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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 I 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 1H 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 CH4 storage is discussed. In all cases the bulk 

density of the selected MOF was lower than the crystallographic density, 
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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 I measured the apparent 

density of over 40 materials to study the ñupper limitò of density of the desired 

storage targets, giving a better estimate on what potential maximum 

volumetric capacities may be. 
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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.1 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.13,14,15,16 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 
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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 

 

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 M24(bdc)24 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 
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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,29 the ligand-terminated cage has been the most widely studied 

MOF-mimetic cage. Analogous H2bdc-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.35,36  
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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 Co2+ 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 Pd2+ 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 featuring ɛ3-O bridged trinuclear 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 
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and co-workers as a chromium terephthalate-bridged structure;39 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-100, which is generated from trimesic acid and the same ɛ3-O 

cluster as MIL-101.42 
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Figure 1.2.  (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-symmetric, trinuclear zirconium vertices which feature a ɛ3-O and 

three ɛ2-OH groups. In these clusters, the remaining coordination sphere of Zr 

is occupied by peripheral ɖ5-Cp ligands and bridging carboxylates. This cluster 

motif was first observed by Krüger 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 
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carboxylate ligands, including benzoate44 and pyridine carboxylate,45 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.46 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 

together with four ɛ3-O and four ɛ3-OH groups. 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-NH2 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, 
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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.50 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.51 Long and co-workers demonstrated that a 

2,2ô-bipyridine 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.53 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.54 Its 

robust nature allows this MOF to be applied for CO2 conversion and 

asymmetric C-H azidation. 
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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.55,56 Selectivity for 

the formation of structurally-related cage phases can be controlled through 

choice of alternative capping ligands, as demonstrated recently by our 

group.29 The use of bidentate 2,2ô-bipyridine as a cis capping 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 2,2ô-bipyridine 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,57,58 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 acid64, 

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.65 

MIL-53 along with MIL-88B and MIL-101, two other frameworks synthesized 

utilizing terephthalic acid and Fe3+, 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 Zn2+ 70. 

 

Figure 1.4.  MIL-53(Fe) loaded with ibuprofen. 
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One challenge with these non-toxic M2+ and even to an extent M3+ 

MOFs is the lack of thermal71 and chemical stability.72 One such way to 

overcome that is typically through the use of higher valent MOFs such as 

Zr4+.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 

delivery77,78,79 and imaging applications based on its cargo.80 One flaw that is 

often overlooked when considering this material for drug delivery is the 

presence of defects within the structure81,82 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 

energy information administrationôs annual energy outlook for 2020.84 

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.85 Since current methods of 

liquefaction86, and high pressure storage87, 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 m2/g and a pore 

volume of 4.40 cm3/g.89 Then in 2018 the record was broken with the creation 

of DUT-60, which possessed a BET surface area of 7839 m2/g and a pore 

volume of 5.02 cm3/g.90 Unfortunately these two materials possess 

crystallographic densities of 0.222 g/cm3 and 0.187 g/cm3 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 (dobdc2-) and a M2+ source. MOF-74 has been 

made with a series of 2+ cations including Ni91, Co92, Zn93, Mn94 and Fe95, all 

which possess crystallographic densities greater than 1 g/cm3, along with the 

Mg variant with a crystallographic density of 0.909 g/cm3.96 Nearly all of these 

materials possess volumetric CH4 uptakes of greater than 200 cm3/cm3, 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/cm3
.97 

This same materialôs volumetric capacity can be increased to 259 cm3/cm3 

under synthetic conditions that form a sol-gel monolith.98 These two materials, 

along with others with volumetric capacities greater than 200 cm3/cm3 that 

have emerged in the last fifteen years such as PCN-1499, 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 I 

have based my dissertation work. The first project I discuss in chapter 2 is the 

electrochemical synthesis of the Fe3+ framework MIL-101. Utilizing an 

oxidative room temperature technique I 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 CH4 storage is discussed. 

Additionally, a potential solution was explored by creating a composite of MOF 

and porous polyhedra. Furthermore, the apparent density, or ñupper limitò of 

density of the MOFs studied were studied using helium pycnometry. 
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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,4,5 solvothermal and hydrothermal methods remain plagued by 

various issues.6 These reactions typically involve high temperatures with 

reaction mixtures at or above a solutionôs boiling point. This can result in 

inherent safety, scalability, and reproducibility issues.7 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 Brønsted and/or Lewis acids 

and bases that are abundant in MOF reactions. N,Nô-dimethylformamide 

(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.9,10 Many metal and ligand reagents 

Chapter 2 
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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,15 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 Mn+ ions can react with ligands at 



 29 

the electrode surface or in solution.24 Although anodic dissolution has been 

primarily used for the synthesis of HKUST-1 and MOF-5, Cu2+ and Zn2+ 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.25,26,27 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 Ti3+ 

MOFs affords material of superior quality when compared to directly-

synthesized frameworks.28 Here, the reduction and subsequent heating of 

TiCl4 in DMF solutions of carboxylate-based ligands affords highly crystalline 

Ti(III)-MIL-100 or Ti(III)-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 first example of this by DincŁ and Li 

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 limit 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 

 

Figure 2.1.  Electrosynthesis of Fe-MIL-101 where Fe3+ cations generated 
at the electrode surface from dissolved Fe2+ 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(III)-MIL-101 and Fe(III)-MIL-101-NH2 via the oxidation of dissolved Fe2+ 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 4Å sieves. TBAPF6 was recrystallized 

from hot ethanol and dried in vacuum overnight prior to use. Indium tin oxide 

(ITO) plates were purchased from nanocs, in 1ò x 3ò sheets with resistances of 

100 ohms. PXRD measurements were performed with a Bruker D8 XRD 

(LynxEye position sensitive detector) operating with a Cu KŬ1 x-ray generator 

(ɚ=1.54¡) with a 40 kV beam voltage and 40 mA current. Low-pressure 

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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monochromatic Al KŬ X-Rays (1486.7 eV) with 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 

10ï8 mBar. The X-Ray spot size was elliptical in shape with a semi-major axis 

of 400.0 µm. 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.35 FeCl3 ǒ 6H2O (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). 



 33 

2.2.3 ITO Preparation 

Indium tin oxide (ITO) plates were cut into 2 x 1 cm2 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 HCl (0.9 mL). 10 mL of the solution was combined with NaNO2 

(200 ɛL) from a stock solution (1 M) and allowed to stir for 5 min then stopped. 

A cleaned 2 x 1 cm2 ITO plate was used as the working electrode with 1 x 1 

cm2 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 FeCl2, 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 ɛL 2,6-lutidine. Controlled 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 

FeCl3 ǒ 6H2O (0.270 g, 1 mmol), terephthalic acid (0.166 g, 1 mmol), 

and 2,6-Lutidene (29 ɛL, 0.250 mmol) were dissolved in DMF (5 mL) and 

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

2.2.8 Solvothermal Synthesis of Fe-MIL-101-NH2 

The following synthesis has been modified from a previously published 

paper.37 FeCl3 ǒ 6H2O (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-NH2 

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 ɛL 2,6-lutidine. Controlled 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 Fe2+/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 Fe3O clusters. They vary in their three-dimensional 

connectivity with MIL-101 displaying a BET (Langmuir) surface area as high as 

3,200 (4,535) m2/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.  (a) Cyclic voltammogram recorded of FeCl3 (1.0 mM) in DMF 
containing 0.1 M TBAPF6 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) NaNO2 
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 Fe2+ salts in the presence of terephthalic acid in various 

solvents and solvent mixtures. The room temperature oxidation of FeCl2 in 

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

Ag/Ag+; E½ = +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 FeCl2 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 C̄ afforded a solid with a BET 

(Langmuir) surface area of 2368 (3333) m2/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) m2/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 Fe2+ 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.39 For this, essentially any 

organic molecule containing an -NH2 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 NaNO2 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). 
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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 1-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-NH2. 

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 m2/g and 1905 m2/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) m2/g as compared to the BET value of 2679 m2/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 Fe2+ 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) m2/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 HCl 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 ITO 
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. I 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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LIGAND-BASED PHASE CONTROL IN POROUS ZIRCONIUM 
COORDINATION CAGES 

3.1 Introduction 

As discussed above, supramolecular cages have been rigorously 

studied for decades.1,2,3,4 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,5,6 biomedical applications,7,8 catalysis,9,10 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 m2/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 m2/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 

Chapter 3 



 51 

units have been extensively investigated in the synthesis of cuboctahedral and 

octahedral porous cages.17,18,19 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.21 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(IV) 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.31,32,33 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,34,35,36,37,38 we 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, Ó99.9%), methyl acrylate (>99%), N,N-

dicyclohexylmethylamine (NCy2Me, 97%) and anhydrous magnesium sulfate 

(MgSO4), were obtained from Sigma-Aldrich. Sodium hydroxide (NaOH, Pearl 

97%) was obtained from Fisher Scientific. Bis(tri-tert-butylphosphine) 

palladium (Pd[P(tBu)3]2, 98%) was obtained from Strem Chemicals. 

Hydrochloric acid (HCl, ACS) was obtained from Macron Fine Chemicals. 

N,Nô-Dimethylformamide (DMF) was obtained from a solvent purification 

system (SPS) and stored in a brown amber bottle on 4 Å 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 N2. 
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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 1H NMR Measurements 

Generally, ~10 mg of cage was dissolved in 750 ɛL of the respective 

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 II PLUS at -196 °C and -78 °C for N2 and CO2, 

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)3]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% HCl). The organic layer was dried with 

MgSO4, 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 HCl, then the pure acid product was collected by vacuum 

filtration. 

3.2.6.2 Synthesis of Me-H2bdc 

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 HCl solution (60 

mL) was added slowly into the schlenk flask whereupon the reaction bubbled 

violently. Once the reaction stopped bubbling, DI H2O (150 mL) was added 

into the schlenk flask to crash out desired product. Solid was then collected via 

vacuum filtration. 1H NMR (400 MHz, DMSO-d6) ŭ 7.85 (m, 3H), 2.55 (s, 3H). 



 55 

3.2.6.3 Synthesis of Me2-H2bdc 

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 HCl solution (60 mL) was added slowly into the Schlenk flask 

whereupon the reaction bubbled violently. Once the reaction stopped 

bubbling, DI H2O (150 mL) was added into the Schlenk flask to precipitate 

desired product. Solid was then collected via vacuum filtration. 1H NMR (400 

MHz, DMSO-d6) ŭ 7.69 (s, 2H), 2.45 (s, 6H). 

3.2.6.4 Synthesis of precursor to H2cvba 

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. 1H NMR (500 MHz, DMSO-

d6) ŭ 7.93 (s, 2H), 7.84 (s, 2H), 7.68 (d, J = 16.0 Hz, 1H), 6.75 (d, J = 16.0 Hz, 

1H), 3.82 (s, 3H), 3.70 (s, 3H). 
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3.2.6.5 Synthesis of H2cvba 

(E)-4-(2-carboxyvinyl) benzoic acid followed the general synthesis 

above resulting in a white powder. 1H NMR (500 MHz, DMSO-d6) ŭ 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). 13C NMR (126 MHz, DMSO-D6) ŭ 167.83, 

167.35, 143.17, 138.88, 132.34, 130.25, 128.82, 122.11. 

3.2.6.6 Synthesis of precursor to H2tda 

Dimethyl 3,3ô-(thiophene-2,5-diyl) (2E,2ôE)-diacrylate followed 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. 1H NMR (500 MHz, DMSO-d6) ŭ 7.75 (d, J = 16.0 Hz, 

2H), 7.53 (s, 2H), 6.30 (d, J = 15.4 Hz, 2H), 3.68 (s, 6H). 

13C NMR (126MHz, DMSO-D6) ŭ 166.66, 141.89, 137.16, 118.34, 52.17. 

3.2.6.7 Synthesis of H2tda 

(2E,2'E)-3,3'-(thiophene-2,5-diyl) diacrylic acid followed the general 

synthesis above resulting in a matte yellow powder. 1H NMR (500 MHz, 

DMSO-d6) ŭ 7.75 (d, J = 16.0 Hz, 2H), 7.53 (s, 2H), 6.30 (d, J = 15.4 Hz, 2H), 

3.68 (s, 6H). 13C NMR (126MHz, DMSO-D6) ŭ 167.52, 141.80, 136.65, 133.15, 

119.78. 

