented presence may contribute
to the overall synthetic challenge of generating low-defect, chemically stable,
UiO-66 nanoparticles of controlled diameters.

A key question for the use of MOFs in biological applications is their
biocompatibility, as the introduction of a cytotoxic or inflammatory agent as the
carrier may outweigh potential benefits. This question has arisen in particular
because of the presence of metal cations in the frameworks as well as the
inclusion of acidic linkers that have been shown to be cytotoxic in other
applications.36.37 As has been previously noted by Wuttke, et al. among
others, the biocompatibility of MOFs is highly dependent on both the material
in question and the cells and tissues with which they will be interacting.38.39
Accordingly, the question of toxicity must be addressed prior to use of MOFs
in a particular system. UiO-66 has been previously shown to be both
biocompatible and water-stable, making it a good candidate for drug delivery
applications.1840 UiO-66 also has the property of having measurable
defectiveness as mentioned earlier. This property may affect the adsorption
capacity and release character of the MOFs, which may affect its potential as
a drug delivery vehicle.29 Because of these advantageous properties, UiO-66
has previously been utilized for a number of drug delivery applications which
have included oral, dermal, and intravenous delivery.41.42 Despite the wide

range of delivery methods used previously for UiO-66 and other MOFs, there
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have been almost no instances of MOFs being formulated for pulmonary
delivery.43.4445

In general, direct pulmonary delivery via aerosol inhalation for the
treatment of lung diseases leads to improved targeting, rapid absorption,
increased local drug concentration, greater ability to interact with mucosal
immune cells, and minimized off-target effects.43.4446 These benefits are
particularly important in light of the significant global health burden of
pulmonary diseases, with chronic obstructive pulmonary disorder (COPD) and
lower respiratory tract infections alone leading to over 6 million annual deaths
globally.47 Not only that, but the emergent SARS-CoV-2 respiratory pathogen,
which causes the COVID-19 disease pathology, highlights the need for
respiratory-specific treatment approaches.48 Design of these therapeutics is

critical to effective treatment, as delivery of particles with aerodynamic sizes of

15 em results in deep lung penetrati

region of the lung to target for high delivery efficiency of small molecules and
proteins.49 However, pervasive issues of polydispersity and inconsistent
loading of therapeutics into delivery vehicles within pulmonary formulations,
combined with confounding inter-patient anatomical and breathing variables,
have created challenges for consistent dosing using this route of
administration. The highly tailorable properties of MOFs (pore size, cargo
loading, geometric size, etc.) make this class of materials a unique potential
carrier to address these pervasive issues encountered for pulmonary

delivery.>0 Additionally, the porous nature of MOFs makes them candidates for
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deep lung penetration, while being geometrically small enough for cellular
uptake and targeted drug delivery.51

In this chapter | demonstrate the use of UiO-66 nanoparticles (NPs) as
a novel pulmonary drug delivery vehicle. In the first half of the chapter |
explored the intricately coupled nature of particle size and defectiveness in
UiO-66 as a function of water content and molar ligand to metal (L:M) ratio by
utilizing acid-free syntheses and a combination of characterization techniques
to unambiguously determine the size of low-defect and defect-free UiO-66
nanoparticle materials ranging in size from ~20 to 120 nm.52 Then in the
second half of the chapter it is demonstrated that UiO-66 NPs have high
biocompatibility and low cytotoxicity both in vitro and in vivo in relevant
pulmonary studies. Compared to traditional non-porous vehicles for pulmonary
delivery, the results indicate that the low bulk density and tunable
defectiveness of UiO-66 allows for a unique opportunity to control lung
penetration and particle deposition with potential applications in inhaled
immunotherapies, nanovaccines, and drug delivery. Through this
comprehensive assessment of the use of UiO-66 for pulmonary drug delivery
the feasibility of UiO-66 NPs as a novel aerosol platform with potential delivery
applications for a wide range of respiratory diseases, including COPD, lung

cancers, and COVID-19 is demonstrated.>3,54

4.2 Controlling Size, Defectiveness, and Fluorescence in Nanoparticle
UiO-66 Cargo Delivery

4.2.1 Experimental
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4.2.1.1 General Considerations

All reagents were obtained from commercial vendors and used without
purification, e X cDimethylfarngamideowlas/obtairied from &, N 6
solvent purification system (SPS) and stored in a brown amber bottle under 4A
sieves. Thermal stability and oxygen defect testing thermogravimetric
analyses (TGA) were carried out with a TA Q5000 SA. PXRD measurements
were performed with a Bruker D8 XRD (LynxEye position sensitive detector)
operating wi-thy ag€me Katlo x (0k¥ heandvbltage) wi t h
and 40 mA current. High resolution X-ray powder diffraction data was collected
at beamline 17-BM of the Advanced Photon Source at Argonne National
Laboratory ( & 'HB-NM® .sgebtra 2vere tpken on a AV 400
spectrometer. Low-pressure adsorption measurements were obtained on a
Micromeritics Tristar Il PLUS at -196 °C. B.E.T surface areas were calculated
as previously reported.>> UiO-66 particle concentrations in dispersions were
determined via thermogravimetric analysis (TGA) using a TA TGA 550. UV-Vis
measurements were carried out with an AvaSpec-ULS2048CL with a
deuterium-halogen light source and a fiber optic reflection probe. Infrared (IR)
Spectroscopy measurements were carried out with a Bruker ALPHA 1. Sputter
coating of UiO-66 particles was performed using a Denton Desk IV Cold
Sputter Unit. Scanning electron microscopy images were taken with a JSM-
7400F scanning electron microscope. Dynamic light scattering measurements
of particle size were performed using a Malvern ZetaSizer Nano S.
Fluorescence spectra and readings were completed using the fluorescence
reading function of a Biotek Cytation 5 fluorescent microscope and plate

reader.
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4.2.1.2 Synthesis of UiO-66 materials

All samples were synthesized following this general procedure with the
amounts of reagents specified in Table 4.1. In a 20 mL vial ZrCls and
terephthalic acid were dissolved in DMF (15 mL) dispensed from the SPS and
sonicated until clear. The specified amount of DI H20 was then added to the
vial and heated at 110 °C for 24 hours. After heating, the product was isolated
via centrifugation and washed three times with DMF (20 mL) followed by three
times with MeOH (20 mL). The samples were then activated with flowing N2

while heating at 100 °C overnight for gas adsorption analysis.
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Table 4.1.

Experimental parameters for the synthesis of UiO-66 materials

Sample ] . . Volume of H20
Name L:M ratio | Mass Ligand (mg) | Mass ZrCl4 (mg) (elL)
R , 64.13 (0.386 89.95 (0.386 .
la 1:1 mmol) mmol) 50 (7.2 equivs.)
1b y 11 64.13 (0.386 89.95 (0.386 100 (14.4 equivs.)
mmol) mmol)
1¢ d 11 64.13 (0.386 89.95 (0.386 200 (28.7 equivs.)
mmol) mmol)
1d = 11 64.13 (0.386 89.95 (0.386 300 (43.1 equivs.)
mmol) mmol)
le g 11 64.13 (0.386 89.95 (0.386 400 (57.5 equivs.)
mmol) mmol)

R , 96.19 (0.579 89.95 (0.386 .
1.5a 151 mmol) mmol) 50 (7.2 equivs.)
1. 5b| 151 96.19 (0.579 89.95 (0.386 100 (14.4 equivs.)

mmol) mmol)
1.5¢| 151 96.19 (0.579 89.95(0.386 | ;44 (o5 7 equivs))
mmol) mmol)
1.5d| 151 96.19 (0.579 89.95 (0.386 300 (43.1 equivs.)
mmol) mmol)
1.5e| 151 96.19 (0.579 89.95 (0.386 400 (57.5 equivs.)
mmol) mmol)
R , 125.3 (0.772 89.95 (0.386 .
2a 2:1 mmol) mmol) 50 (7.2 equivs.)
ob y 21 125.3 (0.772 89.95 (0.386 100 (14.4 equivs.)
mmol) mmol)
soc o4 21 125.3 (0.772 89.95 (0.386 200 (28.7 equivs.)
mmol) mmol)
od 2 21 125.3 (0.772 89.95 (0.386 300 (43.1 equivs.)
mmol) mmol)
2e § 21 125.3 (0.772 89.95 (0.386 400 (57.5 equivs.)
mmol) mmol)

4.2.1.3 Synthesis of Kinetic Samples

For the sample with condition 1b, in a 250 mL VWR jar ZrCls (720.0 mg,

3.088 mmol) and terephthalic acid (512.8 mg, 3.088 mmol) were dissolved in

107



anhydrous DMF (120 mL). Once the solution was clear 15 mL aliquots were
pipetted into eight separate 20 mL vials along with deionized H2O ( 100 ¢ L,
14.2 equivalents relative to ZrCls). Samples were then heated at 110 C. The
eight vials were removed from heat at 15 minutes, 30 minutes, 60 minutes, 2
hours, 4 hours, 6 hours, 12 hours, and 24 hours respectively. Once the
samples were removed from heat they were immediately submerged in a
dewar filled with liquid nitrogen to freeze the sample and prevent further
growth. After five minutes in liquid nitrogen the samples were then transferred
to a cooler kept at -78 C to keep the samples frozen. Once all of the samples
had been removed from heat the samples were then transferred to a -30 C
freezer to thaw, and centrifuged down while at -9 C for 60 minutes using an
Eppendorf Centrifuge 5810 R. The centrifuged samples were then decanted,
and the supernatant was collected in a separate vial for further analysis by
DLS. The remaining powder in the vial was then dried under flowing nitrogen
for TGA studies into defectiveness, and sizing measurements. A portion of the
dry powder samples were then re-dispersed into DMF and sized using DLS
(further experimental details found in Dynamic Light Scattering section below).
All eight time points for sample 1b were also sized using SEM (further
experimental details found in Sizing Using Scanning Electron Microscopy
section below). The kinetic synthesis procedure was repeated with samples

1d, 1.5c¢, 2b, and 2d.

4.2.1.4 TGA Defect Testing
TGAs testing for defects within the structure were performed similarly to

previously published methods.29 At least 10 mg of UiO-66 was loaded onto an
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aluminum pan. Samples were heated up to 350 °C at a rate of 10 °C per
minute and continuously heated at 350 °C for 30 minutes while exposed to a
continuous flow of N2. After thirty minutes the sample was allowed to
equilibrate back to 250 °C. Once the sample has equilibrated at 250 °C the
sample was then heated to 600 °C at a rate of 3 °C per minute while under the
continuous flow of Oa.

The calculation for defectiveness in the structure is based off the
chemical equation for the aerobic decomposition of the dehydroxylated version
of UiO-66 ZrsOs(BDC)e.

ZreOs(BDC)s (S) +4502( g) Y 26)+28 @D2(g) + 12 H20 (g)

Based off of this reaction whenever there is complete decomposition 6
equivalents of ZrO2 should be produced for every one equivalent of
ZrsOs(BDC)s. Also, the reaction shows that after the decomposition the only
remaining solid should be ZrO2. Knowing the mass of this solid, as well as the
ratio of ZrO2 to ZrsOs(BDC)s, we were able to calculate what the theoretical
mass of ZrsOs(BDC)s should be for a defect-free material. After sufficient
heating at 350 °C, the hydroxylated version of UiO-66, ZrsO4(OH)4(BDC)s
should have fully converted to the dehydroxylated version, ZrsOs(BDC)s.20
Based off this knowledge the sample mass at 250 °C after the equilibration,
before switching to Oz should represent the experimental mass of
ZrsOs(BDC)s. This mass at this temperature and time was selected because it
is a temperature that is consistent within all of the samples. Knowing both the

theoretical mass for the defect-free material and the experimental mass, the
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percent difference by mass between the theoretical and experimental masses

represents the percent defectiveness of the samples, by mass.

4.2.1.5 NMR Measurements
I n an NMR tube &®&Onct L5 & eDMSOf DMF wer
together and *H NMR measurements were performed. To create a standard of
where H20 should appear in the spectrum, another sample was created with
an additionad. 100 €L of H
NMR digestion was based on a previously reported method using
CsFS6 35 mg of CsF was dissoldyaendd i 316 06 40L edf
D20. Once the solution has been sonicated until clear, the solution was added
to 5 mg of the respective UiO-66 sample. The sample was then sonicated for
five minutes.
After the 'H NMR measurement has been performed, the terephthalic
acid peak and formic acid peak integrations were calculated respectively.
Knowing that there are four protons on every terephthalic acid molecule, the
integration was normalized to represent the number of molecules of
terephthalic acid. Dividing the formic acid integration by the normalized
integration total of BDC, represents the amount of formic acid present, relative

to BDC.

4.2.1.6 Concentration Determination

A known volume of dispersion had DMF solvent evaporated via heating
ramp to 170 C at a rate of 10 C/min followed by 30 minutes at 170 C,
leaving solid UiO-66 behind.
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4.2.1.7 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were taken using a
Malvern Zetasizer Nano S at a wavelength of 633 nm. Following synthesis,
UiO-66 samples were prepared for measurement by washing in DMF to
ensure removal of any unreacted terephthalic acid. Washing was performed
by sedimentation of the as-synthesized UiO-66 particles with an Eppendorf
5430 R Centrifuge and then re-dispersing into DMF. Following concentration
determination, the samples were then diluted to a concentration of 0.1 mg/mL,
and size measurements were taken at this concentration in triplicate (three

separately synthesized samples).

4.2.1.8 Sizing Using Scanning Electron Microscopy

UiO-66 particle samples were prepared for imaging with scanning
electron microscopy by solvent evaporation followed by gold/palladium sputter
coating. The particle samples were then imaged using the JSM-7400F
scanning electron microscope at the
Advanced Microscopy and Microanalysis. All UiO-66 samples were imaged
using secondary electron emission imaging. Following imaging, particles were
sized using the ImageJ program, manually selecting fifty particle diameters
using the measurement tool in the software. The average of the fifty particle
measurements is denoted the geometric diameter of the sample. In many
cases, multiple images were used to achieve the 50 total measurements, as

measurements were taken of distinguishable particles.
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4.2.1.9 Fluorescence Emission Studies

UiO-66 particle samples were prepared for fluorescent emission
determination by dispersion into water from DMF by sedimentation of the as-
synthesized particles with an Eppendorf 5430 R Centrifuge and then re-
dispersing into water. Following concentration determination, the particles
were then diluted to a concentration of 0.5 mg/mL and then their fluorescent
emission from 300 nm to 550 nm following excitation at 280 nm at intervals of

10 nm.

4.2.1.10 Thermal Stability TGA
At least 10 mg of UiO-66 was loaded onto an aluminum pan. Samples
were heated up to 600 °C at a rate of 2 °C per minute while exposed to a

continuous flow of Na.

4.2.2 Results and Discussions

4.2.2.1 Addition of Water To Control UiO-66 Crystallinity, Defects, and
Surface Area

To quantitatively investigate the importance of water on the
crystallization of UiO-66, we utilized anhydrous DMF (confirmed via NMR in
Figure D.1) in acid-free syntheses and systematically incorporated known
amounts of water into our reaction mixture. Beginning with anhydrous DMF,
the reaction of ZrCls with one equivalent of Hzbdc at 110 °C for 24 h yielded
negligible amounts of the amorphous material. This was expected given the
necessity of water for cluster formation. Further testing revealed that a

synthesis utilizing a minimum of 8 equiv. of water (50 ¢ L  @® forld 15 mL

solution) vyielded crystalline UiO-66 (Figure 4.2a, labeled as 1la). This
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crystallinity was also maintained for syntheses utilizing 10 and 20 mL of DMF

(Figure D.7), indicating that crystallinity is a function of water equivalents

relative

to zirconium.
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Figure 4.2. Powder X-Ray Diffraction Patterns and TGA Defectiveness. (a)

PXRD pattern of UiO-66 samples synthesized with a 1:1 L:M
ratio (shown in red curves) and five different water contents
(labeled a-e for 7.2 to 57.5 water equivalents). (b) Plot of
sample defectiveness as determined by TGA combustion with
1:1 L:M ratio samples in red, 1.5:1 L:M ratio samples in black,
and 2:1 L:M ratio samples in blue. Mean + SD are plotted from
TGA defectiveness determinations on independently
synthesized samples (n=3).

Although the powder x-ray diffraction pattern of this material (sample

la) confirms the high crystallinity of this sample, the presence of the

symmetry-disallowed peak at ~6° 2q suggests the presence of cluster defects

in the framework, and thus missing organic linkers. This was confirmed using

TGA combust i on;x) deteciyehess wasadétsrmingd to be ~1

linker missing per formula unit (Figure 4.2). The nature of the cluster defects

of this framework was explored with NMR spectroscopy. The 'H NMR
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spectrum of a digested sample indicated a complete lack of formate, which is
commonly encountered in UiO-66 as a cluster capping unit in both ligand and
cluster defective frameworks (Figure D.33). Formate capping units are often
present even when formic acid is not used as a modulator, as it forms over the
course of the reaction from the decomposition of DMF. The lack of additional
NMR-active species suggests the capping species present in this cluster-
defective material are likely bdc?, CI', or OH" with energy-dispersive x-ray
spectra indicating no presence of chlorine (Figure D.13).29

After determining the minimum water content for which consistently
crystalline material could be produced, we began exploring the effect of
excess water on crystallinity and defectiveness of UiO-66. We employed
solvothermal conditions with increasing water content in the synthesis until
crystalline product could not be isolated.
water were added, the crystallinity of the material was maintained, as can be
seen from the PXRD patterns in Figure D.2. At water contents greater than
57.5 equivalents, the crystallinity of the resulting product was low and highly
variable between trials. At 14.4, 28.7, and 43.1 equivalents of water (100, 200,
300 €L of water added, r e s pdesalawedvpedky ) t he
present in the PXRD patterns again indicate the presence of cluster defects in
these materials. Although this feature was missing in the highest water content
trial, TGA combustion of these samples indicated a defectiveness of ~1
linker/formula unit with an increase in defectiveness with higher water content
(shown by the red symbols in Figure 4.2). Again, NMR digestion indicated the

absence of formate in these samples, regardless of the number of water
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equivalents (Figure D.33), suggesting that although the frameworks display
missing cluster defects, adjacent clusters remain capped with bdc? or
chloride. These NMR results, in combination with PXRD and TGA results,
suggest that NMR cannot be used in isolation to judge defectiveness in UiO-
66 materials, as although no formate is present in the MOF as a capping
anion, both TGA and PXRD indicate significant defectiveness. These results
also indicate that water content plays a large role in the nature of the capping
ligand in defective materials.

In an attempt to decrease the defectiveness of UiO-66 below the
observed ~1 missing linker/formula unit with these initial syntheses (red
symbols in Figure 4.2), we synthesized UiO-66 at increased molar ligand to
metal (L:M) ratios. From the formula unit of the hydrated structure,
ZrsO4(OH)4(BDC)s, the theoretical minimum L:M ratio required to form the
defect-free framework is 1:1. Increasing the L:M ratio beyond this point
consistently afforded material that was essentially defect-free as judged from
TGA combustion experiments (Figures D.17 7 D.31). Ata 1.5:1 L:M ratio with
the minimum amount of water to yield solid material (~8 eq.), the resulting
highly-crystalline solid contained less than 0.25 missing linkers/formula unit
determined via TGA analysis (black symbols in Figure 4.2). At this L:M ratio,
samples synthesized with higher water contents had consistently low TGA
defectiveness at 0.27, 0.22, 0.12, and 0.13 missing linkers/formula unit for
syntheses utilizing 14.4, 28.7, 43.1, and 57.5 equivalents of water,
respectively. Further increasing the L:M ratio to 2:1 afforded even lower defect

material (blue symbols in Figure 4.2). Powder X-ray diffraction patterns
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indicate the highest and lowest water content samples at both the 1.5:1 and
2:1 L:M ratios lack cluster defects, while the others may have low levels of
cluster defects. This is corroborated by NMR spectra of the digested samples
(Figure D.33), which indicate that the samples are devoid of formate capping
unit from decomposed DMF.

