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ABSTRACT 

 

DESIGN AND SYNTHESIS OF METAL-ORGANIC FRAMEWORKS FOR APPLICATIONS 

IN CATALYZING ORGANIC CHEMICAL REACTIONS 

 

 Metal-organic frameworks (MOFs) are versatile materials that possess a lot of potential for 

use as heterogeneous catalysts.  Their crystalline structure creates a uniform, well-defined, highly 

porous framework that has a high density of active sites.  Furthermore, their unprecedented 

tunability has allowed scientists to create several thousands of unique MOF structures.  This has 

made MOFs a prominent area of research as they provide a clear path to move from homogeneous 

catalysis into heterogeneous catalysis.  Heterogeneous catalysts are of utmost importance in the 

modern chemicals industry, playing key roles in the production of both organic and inorganic 

compounds.  Heterogeneous catalysts help create lower energy pathways that allow for the 

catalysts to be more easily recovered and recycled (relative to homogeneous catalysts) and can 

enable more efficient production on large scale chemical production.  However, MOFs have yet 

to be seen in widespread use for this purpose despite the many advantages they possess and the 

large variety of available MOFs due to their limitations, typically their lack of stability at high 

temperatures (most MOFs are typically only stable up to temperatures around 350-400°C).   

 This dissertation works towards improving current MOFs for heterogeneous catalysis and 

using MOFs as heterogeneous catalysis in a continuous flow reactor.  Chapter 1 of this dissertation 

provides a discussion on the background of MOFs, how they are made, their limitations as 

heterogeneous catalysts, the advantages they bring to the field of heterogeneous catalysis, and 

some of the key techniques used to characterize MOFs.   
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Chapters 2 and 3 focus on the synthesis and development of CuBDTri (where H2BDTri = 

1,4-1H-1,2,3-triazol-5-yl)benzene), the first Cu-based MOF nanosheet (MOFN) that is water 

stable and shown to be more catalytically active for the release of nitric oxide from S-

nitrosoglutathione relative to CuBTTri (where H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-

yl)benzene).  Chapter 2 focuses on how CuBDTri was originally designed, synthesized, and 

confirmed to be a newly created MOF.  Chapter 3 then focuses on the work done to optimize the 

synthetic process used to make CuBDTri so that the resulting MOFN particles are as thin as 

possible, maximizing their efficiency as heterogeneous catalysts on a per-total-Cu-atom basis. 

Chapter 4 originally aimed to develop a continuous flow process using the MOF CuBTC 

(where BTC = benzene-1,3,5-tricarboxylate) to catalyze the Friedländer synthesis.  However, over 

the course of this work, it was found that the conditions being used to perform the Friedländer 

synthesis resulted in the breakdown of the CuBTC and so efforts were redirected to determine 

what caused this breakdown and the identity of the active catalyst in this reaction system.  The 

data provided in this chapter track the breakdown of CuBTC by the Friedländer synthesis and 

provide evidence towards what the catalyst identity is. 

Chapter 5 takes what was learned from Chapter 4 to transfer a condensation reaction to 

produce xanthene derivatives under continuous flow conditions, catalyzed by CuBTC.  The results 

from the work completed here suggest that the reaction is being successfully performed under 

continuous flow conditions and is producing the desired xanthene.  Furthermore, the success of 

this system provides further insight and understanding towards why CuBTC breaks down in the 

conditions used for the Friedländer synthesis in Chapter 4 but is stable under the conditions used 

to perform the condensation reaction in this chapter.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Metal-Organic Frameworks 

Metal-organic frameworks (MOFs), refer to a class of self-assembling, crystalline 

materials composed of metal ions (or clusters of metal ions) linked to each other by organic 

ligands, forming porous particles with one-, two-, or three-dimensional morphologies.1–11  MOFs 

became a focus in materials research in the late 1990s, and have since garnered increased interest 

due to several factors.12–17 

I. MOFs possess unprecedented tunability, both physically and chemically relative 

to other similar materials (there have been over 90,000 different MOF structures 

that have been reported and over 500,000 predicted computationally compared to 

zeolites, which have been around for significantly longer, but only have about 250 

unique reported structures).18–23 

II. The crystallinity of MOFs provides a uniform, well-defined structural geometry, 

allowing us to get a clearer understanding of the active site allowing for more 

targeted design of the active catalytic sites. 

III. MOFs form highly porous structures that can allow for molecules to diffuse 

through and interact with the internal surface of the particle.  This results in an 

extremely high surface area, ranging from hundreds to tens of thousands of square 

meters per gram of material. 
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Due to these key properties of MOFs, scientists have been able to use them for a large variety of 

applications, including gas separation, gas storage, luminescence in materials, thermal conduction, 

electrical conduction, hydrogen energy, energy storage, sensors, water treatment, biomedicines, 

drug delivery vehicles, medical devices, coatings, and catalysis.17,24–36  The focus of my research 

and this dissertation is the design, synthesis, and application of MOFs as solid-state heterogeneous 

catalysts for use in organic transformations.  To do so, the work in this dissertation aims to improve 

the catalytic efficiency of MOF particles by modifying the particle morphology of the MOFs, 

provide an understanding of the stability and how breakdown occurs in a catalytic MOF system, 

and using a MOF to catalyze an organic reaction in a continuous flow reactor. 

1.1.1 The Synthesis of Metal-Organic Frameworks 

MOFs are commonly synthesized using a solvothermal method, which is performed by 

dissolving or suspending the desired metal (as a salt) and ligand into a solvent or mixture of 

solvents and heating over a period of time.37,38  Formation of the crystalline MOF then occurs via 

self-assembly as the metal and ligand form an ordered network of metal organic coordination 

bonds.   

A large variety of metals with stable oxidation states have been used to create MOFs from 

each of the metal-containing groups on the periodic table such as alkali metals, alkaline earth 

metals, rare-earth elements, main group metals, and transition metals.38–41  The organic ligands 

used are typically rigid molecules (commonly using conjugated aromatic systems) rather than 

more flexible molecules as they can form crystalline, porous MOFs more easily.42–45  Furthermore, 

the choice of solvent or the presence of other compounds can drastically affect the crystal structure 

of the MOF created, allowing for a given metal-ligand combination to result in polymorphism, 

where the crystal structure of the product varies.46–48   
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1.1.2 Considering the Limitations of Metal-Organic Frameworks as Heterogeneous Catalysts 

While MOFs are most commonly used for gas-storage applications, the use of MOFs as 

heterogeneous catalysts has been increasing in recent years due to their well-defined, porous 

structure, high active site density, and tunability.18–22,49  However, there are certain limitations that 

must be considered when trying to use MOFs as heterogeneous catalysts: 

I. Due to the inclusion of organic components, MOFs have limited thermal stability 

(many MOFs are typically only stable up to temperatures of 350-400°C)7,50 

II. Some MOFs can be broken down in the presence of specific reactants, products, 

and/or solvents, so MOFs catalysts be carefully selected for their stability to 

compounds that may be present at any stage of a given reaction.32,51–53 

III. MOFs can be hard to regenerate under the reaction conditions used, resulting in 

them breaking down and participating in homogeneous catalysis rather than 

heterogeneous catalysis.54–56 

These limitations have hindered the use of MOFs in large-scale catalytic processes such as fuel 

processing, emissions abatement, petrochemical synthesis, and commodity chemical synthesis.  

Thus, the proper use of MOFs in heterogeneous catalytic systems require scientists to find ways 

to either mitigate these potential drawbacks in the design of the MOFs or to limit their use to 

conditions which the selected MOF is stable. 

In designing MOFs for heterogeneous catalysis, one key design principle is to permit 

access to the metal centers.  One way to do this is to use labile ligands (typically a solvent that can 

act as a ligand) that can be reversibly removed to introduce free coordination positions during an 

“activation stage”, where the MOF crystals are heated under reduced pressure for a period of 



4 
 

time.57–59  These unsaturated metal sites are key for adsorption and catalysis in MOFs as they allow 

for direct interaction between the metal centers of the MOF and the substrates.  Ultimately, it is of 

key importance to understand the current limitations of MOFs in heterogeneous catalysis to be 

able to properly address these limitations in the design and synthesis of new MOFs, and in doing 

so, help push them into more practical applications. 

1.1.3 Advantages of MOFs as Heterogeneous Catalysts 

 While it is important to understand the limitations of MOF catalysts, there are also many 

advantages to using MOFs as heterogeneous catalysts, which has resulted in growing interest in 

the field.  These advantages include, but are not limited to: 

I. As mentioned previously, MOFs are highly porous materials that possess large 

internal surface areas (with a record reaching up to 10,400 m2 per gram of material) 

and high active site densities, allowing them to reach high catalytic reaction rates 

per unit volume.60–63 

II. Also stated previously, MOFs are extremely tunable, allowing for various different 

metals and ligands to be used in their construction.  This allows for MOFs to be 

designed for more specific reactions and applications than zeolites with some 

examples including: 

a. MOFs can be modified to create larger pore sizes to accommodate larger 

substrates and products.64,65 

b. MOFs can also be modified to perform shape-selective catalysis.66 

c. MOFs can provide confined environments that can stabilize substrates, 

catalytic species, or products as well as better mass transfer between 

substrates in reactions.67,68 
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III. Post-synthetic modification of MOFs with complementary catalytic groups can 

allow for catalysis by multiple functional groups at once or even allow for tandem 

catalysis.69–71 

IV. MOFs can be synthesized to catalyze reactions based on their ligands as well as 

their metals, so can also be used in heterogeneous organocatalysis.72,73 

Furthermore, the inherent Lewis acid and base characteristics found in many MOFs have shown 

to allow MOFs to be used for a large scope of applications within heterogeneous catalysis that 

provide more environmentally friendly alternatives to current reaction conditions.74–77  These 

advantages, as well as others are helping push MOFs into focus in the field of heterogeneous 

catalysis as they have become ideal supports for many transition metal catalysts that have been 

previously limited as homogeneous catalysts. 

1.2 Key Characterization Methods Used to Analyze Metal-Organic Frameworks 

 There are several key types of analysis used for MOFs to confirm MOF identity and other 

key characteristics of MOFs, including, but not limited to: 

I. Powder x-ray diffraction (pXRD) – Used to confirm the crystallinity of MOFs.  By 

comparing the diffraction patterns of MOFs, one can confirm the consistency of 

crystal structures between different batches of MOF synthesized.  Furthermore, by 

comparing the diffraction patterns of MOFs before and after being used as a 

catalyst, pXRD can be used to help determine the integrity of the MOF.37,78,79 

II. Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) – Used to show the morphology and sizes of the MOF particles.  Can be 

used to analyze MOFs before and after catalysis to help determine the integrity of 
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the MOF.  In some cases, these techniques can even be used to determine the 

crystallinity and porosity of the MOF.79 

III. Thermogravimetric analysis (TGA) – Used to determine the thermal stability of 

MOFs.7,40 

IV. Gas absorption analyzer – Can be used to test the Brunnauer-Emmett-Teller (BET) 

surface area of MOFs based on adsorption and desorption isotherms of gasses or 

vapors.14,17,80 

V. Energy-dispersive x-ray spectroscopy (EDX or EDS) – Can be used to determine 

elements present in MOFs.  Can also be used to provide evidence of whether 

substrate/products are adsorbed to the surface of the MOF particle after being used 

for catalysis.40,79 

VI. Inductively coupled plasma optical emission spectroscopy (ICP-OES), atomic 

absorption spectroscopy (AES) – Used to detect and quantitatively determine the 

presence of metals and to test for metal leaching from the catalyst to the solution.  

It should be noted that this technique is not typically done on the MOF itself, but 

performed on the reaction solution or supernatant that MOF was in.79 

VII. Ultraviolet-visible spectroscopy (UV-Vis) – Can provide information on the 

coordination environment of the metal before and after catalysis.79 

VIII. Infrared spectroscopy (IR) – Can also provide information on the coordination 

environment of the metal before and after catalysis.  Can also help determine if 

there is substrate/product adsorbed on the MOF after catalysis.79 

IX. Mass spectrometry (MS) – By digesting the MOF, one can obtain the individual 

ligand and metal centers contained in the MOF.  By analyzing the resulting solution 
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used to digest the MOF using MS, one can determine the presence of the ligand 

from the MOF structure. 

While several of these techniques are used throughout this dissertation, SEM and pXRD are used 

as key characterization techniques in all of the work included in this dissertation and so will be 

discussed here in further detail. 
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1.2.1 Scanning Electron Microscopy (SEM) 

 SEM can be used to generate high-resolution images of MOF particles, allowing one to 

determine the size and morphology of the MOF particle.  It is also highly important to analyze 

MOFs using SEM before and after catalysis to ensure the MOF has not broken down due to the 

catalytic conditions used.  An SEM uses electrons instead of light to produce drastically magnified 

Stage 

Sample 
Holder/Specimen 

Detector 

Magnetic 
Lenses 

Anode 
(Accelerator) 

Electron Beam 

Electron Gun 

Figure 1.1. General schematic of a scanning electron microscope. 
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images (Figure 1.1).  In brief, an electron gun produces a beam of electrons inside a vacuum.  The 

electrons then accelerate down the microscope, passing through a series of lenses and apertures, 

focusing the beam onto the sample.  When the electron beam hits the sample, the x-rays and 

electrons are ejected from the sample.  Detectors then collect the x-rays and electrons, converting 

them into a signal that is then seen as an image (Figure 1.2).  

 

 

 

Figure 1.2. An SEM image of a CuBTC MOF particle. 



10 
 

1.2.2 Powder X-ray Diffraction (pXRD) 

 To determine the crystallinity of MOFs, pXRD is one of the main techniques used (Figure 

1.3).  In short, x-rays are generated by an x-ray source (typically a cathode ray tube that is filtered 

to produce monochromatic radiation) toward the sample.  These interaction of the incident x-rays 

with a crystalline sample then produces constructive interference when the x-rays are in alignment, 

amplifying and deflecting the x-ray or producing destructive interference when the x-rays are not 

in alignment, destroying the signal.  The diffracted x-rays from constructive interference are then 

Sample Stage 

X-ray Source X-ray Detector 

θ 

2θ 

Figure 1.3. General schematic of a powder x-ray diffractometer 
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detected by a detector, processed, and then counted to determine how frequently that signal is 

generated by the sample.  By moving the x-ray source and detector around in a circle in a 

synchronized motion, x-rays diffracting at specific angles can by measured in this way.  The 

repeated structure of atoms in crystalline materials form distinct planes that can be defined be 

specific distances (d).  When exposed to x-rays, the x-rays can then be scatted by the atoms, 

producing constructive interference at specific angles and the angle between the incident x-ray and 

scattered x-ray is defined as 2θ.  The relationship between the diffraction angle and the spacing 

between the atoms in crystalline material can be described using Bragg’s Law (Eq. 1).78    

𝑛λ = 2𝑑𝑠𝑖𝑛θ     Eq. 1 

In Bragg’s Law, n = the diffraction order, λ = the wavelength, d = the distance between the atoms 

in the crystal lattice, and θ = half of the angle between the incident and scattered x-ray beams. 