3.2.6.8 Synthesis of precursor to H2pda 

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. 1H NMR (500 MHz, DMSO-
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d6) ŭ 7.73 (s, 4H), 7.63 (d, J = 15.7 Hz, 2H), 6.68 (d, J = 15.2 Hz, 2H), 3.69 (s, 

6H). 13C NMR (126 MHz, DMSO-D6) ŭ 167.11, 144.13, 136.38, 129.38, 

119.43, 52.08. 

3.2.6.9 Synthesis of H2pda 

(2E,2'E)-3,3'-(1,4-phenylene) diacrylic acid followed the general 

synthesis above resulting in an off white powder. 1H NMR (500 MHz, DMSO-

d6) ŭ 7.69 (s, 4H), 7.56 (d, J = 16.0 Hz, 2H), 6.56 (d, J = 16.0 Hz, 2H). 13C 

NMR (126 MHz, DMSO-D6) ŭ 168.04, 143.55, 136.40, 129.22, 120.77. 

3.2.6.10 Synthesis of precursor to F-H2pda 

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. 1H NMR (500 MHz, DMSO-d6) ŭ 

7.85 (s, 1H), 7.72 ï 7.53 (m, 4H), 6.79 ï 6.66 (m, 2H), 3.70 (s, 6H). 13C NMR 

(126 MHz, DMSO-D6) ŭ 166.89, 162.16, 160.16, 142.90, 138.81, 136.05, 

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-H2pda 

(2E,2'E)-3,3'-(2-Fluoro-1,4-phenylene) diacrylic acid followed the 

general synthesis above. Resulting in a white powder. 1H NMR (500 MHz, 

DMSO-d6) ŭ 7.81 (s, 1H), 7.69 ï 7.46 (m, 4H), 6.62 (t, J = 13.9 Hz, 2H). 13C 

NMR (126 MHz, DMSO-D6) ŭ 167.80, 167.73, 162.09, 160.10, 142.32, 

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-H2pda 

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. 1H NMR (500 MHz, 

DMSO-d6) ŭ 7.83 (d, J = 15.6 Hz, 1H), 7.39 (s, 1H), 6.77 (d, J = 15.9 Hz, 1H), 

3.84 (s, 3H), 3.69 (s, 3H). 

3.2.6.13 Synthesis of (OMe)2-H2pda 

(2E,2'E)-3,3'-(2,5-Dimethoxy-1,4-phenylene) diacrylic acid followed the 

general synthesis above. 1H NMR (500 MHz, DMSO-d6) ŭ 12.38 (s, 1H), 7.78 

(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-D6) ŭ 168.33, 152.40, 138.25, 125.73, 121.14, 111.61 

56.80. 

3.2.6.14 Synthesis of 9,10-H2ada 

The following procedure was modified from literature methods.42 

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 HCl 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 H2O and dried overnight. 1H NMR (400 

MHz, DMSO-d6) ŭ 8.5 (d, 2H), 8.22 (d, 4H), 7.64 (d, 4H) 6.32 (d, 2H). 

3.2.6.15 Synthesis of H2tpdc 

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 aqueous 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. 1H NMR (400 MHz, CDCl3) ŭ 8.24 (d, J = 8.4 Hz, 4H), 7.80 (d, J = 

9.0 Hz, 8H). 
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3.2.6.16 Synthesis of NH2-H2tpdc 

The following synthesis has been modified from a previously published 

paper.42 In a 100 mL RBF 1,4-dioxane (42 mL) and DI H2O (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 fluoride (7.26 g, 47 mmol) and [1,1ô-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (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 H2O 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 H2O (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 H2O and dried overnight. 1H NMR (400 MHz, DMSO-d6) ŭ 8.05 (t, 

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

3.2.6.17 Synthesis of Me-H2tpdc 

The following synthesis has been modified from a previously published 

paper.42 In a 100 mL RBF 1,4-dioxane (42 mL) and DI H2O (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 mmol), cesium fluoride (7.3 g, 48 mmol) and [1,1ô-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (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 H2O 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 H2O (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 H2O and dried overnight. 1H NMR (400 MHz, DMSO-d6) ŭ 8.05 

(q, 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-H2tpdc 

The following synthesis has been modified from a previously published 

paper.42 In a 100 mL RBF 1,4-dioxane (42 mL) and DI H2O (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 mmol) and [1,1ô-



 62 

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (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 H2O 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 H2O (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 H2O and dried overnight. 1H NMR (400 MHz, DMSO-d6) ŭ 8.03 

(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.42 In a 100 mL RBF 1,4-dioxane (42 mL) and DI H2O (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 mmol), cesium fluoride (6.4 g, 42 mmol) and [1,1ô-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (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 
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temperature and the solid in the RBF was collected via vacuum filtration. The 

solid was washed with fresh DI H2O 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 H2O (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 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 H2O and dried overnight. 1H NMR (400 MHz, DMSO-d6) ŭ 8.12 

(d, J = 8.1 Hz, 4H), 7.87 ï 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-H2abb 

The following synthesis has been modified from a previously published 

paper.42 In a 100 mL RBF 1,4-dioxane (42 mL) and DI H2O (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 mmol), cesium fluoride (5.4 g, 35.7 mmol) and [1,1ô-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (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 H2O 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 H2O (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 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 H2O and dried overnight. 1H NMR (400 MHz, DMSO-d6) ŭ 8.23 

(d, J = 8.2 Hz, 4H), 7.62 (d, J = 8.3 Hz, 4H), 7.56 ï 7.54 (m, 4H), 7.47 ï 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-d6) ŭ 7.33 (s, 2H). 

3.2.6.22 Synthesis of (OiBu)2-H2tpdc 

The following synthesis has been modified from a previously published 

paper.42 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-Iodo-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 H2O (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-Iodo-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 

H2O (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 H2O (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 mmol), and [1,1ô-bis(diphenylphosphino)ferrocene]dichloropalladium(II) 

(0.118 g, 0.14 mmol) were combined under flowing N2. The 1,4-dioxane/H2O 

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 H2O (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 H2O (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 HCl 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 H2O. (400 MHz, DMSO-d6) ŭ 8.00 (d, J = 8.4 Hz, 

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 [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(fum)3](Cl)2 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and fumaric 

acid (H2fum) (69.6 mg, 0.6 mmol) were dissolved in DMF (20 mL). The stock 

solution (1 mL) and DI water (100 ɛL) 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(bdc)6](Cl)4/[Zr6(ɛ3-O)2(ɛ2-
OH)6(Cp)6(bdc)3](Cl)2 

In a 20 mL vial zirconocene dichloride (672 mg, 2.3 mmol) and 

terephthalic acid (H2bdc) (191.0 mg, 1.15 mmol) were dissolved in DMF (19 

mL). The stock solution (2.375 mL) and DI water (77 ɛL) 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(ɛ3-O)4(ɛ2-OH)12(Cp)12(bdc)6](OTf)4/[Zr6(ɛ3-O)2(ɛ2-
OH)6(Cp)6(bdc)3](OTf)2

 

[Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(bdc)6](Cl)4/[Zr6(ɛ3-O)2(ɛ2-

OH)6(Cp)6(bdc)3](Cl)2 15ωDMF (197 mg, 0.045 mmol) and silver 

trifluoromethanesulfonate (47 mg, 0.18 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 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(NH2-bdc)6](Cl)4 

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 

ɛL) was transferred 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me-bdc)6](Cl)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(Me-bdc)3](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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(1,4-ndc)6](Cl)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(1,4-ndc)3](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 ɛL) 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-bdc)6](Cl)4 

In a 20 mL vial zirconocene dichloride (175 mg, 0.6 mmol) and 2,5-

dimethylbenzene-1,4-dicarboxylic acid (Me2-H2bdc) (96.6 mg, 0.5 mmol) was 

dissolved in DMF (10 mL). The stock solution was combined with DI water 

(500 ɛL) 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. 
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3.2.7.8 Synthesis of [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-bdc)6](OTf)4 

[Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-bdc)6](Cl)4 16ωDMF (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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(cvba)6](Cl)4/[Zr6(ɛ3-O)2(ɛ2-
OH)6(Cp)6(cvba)3](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 ɛL) were 

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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(2,6-ndc)6](Cl)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(2,6-ndc)3](Cl)2 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 2,6-

napthalenedicarboxylic acid (2,6-H2ndc) (129.7 mg, 0.6 mmol) were dissolved 

in DMF (20 mL). The stock solution (1 mL) and DI water (150 ɛL) 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(bpdc)6](Cl)4/[Zr6(ɛ3-O)2(ɛ2-
OH)6(Cp)6(bpdc)3](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 [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(tda)3](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 (H2tda) (134.4 mg, 0.6 mmol) 

were dissolved in DMA (20 mL). The stock solution (1.5 mL) and DI water (50 

ɛL) 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. 

3.2.7.13 Synthesis of [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(pda)6](Cl)4/[Zr6(ɛ3-O)2(ɛ2-
OH)6(Cp)6(pda)3](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 (H2pda) (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 

ɛL) were 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 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(F-pda)6](Cl)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(F-pda)3](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-H2pda) (141.7 mg, 0.6 mmol) were 

dissolved in DMA (20 mL). The stock solution (1 mL) and DI water (60 ɛL) 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12((OMe)2-pda)6](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)2-H2pda) (141.7 mg, 0.6 mmol) 

were dissolved in DMA (20 mL). The stock solution (5 mL) and DI water (300 ɛL) 

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 [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(9,10-ada)3](Cl)2 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 9,10-

anthracene diacrylic acid (9,10-H2ada) (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 [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(tpdc)3](Cl)2 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and p-

terphenyl-4,4ò-dicarboxylic acid (H2tpdc) (186.4 mg, 0.6 mmol) were dissolved 

in dry DMF (20 mL). The stock solution (3 mL) and DI water (450 ɛL) 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 [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(NH2-tpdc)3](Cl)2 

In a 100 mL VWR jar zirconocene dichloride (350 mg, 1.2 mmol) and 2-

amino-p-terphenyl-4,4ò-dicarboxylic acid (NH2-H2tpdc) (200 mg, 0.6 mmol) 

were dissolved in dry DMF (40 mL). The stock mixture (1.5 mL) and DI water 

(100 ɛL) were transferred into a 7 mL vial 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 
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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 [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(Me-tpdc)3](Cl)2 

In a 20 mL vial zirconocene dichloride (175 mg, 0.6 mmol) and 2ô-

methyl-p-terphenyl-4,4ò-dicarboxylic acid (Me-H2tpdc) (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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-tpdc)6](Cl)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(Me2-tpdc)3](Cl)2 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 2ô,5ô-

dimethyl-p-terphenyl-4,4ò-dicarboxylic acid (Me2-H2tpdc) (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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-tpdc)6](OTf)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(Me2-tpdc)3](OTf)2 

[Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-tpdc)6](Cl)4/[Zr6(ɛ3-O)2(ɛ2-

OH)6(Cp)6(Me2-tpdc)3](Cl)2 16ωDMF (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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(1,4-nbb)6](Cl)4/[Zr6(ɛ3-
O)2(ɛ2-OH)6(Cp)6(1,4-nbb)3](Cl)2 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 1,4-

naphthalene bisbenzoic acid (1,4-H2nbb) (221 mg, 0.6 mmol) were dissolved 

in dry DMF (20 mL). The stock solution (1 mL) and DI water (150 ɛL) 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(9,10-abb)6](Cl)4 

In a 20 mL vial zirconocene dichloride (350 mg, 1.2 mmol) and 9,10-

anthracene bisbenzoic acid (9,10-H2abb) (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 ɛL) 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12((OiBu)2-tpdc)6](Cl)4 

In a 20 mL vial zirconocene dichloride (175 mg, 0.6 mmol) and 2ô,5ô-

diisobutoxide-p-terphenyl-4,4ò-dicarboxylic acid ((OiBu)2-H2tpdc) (138 mg, 0.3 

mmol) were dissolved in dry DMF (20 mL). The stock solution (0.5 mL) and DI 

water (100 ɛL) 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 
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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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(fdc)6](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 DI water (50 ɛL) were transferred into a 

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 (H2bdc) in DMF affords 

the tetrahedral structure [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(bdc)6]Cl4 (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.29 Indeed, 

reaction of [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(bdc)6]Cl4 with AgOTf in methanol 

affords a highly soluble sample with concomitant precipitation of AgCl. 