Surface area analyses are also consistent with this interpretation. We
observe surface areas with median B.E.T. values of 1272, 1107, and 1070
m?/g for the 1:1, 1.5:1, and 2:1 L:M ratios, respectively (Figures D.34-D.35).
These surface areas are approaching the value expected for a perfectly
defect-free material (954 m?/g).?* Previously reported BET surface areas for
UiO-66 range from ~600 to 1800 m?/g, with higher defectiveness associated
with higher surface area.?® In comparison to our materials, the reported 1800
m2/g framework has a significantly greater surface area, as it is one of the
most defective UiO-66 materials reported with nearly 2 missing linkers/formula
unit, as opposed to the frameworks prepared by the routes described here,
which have a maximum of ~1 missing linker/formula unit. 1t should be noted
that previous studies have suggested that the TGA method of determining
defectiveness in UiO-66 is problematic and that pore volume, as determined
via N2 adsorption at -196 °C, should be used as an indicator of lack of defects
in samples. Median pore volumes for the three L:M samples prepared here are
0.52, 0.46, and 0.47 cm®/g for 1:1, 1.5:1, and 2:1, respectively, approaching
the value expected for defect-free material (0.43 cm?3/g) and in agreement with

TGA and surface area results.
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The connection of synthetic conditions to defectiveness in acid-free
syntheses is one of the first of its kind and allows for tuning of defectiveness
for desired applications on the range of 0 to 1 linker missing per formula unit.
This unprecedented synthetic control will allow for tunable defect-related
properties including surface area for gas adsorption and loading of cargo for
drug delivery applications. However, the differences in these synthetic
conditions do have other effects on the material, such as the size of the
yielded particles, another factorwhi ch can i nfluence the mat

in its desired application.
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Figure 4.3.

SEM Images of UiO-66 Nanoparticles. Representative SEM
images used for sizing of 15 samples across water addition and
L:M ratios. Each column shows samples synthesized at a
different L:M ratio (1:1, 1.5:1, and 2:1, respectively). Each row
indicates particles synthesized with increasing water content (a
is 7.2 eq. of H20, b is 14.4 eq., c is 28.7 eq., d is 43.1 eq. and
e is 57.5 eq.). The scale bar of 100 nm shown for 1a applies to
all images.
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4.2.2.2 Impact of Synthetic Conditions on UiO-66 Particle Size

To further characterize the explicit role of water and L:M ratio in UiO-66
synthesis, SEM was utilized to observe trends in size and to unambiguously
determine the geometric diameters (Dg) for each synthetic condition. Figure
4.3 shows a panel of representative SEM images of the UiO-66 nanoparticles,
which demonstrates a variation of particle size as a function of both water
content (rows) and L:M ratio (columns). These trends in size are quantified
and displayed graphically in Figure 4.4a, which shows Dg measurements as a
function of water equivalents in series corresponding to the three different L:M
ratios. As can be seen from the images in Figure 4.3 as well as from the Dqg
sizing data in Figure 4.4a, the largest nanoparticles were formed at 14.3
equivalents of water for both the 1:1 and 1.5:1 L:M ratio syntheses (118.2 +/-
18.1 and 87.8 +/- 12.2 nm, respectively), while the nanoparticles synthesized
at a 2:1 L:M ratio exhibited a maximum Dg at 7.2 equivalents of water added
(91.9 +/- 21.0 nm). As a general trend, syntheses with higher water contents
led to smaller particle sizes with a plateau in size beyond 42.8 equivalents of
water for all L:M ratios. A similar trend was observed for the three L:M ratios,
with Dg decreasing as the L:M ratio increased. These trends suggest that both
the water content and the L:M ratio have a significant impact on the particle
Dy, which was confirmed via two-way ANOVA (see Table D.4).

The Dg range achievable with the two simple modulators of water
content and L:M ratio spans an order of magnitude and approaches the
smallest size reported for UiO-66.57.58 This is also the first reported synthesis
of defect-free UiO-66 covering such a large particle size range (20.2 +/- 4.0 to

91.9 +/- 21.0 nm; see Table D.5). Furthermore, this method of modulating
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defects and particle size, by tuning L:M ratio and water content, has not been
utilized in previous reports for UiO-66 synthesis. The use of these modulators
provides a new, facile synthetic handle for control of particle size while also
affording consistently spherical, monodisperse, and nearly defect-free
nanoparticles, features that have seldom been reported for syntheses without

the use of acid as a modulator.23

4.2.2.3 Particle Sizing Correlations

As there is typically considerable cost and low throughput associated
with SEM imaging, DLS was also used for particle size characterization.
Figure 4b shows the hydrodynamic diameter (Dn) of the UiO-66 nanoparticles
as measured via DLS. General trends observed with DLS sizing matched
those for SEM sizing: Dn decreased both with increased L:M ratio and
increased water equivalents, and maximum Dn occurred at the same water
content for all three L:M ratios, 14.4 eq. of water. However, the measured Dn
were much greater than the measured Dg (see Table D.9). Similar
discrepancies between light scattering methods and geometric sizing methods
have previously been reported, with the difference for MOF particles
commonly attributed to aggregation.23.26.57 However, intensity size distribution
and low polydispersity indices (PDI) results from light scattering
measurements indicated that aggregation is not a factor for the UiO-66
nanoparticles (Figures D.47 1 D.61). This observation, coupled with the
similar trends observed for the Dn and Dg measurements, led us to consider

alternative sources of the discrepancy.
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Size measurements made with DLS utilize the Stokes-Einstein equation
to calculate z-averaged Dn, which reports the diameter of a hard-sphere
diffusing at an equivalent rate as the particles being measured.®® This
diameter equivalence will not necessarily be accurate for particles that are
porous in nature, as drag both through and around the porous particles will
impact rates of diffusion. This discrepancy has been reported previously for
MOFs.60 We hypothesized that elevated Dn measurements were linked to the
degree of defectiveness, and thus porosity, of the particles, leading to the
discrepancy between the two measurements (Dg and Dn). This was tested by
plotting measured Dn and Dg for each L:M ratio, which have distinct
defectiveness (Figure 4.4C, D, E). If a linear correlation between Dn and Dy is
assumed, the slopes of the correlations (Figures D.62-D.64) between Dn and
Dg increase with increasing nanoparticle defectiveness (and decreasing L:M
ratio) as shown in Figure 4.4F. Thus, as Dg increases, higher defect
nanoparticles will experience a greater relative increase in Dn than lower
defect nanoparticles will. This supports our hypothesis that increased
defectiveness, and thus porosity, yields increased drag and results in over-
estimation of Dn from DLS. A similar comparison of the correlation intercepts
shown in in Figure 4.4F, also yields a highly linear trend. Taken together,
these correlations enable correction of Dn sizing to predict Dg using only
defectiveness testing and link the role of increasing porosity on overestimated

Dn sizing of MOF patrticles.
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Figure 4.4.  Defectiveness and Particle Sizing for UiO-66. For all plots, red,

black, and blue represent 1:1, 1.5:1, and 2:1 L:M, respectively.
(a) Geometric particle size measured via SEM as a function of
water content. (b) Hydrodynamic diameter measured via DLS
as a function of water content. (c) Hydrodynamic diameter vs.
geometric diameter for 1:1 L:M samples. Linear correlation
yielded an R? value of 0.763. (d) Hydrodynamic diameter vs.
geometric diameter for 1.5:1 L:M samples. Linear correlation
yielded an R? value of 0.774. (e) Hydrodynamic diameter vs.
geometric diameter for 2:1 L:M samples. The correlation
yielded an R? value of 0.309. (f) Plot of correlations between
geometric and hydrodynamic particle size as a function of
defectiveness. Data in a are representative single values from
repeated experiments. Data in b show mean = SD for
independently synthesized samples (n = 3).

4.2.2.4 Particle Growth Kinetics Yield Decreased Defectiveness with
Increased Size

In an effort to understand particle growth and defect development, time

was also used as a modulator in a series of kinetic growth examinations from

15 minutes to 24 hours, using a subset of synthetic conditions (samples 1b =,
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1d a, 1.5Cc e, 2b m, and 2d a). These samples were chosen to explore the effects
of time on particles with a variety of particle sizes, defectiveness, and synthetic
conditions. As seen in Figure 4.5A, nanoparticle defectiveness generally
decreased as a function of time for all five samples before reaching a plateau
that corresponded to the reported defectiveness at 24 hours (Figure 4.5B).
Consistent with results for the full 24-hour reactions, the 1:1 L:M ratio samples
were the most defective materials across all time points. Samples that had
previously been observed to be defect-free or nearly defect-free yielded 10%
defective material (indicating 1 missing linker/formula unit) after just an hour of
reaction time. Unlike the 1:1 L:M ratio samples, the nearly defect-free samples
reached an observed plateau in defectiveness by the six-hour time point. This
may indicate that the particle growth for these lower defect samples is
completed earlier, which is similarly reflected in the particle sizing results for

these samples (Figure 4.5B).
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Defectiveness, Particle Size, and Particle Growth Kinetics for
UiO-66. For all plots, red, black, and blue represent 1:1, 1.5:1,
and 2:1 L:M, respectively. (a) Plot of TGA defectiveness of
samples 1b, 1d, 1.5c, 2b, and 2d over time. (b) Plot of Dn of
samples 1b, 1d, 1.5c, 2b, and 2d over time as measured via
DLS. Measurements made from isolated supernatants are
shown with open symbols; those made from resuspended dry
powders are shown in filled-in symbols. (c) Representative
SEM images of sample 1b showing growth of the nanopatrticles
over time. Data in a and b are representative single values from
repeated experiments.

Measuring the size of UiO-66 kinetics samples synthesized at less than

one-hour time points posed a challenge due to the lack of visible precipitate in

the reaction vessel after initial centrifugation. To further test if there were

nanoparticles forming in solution that were not visible (Dg less than 20 nm), the

supernatants from the samples that reacted for less than one-hour were

sedimented via ultracentrifugation. Since this process successfully separated

the remaining nanoparticles, this procedure was employed for all time points

without visible precipitate to allow for particle sizing via DLS. Utilizing the

isolated nanoparticles from supernatant suspensions allowed for detection of

particles with Dn as small as 30 nm and monitoring of particle growth over

time. Particle size changes over time are shown in Figure 4.5B, which
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demonstrates considerable particle growth over the 24-hour study for all
samples. Interestingly, samples 2d (a) and 1.5c (e) show arrested growth after
the four-hour time point, reaching sizes similar to those observed for previous
samples synthesized for 24 hours. The three other samples, however,
continue to grow over the entire 24-hour timeframe, suggesting larger particle
diameters may be achievable with longer time points. SEM measurements
(Figure 4.5C) corroborate growth of monodisperse nanoparticles starting at 30
minutes for sample 1b (=) with gradual growth in Dg occurring similar to that of
Dr.

These results indicate that time, in addition to water content and L:M
ratio, can be utilized to modulate both the particle size and defectiveness of
UiO-66 nanoparticles, providing another facile synthetic handle to tune the
aforementioned characteristics for desired applications. Furthermore, the
results of the study for higher water content samples may indicate that the
kinetics of particle growth and formation of defects are linked to and arrested
by the amount of water in the solvent, potentially an important result in

explaining the mechanism of the formation of this MOF.

4.2.2.5 UiO-66 Fluorescence as a Function of Size and Defect

There have been previous reports of the fluorescence of UiO-66 with
amine-functionalized bdc ligands (UiO-66-NH2)23.61,62 and for other bdc-
containing MOFs;83.64 however, fluorescence of UiO-66 has not previously
been reported. Figure 4.6a shows representative fluorescent spectra of UiO-
66 samples 1b (w), 1c (o), and 2a (%) in water following excitation at 280 nm,

demonstrating inherent fluorescence of the UiO-66 framework. The fluorescent
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peak observed at 380 nm corresponds to a similar peak emission wavelength

reported for other bdc-containing MOFs, which typically exhibit emission

maxima between 358 and 430 nm.65.66
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Figure 4.6. UiO-66 Fluorescence and Correlations. (a) Fluorescence
emission spectra for UiO-66 samples 2a (k, Dg = 91.9 nm,
1.36% defective), 1b (m, Dg = 66.8 nm, 12.11% defective), and
1c (e, Dg = 90.2 nm, 10.70% defective) following excitation at
280 nm. Peak emission is at 390 nm for all samples. (b) Plot of
peak fluorescence versus Dg for all 15 samples. The general
positive correlation between the two variables has an R? of
0.512. (c) Plot of peak fluorescence divided by Dg versus
defectiveness for all 15 samples. The general negative
correlation between the two variables has an R? of 0.442. Data
in b and c plotted as mean + SD (n=3).

As can be seen from representative spectra in Figure 4.6A, the
magnitude of fluorescence intensity varied between UiO-66 samples. These
representative spectra demonstrate the two general trends in fluorescence
observed for UiO-66. First,

as particle size the maximum

increases,
fluorescence intensity at constant mass concentration also increases. This
trend is observed by comparing spectra from samples 1d (a, Dg = 66.8 +/- 10.2

nm, 12.11% defective) and 1c (e, Dg = 90.2 +/- 10.9 nm, 10.70% defective),
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which have similar defectiveness but varied particle size. The trend in
fluorescence with varying particle size can be seen more generally in Figure
4.6B, which demonstrates the positive correlation between peak fluorescence
and Dg for all synthesized samples. Second, as the defectiveness of the
nanoparticles is reduced, the maximum fluorescence intensity at constant
mass concentration increases. This trend is observed by comparing spectra
from samples 1c (e, Dg = 90.2 nm, 10.70% defective) and 2a (x, Dg = 91.9 +/-
21.0 nm, 1.36% defective), which have similar particle sizes, but varied
defectiveness. Decoupling the role of particle size from fluorescence intensity,
Figure 4.6C demonstrates that fluorescence scaled by Dg is negatively
correlated with defectiveness. Thus, lower defect nanoparticles exhibit greater
maximum fluorescence intensities than higher defect nanoparticles.
Comparable to other MOFs based on bdc? ligands, fluorescence in
UiO-66 is likely either a result of either ligand-to-metal charge transfer (LMCT)
or ligand-based fluorescence.6? Lower defect particles, which would have
more ligand per formula unit and thus more sites for LMCT or linker-based
fluorescence, would be expected to have greater fluorescence after
decoupling other effects such as size. This trend was further explored through
the implementation of a factorial analysis of the nanoparticle fluorescence,
which confirms this result and indicates that the fluorescence is also a function
of the interaction between Dg and defectiveness. This is the first report of the
inherent fluorescence of non-functionalized UiO-66 and also connects peak

nanoparticle fluorescence to both particle size and defectiveness, confirming
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the hypothesis that lower-defect nanoparticles have greater peak fluorescence

relative to higher defect nanoparticles.

4.2.3 Conclusion

We have devised a facile approach to tune the physical characteristics
of UiO-66 nanoparticles, using water content, L:M ratio, and reaction time as
modulators. Modulation of water content and addition of ligand beyond the
stoichiometric requirement during synthesis yielded tunable control of highly
monodisperse UiO-66 nanoparticles on a geometric size range of 20 to 120
nm. These modulators also afforded significant control over framework
defectiveness, which was observed to decrease over time during particle
growth. Simultaneous control over the combination of nanopatrticle sizes and
defectiveness have not previously been reported for UiO-66. Accordingly, this
work represents the first step toward application-specific tuning of these
parameters, as both factors have effects on gas storage and drug delivery, as
smaller, more defective nanoparticles typically have higher gas adsorption
capacities and particle uptake is dependent on particle size. We also report
that nanoparticle defectiveness is linked to common over-estimation in DLS
particle sizing and have determined a correlation to correct elevated values of
Dn using TGA quantification of defectiveness. Finally, we report inherent
fluorescence of non-functionalized UiO-66, which exhibits peak fluorescence
at a wavelength of 390 nm following excitation at 280 nm and is maximized in
large, defect-free nanoparticles. The fluorescence of non-functionalized UiO-
66 may enable utilization of these nanoparticles as fluorescent probes.

Overall, this synthetic approach and characterization of defect, size, and
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fluorescence represent new opportunities to tune the physiochemical
properties of UiO-66 frameworks for a wide range of applications in gas

storage, membranes, and specifically drug delivery.

4.3 Evaluating UiO-66 Nanoparticles as an Acid-Sensitive Carrier for
Pulmonary Drug Delivery

4.3.1 Experimental

4.3.1.1 Synthesis of UiO-66 Nanoparticles (NPs)

The syntheses of UiO-66 NPs were performed as previously described
in section 5.2.2.2.52 Four preparations were utilized for experiments in these
studies, as is noted in Table 4.2 below. ZrCls (90.0 mg, 0.386 mmol) and
terephthalic acid (Hz2bdc, 1,4-benzenedicarboxylic acid, amount variable; see
Table 4.2 for each sample) were added to 15 mL of anhydrous
dimethylformamide (DMF) along with a known amount of deionized H20 (50
ML or 2.78 mmol) in a 20 mL vial and dissolved via sonication. Once the
solution was clear, it was then heated at the temperature denoted in Table 4.2
for 24 hours (h). The respective samples were then centrifuged, the
supernatants were decanted, and the isolated powders were soaked in DMF
for 72 h, replacing the solvent every 24 h. This was followed by a similar
washing procedure with methanol. All washes were performed at room

temperature.
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Table 4.2. List of synthesis conditions of samples used in studies. The
sample names refer to the measured defectiveness as
determined via TGA (described in the TGA Defectiveness

section).
Sample Mass of H2bdc (mg) mmols of Hzabdc | Temperature (°C)
1% 128.2 0.772 110
8% 64.1 0.386 110
12% 64.1 0.386 100
15% 51.3 0.309 110

4.3.1.2 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) was performed using a Malvern
Zetasizer Nano S following additional washing steps. As synthesized UiO-66
samples were washed in DMF three times prior to DLS measurement to
remove any adsorbed terephthalic acid remaining in the pores of the MOFs.
The washing procedure involved centrifugation at 18.2K RCF for 10 minutes
followed by removal of the supernatant and redispersion into DMF using
sonication. The UiO-66 sample concentrations were then adjusted to 0.1
mg/mL following concentration determination via TGA. DLS measurements
were then performed to determine the hydrodynamic diameters (Dn) and
polydispersity indices (PDIs) for each sample. Reported measurements for
each defectiveness level were averages taken from three samples

synthesized at the same synthetic conditions.
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4.3.1.3 Zeta Potential

Zeta potential measurements were performed using a Malvern
Zetasizer Nano ZS following additional washing steps, similar to DLS. As
synthesized UiO-66 samples were washed in DMF three times, and DI water
three times prior to dispersion into 10 mM NaCl for zeta potential
measurement to remove any adsorbed terephthalic acid remaining in the
pores of the MOFs and redisperse into the aqueous medium without any
solvent remaining. The washing procedure involved centrifugation at 18.2K
RCF for 10 minutes followed by removal of the supernatant and redispersion
into DMF/water/NaCl solution using sonication. The UiO-66 sample
concentrations were then adjusted to 0.1 mg/mL following concentration
determination via TGA. Zeta potential measurements were then performed to

determine the effective surface charge of the UiO-66 NPs.