1.3 Dissertation Overview 

 The research in this dissertation aims to improve the catalytic efficiency of MOFs and 

apply MOFs as heterogeneous catalysts under continuous flow.  Though a relatively new (with the 

first reports of MOFs being used in heterogeneous catalysis coming from the late 1990’s to the 

early 2000’s), the use of MOFs as heterogeneous catalysis has garnered a large amount of interest.  

The work done and discussed in this dissertation aims to help provide some of the foundation to 

facilitate the transition of MOFs being studied in academic research settings to practical 

applications and use as heterogeneous catalysts.   

1.3.1 Chapter 2 

 Chapter 2 of this dissertation discusses the first steps made to develop, design, and 

synthesize the first known water-stable, copper-based MOF nanosheet (MOFN), CuBDTri (where 
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H2BDTri = 1,4-1H-1,2,3-triazol-5-yl)benzene).  In the 1990s, it was found that solvated Cu2+ is 

capable of catalyzing the generation of nitric oxide (NO) from a class of molecules known as S-

nitrosothiols.81–83  Furthermore, the S-nitrosothiol, S-nitrosoglutathione (GSNO) is a NO 

containing tripeptide endogenous to the human body.84–87  This has led to the study towards the 

application of Cu2+-containing materials to generate NO from GSNO in vivo.88,89  However, copper 

ions have been shown to be acutely toxic and can result in cellular toxicity, liver damage, and 

neurodegenerative diseases (such as Alzheimer’s disease).90–92   

Most copper-based MOFs are known to be unstable in water as they typically contain Cu-

oxo linkages which can interact readily with water, resulting in the breaking of the bond between 

the metal and ligand in these MOFs.93,94  However, copper MOFs like CuBTTri (where H3BTTri 

= 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene) are known to be stable in water and biological systems, 

allowing for them to be safely used in the human body.95,96  However, in 2020, it was reported by 

Tuttle et. al. that only about 1.3% of the Cu sites in a CuBTTri MOF particle were actually 

available for catalysis as substrates like GSNO are too large to fit and diffuse through the pores of 

the MOF, restricting them to the external sites of the MOF particle.97   

Figure 1.4. SEM images of some CuBDTri MOFNs 
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Thus, the project discussed in Chapter 2 of this dissertation aimed to develop, design, and 

synthesize a water-stable, Cu-based MOFN that was capable of catalyzing the generation of NO 

from GNSO, but reshape the MOF particle into a sheet so that internal volume is minimized, and 

external surface area is maximized.  It was hypothesized that in doing so, the resulting MOFN 

would be more catalytically efficient on a per-total-Cu-atom basis as the active metal sites would 

be more readily accessible to substrates that are too large to diffuse through the pores of the MOF, 

like GSNO.  This research also contributes building the foundation of synthesizing MOFNs for 

use as heterogeneous catalysis as a whole as there are many other reactions with substrates that 

would be too large to fit through the pores of the MOFs being used to catalyze them.  This work 

resulted in the first reported synthesis of CuBDTri as a MOF (synthesized using solvothermal 

methods) and as a MOFN (synthesized using a three-layer, bottom-up method). 

1.3.2 Chapter 3 

 Chapter 3 of this dissertation works to optimize the three-layer method used to synthesize 

the CuBDTri MOFN from Chapter 2.  As previously mentioned, the goal in creating the CuBDTri 

MOFN was to increase catalytic efficiency by limiting the amount of copper sites in the MOF that 

would require diffusion to reach as not all substrates would be capable of readily accessing these 

sites.  To this end, Chapter 3 lays the groundwork to optimize the synthesis of CuBDTri, attempting 

to create MOFN particles that are as thin as possible, ideally with just 1-2 building units thick, so 

that all of the copper sites are located on the external surface of the particle.   

To do so, several variables such as temperature, time, metal to ligand ratio, and buffer layer 

thickness were all modified and tested.  Due to the large (2700+) syntheses that would need to be 

performed to test all of the combinations of variables manually, it was instead planned to use a 

design of experiments approach to create a heat map based on a set of semi-randomly pre-
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determined combinations of the conditions.  Once these experiments are completed, the heatmap 

can then be used to predict the ideal set of conditions to use that would result in the thinnest 

nanosheets possible based on the parameters that were set. 

Thus far, all of the syntheses required to provide data to create the initial heatmap has been 

completed and analyzed using SEM.  Furthermore, as no standard procedure could be found for 

sample preparation and analysis of MOFNs using atomic force microscopy (AFM), a detailed 

method was experimentally determined for this project.  AFM will be used to accurately determine 

the average thickness of the MOFN particles produced from each of the syntheses performed and 

provide the key set of data used to generate the heatmap.  The approach used to optimize the 

synthesis of the CuBDTri MOFNs, using a design of experiments approach is one not commonly 

seen in the field of chemistry (especially relative to other fields like engineering), and this work 

hopes to provide an example of a more efficient way to optimize synthetic methods. 

1.3.3 Chapter 4 

 Chapter 4 of this dissertation focuses on studying and understanding the breakdown of 

CuBTC (where BTC = benzene-1,3,5-tricarboxylate) in the Friedländer synthesis and determining 

the identity of the catalyst in the Friedländer synthesis for our system.  The Friedländer synthesis 

is a reaction named after the German chemist Paul Friedländer that can be used to combine 2-

aminobenzaldehydes with ketones to form quinoline derivatives.98,99  Quinoline derivatives are 

one of the most common heterocycle moieties in drug research and have been shown to have 

pharmacological applications against bacteria, tuberculosis, malaria, inflammation, fungus, human 

immunodeficiency virus (HIV), hepatitis C, tumors, and fungus, making them key targets in 

synthetic research. 100–107   
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 In 2011, Pérez-Mayoral and Čejka reported the use of CuBTC as a heterogeneous catalyst 

for the Friedländer synthesis.108  Based on their work, this project was originally developed to 

transfer the Friedländer synthesis from batch conditions to a continuous flow reactor so that 

CuBTC could be used to catalyze the Friedländer synthesis more efficiently.  While initial efforts 

showed some success in that the continuous flow reactor was able to produce the desired product, 

it was found that the conditions being used for the Friedländer synthesis resulted in the breakdown 

of the CuBTC being used. 

 This redirected the work towards better understanding what may be causing the CuBTC in 

the Friedländer synthesis to be breaking down and what is the actual catalyst in this system.  

Towards achieving this, the CuBTC used to perform the Friedländer synthesis was analyzed using 

SEM and pXRD to track the breakdown of the MOF particles.  The data collected showed that 

when exposed to the conditions used to perform the Friedländer synthesis, CuBTC develops a 

rougher surface (termed “scaled surfaces” in this dissertation) and hexagonal shaped holes that 

tunnel through the particle.  It was also found that as the CuBTC breaks down, another crystalline 

material is formed that has yet to be definitively identified, though it is hypothesized, based on the 

Figure 1.5. SEM images of some of the broken CuBTC particles with the “scaled” surfaces 
and hexagonal holes.  In the image on the right, some of the unidentified crystalline material 
can also be seen as particles with a more rectangular morphology. 



16 
 

limited data obtained thus far that it is a copper-containing intermediate of the Friedländer 

synthesis being performed.  Furthermore, the data collected suggests that the catalyst for this 

system is likely a compound that is formed in between this process of CuBTC breakdown and 

formation of the new crystalline material.   

While this work creates a foundation towards understanding what is causing the CuBTC to 

break down and what is actually catalyzing the Friedländer synthesis in this system, there are still 

a lot of experiments that need to be completed to definitively answer these questions.  Many of the 

key experiments that still need to be completed to achieve this goal are outlined in Chapter 4 as 

well. 

1.3.4 Chapter 5 

 Chapter 5 again uses CuBTC MOFs in a continuous flow reactor, but this time to catalyze 

a condensation reaction to produce xanthene derivatives (that will be referred to as the “xanthene 

condensation” throughout this dissertation) more efficiently.  While originally only used in dyes, 

xanthenes are a class of molecules that have recently gained a lot of attraction (starting mostly 

around 2019) when they were identified to be useful moieties in biodegradable agrochemicals, 

photodynamic therapies, solar cells, luminescent sensors, lasers, anti-inflammatory agents, 

antibacterial drugs, antinociceptives, antitumor treatments, and anti-virals.55,109–114  Catalytic flow 

reactors offer a process to synthesize compounds that can be automated and scaled, facilitating the 

manufacture of key compounds.115–118   

 In 2021, Ghafri et. al. reported the use of CuBTC MOFs as an effective heterogeneous 

catalyst for creating xanthenes, using more mild conditions that most other processes.119  This 

project aimed to transfer the described synthesis into a continuous flow process to help increase 
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the production efficiency of xanthene derivatives.  From the preliminary experiments completed 

thus far, the results suggest that this has been successful in that the desired product is being formed 

under continuous flow.  From SEM and pXRD analysis of the CuBTC used to catalyze the 

xanthene condensation, the data shows that the MOF has not been damaged by the reaction 

conditions. 

 The work discussed in Chapter 5 of this dissertation lays the groundwork towards 

developing a continuous flow reactor using CuBTC as a heterogeneous catalyst to complete the 

xanthene condensation and provides data to show preliminary success of this project.  

Additionally, by comparing the results obtained from this work, several key conclusions can be 

drawn to help further the understanding of the stability of CuBTC as a heterogeneous catalyst, 

providing insights for the goals set in Chapter 4 of this dissertation.  However, there are still some 

key experiments that need to be completed to fully test and optimize this system and are outlined 

in this chapter. 

 

Figure 1.6. An SEM image showing the CuBTC after it was used to catalyze the xanthene 
condensation.  It can be seen that the particles are still intact octahedra with smooth surfaces 
and have not been broken down. 
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1.3.5 Chapter 6 

 Chapter 6 summarizes the key findings from each chapter.  It also provides suggestions for 

future key experiments that I have designed.  Most importantly, it describes how the results in this 

dissertation inform future research directions in the field. 
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CHAPTER 2 

DESIGNING AND SYNTHESIZING Cu-BASED METAL-ORGANIC FRAMEWORK 

NANOSHEETS FOR GREATER CATALYTIC EFFICIENCY 

 

2.1 Overview 

 Metal-organic framework nanosheets (MOFNs) are promising materials for heterogeneous 

catalytic systems where active metal sites are positioned on the exterior surface of the particle.  

The hypothesis that intrapore metal sites are active for catalysis has been disproven for certain 

systems, and therefore the synthesis of MOF particles with increased external surface area and 

density of metal active sites is needed.  MOFNs provided an increased proportion of metal sites 

accessible to substrates which experience limited or no diffusion into the MOF pores compared to 

MOF particles with other morphologies such as octahedra.  However, developing synthetic 

methods to generate a variety of MOFNs remains an experimental challenge, particularly for 

water-stable materials.  The work described in this study uses a three-layer method to synthesize 

nanosheet particles of a new MOF, CuBDTri (where H2BDTri = 1,4-1H-1,2,3-triazol-5-

yl)benzene).  Scanning electron microscopy (SEM), powder X-ray diffraction (pXRD), Brunauer-

Emmett-Teller (BET) analysis, inductively coupled plasma atomic emission spectroscopy (ICP-

AES), and acid digestion with time-of-flight mass-spectrometry (TOF-MS) were used to 

characterize the newly synthesized CuBDTri nanosheets.  Both the synthetic method and linker 

identity were shown to impact anisotropic growth of MOF particles with nanosheet morphologies.  

Importantly, this was the first report of using the three-layer method to synthesize MOFNs with 

Cu-N linkages, meaning the three-layer method is:  
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I. more broadly applicable than previously known (having only been used previously to 

synthesize nanosheets with Cu-oxo linkages)  

II. (ii) can be used to synthesize water-stable Cu-MOFNs in situ (a key result, given MOFs 

with Cu-oxo linkages usually exhibit poor water stability).   

The CuBDTri nanosheets are also more catalytically active on a per-total-Cu-atom basis 

for a standardized test reaction (nitric oxide (NO) generation from S-nitrosoglutathione (GSNO)) 

than previously studied octahedral particles of the MOF CuBTTri (where H3BTTri = 1,3,5-tris(1H-

1,2,3-triazol-5-yl)benzene), supporting the hypothesis that MOFNs are superior to particles with 

other morphologies for reactions where catalytic activity is limited to particle exterior surfaces 

(such as the NO generation reaction).   

This work was originally published in ACS Applied Nano Materials (Thai, J. E., Tuttle R. 