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, [Zr6(ɛ3-O)2(ɛ2-OH)6(Cp)6(bdc)3]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 Å in the tetrahedron to just 

4.2 Å 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 

m2/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.  Isomerization between tetrahedron (T), [Zr12(ɛ3-O)4(ɛ2-
OH)12(Cp)12(bdc)6]4+ and cigar (C), [Zr6(ɛ3-O)2(ɛ2-
OH)6(Cp)6(bdc)3]2+ 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, [Zr12(ɛ3-O)4(ɛ2-

OH)12(Cp)12(bdc)6]Cl4 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 1H 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. 
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Figure 3.2.  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 bdc2- structure (c) 
and one for the Me2bdc2- 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. 
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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.44 Utilization of 1,4-

naphthalenedicarboxylic acid (1,4-H2ndc) (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(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-bdc)6]Cl4, as evidenced by both NMR and 

mass spectrometry (Figure 3.2).29 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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-bdc)6]OTf4 in 

quantitative 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.29  



 87 

Table 3.2.  ESI mass spectrometery for select cages. aIntegration of 
first/only mass spec. raw data signal. bIntegration of second 
mass spec. raw signal. cObserved crystallographically. 

Cage M/Z  M/Z 
 4+ or 2+ 3 + 2+ or 1+ 

1 calc. 707.0 942.4 1610.4 
1 obs.a 706.7 ï 1610.9 

2 calc. 782.1 1042.5 1563.3 
2 obs.a 781.8 ï 1562.7 
2 obs.b 781.5 1042.8 1562.7 

5 calc. 857.2 1142.6 1713.4 
5 obs.a 856.7 ï 1713.5 
5 obs.b 856.7 1141.9 1713.5 

6 calc. 824.2 1098.6 1647.4 
6 obs.a 824.1 1098.1 1646.3 

8 calc. 857.2 1042.6 1713.4 
8 obs.a 857.1 ï 1713.0 
8 obs.b 857.1 1042.4 1713.0 

10 calc. 868.9 1158.3 1736.9 
10 obs.a 869.0 ï 1737.8 

12 calc. 887.3 1182.7 1773.5 
12 obs.a 887.1 ï 1773.4 
12 obs.b 887.1 1183.2 1773.4 

13 calc. 950.3 1266.8 1899.7 
13 obs.a 950.2 1267.7 1900.2 

15 calc. 1010.5 1347.0 2020.0 
15 obs.a 1010.2 ï 2019.8 

18 calc. 1052.5 1402.9 2103.9 
18 obs.a 1052.2 ï 2103.8 
18 obs.b,c ï ï ï 

19 calc. 1085.5 1447.0 2170.0 
19 obs.a 1085.2 - 2170.4 
19 obs.b 1084.9 1446.6 2168.9 

20 calc. 1160.6 1547.1 2320.2 
20 obs.a 1159.9 1547.3 2319.9 

21 calc. 1226.7 1635.3 2452.5 
21 obs.a 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 (H2tda) (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)45,46,47 
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Figure 3.3.  Expanded cages based on 2,6-ndc (Top) and tpdc (bottom). 
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. 

Additional levels of functionalization are required when using longer 

ligands. p-Terphenyl-4,4ò-dicarboxylic acid (H2tpdc) (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 to 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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Figure 3.4.  Qualitative phase diagram relating ligand functionalization and 
ligand length for zirconium-based cages. Generally, larger 
ligand functional groups are required to afford tetrahedral 
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) m2/g, while reported cigar 

structures show significantly lower surface areas of just 200 (213) m2/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 [Zr12(ɛ3-O)4(ɛ2-OH)12(Cp)12(Me2-bdc)6]Cl4 displayed a 
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BET(Langmuir) surface area of 610 (741) m2/g. Phase-pure cigars showed 

negligible uptake of nitrogen and CO2 accessible surface areas below 100 

m2/g. Not surprisingly, mixed phase materials displayed a range of BET 

(Langmuir) surface areas from 62 (84) to 418 (525) m2/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 technique 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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SYNTHESIS AND APPPLICATION OF UIO-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.1,2,3,4,5 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.11 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.12,13,14,15 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(IV) cluster, is well 

Chapter 4 
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known for both its high stability and amenability to post-synthetic modification 

strategies.18,19  

 

Figure 4.1.  Reaction Scheme of UiO-66. The blue box highlights the six-
metal cluster while the red box indicates a terephthalic acid 
ligand. The absence of the former is termed ñcluster defectiveò 
and the latter, ñligand defective.ò 

Although UiO-66 is nominally referred to as Zr6O4(OH)4(bdc)6 (bdc2ï = 

1,4-benzenedicarboxylate), its composition is highly variable based on 

synthetic and activation conditions. The framework has a well-known 

dehydration step of the ïOH group in the metal node upon heating above 250 

°C to afford Zr6O6(bdc)6.20 This transformation has a pronounced effect on 

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

sizes range from 10 to over 1,000 nm.25,26 The inclusion of acid in MOF 

synthesis also plays an important role in material composition and 

reproducibility.27 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 materialôs usefulness in its intended application.32 For example, defect 

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 ZrCl4 and H2bdc 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 Zr6O4(OH)4
12+ 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 
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crystallization.34 This has been the case both for syntheses in which water or 

acid is the modulator.35 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.18,40 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.43,44,45  

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.43,44,46 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 

1-5 ɛm results in deep lung penetration and alveolar deposition, an important 

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.50 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 I demonstrate the use of UiO-66 nanoparticles (NPs) as 

a novel pulmonary drug delivery vehicle. In the first half of the chapter I 

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.53,54 

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, excluding solvents. N,Nô-Dimethylformamide was obtained from a 

solvent purification system (SPS) and stored in a brown amber bottle under 4Å 

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 with a Cu KŬ1 x-ray generator (ɚ=1.54 ¡) with a 40 kV beam voltage 

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 (ɚ = 0.45220 ¡). 1H-NMR spectra were taken on a AV 400 

spectrometer. Low-pressure adsorption measurements were obtained on a 

Micromeritics Tristar II PLUS at -196 °C. B.E.T surface areas were calculated 

as previously reported.55 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 II. 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 ZrCl4 and 

terephthalic acid were dissolved in DMF (15 mL) dispensed from the SPS and 

sonicated until clear. The specified amount of DI H2O 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 
Name 

L:M ratio Mass Ligand (mg) Mass ZrCl4 (mg) 
Volume of H2O 

(ɛL) 

1a  ᴖ 1:1 
64.13 (0.386 

mmol) 
89.95 (0.386 

mmol) 
50 (7.2 equivs.) 

1b ƴ 1:1 
64.13 (0.386 

mmol) 
89.95 (0.386 

mmol) 
100 (14.4 equivs.) 

1c ǒ 1:1 
64.13 (0.386 

mmol) 
89.95 (0.386 

mmol) 
200 (28.7 equivs.) 

1d ƶ 1:1 
64.13 (0.386 

mmol) 
89.95 (0.386 

mmol) 
300 (43.1 equivs.) 

1e Ƹ 1:1 
64.13 (0.386 

mmol) 
89.95 (0.386 

mmol) 
400 (57.5 equivs.) 

1.5a  ᴖ 1.5:1 
96.19 (0.579 

mmol) 
89.95 (0.386 

mmol) 
50 (7.2 equivs.) 

1.5b ƴ 1.5:1 
96.19 (0.579 

mmol) 
89.95 (0.386 

mmol) 
100 (14.4 equivs.) 

1.5c ǒ 1.5:1 
96.19 (0.579 

mmol) 
89.95 (0.386 

mmol) 
200 (28.7 equivs.) 

1.5d ƶ 1.5:1 
96.19 (0.579 

mmol) 
89.95 (0.386 

mmol) 
300 (43.1 equivs.) 

1.5e Ƹ 1.5:1 
96.19 (0.579 

mmol) 
89.95 (0.386 

mmol) 
400 (57.5 equivs.) 

2a  ᴖ 2:1 
125.3 (0.772 

mmol) 
89.95 (0.386 

mmol) 
50 (7.2 equivs.) 

2b ƴ 2:1 
125.3 (0.772 

mmol) 
89.95 (0.386 

mmol) 
100 (14.4 equivs.) 

2c ǒ 2:1 
125.3 (0.772 

mmol) 
89.95 (0.386 

mmol) 
200 (28.7 equivs.) 

2d ƶ 2:1 
125.3 (0.772 

mmol) 
89.95 (0.386 

mmol) 
300 (43.1 equivs.) 

2e Ƹ 2:1 
125.3 (0.772 

mmol) 
89.95 (0.386 

mmol) 
400 (57.5 equivs.) 

 
 

4.2.1.3 Synthesis of Kinetic Samples 

For the sample with condition 1b, in a 250 mL VWR jar ZrCl4 (720.0 mg, 

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

14.2 equivalents relative to ZrCl4). Samples were then heated at 110 C̄. 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 C̄ to keep the samples frozen. Once all of the samples 

had been removed from heat the samples were then transferred to a -30 C̄ 

freezer to thaw, and centrifuged down while at -9 C̄ 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 O2. 

The calculation for defectiveness in the structure is based off the 

chemical equation for the aerobic decomposition of the dehydroxylated version 

of UiO-66 Zr6O6(BDC)6. 

Zr6O6(BDC)6 (s) + 45 O2 (g) Ÿ 6 ZrO2 (s) + 48 CO2 (g) + 12 H2O (g) 

Based off of this reaction whenever there is complete decomposition 6 

equivalents of ZrO2 should be produced for every one equivalent of 

Zr6O6(BDC)6. 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 Zr6O6(BDC)6, we were able to calculate what the theoretical 

mass of Zr6O6(BDC)6 should be for a defect-free material. After sufficient 

heating at 350 °C, the hydroxylated version of UiO-66, Zr6O4(OH)4(BDC)6 

should have fully converted to the dehydroxylated version, Zr6O6(BDC)6.20 

Based off this knowledge the sample mass at 250 °C after the equilibration, 

before switching to O2 should represent the experimental mass of 

Zr6O6(BDC)6. 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 

In an NMR tube 500 ɛL of DMSO-d6 and 500 ɛL of DMF were mixed 

together and 1H NMR measurements were performed. To create a standard of 

where H2O should appear in the spectrum, another sample was created with 

an additional 100 ɛL of H2O. 

NMR digestion was based on a previously reported method using 

CsF.56  35 mg of CsF was dissolved in 640 ɛL of DMSO-d6 and 360 ɛL of 

D2O. 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 1H 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 C̄ at a rate of 10 C̄/min followed by 30 minutes at 170 C̄, 

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 University of Delawareôs Keck Center of 

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 N2. 

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 ZrCl4 with one equivalent of H2bdc 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 ɛL of H2O for a 15 mL 

solution) yielded crystalline UiO-66 (Figure 4.2a, labeled as 1a). 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.

 

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 

1a) 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 combustion; sample 1aôs () defectiveness was determined 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 1H 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 bdc2ï, Clï, or OHï 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. When up to 57.5 equivalents (400 ɛL) 

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 ɛL of water added, respectively) the broad, symmetry-disallowed peak 

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 bdc2- 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, 

Zr6O4(OH)4(BDC)6, 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 ï D.31). At a 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 

m2/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 m2/g).24 Previously reported BET surface areas for 

UiO-66 range from ~600 to 1800 m2/g, with higher defectiveness associated 

with higher surface area.23 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. It 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 cm3/g for 1:1, 1.5:1, and 2:1, respectively, approaching 

the value expected for defect-free material (0.43 cm3/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 factor which can influence the materialôs usefulness 

in its desired application. 



 118 

 

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 H2O, 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 Dg 

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 

Dg, 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 



 120 

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 (Dh) of the UiO-66 nanoparticles 

as measured via DLS. General trends observed with DLS sizing matched 

those for SEM sizing: Dh decreased both with increased L:M ratio and 

increased water equivalents, and maximum Dh occurred at the same water 

content for all three L:M ratios, 14.4 eq. of water. However, the measured Dh 

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 ï D.61). This observation, coupled with the 

similar trends observed for the Dh 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 Dh, which reports the diameter of a hard-sphere 

diffusing at an equivalent rate as the particles being measured.59 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 Dh measurements were linked to the 

degree of defectiveness, and thus porosity, of the particles, leading to the 

discrepancy between the two measurements (Dg and Dh). This was tested by 

plotting measured Dh and Dg for each L:M ratio, which have distinct 

defectiveness (Figure 4.4C, D, E). If a linear correlation between Dh and Dg is 

assumed, the slopes of the correlations (Figures D.62-D.64) between Dh 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 Dh than lower 

defect nanoparticles will. This supports our hypothesis that increased 

defectiveness, and thus porosity, yields increased drag and results in over-

estimation of Dh 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 Dh sizing to predict Dg using only 

defectiveness testing and link the role of increasing porosity on overestimated 

Dh sizing of MOF particles.  
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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 R2 value of 0.763. (d) Hydrodynamic diameter vs. 
geometric diameter for 1.5:1 L:M samples. Linear correlation 
yielded an R2 value of 0.774. (e) Hydrodynamic diameter vs. 
geometric diameter for 2:1 L:M samples. The correlation 
yielded an R2 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 , 1.5c , 2b , and 2d ). 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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Figure 4.5.  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 Dh 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 nanoparticles 
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 Dh 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 ( ) and 1.5c ( ) 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 

Dh. 