4.3.1.4 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was performed using a JSM
F7400 scanning electron microscope after each of the samples was sputter
coated with gold/palladium using a Denton Desk IV sputter coater. The sizes
(in this case, the geometric diameters, Dg) of the UiO-66 NPs were determined

using the ImageJ program to manually determine the Dq of at least 50 NPs.

4.3.1.5 Thermogravimetric Analysis (TGA) Defectiveness

Defectiveness analysis was performed using thermogravimetric
analysis (TGA) using a TA Q5000 SA. 10 mg or more of UiO-66 was loaded
onto a tared aluminum pan and heated to 350 °C at a rate of 10 °C per minute

under a nitrogen atmosphere. The temperature was then held at 350 °C for 30
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min to ensure complete DMF evaporation. The sample was then cooled to 250
°C where the atmosphere was switched to oxygen and the sample was heated
to 600 °C at a rate of 3 °C per minute to combust the organic ligand present.
The mass of the resulting ZrO2 was compared to the mass of the dehydrated

MOF to determine the defectiveness of the sample.29

4.3.1.6 TGA Concentration

UiO-66 NP concentrations in their dispersions in water or DMF were
determined via TGA using a TA TGA 550. For dispersion into PBS, the
concentration was determined in water, and NPs were then isolated via
centrifugation at 18.2K RCF, water removed, and dispersed into PBS. A
known volume of the dispersion was heated to either 120 °C (for water) or 165
°C (for DMF) to evaporate all solvent present. The temperature was then held
for 15 minutes to ensure complete evaporation and removal of solvent from
the pores of the structure. This remaining mass was deemed to be UiO-66,

whose mass was recorded to determine the mass concentration in solution.

4.3.1.7 Gas Adsorption

Following washing in solvent, the respective solvated powders were
dried under flowing nitrogen. Low-pressure gas adsorption isotherms were
measured on a Micromeritics Tristar 1l PLUS at -196 °C. UiO-66 was loaded
into a gas adsorption tube and degassed overnight at 100 °C under flowing

nitrogen. Upon activation the sample was analyzed with nitrogen at -196 °C.
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4.3.1.8 Cargo Loading and Release

UiO-66 NPs at 1 mg/mL were post-synthetically loaded with fluorescent
cargo (rhodamine B, denoted RhB) or dexamethasone (dex) via incubation of
UiO-66 with RhB or dex at 37 °C and shaking at 1000 rpm for 24 h. The
incubation was performed in DMF with incubation ratios (mass of RhB or dex
relative to mass of UiO-66) varying from 0.5:1 to 1:1 and was followed by
removal of the supernatant of RhB/dex that remained in solution after
centrifugation to isolate the cargo-loaded particles. The NPs loaded with
RhB/dex were then washed an additional time with 1 mL DMF to remove
excess RhB/dex.

Following loading, a subset of the loaded NPs (with a 1:1 incubation
ratio and 1 mg/mL UiO-66) were re-dispersed into one of two media: PBS
(phosphate buffered saline), pH 7.4, or ALF (artificial lysosomal fluid,
composition in Table D.11), pH 4.4.77 After dispersion into one of the two
respective media, the dispersions of cargo-loaded UiO-66 were incubated at
37 °C and shaken at 1000 rpm. AtO h,1 h,2h,8h, 12 h, 24 h, 48 h, and 144
h time points, 110 L aliquots were removed, remaining particles isolated via
centrifugation, and supernatants analyzed via fluorescence to detect the

amount of RhB released.

4.3.1.9 UiO-66 Stability in Simulated Biological Fluids Over Time

To evaluate the stability of UiO-66 in biologically-relevant conditions,
samples of UiO-66 at all levels of defectiveness were dispersed into DI water
three times and then dispersed into either PBS or ALF at 1 mg/mL. These

dispersions were then incubated at 37 °C and shaken at 1000 rpm. Aliquots of
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100 pL of the samples were removed at O, 1, 2, 4, 8, 24, 48, 72, and 168 h,
spun down in a centrifuge at 18.2K RCF, re-dispersed into water, and their
concentrations measured via TGA. The remaining mass was determined to be

non-degraded UiO-66 NPs, similar to the method utilized in previous work.68

4.3.1.10Next Generation Impactor (NGI) Sizing

The aerodynamic diameter of unloaded and cargo-loaded UiO-66
particles (at a 2:1 incubation ratio) were measured using cascade impaction in
a Copley Next Generation Impactor (NGI). Two apparatuses were used to
aerosolize the particles: a Collision Jet Nebulizer (CIJN) and a PlastiApe
Monodose dry powder inhaler (DPI). For the CJN, aqueous dispersions of
UiO-66 at 1 mg/mL were centrifuged at 18.2 RCF for 10 minutes and then re-
dispersed in methanol three times. The dispersion was diluted into 30 mL of
methanol and loaded into the CIN. Compressed air was fed into the nebulizer
at 60 L/min to aerosolize the particle dispersion with methanol evaporation
occurring rapidly to yield monodisperse UiO-66 aerosols from the CIN. For the
Monodose DPI, dry powders of each unloaded UiO-66 sample were generated
following lyophilization of aqueous particle dispersions. 10 mg of UiO-66 dry
powder was loaded into a size 3 gelatin capsule and dispersed from the DPI.
For both dispersion devices, the NGI was operated at 60 L/min for 100
seconds to ensure sufficient mass accumulation on the impactor stages. UiO-
66 particles were collected from each stage by scraping and re-dispersed into
water. Mass deposition was quantified using a fluorescent assay on BioTek
Cytation 5 Multimode Imager. The assay utilized the inherent fluorescence of

UiO-66 (excitation at 280 nm and emission at 390 nm) and a linear mass
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approximation.52 From the deposition profiles on each plate, the mass median
aerodynamic diameter (MMAD), fine particle fraction (FPF), geometric
standard deviation (GSD), emitted dose (ED) and geometric standard
deviation (GSD) were determined using particle size cutoffs for an NGI

operating at 60 L/min.

4.3.1.111In Vitro cell assays: Viability

MH-S (ATCCE CRL2019E) murine alveolar |
(ATCCE CCL185E) human adenocarcinoma al v
lines were cultured according to ATCC guidelines. All experiments were
performed with cell lines not exceeding a passage number of ten. For in vitro
cell viability assessment, MH-S and A549 cells were seeded in 96-well plates
24 h prior to treatment. Immediately prior to NP treatment, UiO-66 NPs were
washed 3 times with DMF followed by three washes in sterile, endotoxin-free
water and then resuspended in sterile RPMI or F-12 media (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1% Penicillin-
Streptomycin ( GE Heal t hc-8raad AB49Cdells,n e E) f
respectively. 4 h and 24 h following treatment, cell viability was assessed
using CellTiter-Glo® 2.0 Cell Viability Assay (Promega) according to
manufacturerds guidelines. Lumi nescence we
5 Multimode Imager and cell viability was calculated from luminescence data

by normalizing to the untreated control.
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4.3.1.121In Vitro cell assays: inflammation

For in vitro assessment of inflammation, MH-S cells were seeded in 96-
well plates 24 h prior to treatment. 4h and 24 h following treatment, 96-well
plates were centrifuged at 1000 rpm for 10 minutes and the supernatants were
collected and stored at -30°C until inflammatory cytokine analysis. For
cytokine analysis, Enzyme-Linked Immunosorbent Assays (ELISAS) kits (BD
Biosciences) for Interleukin-6 (IL-6) and Tumor Necrosis Factor-U ( TUNF

were performed on the supernatant accordir

4.3.1.131In Vitro cell assays: fluorescent imaging

UiO-66 NPs were loaded with fluorescein isothiocyanate (FITC)
(Millipore Sigma) at an incubation ratio of 2:1 in DMF at 37 °C and 1000 rpm
for 24 h. MH-S cells were seeded in an 8-chamber glass cover slip and
allowed to adhere for 4 h before UiO-66 NP treatment. 24 h following
treatment, cells were washed with PBS and fixed with 4% paraformaldehyde
(PFA) (Alfa Aesar) in PBS for 15 minutes at room temperature. Cells were
then permeabilized with 0.2% Triton-X solution in PBS for 10 minutes at room
temperature. Phalloidin-TRITC stain (Millipore Sigma) was used to stain actin
filaments at a 1:250 dilution in PBS for 20 minutes at room temperature.
Nuclei were then stained with 700 nM DAPI for 10 minutes. To differentiate
between internalization and surface binding of UiO-66 NPs, MH-S cells were
treated with FITC-loaded NPs for 24 h and then washed once with PBS to
remove free NPs. Trypan Blue dye (Gibco) was added at a final concentration
of 2 mg/ml to quench any surface associated FITC signal. Imaging was

performed using BioTek Cytation 5 Multimode Imager.
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4.3.1.141In Vivo Murine Inflammation studies

All studies involving animals were performed in accordance with
National Institutes of Health (NIH) guidelines for the care and use of laboratory
animals and approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Delaware. C57BL/6J (Jackson Laboratories) were
housed in a pathogen-free facility at the University of Delaware.

To assess airway inflammation, 50 pL volumes of UiO-66 NPs
dispersions and controls in PBS were administered to 6-8 week-old female
C57BL/6J mice via orotracheal instillation.103.69 100 pg NPs/mouse as
determined via TGA was administered and 0.2 ug lipopolysaccharide
(LPS)/mouse from Escherichia coli 0O111:B4 (Millipore Sigma) was
administered as a positive control for airway inflammation. 24 h following
dosing, mice were euthanized and bronchoalveolar lavage (BAL) was
performed to collect BAL fluid (BALF) by cannulating the trachea and flushing
the lungs with 3 sequential washes, 1 mL each, of PBS. The collected BALF
was centrifuged and the supernatant was stored at -30°C until inflammatory
cytokine analysis. The cell pellet was washed twice with PBS supplemented
with 2% fetal bovine serum and blocked with anti-CD16/32 (Fc block,
BioLegend) for 10 minutes and then stained for 30 minutes with the following
antibodies: CD45-FITC, Ly6G-APC, CD86-AlexaFluor700, I-A/I-E-Brilliant
Viol et 785E (Al f r o MF-ABC-OyLZ B 8insdignces).nd Si gl
Cells were then fixed with 4% PFA for 15 minutes and then analyzed using
ACEA NovoCyte Flow Cytometer for isolation of alveolar macrophage and
neutrophil populations. Median fluorescent intensity (MFI) was recorded via

flow cytometry as a measure of surface marker expression.
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4.3.1.15In Vivo Murine Biodistribution Studies

To assess zirconium biodistribution, 6-8-week-old female C57BL/6J
mice were dosed with 100 pg of UiO-66 NPs via orotracheal instillation with
concentrations determined via TGA. At 1-day and 7-day time points, mice
were euthanized, blood was collected by cardiac puncture, and organs were
harvested and weighed. Organs were then minced and digested for 24 h in
trace metal grade nitric acid (2 mL for heart, lungs, kidneys, and spleen, 4 mL
for liver, and 1 mL for blood, Fisher Scientific) at 75 C. After the 24 h period,
trace metal grade hydrochloric acid (Fisher Scientific) was added in the
amount of 25% of the original volume of nitric acid (0.25, 0.5, or 1 mL). The
resulting digested organs and blood were then filtered through a 0.22 um filter,
diluted to 4% nitric acid in DI water from a MilliQ DI water system, and
analyzed for their zirconium content via ICP-MS (inductively-coupled plasma

mass spectrometry) using an Agilent 7500 ICP/MS.

4.3.1.16 Histology

Tracheas were cannulated and filled with 4% PFA in PBS to fully inflate
the lungs. Lungs were harvested and stored in 4% PFA. For histological
analysis, lungs were embedded in paraffin and cut at 7 pm sections. Sections
were mounted to glass slides and stained using Hematoxylin & Eosin (H&E).

Stained sections were imaged using BioTek Cytation 5 Multimode Imager.

4.3.1.17 Statistics
GraphPad Prism 8 (GraphPad Software Inc.) was used to perform
statistical analysis. Figure captions denote the statistical tests used to carry

out the analysis. All quantitative data are represented as mean + SD (standard
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deviation) or SEM (standard error of the |
test, Dunnettdéds multiple comparisons test,

St u d e nAdstdvere UBed to generate p-values unless stated otherwise.

4.3.2 Results and Discussion

4.3.2.1 UiO-66 Nanoparticle Sizing and Defectiveness

Utilizing previously developed design rules for the variation of UiO-66
nanoparticle (NP) size and defectiveness, we synthesized a suite of particles
varying in defectiveness from 1% to 15% as determined by Thermogravimetric
Analysis (TGA) (Figures D.72 i D.75) with a constant geometric diameter of
~100 nm.52 The conditions used (Table 4.3) yielded particles of 1%, 8%, 12%,
and 15% defectiveness, as they will be referred moving forward. Each set of
NPs has diameters of ~100 nm (Table 4.3) as determined via Scanning
Electron Microscopy (SEM) image analysis (Figure 4.7). The NPs were all
spherical with the exception of the 1% UiO-66 NPs, which have a mixed
morphology with spherical and cuboidal shapes. The size and charge
(measured to be -15 to -25 mV, which agrees with previous reports of UiO-66
zeta potential’9) of the UiO-66 NPs are also in an advantageous range for
phagocytic uptake, an advantage for drug delivery to alveolar macrophages, a
potential therapeutic target.”l The UiO-66 NPs will be expected to diffuse at
moderate rates through mucus, which may be encountered for UiO-66 NPs
that deposit in upper airways and bronchioles,4°® as charge may slow their

diffusion despite their small size, which is advantageous for mucosal
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penetration.”2 These particle characteristics were evaluated from three
independent syntheses of the respective NPs, confirming the reproducibility of
the synthetic conditions used to yield the desired properties. Furthermore, the
conditions identified are in line with our previous established guidelines to tune
size and defectiveness a priori, enabling our evaluation of the effect of
defectiveness on parameters such as biocompatibility, loading, and

aerodynamic sizing independent of geometric particle size.52

Table 4.3. UiO-66 NP sample sizes and defectiveness. List of samples
used for biocompatibility, loading/release, and biodistribution
studies along with their defectiveness as determined via TGA
and their geometric size as determined via SEM. Each
measurement provided is given as the average along with the
standard deviation associated with three independently
synthesized and measured samples.

NP Sample Name | TGA Defectiveness (%) | Geometric Diameter (nm)
1% Defective 1.36° 0.73 91.9° 21.0
8% Defective 7.63° 0.46 106.5° 11.9
12% Defective 11.84° 0.48 112.0° 13.5
15% Defective 14.72 ° 0.95 110.9° 13.7
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Figure 4.7. SEM images of UiO-66 NPs. Representative SEM images of
the A) 1% defective, B) 8% defective, C) 12% defective, and D)
15% defective UiO-66 NPs. The scale bars in all images are
100 nm.

4.3.2.2 Ui0O-66 Loading and Release of Model Cargo

Following size characterization, UiO-66 NPs were loaded with model
cargo, Rhodamine B (RhB), and a corticosteroid, dexamethasone (dex), to
determine the extent of equilibrium cargo loading as a function of percent
defectiveness. Dex is an especially relevant pulmonary therapeutic, with anti-
inflammatory properties that has shown efficacy in asthma,”3 non-small cell
lung cancer,>3 and recently COVID-19.54 UiO-66 NPs of varying
defectiveness were incubated with varied relative amounts of RhB or dex by
mass (referred to as the incubation ratio). The amount adsorbed was
determined as the mass of RhB or dex loaded per mass of UiO-66 (Figure

4.8). Our results demonstrate that the equilibrium loading of both RhB and dex
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in UiO-66 NPs is not significantly affected by either the incubation ratio or the
defectiveness of the UiO-66 NPs. This is reflected via statistical analysis of the
respective levels of loading via ANOVA, which reveals that there is no
significant difference between the amount adsorbed per mass of UiO-66 as a
function of defectiveness for either cargo. This result confirms that the removal
of a potential barrier to loading (in the form of missing linkers) does not have
an appreciable effect on the equilibrium loading of cargo into the UiO-66 NPs.
Though the loading of dex is lower than that of RhB in UiO-66, when
compared to one another, the differences in loading between RhB and dex are
not statistically significant Vi a

categorical factor was determined to be significant via ANOVA. We
hypothesize that the lower amount of dex adsorbed may be related to the
decreased capacity for pi-pi stacking relative to RhB, which has far greater
number of pi bonds. This indicates that the structure and size of cargo are
likely both important factors to determine equilibrium loading. The amount of
cargo adsorbed is consistent with previous loading studies of similarly sized
molecules in UiO-66, which observe adsorption amounts around 0.1 mg of
cargo per mg of UiO-66, similar to the ~0.15 mg of RhB per mg of UiO-66
found in this study and the ~0.1 mg of dex per mg of UiO-66.74 The amounts
of RhB and dex adsorbed also compare well to reported small-molecule
loading across a diverse range of MOFs.”> The lack of difference in loading as
a function of defectiveness for both cargo may be because the loading
mechanism would be that of Mi L bond breaking and reforming, which would

have a kinetic effect during the incubation at 37 °C, but not an equilibrium
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effect, as pore volumes would not be significantly altered on the range of
defectiveness studied.30 This is also supported by the lack of acid used during
the incubation, which could have facilitated Zr-O bond cleavage in the metal
cluster. Another potential explanation is that there could be competing effects
between the ability to retain adsorbed RhB/dex through the pi-pi stacking
electron donor-acceptor interactions following diffusion into the pores of UiO-
66 and the availability of additional pore volume into which RhB can adsorb
because of the missing linkers, resulting in similar equilibrium loading amounts

independent of defectiveness.74.76
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Figure 4.8. Loading of RhB and dex into UiO-66 NPs. Loading amounts of
A) RhB and B) dex cargo for 1%, 8%, 12%, and 15% defective
UiO-66 NP samples at varied incubation ratios. Bars represent
the mean, and error bars represent standard deviation (n=3).