R., DeRoo, J., Cuchiaro, J., Reynolds, M. M. Cu-Based Metal-Organic Framework Nanosheets 

Synthesized via a Three-Layer Bottom-Up Method for the Catalytic Conversion of S-

Nitrosoglutathione to Nitric Oxide. ACS Appl. Nano Mater. 2022, 5, 1, 486-496.  This work has 

been reprinted (with minor edits to fit the format of this dissertation) with permission from the 

American Chemical Society (Copyright 2021).  Preliminary catalytic experiments were completed 

by Robert Tuttle.  Samples for the ICP-AES were prepared by Jacob DeRoo.  BET analysis was 

completed by Jamie Cuchiaro.  Jonathan Thai designed and carried out the synthetic procedure 

and completed the SEM, pXRD, and acid digestion TOF-MS analyses.  Melissa M. Reynolds was 

the advisor on this project. 
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2.2 Introduction 

 The physical and chemical tunability, high surface area, and well-defined structural 

geometry makes MOFs interesting materials for study as heterogeneous catalysts.1–14  However, 

for many catalytic MOF systems, the pore apertures of MOFs can be too narrow to allow for facile 

substrate diffusion into the channels to access intrapore metal sites, limiting catalytic activity to 

the metal sites on (or extremely close to) the external surfaces of MOF particles.15–18 

 Due to these limitations in metal site accessibility caused by substrate diffusion into the 

MOF pores, one current area of research focuses on developing strategies to synthesize low-

dimensional MOF nanoparticles, often referred to as MOF nanosheets (MOFNs).19–31  MOF 

particles with nanosheet morphologies are expected to contain a greater proportion of metal sites 

on or extremely close to the particle exterior surface versus particles with three-dimensional 

morphologies such as octahedra, cubes, rods, or spheres (when the particle size is held relatively 

constant).  Hence, nanosheet MOFs are expected to exhibit an increased density of accessible 

catalytically active sites in systems where catalysis is limited to the exterior surface of MOF 

particles.  Developing methods to synthesize a variety of MOFNs with different metal centers and 

organic linkers is therefore an important goal for generating new MOFs with improved catalytic 

performance.32–35 

 MOFN synthesis poses the significant challenge of suppressing particle growth to the 

nanometer scale and simultaneously promoting anisotropic growth in a two-dimensional plane to 

limit increase in thickness in a self-assembling particle.19,36,37  Currently, there are two main 

strategies for producing MOFNs.19,32,36–38  First, top-down methods where a layer-structured MOF 

is synthesized followed by various exfoliation techniques.19,24,39–41  Top-down methods risk 

fragmentation, morphological damage, and re-aggregation of nanosheets.41  Second, bottom-up 
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methods which directly synthesize MOFNs from metal nodes and organic ligands in situ.  Bottom-

up methods include, but are not limited to, three-layer, interfacial, surfactant-assisted, modulated, 

and sonication syntheses.20,31,42–46  The main challenge associated with bottom-up methods is to 

be able to promote the anisotropic growth of MOF particles in two dimensions while suppressing 

growth of particles with other morphologies.19,32  The three-layer method has been effective for 

synthesizing ultrathin MOFNs with Cu-oxo linkages.20  However, the applicability of three-layer 

syntheses to Cu-MOFs with linkages beyond the Cu-oxo family has not been fully explored.  

Expanding the effectiveness of three-layer syntheses is necessary to synthesize MOFNs with 

hydrothermal stability for applications in water or biological media as MOFs with Cu-oxo linkages 

are known to not be stable in water.47,48 

 In 2020, the Reynolds group found and reported that just 1.3 ± 0.4% of the total Cu in the 

Cu-based MOF H3[(Cu4Cl)3(BTTri)8] (where H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene, 

CuBTTri) is catalytically active for the generation of nitric oxide (NO) from S-nitrosoglutathione 

(GSNO) in water because the catalysis is completely confined to the exterior surface metal sites 

of the CuBTTri octahedral particles.15,17  Hence, we sought to synthesize water-stable Cu-MOFNs 

with similar properties to CuBTTri to create a material with an increased proportion of Cu sites on 

particle exterior surfaces relative to CuBTTri octahedra to increase catalytic efficiency.  CuBTTri 

is composed of Cu-N linkages, but no synthesis has previously been described for water-stable 

MOFNs with Cu-N linkages. 
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 In this chapter, the use of a three-layer method (Figure 2.2) to synthesize nanosheets of a 

new MOF with Cu-N linkages, CuBDTri (where H2BDTri = 1,4-di(1H-1,2,3-triazol-5-

yl)benzene), (Figure 2.1) is reported.  The CuBDTri MOFNs were compared to CuBDTri crystals 

which were synthesized using traditional solvothermal methods.  Results show that the three-layer 

method is effective for the synthesis of MOFNs with Cu-N linkages and that the morphology of 

the Cu-MOF particles can be modulated by changing either the linker molecule or the synthetic 

method.  These results yield the first synthesis of water-stable, discrete, Cu-based MOFNs in situ.  

The CuBDTri MOFNs are crystalline, porous, and composed of Cu2+ cations connected by 

H2BDTri linkers.  Preliminary catalytic data confirms that the CuBDTri nanosheets are active for 

catalytic generation of NO from bioavailable substrate, GSNO, and catalytically outperform 

CuBTTri octahedra on a per-total-Cu-atom-basis.  

Figure 2.1. (a-b) General synthetic strategies for (a) CuBTTri MOF nanosheets 
(b) CuBDTri MOF nanosheets. 
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2.3 Experimental 

2.3.1 Materials 

 All chemicals and solvents were purchased from commercial vendors and were then used 

without any further purification.  N, N-dimethylformamide, >99.8%; methanol, >95%; 

trimethylsilylazide, >97%; acetonitrile, >99%; HCl (1M); and 1,4-diethynylbenzene, >97% were 

purchased from Fisher Scientific (Waltham, MA).  Copper(I) iodide, >99.5%; and sodium nitrite 

>99.5% were purchased from Sigma-Aldrich (St. Louis, MO).  Glutathione >98%; copper(II) 

chloride dihydrate, >99.5%; was purchased from VWR (Randor, PA).  All deionized water used 

was purified by a Millipore Milli-Q IQ 7000 water purification system to 18.2 MΩ-cm resistivity 

prior to use. 

iii 

  

ii 

  

i 

Figure 2.2. Layering of the different components used to synthesize the CuBDTri nanosheets. 
The labels i, ii, and iii correspond to H2BDTri dissolved in a 2:1 mixture of water/DMF, a 
solvent spacer comprised of a 1:1 mixture of water/DMF, and then CuCl2•H2O dissolved in a 
1:2 mixture of water/DMF, respectively. 
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2.3.2 Synthesis of CuBTTri MOFNs via Three-Layer Bottom-Up Synthesis 

 CuBTTri MOFNs were synthesized using a bottom-up three-later method adapted from the 

literature and modified to work with the reagents used in this synthesis.20  In short, H3BTTri ligand 

(0.11 mmol, 1.45 equiv.) was suspended in a mixture of DMF (2 mL) and CH3CN (1 mL) in a 20 

mL glass vial.  This mixture was then sonicated for at least 1 hour to ensure all of the ligand was 

suspended.  In a separate glass vial, CuCl2•2H2O (0.118 mmol, 1 equiv.) was dissolved in a mixture 

of DMF (1 mL) and CH3CN (2 mL).  Once it was suspended and any large clumps were broken 

up, the ligand mixture was then added to a glass test tube (14 mm diameter).  Over this mixture, a 

mixture of DMF and CH3CN (1:1 ratio, 2 mL) was carefully added as to prevent premature mixing 

of the two layers.  Finally, the solution containing the CuCl2•2H2O was carefully added on top as 

to prevent it from mixing into the other layers.  The synthesis was allowed to proceed at room 

temperature for 24 hours under static conditions.  After the 24 hours, the reactions were 

centrifuged, the solvent was decanted, and the solid product was washed with copious amounts of 

DMF (at least 5 x 5 mL) via vacuum filtration.  The collected product was then allowed to dry, 

yielding a purple solid that was analyzed using SEM. 

2.3.3 Synthesis of H2BDTri Ligand 

 To synthesize the H2BDTri ligand, copper(I) iodide (1.011 g, 5.308 mmol) and 1,4-

diethynylbenzene (5.429 g, 1 equiv.) were combined in a two-necked 500 mL round bottomed 

flask.  DMF (180 mL) and methanol (20 mL) were then used to suspend the solid reagents.  A 

reflux condenser was then set up with the vertical neck while a rubber septum was used to seal the 

other.  The system was then purged with nitrogen.  Trimethylsilylazide (12.5 mL, 2.18 equiv.) was 

then injected through the rubber septum, into the reaction.  The dark brown mixture was then 

stirred at 300 rpm at 100°C for 48 hours.  The reaction was then filtered hot through a coarse glass 
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filter frit, collecting a green solid and a golden-brown liquid.  The collected liquid filtrate was then 

concentrated under reduced pressure until only about 10-20 mL was left.  Then, deionized water 

(250 mL) was then added to the concentrated filtrate, producing a light green precipitate.  The 

second mixture was then filtered through a fine glass filter frit.  The collected solid was then 

washed with deionized water (6 x 250 mL) and diethyl ether (6 x 250 mL).  The resulting solid 

was then dried under reduced pressure overnight, producing a pale green solid.  The product was 

then analyzed via TOF-MS. 

2.3.4 Synthesis of CuBDTri MOFs via Solvothermal Synthesis 

 The synthesized H2BDTri ligand (5.154 mmol, 1 equiv.) and CuCl2•H2O (12.374 mmol, 

2.4 equiv.) were suspended in DMF (220 mL) in a sealable Pyrex bottle.  The mixture was 

sonicated for at least 1 hour to fully disperse and suspend the reagents.  The mixture was then 

placed into a pre-heated oven at 100°C for 72 hours.  After 72 hours, the oven was turned off and 

the product was cooled to room temperature inside the oven naturally.  Once cooled to room 

temperature, the solid product was then collected using a fine glass filter frit.  The solid product 

was then washed with hot (<50°C) DMF (3 x 50 mL) and hot H2O (3 x 50 mL).  The solid was 

then dried under reduced pressure overnight, producing a pale blue-purple powder.  The collected 

product was then characterized using SEM, pXRD, and BET analysis. 

2.3.5 Synthesis of CuBDTri MOFNs via Bottom-Up Three-Layer Synthesis 

 H2BDTri ligand (0.157 mmol, 1.33 equiv.) was suspended in a mixture of DMF (1 mL) 

and deionized water (2 mL) in a 20 mL glass vial.  This mixture was then sonicated for at least 1 

hour to ensure all of the ligand was suspended.  In a separate glass vial, CuCl2•H2O (0.118 mmol, 

1 equiv.) was dissolved in a mixture of DMF (2 mL) and deionized water (1 mL).  The ligand 
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mixture was then added to a glass test tube (14 mm diameter).  Over this mixture, a mixture of 

DMF and deionized water (1:1 ratio, 1 mL) was carefully added as to prevent premature mixing 

of the two layers.  Finally, the solution containing the CuCl2•H2O was carefully added on top as 

to prevent it from mixing into the other layers.  The synthesis was allowed to proceed at room 

temperature for 24 hours under static conditions.  After the 24 hours, the reactions were 

centrifuged, the solvent was decanted, and the solid product was washed with copious amounts of 

DMF (at least 5 x 5 mL) via vacuum filtration.  The collected product was allowed to dry, yielding 

a pale blue-purple solid.  The product was then characterized using SEM, pXRD, BET analysis, 

elemental analysis, TEM and acid digestion followed by TOF-MS. 

2.3.6 Characterization by Scanning Electron Microscopy (SEM) and Energy-Dispersive X-

ray Spectroscopy (EDS) 

 SEM imaging was performed using a JEOL JSM-6500F microscope.  An accelerating 

voltage of 15.0 kV was used to image all of the MOFs and MOFNs.  All samples were prepared 

on a small piece of carbon tape which were then placed under vacuum and coated with 20 nm of 

gold prior to imaging.  At least three representative images were taken with at least three different 

magnifications for each sample were taken.  Energy-dispersive x-ray spectroscopy (EDS) images 

were obtained using the same instrument using an Oxford X-MAX 80 mm2 EDS detector 

attachment.  An accelerating voltage of 15.0 kV was used.  Samples were prepared by being drop 

cast using deionized water onto aluminum stubs then placed under vacuum and coated with 20 nm 

of gold prior to imaging.  EDS was used to then scan the image for carbon, copper, nitrogen, and 

oxygen collecting elemental data for at least 90 seconds.  SEM images were imported into ImageJ 

and CuBDTri MOFN particle thicknesses were then measured manually on particles where the 

edge could be seen. 
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2.3.7 Characterization by Transmission Electron Microscopy (TEM) 

 TEM images were performed using a JEOL 2100 F which was operated at 200 kV under 

minimum dose operating conditions.  The samples were inserted using a standard tilt holder.  

Images were taken using a Gatan Ultrascan 1000XP 2K x 2K pixel CCD camera at a variety of 

magnifications.  Samples were scanned and pictures were taken manually upon finding the samples 

as it was found that the CuBDTri MOFNs were extremely beam sensitive and lost crystallinity 

after 1 second under the beam. 

2.3.8 Characterization by Powdered X-Ray Diffraction (pXRD) 

 A Bruker D8 Discover DaVinci Powder X-ray Diffractometer with Cu Kα radiation ( = 

1.5406 Å was used, operated at 40 kV and 40 mA.  A 0.6-mm divergent slit was placed on the 

primary beam sided and a high-resolution energy dispersive LYNXEYE-XE-T detector was placed 

on the diffracted beam side during the XRD studies.  Samples were seated on a B-doped silicon 

zero-diffraction plate and held in place with a small amount of vacuum grease.  The 2 was set 

between 4-50 degrees and scanned at steps of 0.100 degrees. 

2.3.9 Determination of CuBDTri Stability in Water 

 Water stability tests on the CuBDTri MOFNs were completed by conducting both a 

leaching study and determining the ability of the nanosheets to retain crystallinity after soaking in 

water.  In the leaching study, the MOFNs were washed by suspending approximately 23 mg of 

CuBDTri MOFN in 10 mL of deionized water.  The CuBDTri MOFN particles were vortexed to 

ensure all of the nanosheets were suspended into the water before it was allowed to sit for 24 hours 

under static conditions.  Over these 24 hours, all of the nanosheets had settled to the bottom.  An 

aliquot (3 mL) was taken from the center of the solution and the remaining solvent was discarded.  
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The MOFNs were then left to dry under reduced pressure at 110°C.  Another 10 mL of deionized 

water was then added to the dried MOFNs, vortexed, and say for another 24 hours under static 

conditions.  An aliquot (3 mL) was taken from the center of this solution as well.  Both aliquots 

were then sent to Huffman Hazen Laboratories in Golden, CO for ICP-AES to determine the 

amount of copper present in these samples.  The excess water was then removed from the samples 

and the MOFNs were left to dry under reduced pressure for 24 hours at 110°C.  After 24 hours, 

pXRD of the nanosheets were taken to ensure that the crystallinity of the nanosheets remained 

intact. 

2.3.10 Elemental Analysis of CuBDTri MOFNs 

 Using the dried MOFNs obtained from the “CuBDTri Stability in an Aqueous Medium” 

experiments, elemental analysis was conducted by Huffman Hazen in Golden, CO.  The MOFNs 

were analyzed and the amount of carbon, hydrogen, nitrogen, and copper present in the sample 

was determined. 