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;63,64 however, fluorescence of UiO-66 has not previously 

been reported. Figure 4.6a shows representative fluorescent spectra of UiO-

66 samples 1b ( ), 1c ( ), 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  

 

Figure 4.6.  UiO-66 Fluorescence and Correlations. (a) Fluorescence 
emission spectra for UiO-66 samples 2a ( , Dg = 91.9 nm, 
1.36% defective), 1b ( , Dg = 66.8 nm, 12.11% defective), and 
1c ( , 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 R2 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 R2 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 increases, the maximum 

fluorescence intensity at constant mass concentration also increases. This 

trend is observed by comparing spectra from samples 1d ( , Dg = 66.8 +/- 10.2 

nm, 12.11% defective) and 1c ( , 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 ( , Dg = 90.2 nm, 10.70% defective) and 2a ( , 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 bdc2ï ligands, fluorescence in 

UiO-66 is likely either a result of either ligand-to-metal charge transfer (LMCT) 

or ligand-based fluorescence.67 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 nanoparticle 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 

Dh 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. ZrCl4 (90.0 mg, 0.386 mmol) and 

terephthalic acid (H2bdc, 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 H2O (50 

µL 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 H2bdc 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 (Dh) 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 Dg 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 II 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. At 0 h, 1 h, 2 h, 8 h, 12 h, 24 h, 48 h, and 144 

h time points, 110 µL 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 µL of the samples were removed at 0, 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   

4.3.1.10 Next 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 (CJN) 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 CJN. 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 CJN. 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. 

4.3.1.11 In Vitro cell assays: Viability 

MH-S (ATCCÈ CRL2019Ê) murine alveolar macrophage and A549 

(ATCCÈ CCL185Ê) human adenocarcinoma alveolar basal epithelial cell 

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 Healthcare HyCloneÊ) for MH-S and A549 cells, 

respectively. 4 h and 24 h following treatment, cell viability was assessed 

using CellTiter-Glo® 2.0 Cell Viability Assay (Promega) according to 

manufacturerôs guidelines. Luminescence was recorded using BioTek Cytation 

5 Multimode Imager and cell viability was calculated from luminescence data 

by normalizing to the untreated control. 
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4.3.1.12 In 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-Ŭ (TNF-Ŭ) 

were performed on the supernatant according to manufacturerôs guidelines. 

4.3.1.13 In 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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4.3.1.14 In 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 µL 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 µg NPs/mouse as 

determined via TGA was administered and 0.2 µg lipopolysaccharide 

(LPS)/mouse from Escherichia coli O111: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 

Violet 785Ê (All from BioLegend) and Siglec-F-APC-Cy7 (BD Biosciences). 

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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4.3.1.15 In Vivo Murine Biodistribution Studies 

To assess zirconium biodistribution, 6-8-week-old female C57BL/6J 

mice were dosed with 100 µg 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 µm 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 mean). Tukeyôs multiple comparisons 

test, Dunnettôs multiple comparisons test, Sidakôs multiple comparisons test, or 

Studentôs T-test were used 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 ï 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 potential70) 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.71 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,49 as charge may slow their 

diffusion despite their small size, which is advantageous for mucosal 



 140 

penetration.72 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 UiO-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,73 non-small cell 

lung cancer,53  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 via Sidakôs multiple comparisons, though the 

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.75 The lack of difference in loading as 

a function of defectiveness for both cargo may be because the loading 

mechanism would be that of MïL 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  
 

 

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 
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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 

vitro with salt solutions (PBS or Gambleôs solution) at equivalent pH, while ALF 

has been used to mimic the pH environment found following internalization by 

cells such as alveolar macrophages.77,78,79 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.77,80 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 



 145 

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 
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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) 0 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.18,41,83,86  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 Lázaro, 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.49 We sized UiO-66 NPs of all levels of 

defectiveness from two aerosol devices (a collision jet nebulizer or CJN and a 

Monodose dry powder inhaler or DPI) using a Next Generation Impactor 

(NGI). Aerosols formed from a CJN 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 ï D.83) indicate that the unloaded UiO-66 

NPs tend to have MMADs between 0.4 to 0.5 µm 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 µm.49 This size range is more advantageous for deep lung penetration 

relative to other works utilizing aerosolized MOFs, which have reported 

MMADs of 0.42-0.59 µm, 0.9 µm, and even as large as 4.46 µm.43,44,45  Unlike 

the MMADs found in these other studies, the 1-1.5 µm 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 Deq, which is the geometric diameter of a 

spherical particle with an equivalent diameter, through the relationship of the 



 152 

particle density (”p)  and the shape factor (…), which encompasses all aspects 

of non-spherical particle drag (Figure 4.11). 

 

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/cm3 (”0). 

Although particle 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 CJN 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 µm, 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 particles sized under 5 ɛm, ranged from 0.75-0.81 for dry powder 

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.49 A table with full aerosol characterization of the NPs for both CJN 

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 
determined via Tukeyôs multiple comparisons as part of 
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 Tukeyôs multiple comparisons as part of a two-
way ANOVA. 

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 µg/mL 

and 50 µg/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 µg/mL 

(solid bars) or 50 µg/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 determined via Dunnettôs multiple comparisons test as part 

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.95  
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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 
µg/mL of UiO-66 NPs, while patterned bars represent treatment 
with 50 µg/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 Dunnettôs multiple comparisons test 
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, 

quenching 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,52 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 µg/mL of UiO-66 NPs and a range of 27% to 42% MH-S 

cell uptake at the higher concentration of 50 µg/mL, which varied with UiO-66 

NP defectiveness. The uptake results reflect similar uptake patterns to other 

MOFs in alveolar macrophages,96 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 Tukeyôs 

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 µg/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 µg/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 Tukeyôs multiple comparisons test 
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)-Ŭ or interleukin (IL)-6 pro-inflammatory 

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 

µg/mL and 50 µg/mL NP concentrations. Furthermore, TNF-Ŭ and IL-6 

inflammatory cytokine secretion was not statistically different in any UiO-66 

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

Dunnettôs multiple comparisons test (p-value>0.05), indicating low 

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 according to a two-way ANOVA with Dunnettôs 

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 

 

Figure 4.15.  Inflammatory Cytokine Production in MH-S cells. 24 h secretion 
of A) TNF-Ŭ and B) IL-6. Solid bars in the 1%, 8%, 12%, and 
15% conditions represent treatment with 1 µg/mL of UiO-66 
NPs, while patterned bars represent treatment with 50 µg/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 Dunnettôs multiple comparisons test as part of a two-way 
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 µg 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 Tukeyôs multiple comparisons test as part of a one-

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 In 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 II 

(MHCII). CD86 expression was not statistically significantly elevated in 

alveolar macrophages of mice treated with UiO-66 NPs of 1% and 15% 

defectiveness levels via Tukeyôs multiple comparisons test as part of a one-

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 a p-value<0.01 as determined by Tukeyôs multiple 

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 Tukeyôs multiple comparisons test as part of a 
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-Ŭ inflammatory cytokines in 

the BALF. No statistically significant increase in IL-6 or TNF-Ŭ levels in BALFs 

was observed in mice dosed with either 1% and 15% defectiveness UiO-66 

NPs as compared to mice dosed with PBS via Dunnettôs multiple comparisons 

test as part of a one-way ANOVA (Figure 4.17A, B). On the other hand, levels 

of IL-6 and TNF-Ŭ in the two groups of UiO-66 NP-treated mice were 

statistically lower when compared to the LPS-treated group (p-value<0.01) as 

determined by another Dunnettôs multiple comparisons test. These results and 

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-Ŭ caused by UiO-66 NPs are 

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 NPsô high porosity and controlled defectiveness, which allow for controlled 

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-Ŭ and 
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 
compared to the PBS conditions as determined by Dunnettôs 
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 

CD45+ 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.104 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.109 The results 

of this study, however, indicate that the levels of Zr found in the blood and in 

the heart are not elevated relative to the PBS control as determined by Sidakôs 

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,57 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.71 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. 

 

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 < 
0.001 via Sidakôs multiple comparisons test. 
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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. 



 173 

 
 

1) Sumida, K.; Rogow, D. L.; Mason, J. A.; McDonald, T. M.; Bloch, E. D.; 
Herm, Z. R.; Bae, T.-H.; Long, J. R. Carbon Dioxide Capture in Metalï
Organic Frameworks. Chem. Rev. 2012, 112, 724ï781. 

2) Getman, R. B.; Bae, Y.-S.; Wilmer, C. E.; Snurr, R. Q. Review and Analysis 
of Molecular Simulations of Methane, Hydrogen, and Acetylene Storage 
in MetalïOrganic Frameworks. Chem. Rev. 2012, 112, 703ï723. 

3) Herm, Z. R.; Bloch, E. D.; Long, J. R. Hydrocarbon Separations in Metalï
Organic Frameworks. Chem. Mater. 2014, 26, 323ï338. 

4) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Selective Gas Adsorption and 
Separation in MetalïOrganic Frameworks. Chem. Soc. Rev. 2009, 38, 
1477ï1504. 

5) Furukawa, H.; Cordova, K. E.; OôKeeffe, M.; Yaghi, O. M. The Chemistry 
and Applications of Metal-Organic Frameworks. Science 2013, 341, 
974. 

6) Wang, H.; Dong, X.; Lin, J.; Teat, S. J.; Jensen, S.; Cure, J.; Alexandrov, E. 
V; Xia, Q.; Tan, K.; Wang, Q.; et al. Topologically Guided Tuning of Zr-
MOF Pore Structures for Highly Selective Separation of C6 Alkane 
Isomers. Nat. Commun. 2018, 9, 1745. 

7) Liu, J.; Chen, L.; Cui, H.; Zhang, J.; Zhang, L.; Su, C.-Y. Applications of 
MetalïOrganic Frameworks in Heterogeneous Supramolecular 
Catalysis. Chem. Soc. Rev. 2014, 43, 6011ï6061. 

8) Zheng, Y.; Zheng, S.; Xue, H.; Pang, H. MetalïOrganic Frameworks for 
LithiumïSulfur Batteries. J. Mater. Chem. A 2019, 7, 3469ï3491 

 

REFERENCES 



 174 

 

9) Kreno, L. E.; Leong, K.; Farha, O. K.; Allendorf, M.; Van Duyne, R. P.; 
Hupp, J. T. MetalïOrganic Framework Materials as Chemical Sensors. 
Chem. Rev. 2012, 112, 1105ï1125. 

10) Huxford, R. C.; Della Rocca, J.; Lin, W. MetalïOrganic Frameworks as 
Potential Drug Carriers. Curr. Opin. Chem. Biol. 2010, 14, 262ï268. 

11) Crawford, D.; Casaban, J.; Haydon, R.; Giri, N.; McNally, T.; James, S. L. 
Synthesis by Extrusion: Continuous, Large-Scale Preparation of MOFs 
Using Little or No Solvent. Chem. Sci. 2015, 6, 1645ï1649. 

12) Howarth, A. J.; Liu, Y.; Li, P.; Li, Z.; Wang, T. C.; Hupp, J. T.; Farha, O. K. 
Chemical, Thermal and Mechanical Stabilities of MetalïOrganic 
Frameworks. Nat. Rev. Mater. 2016, 1, 15018. 

13) Tan, K.; Nijem, N.; Canepa, P.; Gong, Q.; Li, J.; Thonhauser, T.; Chabal, 
Y. J. Stability and Hydrolyzation of Metal-Organic Frameworks with 
Paddle-Wheel SBUs upon Hydration. Chem. Mater. 2012, 24, 3153ï
3167. 

14) Moosavi, S. M.; Boyd, P. G.; Sarkisov, L.; Smit, B. Improving the 
Mechanical Stability of MetalïOrganic Frameworks Using Chemical 
Caryatids. ACS Cent. Sci. 2018, 4, 832ï839. 