Following the successful loading of UiO-66 NPs with cargo, the NPs

were incubated in simulated biological fluids to determine their respective

143



rates of release of the fluorescent cargo over time in environments mimicking
extracellular (phosphate buffered saline or PBS, pH 7.4) and intracellular
(artificial lysosomal fluid or ALF, pH 4.4) conditions. Though not fully
encompassing the mucus or extracellular lung fluid and surfactants, PBS has
been used to mimic the extracellular pH environment, often approximated in
vitrowi t h salt solutions (PBS or Gambl

has been used to mimic the pH environment found following internalization by
cells such as alveolar macrophages.?’”.7879 Thus, this study aimed to
determine the relative rates and extents of release of cargo in the lungs prior
to and after internalization using the aforementioned simulated fluids. The low
pH environment simulated by the ALF is primarily found in phagosomes or
endosomes following internalization via phagocytosis or various methods of
endocytosis, especially following fusion with lysosomes, but is also similar to
the low pH found in extracellular tumor microenvironments which could be
another target for delivery of chemotherapeutics.”7.80 The results of the
release study (Figure 4.9) demonstrate that there is minimal cargo release in
PBS and relatively rapid release of cargo in ALF. Over the course of the 6-day
study, the UiO-66 NPs incubated in PBS only released 10-20% of their cargo
while the NPs incubated in ALF released effectively all of the entrapped RhB
after 8 to 12 h. The results also indicate that there are minimal differences in
the release profiles of the MOFs as a function of defectiveness, as statistical
analysis via ANOVA indicates that only 2.01% of the variation occurs as a
result of differing levels of defectiveness and that there are no statistically

significant differences between the release profiles at almost any of the time
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points. The only time points at which there are significant differences are at the
1 h and 2 h time points, where the less defective NPs tended to have a greater
amount released than the more defective NPs. This difference, coupled with
the difference in release profiles as a function of pH, likely indicates that either
ligand or cluster protonation is a key factor in the release of the RhB cargo.
Because there is greater release in less defective particles at earlier time
points, it points to the entrapment of cargo being linked to the presence of
ligands, which agrees with the previous hypothesis that pi-pi stacking is a
primary factor in adsorption, though hydrogen bonding interactions could also
play a role as well. Accordingly, as more ligands are protonated and dissociate
from the cluster, more of the RhB cargo will be released. This aligns well with
the vast difference in release profiles between PBS and ALF as well, whose
key difference is pH, though the buffer salts do differ somewhat as well. At
lower pH (in ALF), more ligands will be protonated, which are then potentially
outcompeted by anionic buffer components, leading to greater release of RhB.
To confirm that the lower pH environment was likely causing protonation and
breakdown of the MOFs, we elected to look further into the stability and rates

of breakdown of the MOFs in both pH conditions.
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Figure 4.9. RhB Cargo release from UiO-66 NPs. Percentage of cargo
release of RhB from A) 1% defective, B) 8% defective, C) 12%
defective, and D) 15% defective UiO-66 NPs over the course of
6 days (144 h). The diamond symbols are for samples
incubated in ALF and the circles are for those incubated in
PBS. Points represent the mean, and error bars represent
standard deviation (n=3).

4.3.2.3 UiO-66 Stability in Simulated Biological Fluids

The degradation of UiO-66 in PBS, which simulates an extracellular pH
environment, and ALF, which simulated an intracellular environment, was
determined over time via TGA (Figure 4.10 A-D). As the results demonstrate,
all formulations of UiO-66 NPs degrade much more rapidly in ALF than they
do in PBS. This degradation, shown visually in the SEM images in Figure 4.10
E-J, primarily occurs over the course of the first 24 h for all four levels of
defectiveness. In contrast to the rapid degradation in ALF, none of the UiO-66

NPs show any significant signs of degradation over the course of a one-week

146



time period when incubated in PBS. These results indicate that pH, as well as
potentially differences in buffer components, is likely responsible for the
differences in degradation in ALF and PBS. The degradation differences also
align well with the observed release of cargo shown in Figure 4.9, which
demonstrated rapid release of RhB cargo in ALF with minimal release in PBS.
The results of this stability study affirm our hypothesis that breakdown of the
UiO-66 NPs is requisite for most of the cargo release, as other mechanisms
such as passive diffusion could have been at play to cause the release of
RhB. This represents another advantageous property of UiO-66 in biological
applications, as cargo will be retained while in the interstitium and will only be
released when the NPs are internalized by cells. This will not only increase the
efficacy of dosage, but also reduce off-target effects. Not only that, but pH-
sensitive delivery vehicles have been used in pulmonary delivery for treatment
of lung cancers and tuberculosis, making use of selective release when
internalized by macrophages or encountering the low pH tumor
microenvironment.81.82 This UiO-66 NP vehicle has this functionality and is
readily modifiable to add more functionalities such as stealth, active targeting,

and controlled release via conjugation of additional moieties.83.84.85
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Figure 4.10. Degradation of UiO-66 NPs in ALF and PBS. Degradation of A)
1%, B) 8%, C) 12%, and D) 15% defective UiO-66 NPs in ALF
(diamonds) and in PBS (circles) over time. SEM images of 1%
defective UiO-66 NPs in PBS after E) 0 h, F) 8 h, and G) 48 h
and in ALF after H) O h, I) 8 h, and J) 48 h. Points represent the
mean, and error bars represent standard deviation (n=3).
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The stark contrast in the rate and extent of degradation of the UiO-66
NPs in the two media suggests that the mechanism of the breakdown of the
particles is the protonation of the carboxylic acid groups of the terephthalic
acid linkers of the MOFs, as the protonation of the ligands would greatly
weaken the previously strong metal-carboxylate bonds.18:418386  The
degradation of the NPs aligns well with expectations based on the pKa of the
carboxylic acid groups on terephthalic acid, which are 4.46 and 3.54,
respectively. Accordingly, at the pH of the ALF (4.4), a much larger fraction of
the terephthalic acid ligands would be expected to be protonated and thus
able to dissociate from the metal cluster relative to those in PBS, which has a
pH of 7.4. This pH difference would result in ~1000 times fewer protons in
solution, leading to far fewer terephthalic acid ligands being protonated in PBS
than in ALF, aligning with the results, which indicate that UiO-66 is stable in
PBS for up to a week and likely well beyond. This difference in degradation is
also likely a function of solution pH, not the components of the buffers,
because the main sources of acid for both simulated biological fluids are
phosphate-based acids, which had previously been believed to displace the
terephthalic acid ligands readily from the metal cluster, leading to the
breakdown of the material.87 Interestingly, our results contrast with similar
UiO-66 stability studies performed by Lazaro, et al.,, which indicated that
members of the UiO-66 family of materials degrade over the course of hours in
PBS at neutral pH, which may indicate that both protonation and charge-
compensating ions are necessary to cause breakdown of the UiO-66 NPs.83

This departure from previously observed results further underscores the
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importance of the synthesis method in the stability of the formed UiO-66, as
the materials previously studied utilized acidic modulators in their syntheses
and/or did not quantify the water present in the DMF during synthesis.
18,41,83,87 The lack of acidic modulators in our syntheses may be strongly
connected to the stability of the materials and persistence in phosphate-
buffered media. That said, the concentration of UiO-66, the overall NP size,
the components of the buffer (especially salt concentrations), and the pH all
likely factor into the breakdown noted here, as previous studies have shown
that pH alone does not lead to significant breakdown of UiO-66 as determined
via powder x-ray diffraction (PXRD) and Fourier-transform infrared

spectroscopy (FTIR).18

4.3.2.4 Aerodynamic Sizing of UiO-66 Nanoparticles

Since lung penetration depth depends on the aerodynamic diameter
(Dae), robust aerodynamic characterization is critical in the design of
pulmonary drug delivery systems.4® We sized UiO-66 NPs of all levels of
defectiveness from two aerosol devices (a collision jet nebulizer or CIJN and a
Monodose dry powder inhaler or DPI) using a Next Generation Impactor
(NGI). Aerosols formed from a CIN were utilized to evaluate the aerodynamics
of individual UiO-66 particles, as rapid methanol evaporation following CJN
nebulization yields distinct aerosol particles.88 The residence time of
aerosolized dispersions were determined to be long enough to ensure that
methanol evaporated per previous literature.89 Unloaded UiO-66 NPs and
UiO-66 NPs loaded with RhB at a 2:1 incubation ratio were aerosolized from a

CJN to obtain the monodisperse mass mean aerodynamic diameter (MMAD)
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of the NPs. The results of the aerodynamic sizing (Figure 4.12A, full
deposition profiles in Figures D.79 i D.83) indicate that the unloaded UiO-66
NPs tend to have MMADs between 0.4 to 0.5 um and that MMADs decreased
when loaded with RhB cargo. Our results indicate that the observed decrease
in MMAD when NPs were loaded with cargo was statistically significant for
NPs with 1%, 8%, and 15% defectiveness, but was not for 12% defective NPs.
Between defectiveness levels of unloaded UiO-66, the MMAD of unloaded
UiO-66 NPs with 15% defectiveness was statistically larger than the less
defective NPs, but there were no other significant differences among the 1%,
8%, and 12% particles, indicating that defectiveness has potential for
modulation of MMAD. Between defectiveness levels of loaded UiO-66,
differences in MMAD were not statistically significant. The observed
aerodynamic diameters from this study fall into the desired range for
deposition in the alveolar region of the lung, particularly when formulated into
a dry powder, which increases the aerodynamic diameter of the particles to
~1-1.5 um.49 This size range is more advantageous for deep lung penetration
relative to other works utilizing aerosolized MOFs, which have reported
MMADSs of 0.42-0.59 um, 0.9 um, and even as large as 4.46 um.43.44.45 Unlike
the MMADSs found in these other studies, the 1-1.5 um size range found in this
study indicates that this system could be feasibly applied as a inhalation
delivery platform with consistent deep lung penetration.49

Particle Dae are related to their Deg, Which is the geometric diameter of a

spherical particle with an equivalent diameter, through the relationship of the
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particle density (" p) and the shape factor (..), which encompasses all aspects

of non-spherical particle drag (Figure 4.11).

Pp
PoX

Dy = Deq

Figure 4.11. Formula for calculation of the aerodynamic diameter (Dae)
based on the equivalent particle diameter (Deq), particle density
(" p), shape factor (..), and unit particle density of 1 g/cm? (" o).

Although patrticle density (" p) would be expected to increase with cargo-
loading of UiO-66 and lead to an increase in the MMAD of loaded NPs, the
opposite trend is observed. The decreased MMAD for loaded UiO-66
demonstrates that an increase in shape factor (..) also occurs during cargo-
loading, driving the observed reduction in the overall MMAD. As no significant
topological differences were observed between SEM images of loaded and
unloaded NPs (Figure 4.7), the particle surface roughness and macroscopic
particle shape are not expected to be the primary contributors toward
increasing ... However, an increase in shape factor (..) could arise from
variations in internal airflow through UiO-66 pores, increasing the drag forces
felt on loaded NPs, especially if the loading generates uneven air flows within
the particle. Overall, the high degree of tunability in MMADs of UiO-66 NPs
suggests that leveraging the parameters that control defectiveness, geometric
size, and cargo-loading can allow for modulation of the aerodynamic diameter,

giving improved control over nuanced pulmonary targeting in vivo.
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While CJIN nebulization is a useful tool for analyzing individual particle
dynamics, delivery via dry powder inhalation is preferred clinically and will
yield more representative inhalation powders.90 47 When formulated into a dry
powder, the MMADs of UiO-66 NPs increase to around 1 pm, with no
significant differences between Dae at each defectiveness level (Figure 4.12B,
full deposition profiles in Figure 4.12C, 4.12D). The observed increase in
MMAD from the dry powder formulation likely occurs because of particle
aggregation driven by Van der Waals forces that are enabled during
lyophilization and lead to incomplete dispersion during the aerosolization
processes. However, fine particle fractions (FPFs), which measure the
proportion of particl es si.8ldordrynpdveder
UiO-66 formulations. This range compares favorably to other NP aerosol
systems, where other work reported FPFs of 0.31 and 0.57, and some clinical
platforms operate at FPFs of 0.26.43.44.91 Additionally, emitted doses (ED), a
measure of the proportion of particles that actually enter the lung, ranged from
0.94-0.96, indicating the efficacy benefits offered by dry powder formulations
of these NPs. These MMADs were obtained uniquely for neat, excipient-free
UiO-66 NP powders, highlighting the utility of these monodisperse particles for
effective for aerosol delivery and deep lung penetration. MMADs of this size
range are ideal for many deep lung delivery applications, while the high ED
and FPF point to dry powder formulations with considerably large deposition
efficiencies.4 A table with full aerosol characterization of the NPs for both CIJN

and dry powder formulations can be found in Table D.12.
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Figure 4.12. Aerodynamic characterization of UiO-66 NPs. A) MMAD of
unloaded and loaded UiO-66 NPs with varying defectiveness
(1%, 8%, 12%, and 15%). Error bars represent standard
deviation (n =3, ** p < 0.05, * p < 0.10, ns not significant as
determi ned Vi a Tukeyods mul ti
ANOVA). B) MMAD of unloaded UiO-66 with varying
defectiveness after dry powder aerosolization. C) Mass
deposition profile for 1% defective UiO-66 NPs from NGI
impaction after dry powder aerosolization. D) Mass deposition
profile for 15% defective UiO-66 NPs from NGI impaction after
dry powder aerosolization. Bars represent the mean, and error
bars indicate standard deviation (n = 3), where *p < 0.05 as
determined by Tukeyds mul tipl e c¢omg
way ANOVA.
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4.3.2.5 In Vitro uptake and biocompatibility of UiO-66 NPs in lung cells
Utilizing MOFs as pulmonary drug delivery vehicles requires that the

vehicle itself does not cause any undesirable cytotoxicity in the lung. To

assess the acute cytotoxicity of UiO-66 NPs of various levels of defectiveness

in vitro, we studied the interactions of UiO-66 NPs with two relevant cell lines
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representing lung epithelial and pulmonary immune cells. A549 alveolar basal
epithelial cells and MH-S alveolar macrophages were treated with 1 pg/mL
and 50 pg/mL UiO-66 NPs and cell viability was assessed at 4 h and 24 h
timepoints using CellTiter-Glo® 2.0 Luminescent assay for both cell lines.
Treatment of UiO-66 NPs of various defectiveness levels at either 1 pg/mL
(solid bars) or 50 pg/mL (patterned bars) of UiO-66 NPs did not result in any
significant loss of cell viability in A549 cells at the 4 h (Figure D.83) and the 24
h timepoints (Figure 4.13). No significant decline in cell viability was observed
for any of the four tested defectiveness levels as compared to the viability of
untreated cells as determi ned via Dunnettds multiple co
of a two-way ANOVA. Cell viability was maintained at both timepoints,
indicating strong biocompatibility and safety of UiO-66 NPs as a drug
nanocarrier to epithelial and immune cells in the lung. Cell viability of A549
and MH-S cells closely matches previous reports of UiO-66 biocompatibility
with other cell types,92.93 suggesting minimal cytotoxicity of the UiO-66
nanocarrier itself. UiO-66 NPs provide a potential advantage over other types
of MOFs, including some iron-based MOFs that showed notable cytotoxicity in
pulmonary cells.94 These results expand the use of UiO-66 NPs from anti-
cancer and chemotherapeutic delivery applications to broad drug delivery to a
range of cell and tissue types, as the low cytotoxicity of UiO-66 NPs closely

resembles that of commonly used, biocompatible polymeric NPs.9>
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Figure 4.13. Cell Viability of cell lines following UiO-66 NP treatment. 24 h
cell viability of A) A549 and B) MH-S cell lines. Solid bars in the
1%, 8%, 12%, and 15% conditions represent treatment with 1
pug/mL of UiO-66 NPs, while patterned bars represent treatment
with 50 pg/mL of UiO-66 NPs. Bars represent the mean and
error bars represent standard error (n=3). All groups are not
statistically significant compared to the Untreated conditions
(p>0.05) as determined by Dunnettos
as part of a two-way ANOVA.

Due to the proficiency of alveolar macrophages in clearing particulates,
we assessed the uptake of UiO-66 NPs in vitro with MH-S cells. FITC-loaded
UiO-66 NPs of various levels of defectiveness were dosed to MH-S cells and
incubated for 24 h. MH-S cells were readily capable of internalizing UiO-66
NPs of all defectiveness levels as indicated by the presence of cells bearing
green fluorescent signal in the fluorescent microscopy images (Figure 4.14A,
B). Due to the rapid degradation of UiO-66 NPs in intracellular environments, it
is expected that the breakdown of FITC-loaded UiO-66 NPs will lead to cargo
release after internalization. Accordingly, we observe increased diffuse

intracellular fluorescence following cellular uptake of both 1% and 15% UiO-66
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NPs. To distinguish between internalized and cell-surface bound NPs,
guenching with Trypan Blue dye was performed on MH-S cells treated with
FITC-loaded UiO-66 NPs of 1% and 15% defectiveness (Figure D.84).
Fluorescent imaging revealed that FITC signal was retained following Trypan
Blue quenching in both 1% and 15% NPs, indicating that the majority of UiO-
66 NPs was internalized by MH-S cells rather than bound to the cell surface.
Cellular uptake of unloaded UiO-66 NPs was confirmed via flow cytometric
analysis (Figure 4.14C, D). Utilizing the inherent UV fluorescence of unloaded
UiO-66 NPs as previously described,>2 analysis of MH-S cell uptake revealed
approximately 5% of MH-S cells were associated with UiO-66 NPs at the low
concentration of 10 pg/mL of UiO-66 NPs and a range of 27% to 42% MH-S
cell uptake at the higher concentration of 50 pg/mL, which varied with UiO-66
NP defectiveness. The uptake results reflect similar uptake patterns to other
MOFs in alveolar macrophages,® although the absolute number of cells
detected as UiO-66 NP+ was lower than studies of UiO-66 NPs in other
systems.40.57 UiO-66 NP uptake may be lower than expected because of the
rapid breakdown of the NP framework in intracellular environments, leading to
a lower detected signal of the inherent fluorescence. In addition, UiO-66 NPs
showed relatively low fluorescence regardless of the photomultiplier tube
(PMT) voltage, which explains differences in internalization between
fluorescent imaging and flow cytometric uptake data (Figure 4.14A, B, D) and
could account for the statistical differences in uptake for NPs of different
defectiveness (Figure 4.14D) according to two-way ANOVA with Tuk

multiple comparisons test. Nevertheless, treatment of unmodified UiO-66 NPs
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at relatively modest amounts yielded strong uptake by murine alveolar
macrophages. UiO-66 NPs are expected to be internalized by professional
phagocytic MH-S cells through actin-dependent macropinocytosis and
phagocytosis pathways, which is the case for other similar sized MOF NPs in

swine alveolar macrophages.96
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Figure 4.14. MH-S Cellular Uptake of UiO-66 NPs. Fluorescent imaging of
cells treated for 24 h with 50 pg/mL UiO-66 NPs of A) 1%
defectiveness or B) 15% defectiveness. C) Histograms of flow
cytometric NP uptake analysis of cells treated with 50 pg/mL of
UiO-66 NPs of various levels of defectiveness determined
using median fluorescence intensity of UiO-66. Treatment
conditions are indicated on the plot to the left of the histograms
D) Quantitative uptake with flow cytometry at two
concentrations of UiO-66 NPs. Bars represent the mean and
error bars represent standard error (n=3). *p-value<0.05, **p-
value<0.01 as determined by Tukeyos
as part of a two-way ANOVA.