2.3.11 Acid Digestion and Time of Flight-Mass Spectrometry (TOF-MS) of CuBDTri 

MOFNs 

 To determine the presence of the H2BDTri ligand in the CuBDTri MOFNs, the CuBDTri 

MOFNs were digested in 6 M HCl for 24 hours.  A 1 mL aliquot was then taken from the middle 

of the solution and analyzed by direct injection using TOF-MS.  TOF-MS was performed using an 

Agilent® 6224 time-of-flight mass spectrometer equipped with a dual ESI source.  The detection 

range for the scans were set for 95-3200 m/z. 
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2.3.12 Synthesis of S-Nitrosoglutathione (GSNO) 

 A solution of glutathione (GSH) (1.53 g, 4.99 mmol) was prepared in Millipore filtered 

water (8 mL) containing 2 M HCl (2.5 mL).  One equivalent of sodium nitrite (0.345 g, 4.99 mmol) 

was added, and the resulting mixture was stirred for 40 minutes at 5°C.  Acetone (10 mL) was 

added to the resulting red solution and the mixture was stirred for another 10 minutes.  The red 

precipitate was collected via vacuum filtration and washed with ice-cold deionized water (5 x 5 

mL).  The precipitate was dried under reduced pressure on a high vacuum line for at least 4 hours 

to afford S-nitrosoglutathione (1.4g, 4.12 mmol, 82%) (λmax) (H2O) 335 nm (ɛ = 922, 15.9 cm−1 

mM−1). 

2.3.13 Preliminary Catalytic Studies – Conversion of GSNO to NO Catalyzed by CuBDTri 

MOFNs 

 GSNO and GSH solutions were separately prepared from Millipore H2O and solid GSNO 

or GSH under inert conditions (N2) in 100 mL round bottomed flasks.  CuBDTri was massed into 

a multi-neck, 50 mL round bottomed flask and dried overnight at 110°C.  Once dried, the flask 

containing the CuBDTri MOFNs was placed under vacuum (<50 mtorr) on a Schlenk line and 

backfilled with N2 (g) prior to reaction.  GSNO (3 mM, 5 mL) and GSH (1.5 mM, 5 mL) solutions 

and H2O (5 mL) were then injected into the reaction flasks containing dry CuBDTri, vigorous 

bubbling was established in the solution, and an exit needle was added to one neck of the flask.  

The initial concentration of GSNO in all reactions was 1 mM and the initial concentration of GSH 

in all reactions was 0.5 mM.  Reaction flasks were wrapped in aluminum foil to prevent exposure 

to light and reactions were allowed to proceed for 20 minutes (the reaction time was chosen 

specifically to make comparison to rates previously measure at 20 minutes using CuBTTri 

octahedra as the catalyst).  After 20 minutes, the reaction was quenched by removing the exit 



51 
 

needle to stop bubbling and the supernatant was decanted via a syringe.  The supernatant was then 

immediately analyzed via UV-Vis spectroscopy to determine [GSNO]20 min.  The value for [GSNO] 

after 20 minutes was determined by comparing the absorbance of the supernatant at 335 nm to the 

absorbance of a 1 mM GSNO standard (made fresh prior to use) at 335 nm.  The mass of CuBDTri 

added to the reaction flasks (~1.3 mg) resulted in a ratio of 5 GSNO molecules for every Cu atom 

in the reaction flask (i.e., 5 GSNO:1 total Cu atoms).  No unanticipated safety hazards were 

encountered over the course of all experiments. 

2.3.14 Data Analysis 

 All data is reported as “average ± standard deviation”.  All data points that are reported 

were calculated from n = 3, unless noted otherwise. 
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2.4 Results and Discussion 

2.4.1 Synthesis of Cu-Based Metal-Organic Framework Nanosheets Using Three-Layer 

Method and Initial Analysis of Particle Morphologies Using Scanning Electron Microscopy 

and Transmission Electron Microscopy 

 Previous work which had characterized the catalytically active sites in CuBTTri for NO 

generation from GSNO suggested that our initial efforts should be directed towards using a three-

layer method to synthesize CuBTTri MOFNs.  However, the yield by mass of CuBTTri nanosheets 

from the three-layer method was low (<1.0%, <1 mg).  SEM images of the solid product from the 

three-layer synthesis (Figure 2.3a) starting with the CuBTTri precursors Cu2+ and H3BTTri (Figure 

2.1) showed that the solid collected was primarily comprised of particles with no discernable 

regular morphology and few possessed sheet-like morphologies.  The few particles that possessed 

a b c 

d e f 

Figure 2.3. (a-f) SEM images of (a) CuBTTri MOF sheets synthesized using the three-layer 
method at x5000 magnification, (b, c) CuBDTri MOF nanosheets synthesized using the three-
layer method at x5000 and x15,000 magnifications, respectively, (d-f) CuBDTri MOF 
synthesized using a solvothermal method, focusing on one of the “arrowhead” like masses of 
interwoven MOF at x1000, x5000, and x15,000 magnifications, respectively.  
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morphologies that resembled sheets were observed to be large, approximately 2-6 µm across (close 

to CuBTTri octahedra synthesized using traditional solvothermal methods).  Particles of 2-6 µm 

in length are hypothesized to have a lower proportion of metal sites present on external surfaces 

than is desirable for catalytic applications limited to particle exterior surfaces.  Our own previous 

work shows that just 1.3 ± 0.4% of the total Cu is catalytically active in 600 ± 400 nm CuBTTri 

octahedra.  The low yield and large particle sizes observed for the resulting solid from the three-

layer synthesis using CuBTTri precursors suggested to us that a change in linker identity might be 

necessary to achieve Cu-MOFN synthesis.  It was hypothesized that because H3BTTri can initiate 

particle growth in three dimensions, a different linker molecule with fewer coordinating functional 

groups could better promote anisotropic growth of MOF crystals as nanosheets, illustrated in 

Figure 2.4.  We turned to the H2BDtri linker, which contains the same triazole moiety as H3BTTri, 

but at only two sites on the linker molecule positioned para from one another (Figure 2.4). 

Figure 2.4. H3BTTri (left) can allow for coordination to copper and 
growth in multiple directions, making it easier for “three-dimensional” 
morphologies to form. H2BDTri (right) can only coordinate to copper in 
two directions, 180° away from each other, more readily promoting 
anisotropic growth, hence it is expected that the H2BDTri can form MOFs 
with nanosheet morphology more readily. 
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 Using the same three-layer method, the H2BDTri linker was used to synthesize CuBDTri 

MOFNs.  The yield of the CuBDTri product by mass improved (14 ± 2% (n=9) vs. <1.0%) relative 

to the synthesis employing CuBTTri precursors.  SEM images (Figure 2.3b, 2.3c) show that 

CuBDTri particles from the three-layer synthesis possess nanosheet morphology, supporting the 

hypothesis that the H2BDTri linker limits directional connectivity during particle growth.  The 

CuBDTri nanosheets range from 40-600 nm in length with an average thickness of 40 ± 10 nm 

(n=101, from five different images), much smaller than the particles synthesized using H3BTTri 

in the three-layer synthetic method.  It is worthwhile to point out that the average thickness 

observed of 40 ± 10 nm observed includes the fact that the nanosheets were coated in 20 nm of 

gold, so thicknesses of the nanosheets may actually be closer to 20 ± 10 nm.  This means the 

thickness of the particles are already observed to be quite low and further decreases in thicknesses 

are expected to be difficult to achieve synthetically.  The large range in length of the CuBDTri 

nanosheets leaves room for improvement in the domain of controlling the aspect-ratios and size 

dispersity of the particles.  The SEM images in Figure 2.3 and the relative yields of solid product 

obtained using H2BDTri versus H3BTTri show that both the synthetic method and ligand identity 

impact MOF particle synthesis yield, morphology, and size.  While three-layer methods have 

previously been used to synthesize MOFNs with Cu-O linkages, this is the first report showing the 

method also works for synthesizing Cu-MOFNs with triaole linkers, and hence, Cu-MOFNs with 

improved hydrothermal stability (vide infra). 
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 The H2BDTri ligand was also used to synthesize CuBDTri MOF using a traditional 

solvothermal method to produce crystals with a more three-dimensional morphology to address 

the question of if the H2BDTri linker would promote nanosheet formation regardless of synthetic 

method.  Representative Sem images of the CuBDTri particles obtained from a solvothermal 

synthesis (Figure 2.3d-f) show that the particle morphology is a mixture of very long sheet-like 

particles, triangular prisms, and rhombical prisms.  Many of the particles are over 140 µm in length 

at 7 µm in width, large compared to the CuBDTri MOFNs synthesized using the three-layer 

method.  Arrowhead-like aggregates composed of interwoven/intersecting sheets were also 

observed for CuBDTri particles synthesized using the solvothermal method.  These results further 

support that the method of synthesis used (when linker identity is held constant) impacts the size 

and morphology of the resulting MOF particles.  A summary of the observed particle morphology, 

size, and yield for the different linker and synthetic method pairings reported herein are 

summarized in Table 2.1. 

 

 

 

MOF 
Synthetic 

Method 

Linker 

Used 

Dominant Particle 

Morphology 

Particle Sizes 

(by width) 
Yield 

CuBTTri Three-layer H3BTTri No regular morphology 2-8 μm* <1% 

CuBDTri Three-layer H2BDTri Nanosheets 40-500 nm 13.81±2.21% 

CuBDTri Solvothermal H2BDTri Elongated triangular and 
rhombical prisms 

7 – 140 μm N/A 

Table 2.1. A summary of the data used to compare the products from each of the syntheses. 
*Particle sizes measured for the CuBTTri synthesized via a three-layer bottom-up method was 
obtained by measuring the few nanosheets that could be found and do not consider the large 
particles with no regular morphology. 



56 
 

TEM images of the CuBDTri MOFNs synthesized via the three-layer method were also 

collected (Figure 2.5).  The morphology of the particles of the particles observed by TEM 

resembles sheets, which can be loosely defined as flat quadrilaterals.  This is consistent with what 

is seen under SEM for the CuBDTri MOFNs.  Unfortunately, TEM could not be used to further 

characterize the CuBDTri MOFNs more extensively via electron diffraction as the samples were 

observed to be extremely beam sensitive with the crystal lattice breaking down after approximately 

1 second of beam exposure.  With the equipment that was currently available, this was not an issue 

that could be avoided.  However, it can be seen that several of the nanosheets observed in Figure 

2.5 via TEM appear transparent and nanosheets can be observed underneath/above one another.  

The observed transparency of the nanosheets via TEM is well in line with our measured average 

thickness of 40 ± 10 nm (potentially 20 ± 10 nm), as particles less than 100 nm thick are known to 

exhibit transparency in TEM images. 

2.4.2 Characterization to Ascertain CuBDTri as a MOF 

 This is the first report of synthesizing a MOF using the H2BDTri linker and by extension, 

the first report of synthesizing a Cu-based MOF using the H2BDTri linker.  Hence, we also 

Figure 2.5. TEM image showing overall geometry of some 
CuBDTri MOF nanosheets. 
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collected data to test whether the solid synthesized using the H2BDTri linker was indeed a MOF.  

For this purpose, a MOF is defined as a crystalline, porous material composed of metal cations 

and organic linkers.  To do this, pXRD was used to determine the crystallinity of the material.  

BET analysis was used to determine the surface area of the material and by extension, the porosity 

of the material.  Elemental analysis, EDS mapping, and acid digestion TOF-MS were then used to 

confirm the presence of copper and the H2BDTri linker in the solid. 

2.4.2.1 Characterization and Comparison of CuBDTri MOFN and CuBTTri MOF via pXRD 

 X-ray diffraction patterns were collected for the CuBDTri products of the three-layer and 

the solvothermal methods (Figure 2.6).  The diffraction patterns in Figure 2.6a show that the 

products from both syntheses are crystalline based upon the presence of sharp, distinct peaks.  

Furthermore, the position of the peaks in the diffraction patterns are identical, indicating that both 
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Figure 2.6. (a) Diffraction patterns obtained using pXRD, of CuBDTri MOF nanosheets synthesized 
using three-layer method (top) and CuBDTri MOF nanocrystals synthesized using traditional 
solvothermal methods (bottom). The identical positions of the peaks in the diffraction patterns confirm 
that both materials are crystalline and possess the same bulk crystal structure. (b) SEM image at x15000 
magnification of CuBDTri MOF nanosheets synthesized using the three-layer method. (c) SEM image at 
x15000 magnification of CuBDTri MOF synthesized using solvothermal methods. 
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materials are isotypic and exhibit similar, if not identical, bulk crystal structures.  The relative 

intensities of the peaks in Figure 2.6a differ between the two CuBDTri samples, which may be 

caused by the difference in particle morphology.  As observed in SEM, CuBDTri nanosheets 

synthesized using the three-layer method are rectangular and flat, while the CuBDTri synthesized 

using solvothermal methods grow more readily in three dimensions.  Different particle 

morphologies of materials with the same bulk crystal structure will exhibit slight difference in 

peak intensity in diffraction patterns because different lattice planes will be present for diffraction 

patterns because different lattice planes will be present for diffraction events at different ratios.  

Ultimately, the pXRD data in Figure 2.6a shows that the solid CuBDTri products synthesized using 

the three-layer method meet the requirement of crystallinity for being defined as a MOF. 

2.4.2.2 Characterization of CuBDTri MOFNs as a Porous Material via BET Analysis to 

Measure Surface Area 

Figure 2.7. Characteristic two-step N2 adsorption isotherms on CuBDTri MOF nanosheets synthesized 
using the three-layer method and CuBDTri MOF nanocrystals synthesized using a solvothermal method. 
Future experiments will be necessary to determine whether this observation results from pressure-
induced pore accessibility to the adsorbate, diffusion of adsorbate between layers, or an alternative 
hypothesis. 

Nanosheets Solvothermal 
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 The BET surface area of the CuBDTri MOFNs produced from the three-layer method was 

determined to be 246 ± 30 m2/g (n = 4), and a typical isotherm is shown in Figure 2.7.  The overall 

shape is congruent with a type II isotherm, having more than one inflection point, and dV / d(p/P*) 

is increasing, where po/P* = 1.49,50  A sharp increase in adsorption was observed at 0.488 ± 0.05 

(p/p°), creating a stepwise affection in the isotherm.  The region prior to the sharp increase is 

congruent with a type I isotherm, and the region following the sharp increase is congruent with a 

type III isotherm.  A serial, two-step process suggests that N2 adsorption is initially limited to a 

very near the MOF surface at low pressures, followed by a second, pressure-dependent adsorption 

process at higher pressures.  The second process may be indicative of N2 penetration into the bulk 

of the MOF.  This two-step profile and corresponding hysteresis were observed over four 

experiments on three batches of CuBDTri nanosheets over a 9-month period.  The approximate 

increase in adsorbed gas was consistent between experiments.  The relative pressures at which the 

absorbance increase occurred varied, and we attribute the variance to variations in average 

nanosheet thickness/aspect ratio between synthetic batches.  A greater thickness would likely 

correspond to higher pressure absorbance increase due to increased net activation energy required 

for conformation change or, alternatively, the increased number of pores the adsorbate diffuses 

into. 