15) Burtch, N. C.; Jasuja, H.; Walton, K. S. Water Stability and Adsorption in 
MetalïOrganic Frameworks. Chem. Rev. 2014, 114, 10575ï10612. 

16) Yuan, S.; Qin, J.-S.; Lollar, C. T.; Zhou, H.-C. Stable MetalïOrganic 
Frameworks with Group 4 Metals: Current Status and Trends. ACS 
Cent. Sci. 2018, 4, 440ï450. 

17) Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, 
S.; Lillerud, K. P. A New Zirconium Inorganic Building Brick Forming 
Metal-Organic Frameworks with Exceptional Stability. J. Am. Chem. 
Soc. 2008, 130, 13850ï13851. 

18) DeCoste, J. B.; Peterson, G. W.; Jasuja, H.; Glover, T. G.; Huang, Y.; 
Walton, K. S. Stability and Degradation Mechanisms of MetalïOrganic 
Frameworks Containing the Zr6O4(OH)4 Secondary Building Unit. J. 
Mater. Chem. A 2013, 1, 5642ï5650. 

 



 175 

 

19) Kandiah, M.; Usseglio, S.; Svelle, S.; Olsbye, U.; Lillerud, K. P.; Tilset, M. 
Post-Synthetic Modification of the MetalïOrganic Framework 
Compound UiO-66. J. Mater. Chem. 2010, 20, 9848ï9851. 

20) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M. H.; 
Jakobsen, S.; Lillerud, K. P.; Lamberti, C. Disclosing the Complex 
Structure of UiO-66 Metal-Organic Framework: A Synergic Combination 
of Experiment and Theory. Chem. Mater. 2011, 23, 1700ï1718. 

21) DeStefano, M. R.; Islamoglu, T.; Garibay, S. J.; Hupp, J. T.; Farha, O. K. 
Room-Temperature Synthesis of UiO-66 and Thermal Modulation of 
Densities of Defect Sites. Chem. Mater. 2017, 29, 1357ï1361. 

22) Hajek, J.; Caratelli, C.; Demuynck, R.; De Wispelaere, K.; Vanduyfhuys, 
L.; Waroquier, M.; Van Speybroeck, V. On the Intrinsic Dynamic Nature 
of the Rigid UiO-66 MetalïOrganic Framework. Chem. Sci. 2018, 9, 
2723ï2732. 

23) Schaate, A.; Roy, P.; Godt, A.; Lippke, J.; Waltz, F.; Wiebcke, M.; 
Behrens, P. Modulated Synthesis of Zr-Based Metal-Organic 
Frameworks: From Nano to Single Crystals. Chem. Eur. J. 2011, 17, 
6643ï6651. 

24) Wu, H.; Shen Chua, Y.; Krungleviciute, V.; Tyagi, M.; Chen, P.; Yildirim, 
T.; Zhou, W. Unusual and Highly Tunable Missing-Linker Defects in 
Zirconium MetalīOrganic Framework UiO-66 and Their Important 
Effects on Gas Adsorption. J. Am. Chem. Soc. 2013, 135, 10525-
10532. 

25) Chen, Q.; He, Q.; Lv, M.; Xu, Y.; Yang, H.; Liu, X.; Wei, F. Selective 
Adsorption of Cationic Dyes by UiO-66-NH2. Appl. Surf. Sci. 2015, 327, 
77ï85. 

26) Morris, W.; Wang, S.; Cho, D.; Auyeung, E.; Li, P.; Farha, O. K.; Mirkin, C. 
A. Role of Modulators in Controlling the Colloidal Stability and 
Polydispersity of the UiO-66 Metal-Organic Framework. ACS Appl. 
Mater. Interfaces 2017, 9, 33413ï33418. 

 



 176 

 

27) Wang, K.; Li, C.; Liang, Y.; Han, T.; Huang, H.; Yang, Q.; Liu, D.; Zhong, 
C. Rational Construction of Defects in a MetalïOrganic Framework for 
Highly Efficient Adsorption and Separation of Dyes. Chem. Eng. J. 
2016, 289, 486ï493. 

28) Gutov, O. V; Hevia, M. G.; Escudero-Adán, E. C.; Shafir, A. MetalïOrganic 
Framework (MOF) Defects under Control: Insights into the Missing 
Linker Sites and Their Implication in the Reactivity of Zirconium-Based 
Frameworks. Inorg. Chem. 2015, 54, 8396ï8400. 

29) Shearer, G. C.; Chavan, S.; Ethiraj, J.; Vitillo, J. G.; Svelle, S.; Olsbye, U.; 
Lamberti, C.; Bordiga, S.; Lillerud, K. P. Tuned to Perfection: Ironing out 
the Defects in Metal-Organic Framework UiO-66. Chem. Mater. 2014, 
26, 4068ï4071. 

30) Jiao, Y.; Liu, Y.; Zhu, G.; Hungerford, J. T.; Bhattacharyya, S.; Lively, R. 
P.; Sholl, D. S.; Walton, K. S. Heat-Treatment of Defective UiO-66 from 
Modulated Synthesis: Adsorption and Stability Studies. J. Phys. Chem. 
C 2017, 121, 23471ï23479. 

31) Peterson, G. W.; Destefano, M. R.; Garibay, S. J.; Ploskonka, A.; 
McEntee, M.; Hall, M.; Karwacki, C. J.; Hupp, J. T.; Farha, O. K. 
Optimizing Toxic Chemical Removal through Defect-Induced UiO-66-
NH2 MetalïOrganic Framework. Chem. Eur. J. 2017, 23, 15913ï
15916. 

32) Rejman, J.; Oberle, V.; Zuhorn, I. S.; Hoekstra, D. Size-Dependent 
Internalization of Particles via the Pathways of Clathrin- and Caveolae-
Mediated Endocytosis. Biochem. J. 2004, 377, 159ï169. 

33) Butova, V. V; Budnyk, A. P.; Charykov, K. M.; Vetlitsyna-Novikova, K. S.; 
Lamberti, C.; Soldatov, A. V. Water as a Structure-Driving Agent 
between the UiO-66 and MIL-140A MetalïOrganic Frameworks. Chem. 
Commun. 2019, 55, 901ï904. 

34) Ragon, F.; Horcajada, P.; Chevreau, H.; Hwang, Y. K.; Lee, U.; Miller, S. 

R.; Devic, T.; Chang, J.; Serre, C. In Situ Energy-Dispersive XȤRay 
Diffraction for the Synthesis Optimization and Scale-up of the Porous 
Zirconium Terephthalate UiO-66. Inorg. Chem. 2014, 53, 2491-2500. 

 



 177 

 

35) Atzori, C.; Shearer, G. C.; Maschio, L.; Civalleri, B.; Bonino, F.; Lamberti, 
C.; Svelle, S.; Lillerud, K. P.; Bordiga, S. Effect of Benzoic Acid as a 
Modulator in the Structure of UiO-66: An Experimental and 
Computational Study. J. Phys. Chem. C 2017, 121, 9312ï9324. 

36) Sajid, M. Toxicity of Nanoscale Metal Organic Frameworks: A Perspective. 
Environ. Sci. Pollut. Res. 2016, 23, 14805ï14807. 

37) Imaz, I.; Rubio-Martínez, M.; García-Fernández, L.; García, F.; Ruiz-
Molina, D.; Hernando, J.; Puntes, V.; Maspoch, D. Coordination 
Polymer Particles as Potential Drug Delivery Systems. Chem. 
Commun. 2010, 46, 4737ï4739. 

38) Wuttke, S.; Zimpel, A.; Bein, T.; Braig, S.; Stoiber, K.; Vollmar, A.; Müller, 
D.; Haastert-Talini, K.; Schaeske, J.; Stiesch, M.; Validating Metal-
Organic Framework Nanoparticles for Their Nanosafety in Diverse 
Biomedical Applications. Adv. Healthc. Mater. 2017, 6, 1ï11. 

39) Wagner, A.; Liu, Q.; Rose, O. L.; Eden, A.; Vijay, A.; Rojanasakul, Y.; 
Dinu, C. Z. Toxicity Screening of Two Prevalent Metal Organic 
Frameworks for Therapeutic Use in Human Lung Epithelial Cells. Int. J. 
Nanomedicine 2019, 14, 7583ï7591. 

40) Orellana-Tavra, C.; Baxter, E. F.; Tian, T.; Bennett, T. D.; Slater, N. K. H.; 
Cheetham, A. K.; Fairen-Jimenez, D. Amorphous Metal-Organic 
Frameworks for Drug Delivery. Chem. Commun. 2015, 51, 13878-
13881. 

41) Cunha, D.; Ben Yahia, M.; Hall, S.; Miller, S. R.; Chevreau, H.; Elkaïm, E.; 
Maurin, G.; Horcajada, P.; Serre, C. Rationale of  Drug Encapsulation 
and Release from Biocompatible Porous MetalïOrganic Frameworks. 
Chem. Mater. 2013, 25, 2767ï2776.   

42) Javanbakht, S.; Shadi, M.; Mohammadian, R.; Shaabani, A.; Amini, M. M.; 
Pooresmaeil, M.; Salehi, R. Facile Preparation of PH-Responsive k-
Carrageenan/Tramadol Loaded UiO-66 Bio-Nanocomposite Hydrogel 
Beads as a Nontoxic Oral Delivery Vehicle. J. Drug Deliv. Sci. Technol. 
2019, 54, 101311. 

 



 178 

 

43) Wyszogrodzka-Gaweğ, G.; DoroŨyŒski, P.; Giovagnoli, S.; Strzempek, W.; 
Pesta, E.; Wňglarz, W. P.; Gil, B.; Menaszek, E.; Kulinowski, P. An 
Inhalable Theranostic System for Local Tuberculosis Treatment 
Containing an Isoniazid Loaded Metal Organic Framework Fe-MIL-101-
NH2ðFrom Raw MOF to Drug Delivery System. Pharmaceutics 2019, 
11, 687. 

44) Hu, X.; Wang, C.; Wang, L.; Liu, Z.; Wu, L.; Zhang, G.; Yu, L.; Ren, X.; 
York, P.; Sun, L.; Nanoporous CD-MOF Particles with Uniform and 
Inhalable Size for Pulmonary Delivery of Budesonide. Int. J. Pharm. 
2019, 564, 153ï161. 

45) Fernández-Paz, C.; Rojas, S.; Salcedo-Abraira, P.; Simón-Yarza, T.; 
Remuñán-López, C.; Horcajada, P. MetalïOrganic Framework 
Microsphere Formulation for Pulmonary Administration. ACS Appl. 
Mater. Interfaces 2020, 12, 25676ï25682. 

46) Labiris, N. R.; Dolovich, M. B. Pulmonary Drug Delivery. Part I: 
Physiological Factors Affecting Therapeutic Effectiveness of 
Aerosolized Medications. Br. J. Clin. Pharmacol. 2003, 56, 588ï599. 

47) Roth, G. A.; Abate, D.; Abate, K. H.; Abay, S. M.; Abbafati, C.; Abbasi, N.; 
Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.; Global, 
Regional, and National Age-Sex-Specific Mortality for 282 Causes of 
Death in 195 Countries and Territories, 1980ï2017: A Systematic 
Analysis for the Global Burden of Disease Study 2017. Lancet 2018, 
392, 1736ï1788. 

48) Vabret, N.; Britton, G. J.; Gruber, C.; Hegde, S.; Kim, J.; Kuksin, M.; 
Levantovsky, R.; Malle, L.; Moreira, A.; Park, M. D.; Immunology of 
COVID-19: Current State of the Science. Immunity 2020, 52, 910-941. 

49) Patton, J. S.; Byron, P. R. Inhaling Medicines: Delivering Drugs to the 
Body through the Lungs. Nat. Rev. Drug Discov. 2007, 6, 67ï74. 

50) Musante, C. J.; Schroeter, J. D.; Rosati, J. A.; Crowder, T. M.; Hickey, A. 
J.; Martonen, T. B. Factors Affecting the Deposition of Inhaled Porous 
Drug Particles. J. Pharm. Sci. 2002, 91, 1590ï1600. 

 



 179 

 

51) Edwards, D. A.; Hanes, J.; Caponetti, G.; Hrkach, J.; Ben-Jebria, A.; 
Eskew, M. Lou; Mintzes, J.; Deaver, D.; Lotan, N.; Langer, R. Large 
Porous Particles for Pulmonary Drug Delivery. Science 1997, 276, 
1868ï1872. 

52) Decker, G.; Stillman, Z.; Attia, L.; Fromen, C. A.; Bloch, E. D. Controlling 
Size, Defectiveness, and Fluorescence in Nanoparticle UiO-66 Through 
Water and Ligand Modulation. Chem. Mater. 2019, 31, 4831ï4839. 