Following internalization of foreign material, alveolar macrophages can

become activated and respond by secreting inflammatory cytokines intended
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to recruit lymphocytes to address danger signals. We assessed the
inflammatory response of MH-S alveolar macrophages to the treatment of
UiO-66 NPs with varying levels of defectiveness. Lipopolysaccharide (LPS), a
cell wall component of gram-negative bacteria and a toll-like receptor 4 (TLR4)

agonist was used as a positive control for inflammation. In general, notably low

levels of tumor necrosis factor (TNF)-U or i nt e-6 preinflanimatory 1 L)

cytokines in MH-S culture supernatants were observed at timepoints of 4 h
(Figure D.85) and 24 h (Figure 4.15) following UiO-66 NP treatments at 1
pg/mL and 50 pg/mL NP concentrations. Furthermore, TNF-U an &b
inflammatory cytokine secretion was not statistically different in any UiO-66

sample from those of untreated cells according to a two-way ANOVA with

Dunnettos mul tiple waluer0.85), i mdicating ldwe s t

immunogenicity of UiO-66 NPs of all defectiveness levels. UiO-66 NPs of all
treatments and defectiveness levels show drastic statistical differences when
compared to LPS treatments accordingto atwo-way ANOVA wi t
multiple comparisons test (p-value<0.0001). The negligible levels of
inflammatory cytokines caused by UiO-66 NP treatment, which are
indistinguishable from cytokines secreted by untreated cells, show additional
proof for the strong biocompatibility of UiO-66 NPs with pulmonary cells. To
our knowledge, this is the first assessment of the impact of UiO-66 NPs on
inflammatory cytokine secretion in alveolar macrophages. While UiO-66 has
not been previously assessed in great detail for inflammatory cytokine
response in macrophages, our results of low inflammatory cytokine secretion

following UiO-66 NP treatment are in agreement with studies of other MOFs
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interacting with RAW264.7 macrophages, which show negligible secretion of

inflammatory cytokines due to the administration of the blank MOF vehicle.97
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Figure 4.15. Inflammatory Cytokine Production in MH-S cells. 24 h secretion
of A) TNF-U a n d -6BSolid bars in the 1%, 8%, 12%, and
15% conditions represent treatment with 1 pg/mL of UiO-66
NPs, while patterned bars represent treatment with 50 pg/mL of
UiO-66 NPs. Bars represent the mean and error bars represent
standard error (n=3). All groups are not statistically significant
compared to the Untreated conditions (p>0.05) as determined

by Dunnettodés multiple compwayi sons
ANOVA.

4.3.2.6 In Vivo uptake, biocompatibility, and biodistribution of UiO-66
NPs

To evaluate the impact of UiO-66 NPs on potential lung inflammation
following pulmonary delivery, we dosed 6-8-week-old female C57BL/6J mice
with 100 pg of UiO-66 of either 1% or 15% defectiveness via orotracheal
instillation. At a timepoint of 24 h, a bronchoalveolar lavage (BAL) was
performed and the bronchoalveolar lavage fluid (BALF) was analyzed to

assess potential inflammation and recruitment of inflammatory cells in the
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airways. Flow cytometry was also used to assess alveolar macrophage
(CD45+/Ly6G-/Siglec-F+) uptake of UiO-66 NPs to elucidate the in vivo fate of
UiO-66 NPs (Figure 4.16 A, B). Approximately 30% of alveolar macrophages
in the BALF were measured to be positive for UiO-66 NPs; 29% and 32% for
UiO-66 NPs of 1% and 15% defectiveness, respectively. There was no
statistical difference between the uptake levels of UiO-66 NPs of different
defectiveness according to Tukeyo6s -multipl
way ANOVA. This indicates that defectiveness does not play an important role
in determining uptake by macrophages in the lung. The uptake levels fall in the
range of in vitro uptake as determined by flow cytometric analysis of MH-S
cells, indicating good agreement between in vitro and in vivo analyses of UiO-
66 NP interactions with murine pulmonary immune cells. Similar to in vitro
results, detected UiO-66 NP uptake results seem lower than previous reports
of alveolar macrophage uptake of other NPs of a similar size,98.99 which may
be due to the degradation of the UiO-66 NP framework in the first hours
following internalization or due to the low inherent fluorescence of UiO-66 NPs
as seen in in vitro analyses of uptake in MH-S cells. UiO-66 NPs are expected
to be mostly internalized by alveolar macrophages following pulmonary
administration as is the case with other unmodified particles, while a small
fraction of NPs will associate with alveolar epithelial cells.99.100 |n addition, the
negative surface charge on UiO-66 NPs is likely to increase association with
macrophages relative to other cells.101

To determine the phenotypical implications of UiO-66 NP uptake by

alveolar macrophages, we elected to test the expression of two surface
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proteins: CD86, a marker associated with classically activated macrophages of
a proinflammatory phenotype, and major histocompatibility complex class Il
(MHCII). CD86 expression was not statistically significantly elevated in
alveolar macrophages of mice treated with UiO-66 NPs of 1% and 15%
defectiveness | evel s via Tukeyds multiple -compar.i
way ANOVA (Figure 4.16C). This indicates the low potential of UiO-66 NPs to
drive an undesirable proinflammatory activation in alveolar macrophages in
vivo. MHCII expression, however, was significantly enhanced in alveolar
macrophages of mice treated with UiO-66 NPs of both 1% and 15%
defectiveness levels with ap-val ue<0. 01 as determined by
comparisons test as part of a one-way ANOVA (Figure 4.16D). In general,
alveolar macrophages are considered an unattractive target for vaccines and
immunotherapies relative to pulmonary dendritic cell populations due to their
low inherent MHCII expression and poor potential to activate helper T cells.102
Pulmonary administration of UiO-66 NPs primed the upregulation of MHCII
without inducing any changes towards a proinflammatory phenotype,
highlighting the potential for using UiO-66 NPs as drug delivery vehicles for

immune engineering applications in the lung.
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Figure 4.16. BALF alveolar macrophage uptake and activation markers. A)

Histograms of flow cytometric NP uptake analysis of alveolar
macrophages determined using median fluorescence intensity
of UiO-66. Treatment conditions are indicated on the plot to the
left of the histograms B) Quantitative UiO-66 NP uptake by
alveolar macrophages using flow cytometry. C) CD86
expression of alveolar macrophages. D) MHCII expression of
alveolar macrophages. Lines represent the mean and error
bars represent standard error (n=4). *p-value<0.05, **p-
value<0.01, ****p-value<0.0001, and n.s. not significant as

determined by Tukeybés multiple

one-way ANOVA.
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To further confirm the minimal inflammatory effects of UiO-66 NPs in
the lung, we measured the levels of IL-6 and TNF-U i nf | ammaesimry cyt o
the BALF. No statistically significant increase inIL-6 or TNF-U | evel s i n BAL
was observed in mice dosed with either 1% and 15% defectiveness UiO-66
NPs as compared to mice dosed with PBS vVvi:
test as part of a one-way ANOVA (Figure 4.17A, B). On the other hand, levels
of IL-6 and TNF-U i n the two -GfrNPdargaed nice wddei O
statistically lower when compared to the LPS-treated group (p-value<0.01) as
determined by another DunneTheséresultrandt i pl e ¢
patterns are in good agreement with in vitro inflammatory cytokine levels and
indicate the low immunogenicity of UiO-66 NPs in the pulmonary space. The
negligible BALF levels of IL-6 and TNF-U caused -6 NPs dre O
comparable to those in previously reported biocompatible polymer-based NP
formulations used in pulmonary drug delivery, namely poly(ethylene glycol)
(PEG) and poly(lactic-co-glycolic acid) (PLGA).103,104 UiO-66 NP formulations
offer an advantage over polymeric NPs in pulmonary applications because of
the NPsO&6 high porosity and controlled def
deposition in the alveolar region of the lung as well as high loading and

delivery of cargo.
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Figure 4.17. Inflammatory Analysis of BALF. 24 h secretion of A) TNF-U nd
B) IL-6 inflammatory cytokines in the BALF. C) Percentage of
neutrophils of all CD45+ populations in the BALF. Lines
represent the mean and error bars represent standard error
(n=4). *p-value<0.05, **p-value<0.01, and n.s. not significant
comparedtothe PBS <conditions as d
multiple comparisons test as part of a one-way ANOVA.

Despite the low levels of proinflammatory cytokines, UiO-66 NPs
caused an increase in the number of neutrophils (identified as
CD45+/Ly6G+/Siglec-F-) in the BALF, with averages of 40% and 25% of all
CDA45+ cells for mice treated with UiO-66 NPs of 1% and 15% defectiveness
levels, respectively (Figure 4.17C). This may be a potential drawback to using
UiO-66 NPs since neutrophil presence is not usually observed for
biocompatible polymeric NPs in the pulmonary space.194 While the neutrophil
counts are elevated, they remain below the neutrophil percentages in LPS-
treated mice, which are about 51% on average. Given the low inflammatory
profile in the lungs of UiO-66 NP-treated mice as shown by cytokine analysis
and cellular markers, it is probable that the higher than expected presence of
neutrophils in samples could be due to the presence of trace amounts of blood

in the BALF during the lavage extraction process. This is corroborated by
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histological analysis; we observe that lung sections of UiO-66 NP-treated mice
are visually indistinguishable from those of PBS, the negative control, with
respect to cellularity and the presence of infiltrating inflammatory cells (Figure
4.18). The low levels of airway inflammation are reflected in mice treated with
both UiO-66 NP groups, 1% and 15% defectiveness. A starkly different effect
is observed in LPS-treated mice in which acute airway inflammation is evident
through the presence of a significant number of infiltrating inflammatory cells.
These results indicate that UiO-66 NP treatment does not cause any notable
inflammation of the airways, suggesting the low pulmonary immunogenicity of
UiO-66 NPs. Furthermore, the histological results confirm that UiO-66 NPs
cause a considerably smaller number of infiltrating cells relative to LPS.
Hematoxylin & Eosin (H&E) staining of UiO-66 NP-treated lungs closely
resemble cellularity and low inflammation seen in many biocompatible
biomaterials including several formulations of polymeric NPs,99.104 indicating
the robust biocompatibility of UiO-66 NPs of different defectiveness levels,
especially in the airways and alveolar space. These results are also
comparable to studies involving the in vivo interactions of other types of MOF

and normal tissue architecture in different organs.105
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Figure 4.18. Histological analysis of lungs from mice treated with UiO-66
NPs. H&E-stained lung sections of mice treated with A) PBS B)
LPS C) 1% UiO-66 NPs D) 15% UiO-66 NPs. The top row
represents images of lung sections taken at a 4x magnification,
and the bottom row represents images of lung sections taken at
a 20x magnification.

Because of the low inherent fluorescence of the UiO-66 NPs in
histological sections, biodistribution via ICP-MS analysis of digested organs
was performed to determine the relative localization of the 1% defective
(Figure 4.19A) and 15% defective (Figure 4.19B) MOFs at 1-day and 7-day
time points. The results of this study demonstrate not only that the UiO-66 NPs
localize to the lungs 24 h after instillation, but also that the NPs are cleared
from the body to a significant extent after a 7-day time period. This is a key
result, as pulmonary delivery leads to high local lung concentrations and rapid
clearance in the lungs. Pulmonary delivery avoids pathways of IV injection,
which route the NPs to clearance organs such as the liver or spleen, or,
ultimately, to lymph nodes, as observed for similar sized NPs of different

compositions.106,107 This clearance over the course of a week is a critical step
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for use of UiO-66 in biomedical applications since it demonstrates that
although the material is stable in neutral pH aqueous environments found in
the body, it will break down and be cleared from the lung, likely after cellular
uptake, precluding potential complications from long-term accumulation.108
For UiO-66 NPs not taken up by pulmonary cells, they will likely non-
specifically diffuse into the blood or be trafficked to lymph nodes, two common
pathways for NP transport following pulmonary administration.199 The results
of this study, however, indicate that the levels of Zr found in the blood and in
the heart are not elevated relative
multiple comparisons test, indicating that the UiO-66 NPs are retained in the
lungs before being cleared gradually over time and are not lost to leakage into
blood or other organs. This contrasts with other cases in which non-
degradable particles have been found internalized within macrophages for
over a month,>’ but may indicate that, because of the negative charge of UiO-
66 (measured to be -15 to -25 mV), they are preferentially internalized by
phagocytic cells and thus remain in the lungs.”1 Our results are similar to
those found for pulmonary delivery of 100 nm albumin particles to rats, which
showed good lung retention prior to clearance over a similar time frame,
highlighting the significance of the degradable UiO-66 framework.110 The
accumulation and clearance of the UiO-66 NPs was also determined to not be
a function of the defectiveness of the NPs, a beneficial property of the
material, as batch-to-batch differences in defectiveness will still yield
consistent, predictable delivery to the lung, a critical property for pulmonary

drug delivery. These results, combined with the stability UiO-66 in
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extracellular-mimicking environments, cargo release in intracellular-mimicking
environments, advantageous aerosol properties for deep lung deposition, and
biocompatibility indicate that these size-controlled UiO-66 NPs are promising

candidates for pulmonary drug delivery vehicles.
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Figure 4.19. Biodistribution of equivalent mass of UiO-66 in various organs
and blood. The two treatments shown are for 1% defective UiO-
66-treated and PBS-treated mice at 1-day and 7-day time
points. Error bars represent standard error (n=4). *** p-value <
0.00lvia Sidakds multiple compari sons t
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4.3.2.7 Conclusion

In this study, we evaluate the utility of UiO-66 MOF NPs as pulmonary
drug delivery vehicles by investigating their aerodynamic properties upon
aerosolization, cargo loading and release profiles, degradability in extracellular
and intracellular-mimicking environments, and biocompatibility with lung cell
lines and murine in vivo models. We examine UiO-66 NPs of different
defectiveness levels, which all show high capacity for loading, as well as rapid
release of cargo in low pH, intracellular-mimicking environments. UiO-66 NPs
can be readily degraded intracellularly due to the ease of linker protonation at
lower pH under biologically relevant conditions. Degradability is a necessary
property of any drug delivery carrier especially in the pulmonary space, which
was also demonstrated through the rapid clearance of zirconium from the
lungs over the course of one week. This result in particular is critical to a
material like UiO-66, which is typically considered to be quite robust and
resistant to breakdown. In vivo biocompatibility and clearance highlight the
great potential for uses in biomedical and pulmonary-specific applications.
While there were minimal statistical differences in loading, release, clearance,
and biocompatibility that occurred as a result of varying UiO-66 NP
defectiveness, we did observe differences in aerodynamic diameters across
NPs of different defectiveness groups especially upon cargo loading. This
points to an opportunity to control NP deposition in the lung, a critical feature
for a pulmonary drug delivery platform. The lack of differences as a function of
defectiveness are also an advantageous feature for pulmonary drug delivery,
as inconsistencies in terms of dosage frequently occur because of variable

properties (size, loading, release, distribution) of the delivery vehicle. This
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study underscores the robust consistency of UiO-66 independent of defects,
which will preclude these issues of inconsistency which plague many current
pulmonary drug delivery formulations. Furthermore, UiO-66 NPs showed
remarkable biocompatibility both in vitro with murine and human lung cells and
in vivo in a mouse model. They also did not cause any notably undesirable
interactions in the lung, demonstrating low cytotoxicity and negligible levels of
secreted inflammatory cytokines.

The results presented in this work represent the first step in the use of
MOFs for inhalable drug delivery to the lung. Future work may explore
implementation of additional MOF materials based on biocompatible and/or
endogenous metals for pulmonary delivery. Interactions of UiO-66 NPs in
human lungs have yet to be investigated, but we expect good biocompatibility
and rapid clearance of the MOFs because of their degradability in intracellular
and low pH environments. Furthermore, post-synthetic modifications such as
PEGylation may also be employed to improve interactions with lung surfactant
proteins, allow for more rapid diffusion through the mucus encountered upon
deposition in upper airways, and limit internalization by macrophages in
situations where uptake is not desirable. Future studies evaluating a wider
range of therapeutic cargo delivery will be needed to assess potential dosages
for human translation. Overall, this study highlights the potential use of UiO-66
NPs in developing aerosol formulations for the delivery of therapeutic agents

to the lung.
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Chapter 5

METAL-ORGANIC MATERIALS FOR METHANE STORAGE

5.1 Introduction

Transportation is essential in our day to day life, whether it be getting to
work, providing groceries to your local store, or deliveries of one of the
packages from the $787 billion dollar ecommerce industry transportation.1 In
the US alone, transportation accounted for 28.2 quadrillion BTUs consumed in
2019, meanwhile the US only produced 25.6 quadrillion BTUs of energy from
crude oil and lease condensate.2 Due to such a high demand alternative fuel
sources must be considered.34 One with an already somewhat established
infrastructure is natural gas, which provides heat to over 64 million
households.®> Due to its relatively low energy density compared to gasoline
(0.04 MJ/L at STP vs 32.4 MJ/L) natural gas use has been limited to the use of
low temperature storage,® and specialized high-pressure storage containers,’
both of which are considered non-viable options for the common consumer.
One potential solution for the energy density conundrum uses the
implementation of porous storage materials.

The DOE established a target of 350 cm3(STP)/cm? measured at 65 bar
with an assumed packing loss of 25% indicating that for a material to be
considered a viable natural gas storage material it needs to adsorb 263 v/v or
263 cm?® of methane per cm?® of storage material.8 Currently there are a

number of porous adsorbents in use in a variety of industrial processes such
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as catalysis,® filtration,10 and gas separations.ll Unfortunately the two
materials most commonly used in these processes, zeolites and activated
carbons, have upper limits near 100 v/v and ~175 vl/v, for zeolites? and
activated carbons!3 respectively, well below the DOE target. One such class
of materials that has grown significantly over the last two decades in terms of
volumetric storage capacity is metal-organic frameworks.14.1516, Their
relatively unlimited tunability has led to the synthesis of a number of materials
approaching the DOE target with, Ni-MOF-7417 and HKUST-118 being two of
the best candidates with volumetric uptakes of 230 cm3®/cm? and 225 cm3/cm?,
respectively. One fact that is often overlooked is the reliance of these
volumetric capacities on the crystallographic density of the material. Korman et
al. in 2020 highlighted the discrepancy between bulk and crystallographic with
the bulk density only being 35% and 45% of the crystallographic density for
HKUST-1 and Ni-MOF-74, respectively.19 When employing bulk density
instead of crystallographic density the volumetric capacities decrease
drastically to 104 cm3cm? for HKUST-1, and 114 cm3cm? for Ni-MOF-74,

significantly below the DOE target.
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Figure 5.1.  Ratio of bulk (tap) density to crystallographic density of select
materials.

There have been multiple attempts at circumventing this issue through
the use of compaction20.21 or synthesis of a sol-gel monolith.22.23.24
Compaction of MOFs has seen great increases in bulk density with
compaction of UiO-66 leading to an increase in bulk density from 0.57 g/cm? to
1.45 g/cm® meanwhile compaction of MIL-101(Cr) led to a 705% increase in
density from 0.19 g/cm?® to 1.34 g/cm?. Unfortunately the increase in density is
often offset by a decrease in porosity with the MIL-101(Cr) being reduced to a
paltry BET surface area of 126 cm?g. A sol-gel synthesis of HKUST-1 was
able to achieve a volumetric uptake of 259 cm3cm? at 65 bar, meanwhile a
UiO-66 sol-gel monolith possessed a volumetric capacity of 211 cm3/cm? at 65
bar. With such high densities these sol-gel syntheses nearly approach the

DOE target but oftentimes there is difficulties reproducing these syntheses due
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to environmental changes such as humidity and it is not commercially viable to
create a new synthesis for each promising material. One other potential
solution for this problem is the addition of another porous material to fill the
void space between the MOF particles. There are examples in literature of
densification while shaping MOF particles with the addition of a porous binder
and while this method does increase the density with only minor decreases in
surface area, many M?* MOFs are not stable in the presence of water which
this technique requires.25.26 However supramolecular species such as metal-
organic polyhedra2? or porous organic cages2® possess solubility in non-
aqueous solvents2® while in some cases being as or more porous than
MOFs.30 The addition of soluble cages allows for the penetration of void space
that cannot be accessed as easily through physical mixtures and may allow for
the creation of materials that approach or even exceed the DOE target.