 The observation of a stepwise adsorption profile is not well understood.  The hysteresis 

isotherms of porous coordination polymers have been reported and are congruent with the 

desorption profiles we report here.  A two-step isotherm was also reported for another 2D MOF 

[{Cu(BF4)2(4,4’-bypyridine)2}n].51  There is evidence that suggest stepwise isotherms indicate 

flexibility within the framework, and guest inclusion into the framework only occurs once some 

threshold pressure is reached.52  It is believed this indicates that the framework may be in a 
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“closed” conformation below the threshold pressure and “open” at pressures above the threshold.  

The large hysteresis observed may indicate slow egress of trapped N2 from the MOF in the “open” 

conformation, which would then be further hindered when the framework transitions to the 

“closed” conformation at lower pressures. 

 Additional studies are necessary to determine the rigidity and pore dimensions of the 

CuBDTri MOFNs.  Although pore sizes were measured, they were calculated from the overall 

isotherm.  It is likely that pore size would vary if a conformational change was what causes the 

two-step adsorption that is observed.  The observation of capillary condensation may also be 

related to conformational changes, but additional studies are necessary to evaluate this hypothesis 

properly and thoroughly.  The pore size of the CuBDTri MOFNs synthesized using the three-layer 

method and the CuBDTri MOFs synthesized using solvothermal methods were measured to be 9.4 

± 1.0 Å (n =  4) and 17.5 Å, respectively.  These measurements indicate the presence of micropores, 

but are inconclusive whether CuBDTri MOFNs are strictly meso-, microporous, or some 

combination thereof, depending on the confirmational state of the MOFNs.   

If the framework is indeed inflexible, then the two-step isotherm may be explained by 

physisorbed nitrogen aggregating on the exterior surface of the MOF particles and initially 

blocking the pore aperture.  This blockage of the pore aperture would then be overcome by an 

increase in pressure, and Vads increases as N2 diffuses into the framework.  A similar hypothesis 

was recently reported for two-step C2H2 and CO adsorption isotherms.53   

Regardless, the BET analysis shows that the material synthesized using the three-layer 

method with H2BDTri produced a porous material with a high surface area, meeting that criterion 

for being identified as a MOF. 
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2.4.2.3 Using Elemental Analysis, EDS, and Acid Digestion TOF-MS to Confirm the Presence 

of Cu, C, N, and H in the CuBDTri MOFNs 

Sample ID 
Amount of Copper Found in Solution 

(mg/L) 

Control <0.05 

Sample Wash 1 0.98 

Sample Wash 2 0.59 

Sample Wash 3 0.89 

Sample 1 0.49 

Sample 2 0.32 

Sample 3 0.35 

  

Elemental analysis of CuBDTri MOFNs revealed that C, H, N, and Cu are all present in 

approximately a 30:39:16:2 ratio (Table 2.2).  The H2BDTri ligand itself has a molecular formula 

of C10H8N6.  Based on ratios from the elemental analysis, we are unable to determine the exact 

molecular formula of CuBDTri MOFNs.  However, elemental analysis confirms that the CuBDTri 

MOFNs are composed of C, N, H, and Cu, as expected based on the identity of the precursors 

used.  Despite the use of a CuCl2 precursor, no significant amount of Cl was observed to be present 

in the solid by elemental analysis.  With this, the elemental analysis data confirms that Cu and the 

elements in the H2BDTri ligand (C, N, and H) are present in the nanosheets. 

Table 2.2. Data table showing the mg/L of copper found in each of the samples once the 
CuBDTri MOF nanosheets synthesized vie the three-layer bottom-up method were soaked for 
24 hours. The “Control” is just the deionized water. The “Sample Wash” refers to the first 
aliquot from the sample after the CuBDTri MOF nanosheets were soaked in water for 24 
hours for the first time, showing how much loose copper was removed. The “Sample” refers 
to the aliquot from the sample after the CuBDTri MOF nanosheets were soaked in water for 
another 24 hours, showing a reduced amount of copper found in solution.  
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 Using EDS, mapping of the CuBDTri MOFNs showed that C, Cu, N, and O are all present 

on the MOF (Figure 2.8).  Oxygen is likely present due to adventitious water vapor of O2 gas 

molecules adsorbed on the CuBDTri particle surfaces as oxygen was confirmed to not be present 

in the dried CuBDTri via analysis (vide supra).  Based on the EDS data, CuBDTri MOFN surfaces 

contain approximately 50.76% C, 37.62% N, .01% Cu, and 3.62 O by mass.  Again, more 

experiments were required to determine the molecular formula of the CuBDTri MOFNs.  With the 

EDS data, the presence of Cu and the H2BDTri linker in the CuBDTri MOFN is further supported. 
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Figure 2.8. (a-f) SEM image and elemental maps obtained form CuBTTri MOF nanosheets 
synthesized using the three-layer method. Sample was drop cast onto an aluminum pin stub. 
(a) Original SEM image of CuBTTri MOF sheets synthesized using the three-layer method, 
(b) EDS map image of carbon, copper, nitrogen, and oxygen all layered on top of each other 
(c) EDS map of carbon (d) EDS map of copper (e) EDS map of nitrogen (f) EDS map of 
oxygen. 
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 The CuBDTri MOFNs were digested in 6 M HCl and a filter (0.2 μm) was used to remove 

any undissolved particulates, leaving behind a solution with the dissolved ligand.  TOF-MS was 

used to test this solution for the presence of the H2BDTri ligand in the CuBDTri MOFNs 

synthesized via the three-layer method (Figure 2.9).  The mass spectrum obtained reveals the 

presence of a distinct peak at 213 m/z, confirming that the MOFN contained the H2BDTri ligand.  

There were no other major detectable components inside the solution via TOF-MS. 

2.4.3 Determining Stability of CuBDTri MOFNs in Water 

 Soaking studies of CuBDTri nanosheets support the hydrothermal stability of the material.  

When 23 mg of CuBDTri MOFNs were soaked in 10 mL of deionized water for 24 hours, an 

average of 0.39 mg/L of Cu was observed via elemental analysis.  Comparing the Cu content of 

the soaking solution to the Cu content in the CuBDTri MOFN sample reveals that approximately 

Figure 2.9. Mass spectrum of the 6M HCl solution after MOF nanosheets that were synthesized 
via the three-layer bottom-up method were digested for 24 hours. The mass of the H2BDTri is 
observed at 213 m/z, accounting for the proton present from running the sample under position 
ion mode. 
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0.11% of Cu was lost over 24 hours, confirming that the CuBDTri MOFNs do no leach a 

significant amount of Cu cations under aqueous conditions. 

2.4.4 Preliminary Catalytic Performance of CuBDTri MOFNs in Reaction to Convert GSNO 

to NO 

 

  

Figure 2.10. Red (top), the UV-VIS spectrum for a 1.0 mM GSNO standard in H2O 
(Abs. at 335 nm is 0.961). Black (bottom), the UV-VIS spectrum for the supernatant 
from a reaction between GSNO and CuBDTri nanosheets (1.3 mg) in H2O after 20 
min (Abs. at 335 nm is 0.692, corresponding to [GSNO] = 0.72 mM). The CuBDTri 
nanosheets were confirmed to be active for GSNO to NO conversion catalysis. 
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The CuBDTri MOFNs synthesized via the three-layer method were evaluated with respect 

to their catalytic performance for GSNO to NO conversion in H2O.  GSNO to NO conversion was 

chosen as a catalytic test reaction to compare CuBDTri MOFNs and CuBTTri octahedra because 

the behavior of CuBTTri as a GSNO to NO conversion catalyst has been accurately benchmarked.  

Previously, our group has reported that the rate of loss of GSNO ([-d-GSNO]/dt]) over 20 minutes 

of the reaction in H2O when using CuBTTri as the catalyst was (2.9 ± 0.3) × 10-4 mM s-1 (Table 

3).15,17  Those previous CuBTTri experiments were carried out using a mass of CuBTTri (2.7 mg), 

resulting in a ratio of two GSNO molecules per-each-Cu-atom basis for catalysis because the 

CuBDTri nanosheets may contain a greater proportion of metal sites on the exterior surface of the 

particle in comparison to CuBTTri octahedra. 

 CuBDTri nanosheets were exposed to 1 mM GSNO in H2O and allowed to react for 20 

minutes under identical experimental conditions from previous work using CuBTTri.15,17  The 

mass of CuBDTri used (1.3 mg) resulted in a ratio of five GSNO molecules per-each-Cu-atm in 

the nanosheet sample (based upon the amount of Cu reported via elemental analysis of CuBDTri.  

At 20 minutes, [-d[GSNO]/dt] was determined using UV-Vis spectroscopy to measure [GSNO]20 

min (Figure 2.10).  The spectrum shows that at 20 minutes, (in a representative experiment), the 

Table 2.3. The observed rate at 20 minutes for GSNO to NO conversion for CuBTTri and CuBDTri 
under identical experimental conditions (other than the ratio of GSNO Cu per GSNO, the CuBDTri 
nanosheets operate at the same rate, within experimental error, as the CuBTTri octahedra.to total 
Cu). The key finding is that, despite 2.5 fewer equivalents of Cu per GSNO, the CuBDTri MOFN 
catalyzed the reaction at the same rate, within the experimental error, as CuBTTri octahedra. 

MOF Catalyst GSNO:CuTotal [-d-GSNO]/dt]20 minutes mM s-1 

CuBTTri 2:1 (2.0 ± 0.3) x 10-4 

CuBDTri 5:1 (2.3 ± 0.4) x 10-4 
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concentration of GSNO had decreased from 1 to 0.72 mM.  Three trials using CuBDTri MOFNs 

for catalysis resulted in an average [-d[GSNO]/dt]nanosheets = (2.3 ± 0.4 × 10-4 mM s-1 (Table 3).  

The observed rate for GSNO oxidation catalyzed by CuBDTri nanosheets is equal, within 

experimental error to the observed rate for CuBTTri octahedra (Table 3).  However, experiments 

using CuBDTri nanosheets were carried out with 2/5 fewer equivalents of total Cu per GSNO than 

CuBTTri experiments.  This means that the CuBDTri MOFNs achieve the same catalytic rate as 

CuBTTri octahedra with less total Cu, and therefore CuBDTri MOFNs are superior catalysts to 

CuBTTri octahedra for GSNO to NO conversion in H2O on a per-total-Cu-atom basis.  It is also 

important to note that in Figure 10, at a wavelength of approximately 280 nm, there is an increase 

in absorbance between the red (standard 1.0 mM GSNO in H2O) and black (after 1.0 mM GSNO 

in H2O was exposed to the CuBDTri MOFN for 20 minutes).  This increase is indicative of the 

production of GSSG, a byproduct of the conversion of GSNO to NO. 

It is important to note that the catalysis results herein are preliminary and mainly serve to 

confirm that the CuBDTri MOFNs are catalytically active for a biomedically important reaction 

(NO generation) and is worthy of further study.  Future experiments are needed to determine what 

proportion of any improvement in catalytic performance comes from: 

I. That CuBDTri MOFNs exhibit an increased density of active sites versus CuBTTri 

octahedra due to their relatively greater external surface area, leading to a greater 

proportion of the Cu to be readily accessible 

II. That the Cu surface sites in CuBDTri are kinetically differentiable from, and 

catalyze GSNO to NO conversion at a greater rate than the Cu surface sites in 

CuBTTri 
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However, further experimentation and a more thorough understanding of the crystal structure and 

catalytic sites of the CuBDTri MOFNs would be required to be able to draw these conclusions. 

 Analysis of the CuBDTri MOFN pre- and post-catalysis as shown that the MOFN likely 

retains crystallinity after being used to oxidize GSNO to produce NO based on the retention of a 

sharp peak a little above 5 2θ.  However, other peaks cannot be clearly seen.  We hypothesize that 

this is likely due to the adherence of GSNO, GSSH, NO, or a combination thereof to the MOFN, 

resulting in the disappearance of these peaks in the diffraction pattern.  The fact that the park just 

above 5 2θ is still present however makes it seem unlikely that the crystal structure itself is being 

destroyed completely and this further experimentation is required to determine the exact cause of 

this. 

2.5 Conclusions 

 In summary, CuBDTri MOFNs were successfully synthesized using a three-layer method 

for the first time.  These CuBDTri MOFNs were confirmed to be crystalline, porous, water-stable, 

and catalytic active for GSNO to NO conversion in H2O.  The CuBDTri MOFNs were observed 

to be more catalytically active in the conversion of GSNO to NO on a per-total-Cu-atom basis than 

CuBTTri nanosheets.  The successful synthesis of CuBDTri MOFNs using the three-layer method 

suggests that this method is useful for synthesizing MOFs using a wider variety of linkers than 

previously established.  The H2BDTri ligand more readily promotes the growth of particles with 

sheet-like morphologies than the H3BTTri ligand.  This suggests that ligand identity must be 

considered when trying to control the crystal morphology in MOF particles as illustrated by the 

differences observed in the morphology of the CuBDTri products synthesized using the three-layer 

method and the CuBTTri products synthesized using the three-layer method.  Furthermore, the 

synthetic method used has an observable effect as well so must also be considered when trying to 
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control the crystal morphology in MOF particles which was illustrated by the differences observed 

in the morphology of the CuBDTri products synthesized using the three-layered method and the 

CuBDTri products synthesized using solvothermal methods.   

 The methods used to confirm CuBDTri as a MOF (pXRD, BET, elemental analysis, and 

acid digestion TOF-MS) should serve as an example of a standard to use that does not currently 

exist in the MOF literature.  With this combination of analytical techniques, it can be confirmed 

that the material is indeed crystalline, porous, and posses the intended metal center(s) and organic 

linker(s).  With appropriate standardization of confirming materials as MOFs, a level of 

consistency can be reached in the MOF literature. 
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CHAPTER 3 

OPTIMIZING THE THREE-LAYER BOTTOM-UP SYNTHETIC METHOD FOR MAKING 

CuBDTri METAL-ORGANIC FRAMEWORK NANOSHEETS STREAMLINED USING 

COMPUTATIONAL HEATMAPS 

 

3.1 Overview 

 As discussed in Chapter 2 of this dissertation, Cu-based metal-organic framework 

nanosheets (MOFNs) have been synthesized for CuBDTri (where H2BDTri = 1,4-1H-1,2,3-triazol-

5-yl)benzene) using a three-layer, bottom-up method.  The CuBDTri MOFN offers the advantage 

over other heterogeneous catalytic MOF systems in that the active sites are positioned on the 

exterior surface of the particle.  Ideally, MOFNs can be synthesized to possess two-dimensional 

morphology with only 1 or 2 layers of the MOF.  This would mean that every Cu-site in the MOFN 

is located on the exterior surface of the particle and the Cu site would be accessible without needing 

substrates to diffuse into the pores.  By designing and synthesizing catalytic MOFNs in this way, 

the catalytic efficiency of MOFNs as heterogeneous catalysts would be maximized on a per-atom-

basis. 