53) Wang, L.-J.; Li, J.; Hao, F.-R.; Yuan, Y.; Li, J.-Y.; Lu, W.; Zhou, T.-Y. 
Dexamethasone Suppresses the Growth of Human Non-Small Cell 
Lung Cancer via Inducing Estrogen Sulfotransferase and Inactivating 
Estrogen. Acta Pharmacol. Sin. 2016, 37, 845ï856. 

54) Farne, H.; Kumar, K.; Ritchie, A. I.; Finney, L. J.; Johnston, S. L.; 
Singanayagam, A. Repurposing Existing Drugs for the Treatment of 
COVID-19. Ann. Am. Thorac. Soc. 2020, 17, 1186-1194. 

55) Walton, K. S.; Snurr, R. Q. Applicability of the BET Method for Determining 
Surface Areas of Microporous MetalīOrganic Frameworks. J. Am. 
Chem. Soc. 2007, 129, 8552-8556. 

56) Hintz, H.; Wuttke, S. Solvent-Free and Time Efficient Postsynthetic 
Modification of Amino-Tagged Metal-Organic Frameworks with 
Carboxylic Acid Derivatives. Chem. Mater. 2014, 26, 6722-6728 

57) Arcuri, C.; Monarca, L.; Ragonese, F.; Mecca, C.; Bruscoli, S.; Giovagnoli, 
S.; Donato, R.; Bereshchenko, O.; Fioretti, B.; Costantino, F. Probing 
Internalization Effects and Biocompatibility of Ultrasmall Zirconium 
Metal-Organic Frameworks UiO-66 NP in U251 Glioblastoma Cancer 
Cells. Nanomaterials 2018, 8, 867.  

58) Taddei, M.; Dümbgen, K. C.; Van Bokhoven, J. A.; Ranocchiari, M. Aging 
of the Reaction Mixture as a Tool to Modulate the Crystallite Size of 
UiO-66 into the Low Nanometer Range. Chem. Commun. 2016, 52, 
6411ï6414. 

59) Carvalho, P. M.; Felício, M. R.; Santos, N. C.; Gonçalves, S.; Domingues, 
M. M. Application of Light Scattering Techniques to Nanoparticle 
Characterization and Development. Front. Chem. 2018, 6, 237. 

 



 180 

 

60) Hirschle, P.; Preiß, T.; Auras, F.; Pick, A.; Völkner, J.; Valdepérez, D.; 
Witte, G.; Parak, W. J.; Rädler, J. O.; Wuttke, S. Exploration of MOF 
Nanoparticle Sizes Using Various Physical Characterization Methods-Is 
What You Measure What You Get? CrystEngComm 2016, 18, 4359ï
4368.  

61) Desai, A. V.; Samanta, P.; Manna, B.; Ghosh, S. K. Aqueous Phase Nitric 
Oxide Detection by an Amine-Decorated Metal-Organic Framework. 
Chem. Commun. 2015, 51, 6111ï6114.  

62) Gao, X.; Cui, R.; Ji, G.; Liu, Z. Size and Surface Controllable Metal-
Organic Frameworks (MOFs) for Fluorescence Imaging and Cancer 
Therapy. Nanoscale 2018, 10, 6205ï6211. 

63) Li, Z. Q.; Qiu, L. G.; Wang, W.; Xu, T.; Wu, Y.; Jiang, X. Fabrication of 
Nanosheets of a Fluorescent Metal-Organic Framework 
[Zn(BDC)(H2O)]n (BDC = 1,4-Benzenedicarboxylate): Ultrasonic 
Synthesis and Sensing of Ethylamine. Inorg. Chem. Commun. 2008, 
11, 1375ï1377. 

64) Dai, J. C.; Wu, X. T.; Fu, Z. Y.; Hu, S. M.; Du, W. X.; Cui, C. P.; Wu, L. M.; 
Zhang, H. H.; Sun, R. Q. A Novel Ribbon-Candy-like Supramolecular 
Architecture of Cadmium(II)-Terephthalate Polymer with Giant Rhombic 
Channels: Twofold Interpenetration of the 3D 8210-a Net. Chem. 
Commun. 2002, 2, 12ï13. 

65) Fang, Q.; Zhu, G.; Shi, X.; Wu, G.; Tian, G.; Wang, R.; Qiu, S. Synthesis, 
Structure and Fluorescence of a Novel Three-Dimensional Inorganic-
Organic Hybrid Polymer Constructed from Trimetallic Clusters and 
Mixed Carboxylate Ligands. J. Solid State Chem. 2004, 177, 1060ï
1066. 

66) Chen, W.; Wang, J. Y.; Chen, C.; Yue, Q.; Yuan, H. M.; Chen, J. S.; 
Wang, S. N. Photoluminescent Metal-Organic Polymer Constructed 
from Trimetallic Clusters and Mixed Carboxylates. Inorg. Chem. 2003, 
42, 944ï946. 

67) Allendorf, M. D.; Bauer, C. A.; Bhakta, R. K.; Houk, R. J. T. Luminescent 
Metal-Organic Frameworks. Chem. Soc. Rev. 2009, 38, 1330ï1352.  

 



 181 

 

68)  Stillman, Z.; Jarai, B. M.; Raman, N.; Patel, P.; Fromen, C. A. Degradation 
Profiles of Poly(Ethylene Glycol)Diacrylate (PEGDA)-Based Hydrogel 
Nanoparticles. Polym. Chem. 2020, 11, 568ï580. 

69) Allen, I. C. The Utilization of Oropharyngeal Intratracheal PAMP 
Administration and Bronchoalveolar Lavage to Evaluate the Host 
Immune Response in Mice. J. Vis. Exp. 2014, 86, 51391. 

70) Azhar, M. R.; Abid, H. R.; Periasamy, V.; Sun, H.; Tade, M. O.; Wang, S. 
Adsorptive Removal of Antibiotic Sulfonamide by UiO-66 and ZIF-67 for 
Wastewater Treatment. J. Colloid Interface Sci. 2017, 500, 88ï95. 

71) He, C.; Hu, Y.; Yin, L.; Tang, C.; Yin, C. Effects of Particle Size and 
Surface Charge on Cellular Uptake and Biodistribution of Polymeric 
Nanoparticles. Biomaterials 2010, 31, 3657ï3666. 

72) Schuster, B. S.; Suk, J. S.; Woodworth, G. F.; Hanes, J. Nanoparticle 
Diffusion in Respiratory Mucus from Humans without Lung Disease. 
Biomaterials 2013, 34, 3439ï3446. 

73) Bleecker, E. R.; Menzies-Gow, A. N.; Price, D. B.; Bourdin, A.; Sweet, S.; 
Martin, A. L.; Alacqua, M.; Tran, T. N. Systematic Literature Review of 
Systemic Corticosteroid Use for Asthma Management. Am. J. Respir. 
Crit. Care Med. 2019, 201, 276ï293. 

74) Sun, W.; Li, H.; Li, H.; Li, S.; Cao, X. Adsorption Mechanisms of Ibuprofen 
and Naproxen to UiO-66 and UiO-66-NH2: Batch Experiment and DFT 
Calculation. Chem. Eng. J. 2019, 360, 645ï653. 

75) Wu, M.-X.; Yang, Y.-W. MetalïOrganic Framework (MOF)-Based 
Drug/Cargo Delivery and Cancer Therapy. Adv. Mater. 2017, 29, 
1606134. 

76) Wei, J.; Zhang, W.; Pan, W.; Li, C.; Sun, W. Experimental and Theoretical 
Investigations on Se(Iv) and Se(vi) Adsorption to UiO-66-Based Metalï
Organic Frameworks. Environ. Sci. Nano 2018, 5, 1441ï1453. 

77) Pelfrêne, A.; Cave, M. R.; Wragg, J.; Douay, F. In Vitro Investigations of 
Human Bioaccessibility from Reference Materials Using Simulated 
Lung Fluids. Int. J. Environ. Res. Public Health 2017, 14, 112. 

 



 182 

 

78) Shinohara, N.; Zhang, G.; Oshima, Y.; Kobayashi, T.; Imatanaka, N.; 
Nakai, M.; Sasaki, T.; Kawaguchi, K.; Gamo, M. Kinetics and 
Dissolution of Intratracheally Administered Nickel Oxide Nanomaterials 
in Rats. Part. Fibre Toxicol. 2017, 14, 48. 

79) Calas, A.; Uzu, G.; Martins, J. M. F.; Voisin, D.; Spadini, L.; Lacroix, T.; 
Jaffrezo, J.-L. The Importance of Simulated Lung Fluid (SLF) 
Extractions for a More Relevant Evaluation of the Oxidative Potential of 
Particulate Matter. Sci. Rep. 2017, 7, 11617. 

80) Kato, Y.; Ozawa, S.; Miyamoto, C.; Maehata, Y.; Suzuki, A.; Maeda, T.; 
Baba, Y. Acidic Extracellular Microenvironment and Cancer. Cancer 
Cell Int. 2013, 13, 89. 

81) Bhardwaj, A.; Grobler, A.; Rath, G.; Goyal, A. K.; Mehta, A. K. J. and A. 
Pulmonary Delivery of Anti-Tubercular Drugs Using Ligand Anchored 
PH Sensitive Liposomes for the Treatment of Pulmonary Tuberculosis. 
Current Drug Delivery. 2016, 13, 909ï922. 

82) Xu, C.; Tian, H.; Sun, H.; Jiao, Z.; Zhang, Y.; Chen, X. A PH Sensitive Co-
Delivery System of SiRNA and Doxorubicin for Pulmonary 
Administration to B16F10 Metastatic Lung Cancer. RSC Adv. 2015, 5, 
103380ï103385. 

83) Abánades Lázaro, I.; Haddad, S.; Sacca, S.; Orellana-Tavra, C.; Fairen-
Jimenez, D.; Forgan, R. S. Selective Surface PEGylation of UiO-66 
Nanoparticles for Enhanced Stability, Cell Uptake, and PH-Responsive 
Drug Delivery. Chem 2017, 2, 561ï578.  

84) Dong, H.; Yang, G.-X.; Zhang, X.; Meng, X.-B.; Sheng, J.-L.; Sun, X.-J.; 
Feng, Y.-J.; Zhang, F.-M. Folic Acid Functionalized Zirconium-Based 
MetalïOrganic Frameworks as Drug Carriers for Active Tumor-
Targeted Drug Delivery. Chem. ï A Eur. J. 2018, 24, 17148ï17154. 

85) Nagata, S.; Kokado, K.; Sada, K. MetalïOrganic Framework Tethering 
PNIPAM for ONïOFF Controlled Release in Solution. Chem. Commun. 
2015, 51, 8614ï8617. 

 



 183 

 

86) Sun, C.-Y.; Qin, C.; Wang, X.-L.; Yang, G.-S.; Shao, K.-Z.; Lan, Y.-Q.; Su, 
Z.-M.; Huang, P.; Wang, C.-G.; Wang, E.-B. Zeolitic Imidazolate 
Framework-8 as Efficient PH-Sensitive Drug Delivery Vehicle. Dalt. 
Trans. 2012, 41, 6906ï6909. 

87) Abánades Lázaro, I.; Forgan, R. S. Application of Zirconium MOFs in Drug 
Delivery and Biomedicine. Coord. Chem. Rev. 2019, 380, 230ï259.  

88) Fromen, C. A.; Shen, T. W.; Larus, A. E.; Mack, P.; Maynor, B. W.; Luft, J. 
C.; DeSimone, J. M. Synthesis and Characterization of Monodisperse 
Uniformly Shaped Respirable Aerosols. AIChE J. 2013, 59, 3184ï3194. 

89) Stone, R. C.; Johnson, D. L. A Note on the Effect of Nebulization Time and 
Pressure on the Culturability of Bacillus Subtilis and Pseudomonas 
Fluorescens. Aerosol Sci. Technol. 2002, 36, 536ï539. 

90) Lavorini, F.; Pistolesi, M.; Usmani, O. S. Recent Advances in Capsule-
Based Dry Powder Inhaler Technology. Multidiscip. Respir. Med. 2017, 
12, 11. 

91) Garcia, A.; Mack, P.; Williams, S.; Fromen, C.; Shen, T.; Tully, J.; Pillai, J.; 
Kuehl, P.; Napier, M.; DeSimone, J. M.; Microfabricated Engineered 
Particle Systems for Respiratory Drug Delivery and Other 
Pharmaceutical Applications. J. Drug Deliv. 2012, 2012, 941243. 