When comparing the bulk and crystallographic densities for these
storage materials one other thing must be considered, and that is reliant on
the structure itself. It has been highlighted many times in literature that there
can be impurities31, multiple phases32, or even defects33 in the structure that
arise during synthesis. Defectiveness in UiO-66 has been studied extensively,
with literature establishing the presence of both ligand and cluster
defectiveness arising during synthesis.34.35 In some cases, metal-organic
frameworks are post-synthetically modified to further increase CHa storage
capabilities. One such example is MIL-101(Cr) post-synthetically modified to
incorporate 2-amino terephthalic acid, which ultimately led to incorporation of

defects in the structure.36 In many cases it is a challenge to quantify these

189



defects and ultimately are not accounted for when calculating crystallographic
density, and subsequently volumetric storage capacity. One way to circumvent
this challenge is through the use of helium pycnometry and subsequently the
measurement of skeletal density (J sk).37

Helium pycnometry measures the volume in which helium is able to
penetrate into, while generating the skeletal volume of which the framework
occupies.38 Using the pore volume of the storage material (Vpore) measured
during a N2 or Ar surface area measurement, the skeletal density measured by
the helium pycnometer and the equation found in figure 5.2, an apparent
density (} a) of the storage material can be calculated. 3° This apparent density
is a measureable representation of the crystallographic density, which factors
in defects, impurities, and potentially the presence of multiple phase in the

bulk storage material. 40

0, = psk
2 (pskvpore)-l-1

Figure 5.2. Equation correlating skeletal density (} sk) and pore volume
(Vpore) to apparent density (J a).

With the apparent density in mind | hope to begin development of a new
method to densify porous storage materials, and measure apparent densities
to further establish what the upper limit for these storage materials might truly

be.
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5.2 Densification of a Metal-Organic Framework Based Storage Material
Through a Composite Based Synthesis.

5.2.1 Experimental

5.2.1.1 General Materials and Methods

General Considerations. All reagents were obtained from commercial
vendors and wused without purification. Low-pressure N2 adsorption
measurements were obtained on a Micromeritics Tristar Il PLUS at -196 °C.
Low-pressure CO2 adsorption measurements were obtained on a
Micromeritics Tristar 3000 at -78 °C. High-pressure isotherms were measured

with a PCTPro-2000 Volumetric adsorption Analyzer.

5.2.1.2 Synthesis of Cu24(5-diphenylacetyl-NH(CO)-bdc)24 (Cu2s(bdc-
DP)24)

The following synthesis has been prepared according to literature

methods.41

5.2.1.3 Synthesis of CC3-R
The following synthesis has been prepared according to literature

methods.42

5.2.1.4 Synthesis of CC3-OH

In a 250 mL glass media bottle 2-hydroxy-1,3,5-trifromylbenzene
(0.18g, 1.01 mmol) was dissolved in ethyl acetate (100 mL). In a 20 mL vial
(x)-trans-1,2-diaminocyclohexane (0.173 g, 1.52 mmol) was dissolved in ethyl
acetate. The (x)-trans-1,2-diaminocyclohexane solution was then transferred

to the 250 mL glass media bottle, the bottle was capped and then heated at 60

191



°C for 24 hours. The crystals were then filtered and washed several times with
acetone. To activate material ~100 mg of cage was dissolved in 10 mL of
CHCIs before removing the CHCIs via reduced pressure. The resulting powder

was then activated under positive N2 at 150 °C for 24 hours.

5.2.1.5 Synthesis of HKUST-1

The following synthesis has been modified from a previously published
paper.®3 Cu(NO3)2A 2 .26 KB.87 g, 15.3 mmol), trimesic acid (1.93g, 9.18
mmol), and DMF (100 mL) were added to a 250 mL round-bottom flask then
stirred at 75 °C for 48 hours. The solid was collected then soaked three times
with DMF at 75 °C for 12 hours then washed three more times with methanol
at room temperature for 12 hours. The material was activated under vacuum

at 180 °C for 60 hours.

5.2.1.6 Synthesis of UiO-66 High SA

The following synthesis has been modified from a previously published
paper.** In a 1 liter glass media bottle ZrCls (4.00 g, 17.2 mmol), concentrated
HCl (32 mL), and DMF (160 mL) were sonicated for 20 minutes until fully
dissolved. Terephthalic acid (3.94 g, 23.7 mmol) and DMF (320 mL) were
added to the mixture and sonicated for an additional 20 minutes. After
sonication the 1-liter glass media bottle was heated at 80 °C overnight. The
resulting product was isolated via centrifugation and washed five times with
DMF and five times with methanol. Material was then dried with flowing N2 at

room temperature followed by vacuum activation at 100 °C for two days.
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5.2.1.7 Synthesis of UiO-66/Cu24(bdc-DP)24 composite

In a glass cell UiO-66 (0.754 g) was loaded. In a 20 mL vial Cuza(bdc-
DP)24 (1.188 g) was dissolved in THF (~10 mL). The saturated cage solution
was then added dropwise to the activated MOF in the glass cell. Once the cell
was filled with cage solution to the same height as the MOF the glass cell was
then placed on a hot plate for 10 minutes at 50 °C. This process was repeated
until the entire cage solution was added to the MOF. The sample was then

activated under vacuum at room temperature for 48 hours.

5.2.1.8 Synthesis of HKUST-1/CC3-R composite with HKUST-1 on top

In a glass cell CC3-R (43 mg) was layered with HKUST-1 (53 mg). In
increments over a 48 hour time period DCM (-4 ml) was added until the
composite was saturated. Once saturated the composite cell was subjected to
activation under flowing Nz at 75 °C. After the final DCM dosing, the cell was

activated under flowing N2 at 150 °C for two days.

5.2.1.9 Synthesis of HKUST-1/CC3-R composite with HKUST-1 on
bottom

In a glass cell HKUST-1 (55.8 mg) was layered with CC3-R (43.0 mg).
In increments over a 48 hour time period DCM (~4 ml) was added until the
composite was saturated. Once saturated the composite cell was subjected to
activation under flowing N2 at 75 °C. After the final DCM dosing, the cell was

activated under flowing N2 at 150 °C for two days.

5.2.1.10 Synthesis of HKUST-1/CC3-R composite with HKUST-1 on top
Ina 7 mL vial HKUST-1 (53.0 mg) and CC3-R (43.0 mg) were ground

with a spatula into a physical mixture. The mixture was then transferred to a
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glass composite cell. In increments over a 48 hour time period DCM (~4 ml)
was added until the composite was saturated. Once saturated the composite
cell was subjected to activation under flowing N2 at 75 °C. After the final DCM

dosing, the cell was activated under flowing N2 at 150 °C for two days.

5.2.1.11 Synthesis of HKUST-1/CC3-OH composite

Ina 7 mL vial HKUST-1 (60.9 mg) and CC3-OH (68.1 mg) were ground
with a spatula into a physical mixture. The mixture was then transferred to a
glass composite cell. In increments over a 48 hour time period DCM (~4 ml)
was added until the composite was saturated. Once saturated the composite
cell was subjected to activation under flowing N2 at 75 °C. After the final DCM

dosing, the cell was activated under flowing N2 at 150 °C for two days.

5.2.1.12 Synthesis of UiO-66/CC3-OH composite

In a 7 mL vial UiO-66 (243.7 mg) and CC3-OH (492.0 mg) were ground
with a spatula into a physical mixture. The mixture was then transferred to a
glass composite cell. Using a syringe and a 20 gauge needle, from the bottom
of the cell CHCIs was added until approximately two thirds of the cell was filled
with CHCIs. Once saturated the composite cell was subjected to activation
under flowing N2 at 100 °C followed by vacuum activation at 100 °C for two

days.

5.2.2 Results and Discussion
Two MOFs were initially selected for study, HKUST-1 due to its high
uptake and thus high ceiling for gas storage capacity, as well as UiO-66 due to

its moderate uptake, stability, and surprisingly large disparity between bulk

194



and crystallographic density (0.245 g/cm?® vs. 1.246 g/cm?). The first soluble
porous cage selected was Cuz4(bdc-DP)24 due to its high solubility and film
density. First, the void space between particles was calculated by determining
the maximum volume the MOF can occupy based on the crystallographic
density, and subtracting it by the volume actually occupied by the MOF as
determined by the bulk density. The amount of cage required to fill the void
space was then calculated from the bulk density of the cage and known void
space, before subsequently being dissolved to form a saturated solution.
Through repeated additions of the Cu2s(bdc-DP)24 solution to the UiO-66, a
much denser composite was formed with an increased high pressure
volumetric capacity of 32 cm3/cm3. Despite the high density of the Cu2s(bdc-
DP)24 cage when evaporated, the cage is nearly non-porous and can only be
utilized purely to densify a material, while decreasing the gravimetric uptake in
the process. Subsequently, utilization of a saturated cage solution led to
challenges as well, with a majority of the cage precipitating near the top of the
MOF leaving the void space at the bottom of the sample untouched. By turning
to organic cages we were able to pursue a new material, CC3-R with a bulk
density of 0.35 g/cm? and a low pressure volumetric uptake of 90 cm?/g at -78
°C, a vast improvement over the Cuza(bdc-DP)2a.

To circumvent the challenges of adding a saturated cage solution to a
MOF powder, it was hypothesized that adding solvent to a physical mixture of
MOF and cage would allow for the cage to dissolve and fill the void space as
was originally proposed. To determine the optimal method of MOF/Cage

mixing three separate mixtures were studied: MOF layered on top of cage,
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cage layered on MOF, and a physical MOF/cage mixture. Due to the color
contrast and lack of coordinating solvent required to dissolve CC3-R, HKUST-
1 was selected. As shown in figure 5.3 the most densified composite mixture
was the physical mixture of HKUST-1/CC3-R. Addition of solvent to the two
layered MOF/cage samples encountered similar challenges as the saturated
cage solution mentioned earlier. For the sample with MOF layered on top of
cage, most of the MOF adsorbed the solvent preventing the cage from being
dissolved as readily, and minimized the densification of the composite. For the
sample with cage layered on top, the cage was unable to penetrate further
than 50% of the way down the sample leading to a denser sample than
HKUST-1 layered on top, but still approximately 30% less dense than the

physical mixture.

1001
& "k
§ so- L F S
> *
mE * *
K *o*x

60 - * A
he] * A
@ - * a A4
£ A
(=) * A x * * *
7] 40 * A *
© * *
< * A‘ *
<« * 4 * *
T ol SR
O 201 w* HKUST-1 Mixed

HKUST-1
HKUST-1 On Bottom
04 HKUST-1 On Top
0.0 0.2 04 0.6 0.8 1.0 1.2
P (bar)

Figure 5.3.  Volumetric low pressure CHa4 adsorption of the HKUST-1/CC3-
R composites compared to HKUST-1 at 25 °C.
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Unfortunately these composites were limited once again by the density
of the cage, creating a maximum increase in the volumetric storage capacity.
Fortunately the addition of a hydroxyl group to the triformylbenzene during
synthesis yields a porous organic cage referred to as CC3-OH which has a
bulk density of 0.55 g/cm? and a high pressure gravimetric CH4 uptake of 85
cm?/g. Use of CC3-OH in conjunction with HKUST-1 has led to a composite
density of 0.66 g/cm? a 35% increase over the previous best HKUST-1/CC3-R
composite. The HKUST-1/CC3-OH had a high pressure volumetric CHa
capacity of 121 cm3/cm?3 at 25 °C, a definite increase from pure HKUST-1 with
104 cm3/cm? but further experimentation is required to maximize the increase
of volumetric capacity.

Wi th this neiyinomdleidces agaireturrsed to a material
that has been the primary study of a majority of my thesis work, UiO-66. On
account of the extremely large discrepancy between crystallographic and bulk
density (0.245 g/cm? vs. 1.246 g/cm?3) along with the high density of the CC3-
OH cage, to fill the void space for every 1 g of UiO-66 added, ~2 g of CC3-OH
would be required. Originally with the Cuz4(bdc-DP)24 cage this was of concern
because it would only decrease the gravimetric uptake, and subsequently the
volumetric uptake, but the porosity of the CC3-OH material made this a moot
point. As a result of this for the first time a composite material was twice as
dense as the parent material, 0.50 g/cm? for the composite and 0.245 g/cm?
for the parent UiO-66. Subsequently the modest gravimetric capacity of the
CC3-0OH cage led to a high pressure volumetric CHs uptake of 52 cm3®/cm? at

25 °C, a near 50% increase in volumetric capacity. Despite these uptakes
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being lower than the HKUST-1 composite mentioned earlier, the % increases

highlight just how valuable this technique may be given the right mixture of

MOF and soluble cage.

Figure 5.4.
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Volumetric high pressure CHs4 adsorption of the UiO-66/CC3-
OH composite compared to UiO-66 at 25 °C.

5.2.3 Conclusions

In summary, this seems to be a promising technique for high capacity

volumetric methane storage. The first step of this project was finding a

molecular species that possesses both a high density, and is moderately

porous while ideally being soluble in non-coordinating solvents. Once the

correct cage/mixture was selected, slow addition of solvent to a physical

mixture of MOF and cage densified the materials, leading to a near 50%

increase in volumetric methane storage for certain combinations. The next
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step of the project is to find even more porous and dense soluble cages. With
the selection of the right molecular adsorbent it seems likely that there may
eventually be a combination with a 100% volumetric increase, or a

combination which may surpass the DOE target.
5.3 Measuring the Apparent Density of CH4 Storage Target Materials.
5.3.1 Experimental

5.3.1.1 General Materials and Measurements

General Considerations. All reagents were obtained from commercial
vendors and wused wit ho-Dimethgformamfde (O®FE)i o n .
was obtained from a solvent purification system (SPS) and stored in a brown
amber bottle under 4A sieves. Low-pressure N2 adsorption measurements
were obtained on a Micromeritics Tristar Il PLUS at -196 °C. Low-pressure
CO2 adsorption measurements were obtained on a Micromeritics Tristar 3000
at -78 °C. High-pressure isotherms were measured with a PCTPro-2000
Volumetric adsorption Analyzer. Helium pycnometry measurements were

carried out with a Micromeritics Accupyc Il 1345.

5.3.1.2 Synthesis of 2-acetyl terephthalic acid

In a 500 mL round bottom flask 2-aminoterephalic acid (5.00 g, 27.6
mmol) was combined with THF (300 mL). While stirring, acetyl chloride (2.17
mL, 30.4 mmol) was added. The solution was refluxed at 80 °C overnight. The

solvent was removed through reduced pressure and the powder was washed
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with chloroform three times. *H NMR (400 MHz, DMSO-ds) ua 11.0 (S,
8.99 (s, 1H), 8.05 (d, 1H), 7.67 (d, 1H), 2.15 (s, 3H).

5.3.1.3 Synthesis of 2-butyrl terephthalic acid
In a 500 mL round bottom flask 2-aminoterephalic acid (5.00 g, 27.6
mmol) was combined with THF (300 mL). While stirring, butyrl chloride (3.15
mL, 30.4 mmol) was added. The solution was refluxed at 80 °C overnight. The
solvent was removed through reduced pressure and the powder was washed
with chloroform three times. *H NMR (400 MHz, DMSO-de) U4 11. 06 ( S,
9.04 (s, z1H), 8.05 (d, 1H), 7.67 (d, 1H), 2.40 (t, 2H), 1.65 (m, 2H), 0.95 (t,
3H).

5.3.1.4 Synthesis of Al-MIL-101-NH:2
The following synthesis has been prepared according to literature

methods.45

5.3.1.5 Synthesis of Al-MIL-53

The following synthesis has been modified from a previously published
paper.*® Al(NOs)sA 928 (3.90 g, 18.3 mmol), terephthalic acid (0.864 g, 5.2
mmol), and H20 (15 mL) were placed in a 25 mL Teflon-lined steel autoclave
and heated at 220 °C for 72 hours. The white powder was collected and
washed three times with DMF at 65 °C and three times with methanol. The

material was then dried by vacuum activation at 300 °C for 12 hours.
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5.3.1.6 Synthesis of Coz(dobdc)

The following synthesis has been modified from a previously published
paper.4” Co(NOs)2A 628 (4.754 g, 16.3 mmol) and 2,5-dihydroxyterephthalic
acid (0.964 g, 4.87 mmol) were combined with a 1:1:1 (v/v/v) solution of
DMF/ethanol/H20 (400 mL) in a 500 mL jar. The solution was sparged with N2
for one hour then placed in a 100 °C oven for 24 hours. The solid was isolated
and rinsed repeatedly with DMF, soaked three times in DMF at 120 °C for 6
hours each, then soaked three more times in methanol at 60 °C for 6 hours
each. The material was collected then activated with flowing N2 at 180 °C for

48 hours followed by dynamic vacuum at 180 °C for 24 hours.

5.3.1.7 Synthesis of Coz(dobdc)-RT

The following synthesis was based on a previously published paper.48
In a 250 mL RBF Co(NO3)2A 628 (1.589 g, 5.46 mmol) and Ha(dobdc) (336.8
mg, 1.70 mmol) were dissolved in DMF (135 mL). Then using a syringe pump
a solution containing ethanol (9 mL), water (9 mL), and triethylamine (1 mL)
was added to the reaction mixture at a rate of 120 mL/hour. The mixture was
then allowed to stir for 2 hours at RT. The material was then transferred to 20
mL vials and washed with DMF at 100 °C five times for 24 hours each,
followed by three washes with methanol at 45 °C for 24 hours each. The

material was then activated with flowing N2 at 150 °C for 48 hours.

5.3.1.8 Synthesis of Co2(m-dobdc)
The following synthesis has been modified from a previously published
paper.4® Anhydrous methanol (70 mL) and anhydrous DMF (130 mL) were

sparged with N2 for one hour in a 500 mL three-neck round-bottom flask
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equipped with a reflux condenser. CoCl2 (1.05 g, 8.08 mmol) and H4(m-dobdc)
(0.64 g, 3.23 mmol) were added under positive N2 pressure and stirred at 120
°C for 18 hours. The solid was isolated and washed with DMF at 70 °C for 24
hours, followed by four more washes with methanol at 70 °C. The material

was then activated under dynamic vacuum at 180 °C for 24 hours.

5.3.1.9 Synthesis of Co2(m-dobdc)-RT

The following synthesis was based on a previously published paper.48
In a 250 mL RBF Co(NOs3)2A 628 (1.589 g, 5.46 mmol) and Hs(m-dobdc)
(336.8 mg, 1.70 mmol) were dissolved in DMF (135 mL). Then using a syringe
pump a solution containing ethanol (9 mL), water (9 mL), and triethylamine (1
mL) was added to the reaction mixture at a rate of 120 mL/hour. The mixture
was then allowed to stir for 2 hours at RT. The material was then transferred to
20 mL vials and washed with DMF at 100 °C five times for 24 hours each,
followed by three washes with methanol at 45 °C for 24 hours each. The

material was then activated with flowing N2 at 150 °C for 48 hours.

5.3.1.10 Synthesis if Coz(bdc)z(dabco)

The following synthesis has been modified from a previously published
paper.5® Co(NOz)2A 628 (0.367 g, 1.26 mmol), terephthalic acid (0.209 g, 1.26
mmol), 1,4-diazabycyclo[2.2.2]octane (0.070 g, 0.624 mmol), and DMF (15
mL) were added to a 25 mL Teflon-lined steel autoclave and heated at 110 °C
for 24 hours. The purple solid was collected then washed three times with
DMF and three times with CHCIs, then activated under dynamic vacuum at

120 °C for 24 hours.