 As discussed at the end of Chapter 2 of this dissertation, CuBDTri MOFNs are more 

catalytically active on a per-total-Cu-atom basis in a standardized test reaction, generating nitric 

oxide (NO) from S-nitrosoglutathione, relative to previously studied octahedral particles of the 

MOF CuBTTri (where H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene.  Understanding the 

factors that lead to the increase in catalytic efficiency is important for moving forward in 
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redesigning MOFs for higher catalytic efficiency.  The improvement in catalytic performance is 

due to either one or both of the following reasons: 

I. The CuBDTri MOFNs exhibit an increased density of active sites versus CuBTTri 

octahedra due to having a higher external surface area on the particle, resulting in 

a larger proportion of the Cu-sites being readily accessible. 

II. The Cu surface sites on the CuBDTri MOFNs are kinetically different from those 

seen on CuBTTri octahedra.  This difference then causes the Cu sites in the 

CuBDTri MOFNs to catalyze the GSNO to NO conversion at a faster rate than 

those in CuBTTri octahedra. 

By synthesizing CuBDTri MOFNs with thinner morphological structures, the hypotheses can be 

tested to determine whether the increased density of active sites on the surface is a factor in the 

improved catalytic performance.  To test this, CuBDTri MOFNs of varying average thicknesses 

would be used to catalyze a standardized test reaction where nitric oxide (NO) is generated from 

S-nitrosoglutathione.  The reaction rates could then be measured and compared to determine 

whether the increased density of active sites on the exterior surface of the MOFN particle is a 

factor in the improved catalytic performance that was observed.  It would be expected that the 

thinner the MOFNs are, the higher the catalytic efficiency should be on a per-total-Cu-atom basis, 

as there would be a greater active site density due to an increased external surface area to volume 

ratio in thinner MOFN particles. 

 Determination of the synthetic conditions to be used was done by Jonathan Thai and Jacob 

DeRoo.  The syntheses performed to test each of the set of conditions and SEM imaging were 

carried out by Jonathan Thai and Andrea Selkow.  Development of sample prep, AFM methods, 
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and obtaining of AFM images were done by Jonathan Thai and Adam Sherrer.  Melissa M. 

Reynolds was the advisor on this project. 

3.2 Introduction 

 Metal-organic frameworks (MOFs) are a class of materials that boast a high level of 

physical and chemical tunability, high surface area, and well-defined structural geometry, making 

them an interesting material for study as heterogeneous catalysts.1–13  However, reports show that 

for many catalytic systems involving MOFs, the pore apertures of the MOF particle can be too 

narrow for substrates to diffuse into the channels of the MOF to access intrapore catalytic sites, 

severely limiting the catalytic activity to the sites on (or extremely close to) to the external surface 

of the MOF particle.14–17  This limitation in accessibility to the catalytic sites has motivated 

scientists interested in using MOFs in heterogeneous catalytic systems to investigate ways to 

optimize the catalytic efficiency of MOFs.18–35 

 As discussed in Chapter 2, our previous work designed and synthesized the first instance 

of water-stable Cu-based metal-organic framework nanosheets (MOFNs) that were capable of 

catalyzing the conversion of S-nitrosoglutathione (GSNO) to nitric oxide (NO).15  It was 

hypothesized that MOF particles with nanosheet morphologies position a greater proportion of 

metal sites on, or extremely close to the exterior surface of the particle relative to particles with 

extended three-dimensional morphologies such as octahedra, cubes, rods, or spheres (when the 

size of the particle is held relatively constant).  Hence, MOFNs are expected to exhibit an increase 

in catalytically active sites that are significantly more accessible in cases where catalytic activity 

is limited to the exterior surface of the MOF particle.  In an ideal situation, these MOFNs 

synthesized would only be 1-2 layers thick so that there is no internal volume in the MOF particle 

and every metal site is positioned on the external surface of the MOF particle.  This would result 
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in every metal site being accessible to any substrate without need for diffusion through the pore  

apertures of the MOF particles.   

 To accurately determine the thickness of the MOFNs to ensure we were getting them as 

thin as possible, atomic force microscopy (AFM) was used as is possess high sensitivity, capable 

of determining differences down to the nanometer scale.  AFM is a high-resolution technique 

where an AFM probe (akin to a “needle”) on the free end of a cantilever scans the surface of a 

sample in a raster pattern (Figure 3.1).36  A laser reflecting off of the AFM probe and into a 

position-sensitive photodiode detector is then used to determine the changes in height of the AFM 

probe.36  Collectively, this data generates a three-dimensional topographic map of the surface of a 

sample.36  

While there are several instances in the literature where AFM is used to image 

nanomaterials, including MOFs and MOFNs, there does not appear to be a standard set of methods 

Figure 3.1. General schematic of an atomic force microscope. 

Sample surface 
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and many of the images obtained are of very low quality, showing only parts of the AFM image 

and/or only one particle in the image.37–41  For the purpose of this project where averages of several 

nanosheets would be required, just trying to replicate what others have done in the literature would 

be insufficient.  This meant that to properly image the CuBDTri MOFNs with AFM, the sample 

preparation and specific conditions used had to be determined experimentally.  In doing so, I aimed 

to create a thorough set of experiments to determine the optimal set of conditions to use to properly 

image the CuBDTri MOFNs using AFM where several individual particles can be measured in a 

single AFM image so that statistical significance can be achieved, even with from just a single 

sample. 

 In this chapter, we discuss the use of the three-layer method to synthesize CuBDTri 

MOFNs was run at various conditions so that they could be used to generate a heatmap that can 

predict the ideal conditions to use to synthesize CuBDTri to create MOFN particles that are as this 

as possible.  The specific conditions that were modified in these reactions were metal to ligand 

ratio (amount of ligand used), buffer volume, and temperature.  A method was developed to 

accurately measure MOFN particle thickness using AFM so that it could be used to determine the 

average thickness (and other dimensions) of the CuBDTri MOFNs produced from each set of 

synthetic conditions.  However, since all three conditions were semi-randomly changed through 

each experiment, no definitive trends can be drawn from these experiments until AFM experiments 

are completed.  Definitive trends based on each of the variables will be determined in future 

experiments once a heatmap has been generated.  Instead, this chapter will draw generalized trends 

based on observations during the synthetic process, images obtained from scanning electron 

microscopy (SEM), and preliminary AFM data. 
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3.3 Experimental 

3.3.1 Materials 

 All chemicals and solvents were purchased from commercial vendors and were then used 

without any further purification.  N, N-dimethylformamide, >99.8%, methanol, >95%; 

trimethylsilylazide, >97%; acetonitrile, 99%; and 1,4-diethynylbenzene, >97% were purchased 

from Fisher Scientific (Waltham, MA).  Copper(I) iodide, >99.5% was purchased from Sigma-

Aldrich (St. Louis, MO).  Muscovite Mica Sheets (9.55 mm diameter) were purchased from 

Electron Microscopy Sciences (Hatfield, PA).  All deionized water used was purified by a 

Millipore Milli-Q IQ 7000 water purification system to 18.2 MΩ-cm resistivity prior to use. 

3.3.2 Synthesis of H2BDTri Ligand 

 To synthesize the H2BDTri ligand, copper(I) iodide (1.011 g, 5.308 mmol) and 1,4-

diethynylbenzene (5.429 g, 1 equiv.) were combined in a two-necked 500 mL round bottomed 

flask.  DMF (180 mL) and methanol (20 mL) were then used to suspend the solid reagents.  A 

reflux condenser was then set up with the vertical neck while a rubber septum was used to seal the 

other.  The system was then purged with nitrogen.  Trimethylsilylazide (12.5 mL, 2.18 equiv.) was 

then injected through the rubber septum, into the reaction.  The dark brown mixture was then 

stirred at 300 rpm at 100 °C for 48 hours under nitrogen.  The reaction was then filtered hot through 

a coarse glass filter frit, collecting a green solid and a golden-brown liquid.  The collected liquid 

filtrate was then concentrated under reduced pressure until only about 10-20 mL was left.  Then, 

deionized water (250 mL) was then added to the concentrated filtrate, producing a light green 

precipitate.  The second mixture was then filtered through a fine glass filter frit.  The collected 

solid was then washed with deionized water (6 x 250 mL) and diethyl ether (6 x 250 mL).  The 



85 
 

resulting solid was then dried under reduced pressure overnight, producing a pale green solid.  The 

product was then analyzed via TOF-MS in positive mode. 

3.3.3 Synthesis of CuBDTri MOFNs via Bottom-Up Three-Layer Synthesis 

 In this experiment, CuBDTri MOFNs were synthesized using a various combination of 

conditions (Table 3.1) that were determined semi-randomly to be able to provide the necessary 

information to create a heatmap that could then use the data to predict the ideal conditions to be 

used for CuBDTri MOFN synthesis, producing the thinnest nanosheets possible with the three-

layer method.  Variables that were changed are marked (a-c) throughout this procedure to correlate 

with that variable in Table 1.  H2BDTri ligand (a) was suspended in a mixture of DMF (1 mL) and 

deionized water (2 mL) in a 20 mL glass vial.  The amount of H2BDTri ligand used was determined 

by taking the metal to ligand ratio (a) and multiplying it by the equiv. of CuCl2•H2O used.  This 

mixture was then sonicated for at least 1 hour to ensure all of the ligand was suspended.  In a 

separate glass vial, CuCl2•H2O (0.118 mmol) was dissolved in a mixture of DMF (2 mL) and 

deionized water (1 mL).  The ligand mixture was then added to a glass test tube (14 mm diameter).  

Over this mixture, a mixture of DMF and deionized water (1:1 ratio, b) was carefully added as to 

prevent premature mixing of the two layers.  Finally, the solution containing the CuCl2•H2O was 

carefully added on top as to prevent it from mixing into the other layers.  The synthesis was allowed 

to proceed under static conditions at various temperatures (c).  After 24 hours, the reactions were 

centrifuged, the solvent was decanted, and the solid product was washed with copious amounts of 

DMF (at least 5 x 5 mL) via vacuum filtration.  The collected product was allowed to dry, yielding 

a pale blue-purple solid.  The product was then characterized using SEM, pXRD and AFM. 
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Experiment a. Metal to Ligand ratio b. Buffer Volume (mL) c. Temperature (°C) 

1 0.8 1 15 

2 2 1.5 15 

3 1.2 3 15 

4 1.2 2 20 

5 2.4 2.5 20 

6 0.8 3 20 

7 1.2 1 25 

8 2.4 1.5 25 

9 0.8 2 25 

10 2.4 1 30 

11 1.6 2 30 

12 2 3 30 

13 2 1 35 

14 0.8 1.5 35 

15 1.6 2.5 35 

Table 3.1. The set of experimental conditions that were determined to be used to perform the 
three-layer synthesis of CuBDTri. 
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3.3.4 Characterization by Scanning Electron Microscopy (SEM) 

 SEM imaging was performed using a JEOL JSM-6500F microscope.  An accelerating 

voltage of 15.0 kV was used to image all of the MOFNs synthesized.  All samples were prepared 

on a small piece of carbon tape which were then placed under vacuum and coated with 20 nm of 

gold prior to imaging.  Images were taken from at least three randomly picked areas within the 

sample with at least three different magnifications for each, and a representative image is then 

provided.   

3.3.5 Characterization by Powder X-ray Diffraction (pXRD) 

 A Bruker D8 Discover DaVinci Powder X-ray Diffractometer with Cu Kα radiation ( = 

1.5406 Å was used, operated at 40 kV and 40 mA.  A 0.6-mm divergent slit was placed on the 

primary beam sided and a high-resolution energy dispersive LYNXEYE-XE-T detector was placed 

on the diffracted beam side during the XRD studies.  Samples were seated on a B-doped silicon 

zero-diffraction plate and held in place with a small amount of vacuum grease.  The 2 was set 

between 4-50 degrees and scanned at steps of 0.100 degrees. 

3.3.6 Characterization by Atomic Force Microscopy (AFM) 

 AFM was performed using a Bruker Bioscope Resolve.  All images and force curves were 

collected using SCANASYST Air tips (Bruker).  Samples of the CuBDTri MOFNs were 

suspended in deionized water, making specific mass of MOFN to deionized water ratios before 

they were drop cast onto freshly cleaved mica sheets that were mounted onto glass slides.  The 

AFM line scan rate was 0.996 Hz and the peak force tapping frequency was set to 2 kHz.  The 

peak force set point was set to 999 pN.   
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3.3.7 Data Analysis 

 All data is reported as “average ± standard deviation”.  All data points that are reported 

were calculated from n = 3, unless noted otherwise. 

3.4 Results and Discussion 

3.4.1 Determining the Synthetic Conditions for CuBDTri MOFNs to Optimize 

 Previous work had indicated that the conditions used to synthesize CuBDTri were unlikely 

to have been 1 or 2 layers of MOF, indicating that optimization would be possible.  Ideally, 

CuBDTri MOFNs would be synthesized in a way so that every Cu-site would be positioned on the 

exterior surface of the particle so that they would all be easily accessible regardless of whether or 

not the substrates could easily diffuse through the pores of the MOF.  This would allow for the 

CuBDTri to be as efficient as possible for use as a heterogeneous catalyst.  Based on the three-

layer method being used, the potential variables to be considered would be: 

I. Time – how long will the reaction be run for 

II. Metal to ligand ratio – how much of the ligand (H2BDTri) is being used relative to 

metal (CuCl2•H2O).  In this case, the amount of metal used was always held constant 

and the amount of ligand was modified relative to it. 

III. Buffer volume – how much of the 1:1 DMF and deionized water buffer layer was going 

to be put in between the layer containing the metal and the ligand. 

IV. Temperature – at what temperature the reaction was left to proceed at under static 

conditions. 