92) Gandara-Loe, J.; Ortuno-Lizarán, I.; Fernández-Sanchez, L.; Alió, J. L.; 
Cuenca, N.; Vega-Estrada, A.; Silvestre-Albero, J. Metal-Organic 
Frameworks as Drug Delivery Platforms for Ocular Therapeutics. ACS 
Appl. Mater. Interfaces 2019, 11, 1924-1931 . 

93) Su, F.; Jia, Q.; Li, Z.; Wang, M.; He, L.; Peng, D.; Song, Y.; Zhang, Z.; 
Fang, S. Aptamer-Templated Silver Nanoclusters Embedded in 
Zirconium MetalïOrganic Framework for Targeted Antitumor Drug 
Delivery. Microporous Mesoporous Mater. 2019, 275, 152-162. 

94) Mohamed, N. A.; Davies, R. P.; Lickiss, P. D.; Ahmetaj-Shala, B.; Reed, D. 
M.; Gashaw, H. H.; Saleem, H.; Freeman, G. R.; George, P. M.; Wort, 
S. J.; Chemical and Biological Assessment of Metal Organic 
Frameworks (MOFs) in Pulmonary Cells and in an Acute in Vivo Model: 
Relevance to Pulmonary Arterial Hypertension Therapy. Pulmonary 
Circulation. 2017, 7, 643-653. 

 



 184 

 

95) Jarai, B. M.; Kolewe, E. L.; Stillman, Z. S.; Raman, N.; Fromen, C. A. 
Polymeric Nanoparticles. In Nanoparticles for Biomedical Applications; 
Elsevier, 2020; 303ï324. 

96) Guo, A.; Durymanov, M.; Permyakova, A.; Sene, S.; Serre, C.; Reineke, J. 
Metal Organic Framework (MOF) Particles as Potential Bacteria-
Mimicking Delivery Systems for Infectious Diseases: Characterization 
and Cellular Internalization in Alveolar Macrophages. Pharm. Res. 
2019, 36, 53. 

97) Duan, F.; Feng, X.; Yang, X.; Sun, W.; Jin, Y.; Liu, H.; Ge, K.; Li, Z.; 
Zhang, J. A Simple and Powerful Co-Delivery System Based on PH-
Responsive Metal-Organic Frameworks for Enhanced Cancer 
Immunotherapy. Biomaterials 2017, 122, 23-33. 

98) Blank, F.; Stumbles, P. A.; Seydoux, E.; Holt, P. G.; Fink, A.; Rothen-
Rutishauser, B.; Strickland, D. H.; Von Garnier, C. Size-Dependent 
Uptake of Particles by Pulmonary Antigen-Presenting Cell Populations 
and Trafficking to Regional Lymph Nodes. Am. J. Respir. Cell Mol. Biol. 
2013, 49, 67-77. 

99) Shen, T. W.; Fromen, C. A.; Kai, M. P.; Luft, J. C.; Rahhal, T. B.; Robbins, 
G. R.; DeSimone, J. M. Distribution and Cellular Uptake of PEGylated 
Polymeric Particles in the Lung Towards Cell-Specific Targeted 
Delivery. Pharm. Res. 2015, 32, 3248ï3260. 

100) Detampel, P.; Ganguly, A.; Tehranian, S.; Green, F.; Singha, S.; 
Santamaria, P.; Jeje, A. A.; Cho, C. S.; Petri, B.; Amrein, M. W. In Vivo 
Clearance of Nanoparticles by Transcytosis across Alveolar Epithelial 
Cells. PLoS One 2019, 14, e0223339 

101) Fröhlich, E. The Role of Surface Charge in Cellular Uptake and 
Cytotoxicity of Medical Nanoparticles. Int. J. Nanomedicine 2012, 7, 
5577ï5591. 

102) Guilliams, M.; Lambrecht, B. N.; Hammad, H. Division of Labor between 
Lung Dendritic Cells and Macrophages in the Defense against 
Pulmonary Infections. Mucosal Immunol. 2013, 6, 464ï473. 

 



 185 

 

103) Fromen, C. A.; Rahhal, T. B.; Robbins, G. R.; Kai, M. P.; Shen, T. W.; 
Luft, J. C.; DeSimone, J. M. Nanoparticle Surface Charge Impacts 
Distribution, Uptake and Lymph Node Trafficking by Pulmonary 
Antigen-Presenting Cells. Nanomedicine Nanotechnology, Biol. Med. 
2016, 12, 677ï687. 

104) Roberts, R. A.; Shen, T.; Allen, I. C.; Hasan, W.; DeSimone, J. M.; Ting, 
J. P. Y. Analysis of the Murine Immune Response to Pulmonary 
Delivery of Precisely Fabricated Nano- and Microscale Particles. PLoS 
One 2013, 8, e62115. 

105) Baati, T.; Njim, L.; Neffati, F.; Kerkeni, A.; Bouttemi, M.; Gref, R.; Najjar, 
M. F.; Zakhama, A.; Couvreur, P.; Serre, C.; In Depth Analysis of the in 
Vivo Toxicity of Nanoparticles of Porous Iron(III) MetalïOrganic 
Frameworks. Chem. Sci. 2013, 4, 1597-1607. 

106) Paranjpe, M.; Müller-Goymann, C. C. Nanoparticle-Mediated Pulmonary 
Drug Delivery: A Review. Int. J. Mol. Sci. 2014, 15, 5852ï5873. 

107) Videira, M. A.; Gano, L.; Santos, C.; Neves, M.; Almeida, A. J. Lymphatic 
Uptake of Lipid Nanoparticles Following Endotracheal Administration. J. 
Microencapsul. 2006, 23, 855ï862. 

108) Ghosh, S.; Sharma, A.; Talukder, G. Zirconium. Biol. Trace Elem. Res. 
1992, 35, 247ï271. 

109) Barua, S.; Mitragotri, S. Challenges Associated with Penetration of 
Nanoparticles across Cell and Tissue Barriers: A Review of Current 
Status and Future Prospects. Nano Today 2014, 9, 223ï243. 

110) Woods, A.; Patel, A.; Spina, D.; Riffo-Vasquez, Y.; Babin-Morgan, A.; de 
Rosales, R. T. M.; Sunassee, K.; Clark, S.; Collins, H.; Bruce, K.; In 
Vivo Biocompatibility, Clearance, and Biodistribution of Albumin 
Vehicles for Pulmonary Drug Delivery. J. Control. Release 2015, 210, 
1ï9. 



 186 

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.3,4 One with an already somewhat established 

infrastructure is natural gas, which provides heat to over 64 million 

households.5 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,6 and specialized high-pressure storage containers,7 

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)/cm3 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 cm3 of methane per cm3 of storage material.8 Currently there are a 

number of porous adsorbents in use in a variety of industrial processes such 

Chapter 5 
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as catalysis,9 filtration,10 and gas separations.11 Unfortunately the two 

materials most commonly used in these processes, zeolites and activated 

carbons, have upper limits near 100 v/v and ~175 v/v, for zeolites12 and 

activated carbons13 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.14,15,16. 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/cm3 and 225 cm3/cm3, 

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 cm3/cm3 for HKUST-1, and 114 cm3/cm3 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/cm3 to 

1.45 g/cm3 meanwhile compaction of MIL-101(Cr) led to a 705% increase in 

density from 0.19 g/cm3 to 1.34 g/cm3. 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 cm3/g. A sol-gel synthesis of HKUST-1 was 

able to achieve a volumetric uptake of 259 cm3/cm3 at 65 bar, meanwhile a 

UiO-66 sol-gel monolith possessed a volumetric capacity of 211 cm3/cm3 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 



 189 

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 M2+ MOFs are not stable in the presence of water which 

this technique requires.25,26 However supramolecular species such as metal-

organic polyhedra27 or porous organic cages28 possess solubility in non-

aqueous solvents29 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 CH4 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 
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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 (ɟsk).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 (ɟa) of the storage material can be calculated. 39 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 

 

Figure 5.2.  Equation correlating skeletal density (ɟsk) and pore volume 
(vpore) to apparent density (ɟa). 

With the apparent density in mind I 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 used without purification. Low-pressure N2 adsorption 

measurements were obtained on a Micromeritics Tristar II 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 (Cu24(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 

(±)-trans-1,2-diaminocyclohexane (0.173 g, 1.52 mmol) was dissolved in ethyl 

acetate. The (±)-trans-1,2-diaminocyclohexane solution was then transferred 

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

CHCl3 before removing the CHCl3 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.43 Cu(NO3)2Å2.5H2O (3.87 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.44 In a 1 liter glass media bottle ZrCl4 (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 Cu24(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 N2 at 75 °C. After the final DCM dosing, the cell was 

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

5.2.1.9 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 

In a 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 

In a 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 CHCl3 was added until approximately two thirds of the cell was filled 

with CHCl3. 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 
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and crystallographic density (0.245 g/cm3 vs. 1.246 g/cm3). The first soluble 

porous cage selected was Cu24(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 Cu24(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 Cu24(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/cm3 and a low pressure volumetric uptake of 90 cm3/g at -78 

°C, a vast improvement over the Cu24(bdc-DP)24.  

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. 

 

Figure 5.3.  Volumetric low pressure CH4 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/cm3 and a high pressure gravimetric CH4 uptake of 85 

cm3/g. Use of CC3-OH in conjunction with HKUST-1 has led to a composite 

density of 0.66 g/cm3 a 35% increase over the previous best HKUST-1/CC3-R 

composite. The HKUST-1/CC3-OH had a high pressure volumetric CH4 

capacity of 121 cm3/cm3 at 25 °C, a definite increase from pure HKUST-1 with 

104 cm3/cm3 but further experimentation is required to maximize the increase 

of volumetric capacity.  

With this new cageôs density in mind I once again turned 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/cm3 vs. 1.246 g/cm3) 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 Cu24(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/cm3 for the composite and 0.245 g/cm3 

for the parent UiO-66. Subsequently the modest gravimetric capacity of the 

CC3-OH cage led to a high pressure volumetric CH4 uptake of 52 cm3/cm3 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.  Volumetric high pressure CH4 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 used without purification. Dry N,Nô-Dimethylformamide (DMF) 

was obtained from a solvent purification system (SPS) and stored in a brown 

amber bottle under 4Å sieves. Low-pressure N2 adsorption measurements 

were obtained on a Micromeritics Tristar II 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 II 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 



 200 

with chloroform three times. 1H NMR (400 MHz, DMSO-d6) ŭ 11.0 (S, 1H), 

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. 1H NMR (400 MHz, DMSO-d6) ŭ 11.06 (S, 1H), 

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-NH2 

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.46 Al(NO3)3Å9H2O (3.90 g, 18.3 mmol), terephthalic acid (0.864 g, 5.2 

mmol), and H2O (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 Co2(dobdc) 

The following synthesis has been modified from a previously published 

paper.47 Co(NO3)2Å6H2O (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/H2O (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 Co2(dobdc)-RT 

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

In a 250 mL RBF Co(NO3)2Å6H2O (1.589 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. 

5.3.1.8 Synthesis of Co2(m-dobdc) 

The following synthesis has been modified from a previously published 

paper.49 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(NO3)2Å6H2O (1.589 g, 5.46 mmol) and H4(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 Co2(bdc)2(dabco) 

The following synthesis has been modified from a previously published 

paper.50 Co(NO3)2Å6H2O (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 CHCl3, then activated under dynamic vacuum at 

120 °C for 24 hours. 
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5.3.1.11 Synthesis of Cr-MIL-100 

The following synthesis has been modified from a previously published 

paper.51 CrO3 (0.25 g, 2.5 mmol), trimesic acid (0.525 g, 2.5 mmol), 

hydrofluoric acid (48%, 0.091 mL), and DI H2O (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 H2O 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.54 

5.3.1.15 Synthesis of HKUST-1 (Korman) 

The following synthesis has been modified from a previously published 

paper.43 Cu(NO3)2Å2.5H2O (3.87 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 Mg2(dobdc) 

The following synthesis has been prepared according to literature 

methods. 47 

5.3.1.18 Synthesis of Mg2(dobdc)-RT 

The following synthesis has been modified from a previously published 

paper.48 In a 250 mL RBF Mg(NO3)2Å6H2O (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 Mg2(m-dobdc)-RT 

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

In a 250 mL RBF Mg(NO3)2Å6H2O (1.399 g, 5.46 mmol) and H4(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-NH2 

The following synthesis has been prepared according to literature 

methods.55 

5.3.1.21 Synthesis of MIL-88A 

The following synthesis has been prepared according to literature 

methods.56 

5.3.1.22 Synthesis of MIL-88C 

The following synthesis has been prepared according to literature 

methods.56 

5.3.1.23 Synthesis of MOF-801 

The following synthesis has been prepared according to literature 

methods.57 
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5.3.1.24 Synthesis of MOF-808 

The following synthesis has been prepared according to literature 

methods.57 

5.3.1.25 Synthesis of Ni2(dobdc) 

The following synthesis has been modified from a previously published 

paper. 47 Ni(NO3)2Å6H2O (5.23 g, 18 mmol) and H4(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 Ni2(dobdc)-RT 

The following synthesis has been modified from a previously published 

paper.48 In a 250 mL RBF Ni(NO3)2Å6H2O (1.587 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, 
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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 Ni2(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. NiCl2 (1.05 g, 8.02 mmol) and 

H4(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 Ni2(m-dobdc)-RT 

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

In a 250 mL RBF Ni(NO3)2Å6H2O (1.587 g, 5.46 mmol) and H4(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. 