202



5.3.1.11 Synthesis of Cr-MIL-100

The following synthesis has been modified from a previously published
paper.®l CrOz (0.25 g, 2.5 mmol), trimesic acid (0.525 g, 2.5 mmol),
hydrofluoric acid (48%, 0.091 mL), and DI H20 (12 mL) were combined in a 25
mL Teflon-lined steel autoclave, then heated at 220 °C for 48 hours. The solid
was collected, washed with H20 then acetone, followed by activation with

flowing N2 at 100 °C for 24 hours.

5.3.1.12 Synthesis of Cr-MIL-101
The following synthesis has been prepared according to literature

methods. 52

5.3.1.13 Synthesis of DUT-4
The following synthesis has been prepared according to literature

methods.53

5.3.1.14 Synthesis of Fe-MIL-100
The following synthesis has been prepared according to literature

methods.>4

5.3.1.15Synthesis of HKUST-1 (Korman)

The following synthesis has been modified from a previously published
paper.43 Cu(NOs)2A 2 .26 ¥B.87 g, 15.3 mmol), trimesic acid (1.93g, 9.18
mmol), and DMF (100 mL) were added to a 250 mL round-bottom flask then
stirred at 75 °C for 48 hours. The solid was collected then soaked three times

with DMF at 75 °C for 12 hours then washed three more times with methanol
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at room temperature for 12 hours. The material was activated under vacuum

at 180 °C for 60 hours.

5.3.1.16 Synthesis of HKUST-1 (Mason)
The following synthesis has been prepared according to literature

methods.47

5.3.1.17 Synthesis of Mg2z(dobdc)
The following synthesis has been prepared according to literature

methods. 47

5.3.1.18 Synthesis of Mgz2(dobdc)-RT

The following synthesis has been modified from a previously published
paper.#8 In a 250 mL RBF Mg(NOz3)2A 628 (1.399 g, 5.46 mmol) and
H4(dobdc) (336.8 mg, 1.70 mmol) were dissolved in DMF (135 mL). Then
using a syringe pump a solution containing ethanol (9 mL), water (9 mL), and
triethylamine (1 mL) was added to the reaction mixture at a rate of 120
mL/hour. The mixture was then allowed to stir for 2 hours at RT. The material
was then transferred to 20 mL vials and washed with DMF at 100 °C five times
for 24 hours each, followed by three washes with methanol at 45 °C for 24
hours each. The material was then activated with flowing N2 at 150 °C for 48

hours.
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5.3.1.19 Synthesis of Mgz2(m-dobdc)-RT

The following synthesis was based on a previously published paper. 48

In a 250 mL RBF Mg(NOs)2A 628 (1.399 g, 5.46 mmol) and Ha(m-dobdc)

(336.8 mg, 1.70 mmol) were dissolved in DMF (135 mL). Then using a syringe

pump a solution containing ethanol (9 mL), water (9 mL), and triethylamine (1

mL) was added to the reaction mixture at a rate of 120 mL/hour. The mixture

was then allowed to stir for 2 hours at RT. The material was then transferred to

20 mL vials and washed with DMF at 100 °C five times for 24 hours each,

followed by three washes with methanol at 45 °C for 24 hours each. The

material was then activated with flowing N2 at 150 °C for 48 hours.

5.3.1.20 Synthesis of MIL-125-NH:z
The following synthesis has

methods.>>

5.3.1.21 Synthesis of MIL-88A
The following synthesis has

methods.56

5.3.1.22 Synthesis of MIL-88C
The following synthesis has

methods.>6

5.3.1.23 Synthesis of MOF-801
The following synthesis has

methods.>’

been

been

been

been
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5.3.1.24 Synthesis of MOF-808
The following synthesis has been prepared according to literature

methods.57

5.3.1.25Synthesis of Niz(dobdc)

The following synthesis has been modified from a previously published
paper. 47 Ni(NOs)2A 628 (5.23 g, 18 mmol) and Ha(dobdc) (1.42 g, 7.2 mmol)
were combined with anhydrous DMF (350 mL) and anhydrous methanol (42
mL) in a 500 mL Schlenk flask. The solution stirred under N2 pressure at 120
°C for 18 hours. The solution was allowed to cool while the yellow powder
settled to the bottom of the flask. The solution was removed via cannula and
replaced with fresh DMF, then soaked at 100 °C for 6 hours. The solution was
removed and replaced twice more with fresh DMF, then repeated three more
times with fresh methanol at 60 °C for 6 hours each. The material was
collected then activated with flowing N2 at 180 °C for 48 hours followed by

dynamic vacuum at 180 °C for 24 hours.

5.3.1.26 Synthesis of Niz(dobdc)-RT

The following synthesis has been modified from a previously published
paper.48 In a 250 mL RBF Ni(NOs)2A 628 (1.587 g, 5.46 mmol) and Ha(dobdc)
(336.8 mg, 1.70 mmol) were dissolved in DMF (135 mL). Then using a syringe
pump a solution containing ethanol (9 mL), water (9 mL), and triethylamine (1
mL) was added to the reaction mixture at a rate of 120 mL/hour. The mixture
was then allowed to stir for 2 hours at RT. The material was then transferred to

20 mL vials and washed with DMF at 100 °C five times for 24 hours each,
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followed by three washes with methanol at 45 °C for 24 hours each. The

material was then activated with flowing N2 at 150 °C for 48 hours.

5.3.1.27 Synthesis of Ni(m-bdc)
The following synthesis has been prepared according to literature

methods.58

5.3.1.28 Synthesis of Niz(m-dobdc)

The following synthesis has been modified from a previously published
paper.49 Anhydrous methanol (70 mL) and anhydrous DMF (130 mL) were
added to a 500 mL three-neck round-bottom flask equipped with a reflux
condenser and sparged with N2 for one hour. NiClz2 (1.05 g, 8.02 mmol) and
Ha(m-dobdc) (0.640 g, 3.23 mmol) were added under N2 pressure and stirred
at 120 °C for 18 hours. The solid was isolated and washed with DMF at 70 °C
for 24 hours, followed by four more washes with methanol at 70 °C. The

material was then activated under dynamic vacuum at 180 °C for 24 hours.

5.3.1.29 Synthesis of Niz(m-dobdc)-RT

The following synthesis was based on a previously published paper.48
In a 250 mL RBF Ni(NO3)2A 628 (1.587 g, 5.46 mmol) and Ha(m.dobdc)
(336.8 mg, 1.70 mmol) were dissolved in DMF (135 mL). Then using a syringe
pump a solution containing ethanol (9 mL), water (9 mL), and triethylamine (1
mL) was added to the reaction mixture at a rate of 120 mL/hour. The mixture
was then allowed to stir for 2 hours at RT. The material was then transferred to

20 mL vials and washed with DMF at 100 °C five times for 24 hours each,
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followed by three washes with methanol at 45 °C for 24 hours each. The

material was then activated with flowing N2 at 150 °C for 48 hours.

5.3.1.30Synthesis of NOTT-101
The following synthesis has been prepared according to literature

methods.5®

5.3.1.31Synthesis of PAF-1

The following synthesis has been prepared according to literature
methods, with modifications to washing and activation.60 The sample was
washed via soxhlet with THF at 75 °C for 48 hours. The sample was then
dried with flowing N2 at room temperature for 24 hours, then 100 °C for 48

hours.

5.3.1.32 Synthesis of Ti-MIL-100
The following synthesis has been prepared according to literature

methods. 61

5.3.1.33Synthesis of Ti-MIL-101
The following synthesis has been prepared according to literature

methods.61

5.3.1.34 Synthesis of UiO-66 Water Modulated Particles
The following synthesis has been prepared according to literature
methods.62 The six samples used were synthesized using Ligand:Metal ratios
of 1:1, 1.5:1, and 2:1 and ei tehber( 5570. 5¢ L

equivalents) of water.
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5.3.1.35Synthesis of UiO-66 High SA

The following synthesis has been modified from a previously published
paper.44 In a 1 liter glass media bottle ZrCls (4.00 g, 17.2 mmol), concentrated
HCI (32 mL), and DMF (160 mL) were sonicated for 20 minutes until fully
dissolved. Terephthalic acid (3.94 g, 23.7 mmol) and DMF (320 mL) were
added to the mixture and sonicated for an additional 20 minutes. After
sonication the 1-liter glass media bottle was heated at 80 °C overnight. The
resulting product was isolated via centrifugation and washed five times with
DMF and five times with methanol. Material was then dried with flowing N2 at

room temperature followed by vacuum activation at 100 °C for two days.

5.3.1.36 Synthesis of UiO-66-(COOH)2
The following synthesis has been prepared according to literature

methods.63

5.3.1.37 Synthesis of UiO-66-NH2

The following synthesis has been modified from a previously published
paper.44 In a 1 liter glass media bottle ZrCls (4.00 g, 17.2 mmol), concentrated
HCI (32 mL), and DMF (160 mL) were sonicated for 20 minutes until fully
dissolved. 2-amino Terephthalic acid (3.94 g, 23.7 mmol) and DMF (320 mL)
were added to the mixture and sonicated for an additional 20 minutes. After
sonication the 1-liter glass media bottle was heated at 80 °C overnight. The
resulting product was isolated via centrifugation and washed five times with
DMF and five times with methanol. Material was then dried with flowing N2 at

room temperature followed by vacuum activation at 100 °C for two days.
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5.3.1.38 Synthesis of UiO-66-Acetyl

In a 1L glass media bottle 2-acetyl terephthalic acid (3.4 g, 14.3 mmol)
was combined with ZrCls (2.0 g, 8.6 mmol) in DMF (240 mL) and concentrated
HCI (16 mL). The solution was heated to 120 °C overnight, which resulted in
the formation of white powder. The solvent was replaced with fresh DMF three
times over the course of two days. Similarly, the solvent was exchanged with
fresh methanol three times. The product was activated under flowing N2 at 120

°C for 24 hours.

5.3.1.39 Synthesis of UiO-66-Butyrl

In a 500mL glass media bottle 2-butyrl terephthalic acid (3.4 g, 13.5
mmol) was combined with ZrCls (2.0 g, 8.6 mmol) in DMF (240 mL) and
concentrated HCI| (16 mL). The solution was heated to 120 °C overnight,
which resulted in the formation of white powder. The solvent was replaced with
fresh DMF three times over the course of two days. Similarly, the solvent was
exchanged with fresh methanol three times. The product was activated under

flowing N2 at 120 °C for 24 hours.

5.3.1.40 Synthesis of UiO-67

The following synthesis has been modified from a previously published
paper.44 In a 1-liter glass media bottle ZrCls (2.14 g, 9.20 mmol), concentrated
HCI (16 mL), and DMF (160 mL) were sonicated for 20 minutes until fully
dissolved. Biphenyl-4 , -didvaboxylic acid (2.80 g, 11.9 mmol) and DMF (320
mL) were added to the mixture and sonicated for an additional 20 minutes.
After sonication the 1 liter glass media bottle was heated at 80 °C overnight.

The resulting product was isolated via centrifugation and washed five times
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with DMF and five times with methanol. Material was then dried with flowing

N2 at room temperature followed by vacuum activation at 125 °C for two days.

5.3.1.41 Synthesis of V-MIL-100
The following synthesis has been prepared according to literature

methods.64

5.3.1.42 Synthesis of Znz(dobdc)-RT

The following synthesis has been modified from a previously published
paper.48 In a 250 mL RBF Ni(NO3)2A 628 (1.620 g, 5.46 mmol) and Ha(dobdc)
(336.8 mg, 1.70 mmol) were dissolved in DMF (135 mL). Then using a syringe
pump a solution containing ethanol (9 mL), water (9 mL), and triethylamine (1
mL) was added to the reaction mixture at a rate of 120 mL/hour. The mixture
was then allowed to stir for 2 hours at RT. The material was then transferred to
20 mL vials and washed with DMF at 100 °C five times for 24 hours each,
followed by three washes with methanol at 45 °C for 24 hours each. The

material was then activated with flowing N2 at 150 °C for 48 hours.

5.3.1.43Calculation of Mgz(m-dobdc) Crystallographic Density

The crystallographic density of Mgz(m-dobdc) was calculated using the
cif for Coz(m-dobdc). First a few assumptions were made, based off the
similarities between the unit cell dimensions for Co-MOF-74 and Mg-MOF-74 it
was assumed that the unit cell dimensions for Mgz(m-dobdc) would be similar
to Coz2(m-dobdc). The crystallographic density of Mg-MOF-74 is 0.909 g/cm?,

and when utilizing the CIF for Co-MOF-74 and replacing the Co atoms with Mg
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atoms the calculated density is 0.910 g/cm?, this calculated density is within
0.1% of the published density for Mg-MOF-74. With these two assumptions in
mind, replacing the Co atoms in the Coz(m-dobdc) structure with Mg atoms
yields a calculated crystallographic density of 0.924 g/cm3. This calculated

density represents the density of the Mgz(m-dobdc)-RT particles in this study.

5.3.2 Results and Discussions

Depending on synthetic conditions, the isolation of pure MOF samples
can be stymied by the formation of impurities, competing phases, or structural
defects. These could be caused by a number of factors, including slight
differences in water content in a solvent or a heating gradient in an oven.
These can lead to observable variances in the measured surface area of a
material reproduced via the same method in the same lab. For example, in our
hands DUT-4 prepared by three different researchers displayed Langmuir
surface areas ranging from 2257 m?/g i 2398 m?/g. This 5 % variance in
surface area had only a minor effect on apparent density with the three
samples displaying essentially identical densities (0.702, 0.716, and 0.719
g/cm?3) that are in relatively good agreement with the reported crystallographic
density (0.77 g/cm3).

For the synthesis of specific MOFs, there are often a number of
reported synthesis routes, all touted as producing product with the same
surface areas. We recently showed 62.65 that even small modifications to the
water content in a reaction mixture can yield samples with essentially identical
powder diffraction patterns yet particles of varying sizes, defectiveness, and

surface area. As a result of its potential utility across a wide variety of
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applications, including its promising CH4 storage capacity, the canonical MOF
HKUST-1 has been extensively studied and thus has numerous published
syntheses. By preparing HKUST-1 via two different methods with different
ratios of ligand to metal, differences in in reaction time, and unigue solvent
washes, products with Langmuir surface areas of 2103 m?/g and 2141 m?/g
were isolated. Despite being prepared from dramatically different synthetic
conditions, the samples had nearly identical surface areas and apparent
densities of 0.895 g/cm? and 0.888 g/cm®. Both in excellent agreement with

the crystallographic density of HKUST-1 (0.881 g/cm?3).
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Figure 5.5.  The crystallographic vs. apparent density for all of the materials

studied in this chapter. Nearly all of the samples studied

possessed apparent densities that matched or were lower than
their crystallographic density.
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5.3.2.1 UiO Series of Frameworks

The UiO series of frameworks (which now include the well-known UiO-
66, -67, and -68 structures) were first reported in 2008 and have since been at
the center of numerous studies focused on these frameworks and a number of
their functionalized derivatives.66 Many of these studies have highlighted the
importance of the defects within the structures as well as the sizes of the
synthesized particles, all of which can drastically modify the surface area of
the material.34.44.6265 To elucidate the effects of these factors on apparent
density, we prepared a series of UiO-66 and UiO-67 samples with varying
functional groups, patrticle sizes, and levels of defectiveness. For every sample
we investigated, the apparent density was less than the reported
crystallographic density in some cases 30 % lower, as can be seen in Figure
5.6. This discrepancy highlighted one of the challenges of studying UiO
frameworks as gas storage materials, the inherent defectiveness of these
structures. Using the crystallographic density to report volumetric storage
capacities will invariably lead to an overestimate of capacity. Similarly, the
crystallographic densities of these materials are an inaccurate target when
preparing densified samples, either via compression or sol-gel syntheses.
When the crystallographic density of these materials were recalculated
assuming there is one defect missing from the formula unit, only a slightly
better agreement between crystallographic and apparent densities was

observed (Figure 5.6).
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Figure 5.6.  Crystallographic vs. apparent density for UiO-66 materials with
(left, black stars) a defect free crystallographic density (right,
red triangles) a defective, 1 ligand missing per formula unit,
crystallographic density.

UiO-66, and all zirconium-based MOFs, have the advantage in that
defectiveness can be determined with relative certainty through
straightforward TGA combustion experiments. Decomposition of the structure
under O2 affords a measurable mass of ZrO2 which can be compared to the
mass of desolvated framework. From this, organic content, and thus
defectiveness, can be determined. We hypothesized that by measuring the
number of ligand defects in the structure and calculating the crystallographic
density from this modified formula unit we should observe apparent densities
that match these newly recalculated crystallographic densities. After the
number of ligands missing per formula unit were determined, the unit cell
formula was recalculated and calculated crystallographic densities determined.
The new trend (Figure 5.7) still shows a large discrepancy between the
measured apparent density and the crystallographic densities ranging from 13

% - 37 %. This large discrepancy likely reflects the fact that TGA combustion
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experiments may not be entirely accurate in calculating defectiveness as they
essentially afford cluster:ligand ratio. As a result, the TGA method cannot be
used to account for defects where both clusters and ligands are missing. Since
cluster defectiveness is not easily measured, an attempt was made to
recalculate the unit cell formula incorporating cluster defects using the missing
linker data from the TGA. With the known number of ligands missing and the
measured apparent density, the unit cell formula was modified until the
apparent density matched the defective crystallographic density while
maintaining the same number of linkers missing per formula unit. Using this
approach, the sample that displayed a 37 % difference between apparent and
crystallographic density would need 1.5 of 4 clusters (and their associated
ligands) missing for every 4 metal clusters in the structure. Although it is
possible that there is this level of defectiveness in the structure, it is unlikely
that there are that many cluster defects present in the system. Instead, a more
likely explanation for such a low apparent density is a mixture of ligand and
cluster defectiveness along with the presence of some lower density impurity

in the material.
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UiO-66 High SA

UiO-66 1 Ligand Missing 106.5 nm
UiO-66 1 Ligand Missing 71.4 nm
UiO-66 Defect Free 91.9 nm
UiO-66 Defect Free 82.5 nm

1.5 UiO-66 Defect Free 23.1 nm
UiO-66 Defect Free 20.2 nm
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Figure 5.7.  Crystallographic vs. apparent density for the seven UiO-66

samples whose crystallographic density were calculated based
off of TGA defectiveness results.