Upper and lower boundaries were then chosen based on feasibility (based on what could 

be executed) for each of these variables (detailed in Table 1) and then semi-randomly chosen for 
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each experiment so that a heat map could be generated once the thicknesses of the MOFN particles 

produced from each synthesis is determined using AFM.  After some preliminary experiments 

however, the conditions were modified based on the results obtained and feasibility of the 

experiments.  These modified conditions are provided in Table 2.  In Figures 3.2 and 3.3, SEM 

images from each set of conditions (as described in Table 2) are provided.  However, since multiple 

conditions were changed between each of the syntheses, no definitive trends can be determined 

without the heat map.  Furthermore, the lack of AFM data for each of these syntheses means that 

we do not currently have accurate enough measurements to determine exact changes and can only 

generalize trends that can be seen via SEM. 

3.4.1.1 SEM Images from Each of the Three-Layer Syntheses 

 The three-layer method was used to synthesize CuBDTri MOFNs using different metal to 

ligand ratios, buffer volumes, and temperatures (Table 3.2).  After they were rinsed with DMF and 

dried under vacuum, SEM images of the solid products were obtained.  SEM images of the 

CuBDTri MOFNs are provided at x5000 magnification (Figure 3.2) to show a general overview 

of the material and then at x15,000 magnification (Figure 3.3) of a different area of the sample to 

show consistency between multiple instances of the synthesis and to show greater detail of the 

MOFN particles.   
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Associated SEM image 
Metal to Ligand 

ratio 

Buffer Volume 

(mL) 
Temperature (°C) 

a 0.8 1 11 

b 2 1.5 11 

c 1.2 3 11 

d 1.2 2 25 

e 2.4 2.5 25 

f 0.8 3 25 

g 1.2 1 25 

h 2.4 1.5 25 

i 0.8 2 25 

j 2.4 1 31.2 

k 1.6 2 31.2 

l 2 3 31.2 

m 2 1 35 

n 0.8 1.5 35 

o 1.6 2.5 35 

Table 3.2. Actual synthetic conditions used for each of the syntheses.  Due to restrictions on 
being able to maintain a specific temperature while the reactions were being run, temperature 
points had to be modified to what could be accomplished experimentally. 
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Figure 3.2. Representative SEM images at x5000 magnification of the CuBDTri MOFNs 
produced from the synthetic conditions as detailed in Table 3.2. 
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Figure 3.3. Representative SEM images at x15,000 magnification of the CuBDTri MOFNs 
produced from the synthetic conditions as detailed in Table 3.2. 
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3.4.2 Towards the Understanding of the Formation of the CuBDTri MOF Nanosheets Based 

on the Synthetic Conditions Used 

Based on the hypothesized process of formation of the nanosheets (Figure 3.4) synthesized 

using the three-layer method, predictions can be made on how each of the variables will affect the 

size of the CuBDTri MOFNs.  The hypothesized process of nanosheet formation is as follows: 

I. From bottom to top, the reagents are layered with the ligand, buffer, and metal. 

II. Copper ions from CuCl2•H2O diffuse downwards through the buffer layer 

iii 

  

ii 

  

i 

Figure 3.4. (a) The layering of the different components used to synthesize the CuBDTri 
nanosheets. The labels i, ii, and iii correspond to H2BDTri dissolved in a 2:1 mixture of 
water/DMF, a solvent spacer comprised of a 1:1 mixture of water/DMF, and then CuCl2•H2O 
dissolved in a 1:2 mixture of water/DMF, respectively. (b-f) the process at which the synthesis 
takes place through the layers. (b) Copper ions from the top layer diffuse down through the 
solvent spacer. (c) The copper ion contacts the ligand layer (this can be seen with the slight 
blue tinge lying right on top of the ligand layer). (d) The ligand and copper ion come together 
to form a nanosheet at this interface. (e) The ligand eventually sinks to the bottom of the test 
tube, exposing more of the interface to allow the reaction to keep going. 
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a. It can be seen in Figure 3.4 that the top of the ligand layer is slightly blue.  This 

is indicative that the Cu does diffuse through this middle layer and then stops 

on top of the ligand layer. 

III. Copper ions then react with the H2BDTri ligand at this interface, forming the MOFN 

particles 

IV. The formed MOFN particles then sink, exposing more of the interface to allow the 

reaction to keep progressing. 

If this hypothesized formation of CuBDTri MOFNs is true, it would be consistent with the fact 

that shorter amounts of time may just not allow enough time for enough particles to be formed and 

longer amounts of time would not result in a higher yield or larger particles.  Since the preliminary 

experiments showed that varying time had little to no effect on the thickness or yield of the 

MOFNs, it was removed as a consideration. 

3.4.1.1 Time 

 Originally, the length of reaction time was going to be a variable that was tested, but based 

on the results, this was removed.  Reactions were allowed to run at time points of 6, 12, 24, 48, 

and 72 hours.  The original method as described in the literature to synthesize MOFNs was 

completed in 24 hours.42  Shorter time points were tested as it was hypothesized that they would 

result in thinner nanosheets but would potentially produce lower yields.  Longer time points were 

tested as it was hypothesized that they would generate higher yields but would potentially produce 

thicker nanosheets. 

It was expected that shorter time periods (6 and 12 hours) would result in smaller and 

thinner MOFN particles relative to the 24-hour time point.  However, particles were either too 
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small or not fully formed at the 6- and 12-hour time points to be collected, resulting in a yield too 

low to allow for analysis.  The 48- and 72-hour time points did produce products but there were 

no noticeable differences in yield or particle sizes based on SEMs obtained.  These preliminary 

results lead me to hypothesize that the 24-hour time point is ideal for the three-layer synthesis of 

CuBDTri and was then removed as a tested variable in the experiments. 

3.4.1.2 Metal to Ligand Ratio 

 By varying the concentration of the ligand when synthesizing CuBDTri MOFNs, it was 

hypothesized that lower concentrations of the ligand would result in smaller/thinner MOFN 

particles.  Specifically, this is because by lowering the concentration of the ligand in the bottom 

layer, there should theoretically be less ligand available at the interface to react with the metal ions 

that had diffused from the top layer.  This should result in a lower rate of formation of the CuBDTri 

MOFNs, which I hypothesized should produce thinner MOFN particles.  Hence, in each of these 

experiments, the amount of CuCl2•H2O was held constant while the amount of H2BDtri ligand was 

changed in the experiments.  Relative to CuCl2•H2O, the mols of H2BDTri ligand used were 0.8, 

1.6, 2, and 2.4.  These values were chosen so that the effects of both increasing and decreasing the 

concentration of the H2BDTri ligand could be observed and by accounted for by the heatmap.  

However, preliminary observations based on the SEM images does not show and obvious trends 

in particle size and thickness based on the changes made to the metal to ligand ratio.  Hence, the 

completion of the AFM experiments and heatmap will be required to draw any meaningful 

conclusions on how the metal to ligand ratio affects particle size and thickness. 
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3.4.1.3 Buffer Volume 

 By using different volumes of 1:1 DMF to water buffer solution used to separate the two 

layers containing the CuCl2•H2O and the H2BDTri ligand, it was hypothesized that a larger buffer 

volume would result in smaller/thinner MOFN particles.  This is based on the idea that a larger 

buffer volume being used would create a longer path of diffusion between the two layers, resulting 

in the particles forming more slowly, thus likely to be smaller/thinner.  This should functionally 

reduce the concentrations of the reactants reaching the reaction interface at a given time.  Reactions 

were run using 1:1 DMF to water buffer volumes of 1, 1.5, 2, 2.5, and 3 mL.  Preliminary 

observations made from the SEM images obtained do not show any obvious trends in particle 

thickness or size based on the changes made to the buffer volume and thus the completion of the 

AFM experiments and heat map must be completed before any conclusions can be made. 

 As a side note, it was observed that larger 1:1 DMF to water buffer volumes used would 

make layering on top of this layer more easily and less likely to break the layers.  While this doesn’t 

necessarily have a direct effect the thickness of nanosheets produced, it does suggest that using a 

larger buffer volume makes the layering process easier. 

3.4.1.4 Temperature 

 By synthesizing CuBDTri MOFNs using the three-layer bottom-up method at different 

temperatures, it was hypothesized that running the reaction at lower temperatures would result in 

smaller/thinner particles.  This is due to the idea that at lower temperatures, the formation of the 

CuBDTri MOFN particles would be slower.  It should also be noted that temperature will have a 

direct impact on the rate of diffusion both by increasing the thermal energy of the reactants and 

potentially also reducing viscosity of the solvents at higher temperatures.  To test this, reactions 



97 
 

were set to run at approximately 15, 20, 25, 30, and 35 °C.  However, due to limitations in being 

able to maintain certain temperatures consistently over 24-hour periods, some of these 

temperatures had to be adjusted to fit what could be achieved experimentally, resulting in the 

reactions being run at 11, 25, 31.2, and 35 °C instead.   

It is important to note that in the original design of the experiment, reactions were planned 

to be carried out at 5, 15, 25, 35, and 45 °C.  However, when run at 5 °C no solid particles were 

collected.  This was likely due to the yield being too low and/or the particles that were formed 

being too small so that they could not be collected.  This led to the reasoning that when the 

synthesis of CuBDTri MOFNs using the three-layer method was performed at too low of a 

temperature, the formation of the MOFNs would be too slow and the layers could diffuse into each 

other before the reaction could properly be run to completion.   

With the layers diffused into each other, there would be no reaction interface for the 

MOFNs to form and more three-dimensional particle morphologies can be observed in the SEM 

a b 

Figure 3.5. SEM images of (a) MOFN particles produced from a preliminary experiment where 
the three-layer method was performed at 15 °C to test the effects of temperature on MOFN 
formation.  Black circles are used to highlight some of the MOF particles that have triangular 
or rhombical prism (three dimensional) morphologies (b) MOFN particles produced using the 
conditions as described in Chapter 2. 
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(Figure 3.5).  While most particles do seem to form nanosheets at lower temperatures, there are 

some particles with morphologies that more closely resemble those of triangular and rhombical 

prisms, and these are more commonly seen in the SEM images of the MOFN products obtained 

from performing the three-layer synthesis at lower temperatures.  It is hypothesized that the lower 

temperatures slow down the diffusion and thus reaction rate between the ligand and the metal more 

than it slows down the diffusion of the layers together.  This could then result in some sheets 

forming, but then having excess metal and ligand after the layers have diffused into each other, 

resulting in more three-dimensional morphologies, like those seen when CuBDTri is synthesized 

using solvothermal methods. 

Interestingly, it can be seen in the SEM images that particles synthesized at higher 

temperatures typically form longer and thicker particles, showing that the CuBDTri MOFNs 

preferentially grow in one dimension (Figure 3.6).  This is consistent with the hypotheses discussed 

in Chapter 2 that the shape of the H2BDTri ligand limits the potential directions of growth due to 

the triazoles being positioned on the 1 and 4 positions of the benzene ring of the ligand.  This is 

a b 

Figure 3.6. SEM images of (a) MOFN particles produced from a preliminary experiment where 
the three-layer method was performed at 45 °C to test the effects of temperature on MOFN 
formation (b) MOFN particles produced using the conditions as described in Chapter 2. 
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likely due to the fact that when performed at higher temperatures, the three layers that are created 

for the synthesis tend to break faster (as the heat increases the rate of them diffusing into each 

other) and so there is much less time for the MOFNs to form at the interface between layers.  

Instead, it is hypothesized that very small MOFNs form in the short time before the layers diffuse 

into each other and those crystals then act as seeds for the MOFN to grow from.  Then, once the 

layers are broken, the conditions would be very similar to those used to synthesize the CuBDTri 

MOF under solvothermal conditions, but due to the presence of these “seed crystals”, the resulting 

MOF particles still resemble those of the nanosheets, except elongated due to rapid growth in one 

dimension and slower growth in the other two, dictated by the shape of the ligand. 

  Some preliminary experiments performed the reaction using the three-layer method at 45 

°C heated the reaction too much and resulted in the layers breaking and mixing into each other in 

under 10 minutes, not allowing for the reaction to progress properly.  Since solid was still able to 

be collected, CuBDTri MOFNs were synthesized using the same methods as described in our 

previous work, except with the temperature modified to 45 °C rather than room temperature.15  

From this experiment, it can be seen that by increasing the temperature by 20 °C, the resulting 

particles did not resemble the sheets as much as they resembled the elongated particles seen when 

CuBDTri was synthesized via solvothermal methods.   

3.4.3 Development of AFM Methods 

 Initial AFM images obtained were unable to obtain any usable data since no discrete 

CuBDTri MOFN particles with sheet morphologies could be found.  Upon looking at the samples 

using SEM that were prepared by drop casting using deionized water onto aluminum stubs, it was 

found that very few of the CuBDTri MOFNs were adhered as individual particles and there were 
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large aggregates of MOFNs on the edges of where the drop had dried.  Samples were originally 

prepared using 0.1 mg of CuBDTri MOFN per 1 mL of deionized water. 

3.4.3.1 Effect of Lowering Concentration of CuBDTri MOFNs for AFM 

 To try and get samples with individual particles that could be measured by the AFM, the 

concentration of CuBDTri MOFN particles in the drop casting solutions were varied.  It was 

observed that at a concentration of 0.1 mg of MOFN per 1 mL of DI water resulted in clumps of 

particles that could not be properly measure by the AFM.  The hypothesis was that with fewer 

Figure 3.7. Representative AFM images of the CuBDTri MOFN using (a) 0.1 mg (10%), (b) 
0.05 mg (5%), (c) 0.01 mg (1%), and (d) 0.001 mg (0.1%) of MOFN per mL of water. 

a 

c 

b 

d 
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particles in solution, it would be less likely for them to come together and aggregate into large 

groups of particles.  To test this, concentrations of the samples being drop casted were decreased, 

using, 0.1 (10%), 0.05 (5%), 0.01 (1%), and 0.001 mg (0.1%) per 1 mL of deionized water, shaken 

vigorously and then the sample was drop casted onto mica sheets.  Once the water had evaporated 

off, AFM images were then obtained to see if by just decreasing the concentration being used had 

any effect (Figure 3.7). 