5.3.1.30 Synthesis of NOTT-101 

The following synthesis has been prepared according to literature 

methods.59  

5.3.1.31 Synthesis 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  

5.3.1.33 Synthesis 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 either 50 ɛL (7.2 equivalents) or 400 ɛL (57.5 

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

The following synthesis has been modified from a previously published 

paper.44 In a 1 liter glass media bottle ZrCl4 (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. 

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 ZrCl4 (4.00 g, 17.2 mmol), concentrated 

HCl (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 ZrCl4 (2.0 g, 8.6 mmol) in DMF (240 mL) and concentrated 

HCl (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 ZrCl4 (2.0 g, 8.6 mmol) in DMF (240 mL) and 

concentrated HCl (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 ZrCl4 (2.14 g, 9.20 mmol), concentrated 

HCl (16 mL), and DMF (160 mL) were sonicated for 20 minutes until fully 

dissolved. Biphenyl-4,4ô-dicraboxylic 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 Zn2(dobdc)-RT 

The following synthesis has been modified from a previously published 

paper.48 In a 250 mL RBF Ni(NO3)2Å6H2O (1.620 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. 

5.3.1.43 Calculation of Mg2(m-dobdc) Crystallographic Density 

The crystallographic density of Mg2(m-dobdc) was calculated using the 

cif for Co2(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 Mg2(m-dobdc) would be similar 

to Co2(m-dobdc). The crystallographic density of Mg-MOF-74 is 0.909 g/cm3, 

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/cm3, 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 Co2(m-dobdc) structure with Mg atoms 

yields a calculated crystallographic density of 0.924 g/cm3. This calculated 

density represents the density of the Mg2(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 m2/g ï 2398 m2/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/cm3) 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 unique solvent 

washes, products with Langmuir surface areas of 2103 m2/g and 2141 m2/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/cm3 and 0.888 g/cm3. Both in excellent agreement with 

the crystallographic density of HKUST-1 (0.881 g/cm3). 

  

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.34,44,62,65 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, particle 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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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 ɟa ɟcryst ɟbulk Vpore SA (m2/g) ɟcryst 

Framework Name (g/cm3) (g/cm3) (g/cm3) (cm3/g) BET Lang. ref 

Al-MIL-101-NH2 0.781 0.440a - 0.730 - 2240 47 

Al-MIL-53 0.929 0.978 0.2749 0.441 - 1247 47 

Co2(dobdc) 1.229 1.173 0.777 0.484 - 1362 47 

Co2(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 

Co2(m-dobdc)-RT 1.020 1.188 - 0.569 - 1396 47 

Co2(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 0.700b - 0.795e - 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 

Mg2(dobdc) 0.856 0.909 - 0.698 - 1993 47 
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Mg2(dobdc)-RT 0.798 0.909 0.1382 0.674 1190 1916 47 

Mg2(m-dobdc)-RT 0.518 0.924c - 1.300 1016 1960 
67, 
This 

MIL-125-NH2 0.930 0.810d 0.3908 0.531 - 1482 47 

MIL-88A 1.537 1.730 - 0.020 - 51 68 

MIL-88C 1.420 1.740 - 0.001 - 8 69 

MOF-801 1.091 1.680 - 0.403 - 1197 57 

MOF-808 0.853 0.860 - 0.779 - 2224 57 

Ni2(dobdc) 1.128 1.195 - 0.538 - 1532 47 

Ni2(dobdc)-RT 0.843 1.195 0.2761 0.717 - 2147 47 

Ni(m-bdc) 0.815 0.732 0.4689 0.595 - 1707 58 

Ni2(m-dobdc) 1.220 1.200 - 0.516 - 1471 67 

Ni2(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 - - 2.222 - 6907 - 

Ti-MIL-100 0.479 0.700b - 1.471 - 4417 47 

Ti-MIL-101 0.410 0.440 a - 1.321 - 4045 47 

UiO-66 1 Ligand 
Missing (106.5 nm) 

0.876 1.123f - 0.501 2393 1387 66 

UiO-66 1 Ligand 
Missing  (71.4 nm) 

0.858 1.123 f - 0.607 835 1226 
66 

UiO-66 Defect Free 
(91.9 nm) 

0.983 1.246 0.2458 0.487 1231 1335 
66 

UiO-66 Defect Free 
(82.5 nm) 

1.070 1.246 - 0.489 1148 1345 
66 

UiO-66 Defect Free 
(23.1 nm) 

0.905 1.246 - 0.555 623 1054 
66 

UiO-66 Defect Free 
(20.2 nm) 

0.786 1.246 - 0.715 775 1230 
66 

UiO-66 High SA 0.778 1.246 0.248 0.658 1620 1867 66 

UiO-66-(COOH)2 1.337 1.642 g 0.4775 0.380 - 705 This 

UiO-66-Acetyl 1.102 1.547 g 0.2389 0.391 823 1036 This 

UiO-66-Butyrl 1.122 1.669 g 0.2818 0.350 - 1034 This 

UiO-66-NH2 0.941 1.314 g 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 0.700b - 1.056e - 3561 47 

Zn2(dobdc)-RT 1.073 1.231 - 0.580 709 1066 47 

aɟcryst based off Cr-MIL-101. bɟcryst based off Cr-MIL-100. cɟcryst 

calculated from Co2(m-dobdc). Further explained in appendix e. dɟcryst based 

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

unit. gɟcryst calculated from the crystal structure of UiO-66. 

5.3.2.2 M2(dobdc) and M2(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-

dobdc4- linker as opposed to p-dobdc4-. 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 M2(dobdc) 

samples were approximately 95 % of their crystallographic densities 

meanwhile Co2(m-dobdc) and Ni2(m-dobdc) were both within 2 % of their 

crystallographic density. This is likely reflective of the fact that these 

frameworks are based on M2+ 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 M2(dobdc), typically resulting in the formation 

of MOF nanoparticles, including two-hour syntheses of Mg2(dobdc), 

Ni2(dobdc), and Zn2(dobdc).48 To determine the apparent densities of these 

samples, we performed room temperature syntheses of Mg2(dobdc), 

Ni2(dobdc), Co2(dobdc), Co2(m-dobdc), and Ni2(m-dobdc) (hereafter referred 

to as M2(dobdc)-RT or M2(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, M2(dobdc)-RT particles were consistently 13ï30 % low. Similarly, 

M2(m-dobdc)-RT samples densities were 14 % and 22 % low for cobalt and 

nickel, respectively. The lower apparent densities are in line with reported CO2 

adsorption at 298 K for Mg2(dobdc)-RT and Ni2(dobdc)-RT which show 

saturation capacities that are 13 and 33 % lower than reported uptakes for 

solvothermally-produced samples. 48,71 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 limit of a materialôs volumetric storage capacity. 

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).76 When reporting 

volumetric storage capacities for these materials, it is common that 

crystallographic densities are calculated based on formula mass change and 
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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/cm3 and 0.44 g/cm3, both based off 

of the chromium structures as it is the only cation that has a crystal structure 

reported for both structures. 

 

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-NH2 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-NH2, 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 m2/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/cm3. 

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/cm3).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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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, HNO3 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 

Chapter 6 
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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 I propose the use of the extended frameworks 

UiO-67 and UiO-68 frameworks which use biphenyl-4,4ǋ-dicarboxylic acid and 

p-Terphenyl-4,4ǋǋ-dicarboxylic 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 

M2(m-dobdc) both approach the volumetric storage target of 263 cm3/cm3 

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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Chapter 1 

 

¶ MATERIAL NAMES 

o MOF ï Metal-Organic Framework 

o UiO ï University of Oslo 

o MIL ï Mat®riaux de lǋInstitut Lavoisier 

o DUT ï Dresden University of Technology 

o PCN ï Porous Coordination Network  

o HKUST ï Hong Kong University of Science and 
Technology 

o NOTT ï University of Nottingham 

o NU ï Northwestern University  

¶ SOLVENTS 

o DMF ï N,Nô-Dimethylformamide 

o DMA ï N,Nô-Dimethylacetamide  

o DEF ï  N,Nô-Diethylformamide 

o DMSO ï Dimethyl Sulfoxide 

o EtOH ï Ethanol  

Appendix A 

A.1 List Of Abbreviations Used in this work 
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o MeOH ï Methanol 

o EtOAc ï Ethyl Acetate 

o CHCl3 ï Chloroform 

o DCM ï Dichloromethane 

o HCl ï Hydrochloric Acid 

o THF ï Tetrahydrofuran 

o PBS ï Phosphate Buffered Saline 

o ALF ï Artificial Lysomal Fluid  

o IPA ï Isopropanol a.k.a 2-Propanol  

¶ CHARACTERIZATION 

o TGA ï Thermogravimetric Analysis 

o BET ï Brunauer-Emmett-Teller 

o EDX ï Energy Dispersive X-Ray Analysis 

o XPS ï X-ray Photoelectron Spectroscopy 

o NMR ï Nuclear Magnetic Resonance Spectroscopy 

o DLS ï Dynamic Light Scattering 

o SEM ï Scanning Electron Microscopy 

o PXRD ï Powder X-Ray Diffraction  

o IR ï Infrared Spectroscopy 

¶ Ligands 

o BDC ï Benzene Dicarboxylic Acid 

o BPDC ï Biphenyl-4,4ǋ-Dicarboxylic Acid 

o TPDC ï p-Terphenyl-4,4ǋǋ-Dicarboxylic Acid 
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o NDC ï Naphthalene Dicarboxylic acid 

o CDC ï 9H-Carbazole-3,6-Dicarboxylic Acid 

o CVBA ï (E)-4-(2-carboxyvinyl) Benzoic acid 

o PDA ï Phenylene-Diacrylic Acid 

o ADA ï Anthracene-Diacrylic Acid 

o NBB ï Naphthalene-Bisbenzoic Acid 

o ABB ï Anthracene-Bisbenzoic Acid 

o FDC ï Furan-Dicarboxylic Acid 

o FUM ï Fumaric Acid 

o dabco ï 1,4-diazabicyclo[2.2.2]octane 

o BTC ï 1,3,5-Benzenetricarboxylic Acid 

o Cp ï Cyclopentadienyl  

o DOBDC ï 2,5-Dihydroxyterephthalic Acid 

¶ Miscellaneous terms 

o RBF ï Round Bottom Flask 

o PDI ï Polydispersity Index 

o ANOVA ï Analysis of Variance 

o CI ï Confidence Interval 

o NIST ï National Institute of Standards and Technology 

o CPE ï Controlled Potential Electrolysis 

o CV ï Cyclic Voltammetry  
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Chapter 2 

 

Figure B.1.  Cyclic Voltammogram of 1.0 mM FeCl2, 1.0 mM 2,6-lutidine, 
1.0 mM terephthalic acid in DMF solvent with 0.1 M 
tetrabutylammonium hexafluorophosphate as the supporting 
electrolyte. 

Appendix B 

B.1 Cyclic Voltammograms 
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Figure B.2.  Cyclic voltammetry of 4-aminobenzoic acid in 0.5 M HCl with 
(black) and without (red) the addition of NaNO2. 
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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. 

B.2 Powder X-Ray Diffraction Patterns 
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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. 

 

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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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. 

 

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.  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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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. 

 

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 electrochemically 
grown on modified ITO solution at 0.75 V for 14 hours, 
compared to the predicted powder pattern. 














































































































































































































































































































































































































































































































































































































































































































