Table 5.1. Densities of materials in this study 67: 68 69. 70
Metal-Organic la J cryst | buk Vpore SA (Mm?/g) | } cryst
Framework Name | (g/lcm®) | (g/cm® | (g/cm®) | (cm®/g) | BET | Lang. | ref
Al-MIL-101-NH2 0.781 | 0.4402 - 0.730 - 2240 | 47
Al-MIL-53 0.929 0.978 0.2749 | 0.441 - 1247 | 47
Coz(dobdc) 1.229 1.173 0.777 | 0.484 - 1362 | 47
Coz(dobdc)-RT | 0.865 | 1.173 | 0.487 | 0.796 | - | 1657 | 47
Co2(m-dobdc) 1.188 1.188 | 0.2559 | 0.507 - 1481 | 47
Coz(m-dobdc)-RT | 1.020 1.188 - 0.569 - 1396 | 47
Coz(bdc)2(dabco) | 0.772 0.815 | 0.2086 | 0.713 - 2000 | 47
Cr-MIL-100 0.751 0.700 | 0.1862 | 0.848 - 2473 | 47
Cr-MIL-101 0.501 0.440 - 1.393 - 3991 | 47
DUT-4 #1 0.702 0.773 0.208 | 0.805 - 2398 | 47
DUT-4 #2 0.720 0.773 - 0.762 - 2293 | 47
DUT-4 #3 0.716 0.773 - 0.751 - 2257 | 47
Fe-MIL-100 0.796 | 0.700° - 0.795¢ - 2280 | 47
HKUST-1 (Korman) | 0.888 0.881 0.35 0.753 - 2141 | 47
HKUST-1 (Mason) | 0.895 0.881 - 0.738 - 2103 | 47
Mgz(dobdc) 0.856 | 0.909 - 0.698 - 1993 | 47
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Mgz(dobdc)-RT | 0.798 | 0.909 ] 0.1382 | 0.674 | 1190 | 1916 | 47

Mgz(m-dobdc)-RT | 0.518 | 0.924° | - | 1.300 | 1016 | 1960 | S0
MIL-125-NHz | 0.930 | 0.8109 | 0.3908 | 0.531 | - | 1482 | 47
MIL-88A 1537 | 1.730 ~ | 0020] - | 51 | 68
MIL-88C 1420 | 1.740 ~ 0001 | - | 8 | 69
MOF-801 1.091 | 1.680 - 0403 | - |1197| 57
MOF-808 0.853 | 0.860 C 10779 | - | 2004 57
Niz(dobdc) 1128 | 1.195 - | 0538 | - |1532| 47
Niz(dobdc)-RT | 0.843 | 1.195 | 02761 | 0.717 | - | 2147 | 47
Ni(m-bdc) 0.815 | 0.732 | 0.4689 | 0.595 | - | 1707 | 58
Niz(m-dobdc) | 1.220 | 1.200 -~ | 0516 | - | 1471 67
Niz(m-dobdc)-RT | 0.937 | 1.200 - | 0.620 | 858 | 1916 | 67
NOTT-101 0.761 | 0.684 |0.1391] 0.908 | - | 2585 47
PAF-1 0.323 i - 2222 | - |6907| -
Ti-MIL-100 0.479 | 0.7000 | - | 1471 | - | 4417 | 47
Ti-MIL-101 0.410 | 04402 | - | 1.321 | - | 4045 47
UiO-66 1 Ligand ‘
MisSing (106 & mm) | 0876 | 1123 .| 0.501 | 2393|1387 | 66
UiO-66 1 Ligand ‘ 66
Misang, (71 mmy | 0858 | 1123 .| 0.607 | 835 | 1226
UIO-66 Defect Free |  gg3 | 1246 | 0.2458 | 0.487 | 1231 | 1335 | ©©
(91.9 nm)
Uio-66 DefectFree | 1 070 | 1246 | - | 0.489 | 1148|1345 | ©°
(82.5 nm)
UIO-66 DefectFree | o905 | 1246 | - | 0555 | 623 | 1054 | °
(23.1 nm)
UIO-66 Defect Free | 765 | 1246 | - | 0715 | 775 | 1230 | ©°
(20.2 nm)
UiO-66 High SA | 0.778 | 1.246 | 0.248 | 0.658 | 1620 | 1867 | 66
UiO-66-(COOH), | 1.337 | 1.6429 | 0.4775| 0.380 | - | 705 | This
UiO-66-Acetyl | 1.102 | 1.5479 | 0.2389 | 0.391 | 823 | 1036 | This
UiO-66-Butyrl | 1.122 | 1.6699 | 0.2818 | 0.350 | - | 1034 | This
UiO-66-NH2 | 0.941 | 1.3149 | 0.2547 | 0.552 | 1296 | 1537 | This
UiO-67 0.659 | 0.724 | 0.155 | 1.004 | 2425 | 2833 | 70
V-MIL-100 0.652 | 0.7006 | - | 1056 | - | 3561 47
Zna(dobdc)-RT | 1.073 | 1.231 - | 0.580 | 709 | 1066 | 47

3 oyst based off Cr-MIL-101. Pjcyst based off Cr-MIL-100. ¢ cr y st
calculated from Coz(m-dobdc). Further explained in appendix e. 9 cyst based

off unfunctionalized MIL-125. ¢Vpore measured at ~0.8 P/Po. f} cryst calculated
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from the crystal structure of UiO-66, assuming 1 ligand missing per formula

unit. 9} cryst calculated from the crystal structure of UiO-66.

5.3.2.2 Mz(dobdc) and Mz2(m-dobdc)

With the M2(dobdc)/MOF-74 series of materials displaying some of the
highest volumetric CH4 capacities it seemed prudent to measure the apparent
density of a subset of these samples. The M2(m-dobdc) series of MOFs are
structural isomers to the well-known MOF-74 analogs and utilize the m-
dobdc* linker as opposed to p-dobdc*. These frameworks share striking
structural similarities and boast similarly high volumetric CH4 capacities and
are promising storage materials approaching the DOE targets. When
measuring the apparent density for these materials, all of the M2z(dobdc)
samples were approximately 95 % of their crystallographic densities
meanwhile Coz(m-dobdc) and Niz(m-dobdc) were both within 2 % of their
crystallographic density. This is likely reflective of the fact that these
frameworks are based on M?* cations that are more amenable to facile ligand

exchange during framework assembly.
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Figure 5.8.  Crystallographic vs. apparent density for the MOF-74 and m-
dobdc materials.

It is worth noting, however, that the density of these materials is highly
dependent on the synthetic methods used in their assembly where smaller
particle size samples display a larger discrepancy between apparent and
crystallographic density. There are a number of established routes for the
room temperature synthesis of Mz(dobdc), typically resulting in the formation
of MOF nanoparticles, including two-hour syntheses of Mgz(dobdc),
Ni2(dobdc), and Znz(dobdc).4® To determine the apparent densities of these
samples, we performed room temperature syntheses of Mgz(dobdc),
Niz(dobdc), Coz(dobdc), Coz(m-dobdc), and Ni2(m-dobdc) (hereafter referred
to as Mz(dobdc)-RT or Mz2(m-dobdc)-RT). The apparent densities measured
for these samples are significantly lower than those prepared via traditional

solvothermal routes. While the apparent densities of the non-room
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temperature samples only varied by 5 % relative to the crystallographic
density, Mz(dobdc)-RT particles were consistently 13130 % low. Similarly,
M2z(m-dobdc)-RT samples densities were 14 % and 22 % low for cobalt and
nickel, respectively. The lower apparent densities are in line with reported COz2
adsorption at 298 K for Mgz(dobdc)-RT and Niz(dobdc)-RT which show
saturation capacities that are 13 and 33 % lower than reported uptakes for
solvothermally-produced samples. 4871 Both of these numbers are nearly the
same as the discrepancies between apparent and crystallographic densities,
something that was further noticeable in the -196 °C N2 isotherms we
measured, in which many of the room temperature synthesized materials had
lower uptakes than their non-room temperature equivalents. Previously
reported room temperature syntheses have drawn attention to the impurities or
unwanted phases that can form during these syntheses, which are likely the
cause of the apparent densities being significantly lower than the expected
crystallographic densities. This further highlights the fact that helium
pycnometry, or a reliable method that measures density, is necessary to

determine the upper unetricrstotagecdpacdy. mat er i al 0s

5.3.2.3 M-MIL-100 and M-MIL-101

MIL-100 and MIL-101 have been isolated for a wide range of transition
metal cations, including iron, chromium, vanadium, aluminum, titanium, and
other.64.72,73.74.75 However, crystal structures have only been reported for four
of the MIL-100 variants and a single MIL-101 (Cr).”® When reporting
volumetric storage capacities for these materials, it is common that

crystallographic densities are calculated based on formula mass change and

221



do not reflect unit cell changes associated with the incorporation of different
metal cations into the structure. As a starting point, and to simplify
comparisons between structure types, the crystallographic density of MIL-100
and MIL-101 were assumed to be 0.70 g/cm? and 0.44 g/cm?, both based off
of the chromium structures as it is the only cation that has a crystal structure

reported for both structures.

21
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£
Q p
~
245 A Fe-MIL-100
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Figure 5.9.  Crystallographic vs. apparent density for the MIL-100 and MIL-
101 structures used in this study. The crystallographic densities
shown are based off of the Cr-MIL-100 and Cr-MIL-101
structures.

In looking at M-MIL-100 (M = Fe, Cr, V, Ti), the apparent density trend
follows the mass of the metal cation in the structure. Iron, being the heaviest of

the four metals used to synthesize these MIL-100 samples, has the highest
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apparent density, closely followed by chromium, then vanadium which is
slightly lower than the crystallographic density of Cr-MIL-100, and lastly Ti-
MIL-100 has the lowest measured apparent density. This is expected as,
along with the increase in formula unit mass from Ti to Fe, the ionic radius of
the cations, and thus the unit cell volume, decreases from left to right across
the first row of the d-block. Similar trends were seen for M-MIL-100 (M = Ti,
Cr) where both materials have apparent densities that are close to the value
reported for Cr-MIL-100. Again, and as expected, the density of Ti-MIL-100
was lower than the chromium analog. Incorporation of a functional group onto
the ligand that comprises this structure, in Al-MIL-101-NHz significantly
increases the apparent density of the framework. Although the measured
density of this sample may be higher than expected, it highlights the use of
pycnometry to obtain real densities of porous solids. As, to the best of our
knowledge, there is no reported crystal structure for Al-MIL-101-NHz, simply
adjusting the density of a material based on a different analog may result in
significant error.

These results also show the utility of pycnometry in determining the
apparent densities of MOFs with reported and assumed crystal structures
(based on PXRD patterns). It can also be used for amorphous phases. All-
organic porous materials, including covalent organic frameworks and porous
aromatic frameworks, are classes of highly porous materials with Langmuir
surface areas greater than 6000 m?/g.60 However, these materials are often
amorphous or only slightly crystalline and most do not have reported crystal

structures. Although the actual densities of samples in compressed form are
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the most important factor in real-world applications, the lack of crystallographic
densities for many of these structures makes it impossible to judge the best
case scenario as far as density and thus volumetric storage capacity.
Measuring the apparent density of these materials with He pycnometry allows
for an estimate of what the crystallographic density for these materials may
really be. The apparent density of PAF-1, as measured here, is 0.323 g/cm?,
This low density is expected based on the high surface area of the material
and the lack of transition metal cations in its structure. In addition to this, the
value is in excellent agreement with a value that was reported based Grand

Canonical Monte Carlo simulations (0.315 g/cm?3).77

5.3.3 Conclusions

While volumetric storage capacities based on bulk/tap densities fall
significantly short of those based on crystallographic values, most MOFs will
undergo significant processing in the form of sol-gel syntheses or compression
into pellets to increase their storage capacities and processability. However,
this study has highlighted a few of the challenges often overlooked during the
characterization of MOFs when reporting their volumetric storage capacities.
Small modifications to reported syntheses can have minimal effects on
measured surface areas and gravimetric gas uptake values, while still having
a significant impact on density and thus volumetric storage capacity. In
addition to this, many MOFs are isolated with varying levels of defectiveness,
depending on the nature of their syntheses and/or structural considerations.
Using reported crystallographic densities in these scenarios can lead to

inaccurately reporting volumetric storage capacities. We have highlighted the
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use of He pycnometry to measure the skeletal density of MOFs and infer
apparent densities using their measured pore volumes. This approach is a
viable route to estimate the best-case scenario for a sample in terms of
volumetric storage capacity and is be widely applicable across many types of

porous solids.
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Chapter 6

CONCLUSION AND FUTURE DIRECTIONS

As previously demonstrated, these metal-organic materials have a
plethora of impactful applications. With the electrochemical synthesis of metal-
organic frameworks chapter, chapter 2, it is pertinent to create alternative
facile syntheses for some of these frameworks which are typically synthesized
through more harmful or toxic methods, such as the chromium versions of
MIL-100 and MIL-101. Both of these materials possess high methane storage
capacities but their synthesis requires the use of HF, HNO3s and temperatures
> 200 °C. Under similar reaction conditions to those in the electrochemical
synthesis of MIL-101-Fe, this same technique should be able to synthesize
MIL-101-Cr and ideally, the denser MIL-100 structural analogue.
Subsequently, this technique can have further use on an industrial scale
through its scalability. Increasing the electrode size utilized in the reaction
yielded similarly crystalline and porous material as the smaller electrodes that
were able to fit into 20 mL vial one compartment cells. Due to the necessity of
high-pressure parr vessels required in many of the high-temperature MOF
syntheses, there are practical limitations on scalability in a commercial
environment that the electrochemical synthesis could circumvent.

In chapter 4 it was apparent that there was a large discrepancy
between the geometric diameter and hydrodynamic diameter of the UiO-66

nanoparticles measured by SEM and DLS, respectively. Identifying a
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correlation between these two techniques is essential for DLS to be
considered an alternative to SEM when attempting to survey large numbers of
potential drug delivery or gas storage materials particularly of porous materials
like MOFs. A correlation was established between defective material and the
discrepancy between hydrodynamic diameter and geometric diameter values.
To investigate this trend further | propose the use of the extended frameworks
UiO-67 and UiO-68 frameworks which use biphenyl-4 , -diddyboxylic acid and
p-Terphenyl-4 , -didgidoxylic acid, respectively. These materials possess the
same SBU as UiO-66, and defect free versions of these materials would
simulate the effect of the larger pore windows found in defective UiO-66.
Subsequently, the addition of open metal site MOFs such as HKUST-1 and
MOF-74 allows for a large number of new structure types to be studied.
Utilizing materials that can be synthesized with a number of different metals
but still possess the same structure type, like MOF-74, M2(m-dobdc), and MIL-
100, would allow for conclusions to be drawn on the effect of open metal sites
as well as different pore geometry on this unique discrepancy between
geometric and hydrodynamic sizes.

In regards to metal-organic frameworks for methane storage, a number
of potential other targets exist. Nickel and cobalt variants of MOF-74 and
Mz(m-dobdc) both approach the volumetric storage target of 263 cm3/cm?
when utilizing the crystallographic density, but use of the bulk density results in
a diminished storage capacity. After establishing a reliable method to produce
phase pure zirconocene cages based on the ratio of ligand width vs length, a

whole new suite of potential storage cage materials was identified. Use of
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these two families of materials for high-density composite storage materials
could lead to capacities that rival the increase seen for the UiO-66/CC3-OH

composite.
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Appendix A

Chapter 1

A.1 List Of Abbreviations Used in this work

1 MATERIAL NAMES
o MOF i Metal-Organic Framework
o UiO T University of Oslo
o MILT Mat ®r i aux de | Nlnstitut Lavoi
o DUT 1 Dresden University of Technology
o PCN1 Porous Coordination Network

o HKUST i Hong Kong University of Science and
Technology

o NOTT T University of Nottingham
o NU T Northwestern University

1 SOLVENTS
o DMFi N, NDimethylformamide
o DMAT N, NDinethylacetamide
o DEFiT N, HNDiiethylformamide
o DMSO i Dimethyl Sulfoxide

o EtOH 11 Ethanol
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(0]

(0]

MeOH 1 Methanol

EtOAc 1 Ethyl Acetate

CHCIs 1 Chloroform

DCM i Dichloromethane

HCI 1 Hydrochloric Acid

THF T Tetrahydrofuran

PBS i Phosphate Buffered Saline
ALF 7 Artificial Lysomal Fluid

IPAT Isopropanol a.k.a 2-Propanol

1 CHARACTERIZATION

(0]

(0]

TGA'T Thermogravimetric Analysis

BET 7 Brunauer-Emmett-Teller

EDX 1 Energy Dispersive X-Ray Analysis

XPS i1 X-ray Photoelectron Spectroscopy

NMR i Nuclear Magnetic Resonance Spectroscopy
DLS i Dynamic Light Scattering

SEM 1 Scanning Electron Microscopy

o PXRD 1 Powder X-Ray Diffraction
o IR Infrared Spectroscopy
1 Ligands

(0]

(0]

(0]

BDC i Benzene Dicarboxylic Acid
BPDC i Biphenyl-4 , -Bid§rboxylic Acid

TPDC 1 p-Terphenyl-4 , -Disiyoxylic Acid
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o NDC i Naphthalene Dicarboxylic acid
o CDC i 9H-Carbazole-3,6-Dicarboxylic Acid
o CVBAT (E)-4-(2-carboxyvinyl) Benzoic acid
o PDA'1 Phenylene-Diacrylic Acid
o ADA' Anthracene-Diacrylic Acid
o NBB 1 Naphthalene-Bisbenzoic Acid
o ABB i Anthracene-Bisbenzoic Acid
o FDC 1 Furan-Dicarboxylic Acid
o FUMT Fumaric Acid
o0 dabcoi 1,4-diazabicyclo[2.2.2]octane
o BTC1 1,3,5-Benzenetricarboxylic Acid
o Cpi Cyclopentadienyl
o DOBDC 1 2,5-Dihydroxyterephthalic Acid
1 Miscellaneous terms
o RBF 1 Round Bottom Flask
o PDIi Polydispersity Index
o ANOVA' Analysis of Variance
o CIi Confidence Interval
o NIST T National Institute of Standards and Technology
o CPE 1 Controlled Potential Electrolysis

o CV1 Cyclic Voltammetry
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Appendix B

Chapter 2

B.1 Cyclic Voltammograms

Time (h)

I 06A/M

1 L 1 n 1 1 1 L 1

15 10 05 00 -05
Potential vs. Ag (V)

Figure B.1. Cyclic Voltammogram of 1.0 mM FeClz, 1.0 mM 2,6-lutidine,
1.0 mM terephthalic acid in DMF solvent with 0.1 M
tetrabutylammonium hexafluorophosphate as the supporting
electrolyte.
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Figure B.2.  Cyclic voltammetry of 4-aminobenzoic acid in 0.5 M HCI with
(black) and without (red) the addition of NaNOo..
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B.2 Powder X-Ray Diffraction Patterns

MIL-101 grown in solution 0.6 V 18 h

Intensity (arbitrary)

MIL-101 Simulated

T T T T

10 15 20 25 30
26 (degrees)

Figure B.3. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown in solution with unmodified ITO at 0.6 V for 18 hours,
compared to the predicted powder pattern.
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MIL-101 grown on modified ITO 0.5V 18 h
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Figure B.4. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 0.5 V for 18 hours, compared
to the predicted powder pattern.

MIL-101 grown on modified ITO 0.75V 18 h
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Figure B.5. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 0.75 V for 18 hours,
compared to the predicted powder pattern.
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MIL-101 grown on modified ITO 1.0V 18 h
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Figure B.6. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 1.0 V for 18 hours, compared
to the predicted powder pattern.

MIL-101 grown on modified ITO 1.25V 18 h
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Figure B.7. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 1.25 V for 18 hours,
compared to the predicted powder pattern.
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Figure B.8.
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Powder X-ray diffraction pattern of MIL-101 solvothermally
grown, electrochemically grown on modified ITO solution at 0.5,

0.75, 1.0, and 1.25 V for 18 hours, compared to the predicted
powder pattern.
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MIL-101 grown on modified ITO 0.75V 2 h
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Figure B.9. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 0.75 V for 2 hours, compared
to the predicted powder pattern.

b MIL-101 grown on modified ITO 0.75V 6 h
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Figure B.10. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 0.75 V for 6 hours, compared
to the predicted powder pattern.
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Figure B.11. Powder X-ray diffraction pattern of MIL-101 electrochemically
grown on modified ITO solution at 0.75 V for 10 hours,
compared to the predicted powder pattern.

Figure B.12. Powder X-ray diffraction pattern of MIL-101 electrochemical