 It can be seen in all of the AFM images used in Figure 3.7 that each of the images still have 

CuBDTri MOFNs that have clumped together so that accurate measurements for particle thickness 

could not easily be obtained, especially in Figure 3.7a and 3.7b, where no individual particles were 

found.  In Figure 3.7c and 3.7d however, there are some areas that look like that could potentially 

be individual particles, but more needed to be done to create more individual MOFN particles so 

that they could be properly measured to determine particle thickness.  Ultimately, from this set of 

experiments, while both the 1% and 0.01% solutions possessed individual particles and clumps of 

particles, it was concluded to use the 1% solution as the sample for 0.01% solution required more 

extensive searching to find the sample under AFM. 
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3.4.3.2 Effect of Sonication on Preparing CuBDTri MOFNs for AFM 

 In another attempt to break apart the aggregated particles, the suspended CuBDTri MOFN 

particles were sonicated for 10, 20, and 30 seconds.  It has been shown in the literature that certain 

MOF and MOFN particles can break down under sonication, so the amount of time the MOFN 

particles were sonicated were purposefully limited to very short time points.18,24,25,43,44  Based on 

what is seen in the AFM images taken (Figure 3.8), it did seem like the CuBDTri MOFN particles 

did break apart after being sonicated, the particles seemed to fragment into pieces in a way that 

c 

b a 

d 

Figure 3.8. Representative AFM images of the CuBDTri MOFN using (a) 0.01 mg/1 mL water 
(1%), not sonicated, (b) 0.01 mg/1 mL water (1%), sonicated for 10 seconds, (c) 0.01 mg/1 mL 
water (1%), sonicated for 20 seconds, and (d) 0.001 mg (0.1%), sonicated for 30 seconds. 
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didn’t affect the thickness of the CuBDTri MOFN particles and thus the use of sonication as a 

method to break apart aggregates of the MOFN particles was investigated. 

 All sonication experiments used the 1% solution, thus were compared to a 1% solution 

drop casted on mica sheets that was not sonicated as a reference point.  When analyzed, 30 seconds 

of sonication was excessive (Figure 3.8d), leading to almost all particles being broken down and 

it was uncertain whether any particles stayed fully intact.  Although it should not have affected the 

thickness of the particle, it was decided that it would be easier to confirm consistency if more 

particles were found individual and whole.  After 20 seconds of sonication, there were some 

clumps of materials left, but it seemed like the majority of particles were now separated and 

individual particles could be found fairly frequently and not too many of the particles seem to have 

been broken too severely.  Lastly, under 10 seconds, most particles seemed to still be aggregated 

together and few individual particles were seen.  It can be noted that very few particles were 

damaged.  Ultimately, it was concluded that 20 seconds of sonication would be ideal as it was long 

enough to separate the aggregated particles while not damaging the particles too severely for AFM 

imaging. 
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3.4.3.3 Effect of Drop Casting on Oxygen Plasma Treatment on CuBDTri MOFNs for AFM 

An oxygen plasma treatment was performed on the CuBDTri MOFNs in an attempt to 

make them hydrophilic so that they would not aggregate together.  By making the MOFN particles 

hydrophilic, it is expected that they would interact more strongly with the water creating a “shell” 

of water molecules to prevent them from aggregating together during the drop casting process.  

The oxygen plasma treated CuBDTri MOFNs were then suspended in water and drop casted 

immediately after the treatment, allowed to dry, and then analyzed via AFM (Figure 3.9).  Based 

on the AFM images obtained, there was no clear improvement seen using oxygen plasma treatment 

on the CuBDTri MOFNs in respect to preventing clustering.  It can be seen there is still clearly 

particles on top of each other in Figure 3.9b.  Due to this, treating the CuBDTri MOFNs with 

oxygen plasma was removed as a consideration as no progress towards separating particles was 

observed from using it. 

a b 

Figure 3.9. Representative AFM images of the CuBDTri MOFN using (a) 0.01 mg/1 mL water 
(1%), not sonicated, was not treated with oxygen plasma (b) 0.01 mg/1 mL water (1%), not 
sonicated, treated with oxygen plasma 
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3.4.3.4 Effect of Drop Casting on Freshly Cleaved Mica Surfaces on Prepping CuBDTri 

MOFNs for AFM 

 

 It has been shown in the literature that freshly cleaved mica is a hydrophilic surface.45  This 

was done by taking mica sheets and carefully splitting along the edge with a razor blade to expose 

a fresh hydrophilic surface.  CuBDTri suspended in 1% MOFN solutions were then immediately 

drop casted on the newly exposed surface.  Once dried, the samples were analyzed via AFM 

a 

c d 

b 

Figure 3.10. Representative AFM images of the CuBDTri MOFN using (a) 0.01 mg/1 mL 
water (1%), sonicated for 20 seconds, drop casted on un-cleaved mica (b, c, d) 0.01 mg/1 mL 
water (1%), sonicated for 20 seconds, drop casted on freshly cleaved mica 
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(Figure 3.10).  On initial visual observations, it can be noted that the sample drop casted on the 

freshly cleaved mica surface spread out much more readily relative to mica surfaces that were not 

freshly cleaved.  Once analyzed by AFM, it can be seen that there is a clear improvement in sample 

preparation relative to reducing clustered particles and finding isolated particles that could be 

properly measured by AFM.  In Figure 3.10b-d, it can be seen that there is a noticeable reduction 

in aggregated particles and most particles seen under AFM are individual nanosheets.  The use of 

freshly cleaved mica sheets has had the most noticeable effect of any of the other changes that 

have been tested previously and it was concluded that the MOFN samples would ideally be drop 

casted on freshly cleaved mica. 

3.4.3.5 Finalized Conditions to Prepare CuBDTri MOFN Samples for AFM 

 From the experiments that tested different concentrations of the CuBDTri MOFN solution, 

sonication of the sample, treating the CuBDTri MOFN with oxygen plasma, and drop casting the 

sample onto freshly cleaved mica, I believe that we have determined an ideal set of conditions to 

use that successfully provides AFM images of several individual particles in a single image.  This 

would allow for even just one good AFM image to provide data of statistically significance on the 

thickness of the CuBDTri MOF nanosheets and give visual indication that there is consistency 

between each of the individual MOFN particles.  In future experiments to obtain all of these 

measurements for the heatmap we are trying to create from this project, all AFM images will use 

CuBDTri MOFN samples with a concentration of 0.01 mg of CuBDTri MOFN per mL of DI water, 

sonicated for 20 seconds, and then drop casted onto a freshly cleaved sheet of mica.   
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3.5 Conclusions 

 The experiments discussed in this chapter lay the groundwork required to create a heatmap 

that can determine the optimal conditions to use with the three-layer synthesis to synthesize 

CuBDTri MOFNs to create the thinnest particles possible based on the synthetic conditions 

modified.  Towards this goal, all of the initial syntheses to obtain an initial set of data modifying 

temperature, middle-layer buffer thickness, and the metal to ligand ratio were finished.  The 

MOFNs produced from each of the syntheses are being analyzed using a set of AFM conditions 

that have also been successfully developed and tested to be able to clearly show multiple CuBDTri 

MOFN particles per image. 

 From this, this work thus far has contributed significantly towards the goal of creating 

CuBDTri MOFNs that are as thin as possible so that internal volume of the MOFN is minimized 

while the external surface area is maximized.  This will result in CuBDTri MOFNs that are as 

efficient on a per-total-Cu-atom-basis as possible.  Towards this goal, the work in this chapter has 

accomplished: 

I. Completing all of the syntheses required to help create the initial set of AFM data 

that would be required to accurately measure the thickness of the individual 

CuBDTri MOFN particles. 

II. Experimentally determining a set of conditions that clearly shows a large amount 

of CuBDTri MOFN particles per image using the AFM so that large data sets can 

be collected quickly. 

While there is still much work to be done on this project, I strongly believe the work that is 

completed thus far has laid a strong foundation so that this project can continue to move forward 
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to produce optimal CuBDTri MOFNs for heterogeneous catalytic processes restricted to the 

surface of the MOFN particles. 

3.6 Future Directions 

 Experiments are currently being run using the AFM to accurately determine the thickness 

of the CuBDTri MOFNs using the AFM conditions determined in this chapter.  Once the average 

thicknesses of the CuBDTri MOFNs produced under each of these conditions has been determined, 

the data can be used to create a heatmap that should predict the optimal set of conditions to be used 

to create MOFNs that are as thin as possible.  The predicted conditions will then be used to 

synthesize CuBDTri MOFNs to test the accuracy of the heatmap.  If the results from the synthesis 

are inconsistent with the prediction, the data will be put into the heatmap, and the process will be 

repeated using the heatmap to keep predicting the optimal set of conditions until they are consistent 

with what is observed experimentally. 

 Using computational processes like these can help streamline the processes of optimizing 

the conditions for synthetic methods where there are multiple variables that need to be tested 

without the need for manually running each of the experiments.  Furthermore, I believe this work 

can serve as a precedent on how to streamline the process of optimizing the development of new 

materials in the future, especially with MOFs and MOFNs.   
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CHAPTER 4 

TOWARDS THE UNDERSTANDING OF THE BREAKDOWN OF CuBTC METAL-

ORGANIC FRAMEWORKS BY FRIEDLÄNDER SYNTHESIS AND REIDENTIFICATION 

OF THE CATALYST 

 

4.1 Overview 

 While there is a lot of work in synthesizing and developing new metal-organic frameworks 

(MOFs) for heterogeneous catalysis for different reactions, there is not a proportional amount of 

work being done in determining how exactly this catalysis is being done.  This has led to a lack of 

understanding towards the mechanisms, active site, and catalyst identity in many catalytic MOF 

systems.  One example of such a gap in understanding, is the use of CuBTC (where BTC = 

benzene-1,3,5-tricarboxylate) to catalyze the Friedländer synthesis between 2-

aminobenzophenones and ketones to form quinolines.  From attempts to perform this reaction 

system under continuous flow to increase the production efficiency of these quinolines, it was 

found that the CuBTC MOF was being broken down and producing a new crystalline material.  

The work in this chapter works towards understanding the breakdown of CuBTC under these 

conditions and towards determining what is actually catalyzing the Friedländer synthesis in this 

system. 

 Development, conception, and construction of the modified flow reactor used for all 

continuous flow syntheses was done by Jonathan Thai and Jesus Tapia.  The syntheses performed 

to test the Friedländer synthesis under batch conditions and continuous flow were performed by 

Jonathan Thai.  Characterization and analysis of the CuBTC MOFs by powder x-ray diffraction 
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(pXRD) and scanning electron microscopy (SEM) were done by Jonathan Thai.  Time-of-flight 

mass spectrometry (TOF-MS) data was obtained by Jesus Tapia, Jonathan Thai, and Madeline 

Roach.  Melissa M. Reynolds was the advisor on this project. 

4.2 Introduction 

4.2.1 Quinolines and the Friedländer Synthesis 

Quinolines are a class of molecules that belong to the benzo-pyridine family and have 

several derivatives that are among of the most common heterocycle moieties in drug research 

(Figure 4.1).1–5  Quinoline derivatives have shown pharmacological activity against bacteria, 

tuberculosis, malaria, human immunodeficiency virus (HIV), hepatitis C, tumors, inflammation, 

and fungus while also being able to be used in other biological activities.2,6–13  Friedlieb Ferdinand 

Runge first extracted quinoline from coal tar in 1834 and this has been the main source of natural 

quinoline since as it is not very commonly found in nature.14  Instead, quinoline and quinoline 

derivatives are more commonly synthesized from several well-known reactions such as, but not 

limited to the Camps quinoline synthesis, Combes quinoline synthesis, Conrad-Limpach synthesis, 

Doebner reaction, Doebner-Miller reaction, Friedländer synthesis, Gould-Jacobs reaction, Knorr 

quinoline synthesis, Niementowski quinoline synthesis, Pfitzinger reaction, Povarov reaction, and 

Skraup synthesis.3–5,14–19 

 

 

 

 

Figure 4.1. Structure of quinoline 



119 
 

The Friedländer synthesis is a well-known reaction, named after German chemist Paul 

Friedländer that combines 2-aminobenzaldehydes and ketones to form quinoline derivatives 

(Figure 4.2).3,4  Many quinoline derivatives produced by the Friedländer synthesis are known 

intermediates in synthetic processes used for antimalarials and other parasitic agents, making them 

extremely high-value pharmaceutical targets.11,14,20–22  This utility has led to many research efforts 

to develop more efficient methods for performing the Friedländer Synthesis, as many traditional 

methods use harsh synthetic conditions.  This has led to many turning to the use of heterogeneous 

catalysis to allow for the use of more mild conditions. 

4.2.2 Reported Use of CuBTC as a Catalyst for the Friedländer Synthesis 

In 2011, it was reported by Pérez-Mayoral and Čejka that the Friedländer synthesis could 

be carried out by using the CuBTC (BTC = benzene-1,3,5-tricarboxylate) metal-organic 

framework (MOFs) as a heterogeneous catalyst.23  This was accomplished between 2-

aminobenzophenone derivatives and acetylacetone to produce 3-acetyl-2-methyl-4-

phenylquinolines (Figure 4.2).  This led them to continue the use of CuBTC to catalyze the 

Friedländer synthesis, expanding the substrate scope and optimizing the process.24–26   

 

 

 

 

 

Figure 4.2. Reaction scheme for the Friedländer synthesis between 2-aminobenzophenone and 
acetylacetone to produce 3-aceyl-2-methyl-4-phenylquinoline.  This is the reaction originally 
performed by Pérez-Mayoral and Cejka, done under continuous flow with CuBTC on silica 
monoliths by Sachse et al., and then used in our continuous flow system. 
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In 2012, after the initial publication by Pérez-Mayoral and Čejka, CuBTC MOFs were 

reported to be synthesized as nanoparticles inside the pores of silica monoliths to create a fixed-

bed catalyst to allow for use of the MOF to catalyze the Friedländer synthesis using the same 

reagents under continuous flow conditions.27,28  By using MOFs synthesized onto mesoporous 

silica monoliths, backpressure generated by the continuous flow system can be reduced and 

simplify the process of packing a catalytic column.27  This brought into question on whether or not 

CuBTC could be used on a continuous flow system with a  direct packed column as direct packing 

would allow for the highest volume of MOF to be used, thus theoretically allow for a microreactor 

to maximize production efficiency.   

4.2.3 Developing a Continuous Flow Reactor for the Friedländer Synthesis Using CuBTC as 

the Catalyst 

The original goal of this work was to create a catalytic system capable of carrying out high-

throughput organic transformations under continuous flow conditions using MOFs.  The model 

system being developed needed to follow these guidelines: 

I. Reaction must be catalyzed by a MOF that is readily available so that it can be cost 

efficient and allow for scale up to be used in high-throughput production 

II. The MOF must be stable (not break down both physically and chemically) under 

the reaction conditions so that the catalytic bed can be reused 

III. The transformation being performed must be easily detectable with conventional 

analytical methods such as nuclear magnetic resonance (NMR), infrared 

spectroscopy (IR), and/or mass spectrometry (MS) 
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IV. A high (>70%) percent conversion must be achievable within a relatively short (<24 

hours) reaction time as contact between the reagents and the MOF catalysts will be 

limited under continuous flow conditions 

Due to the previous precedents showing that the Friedländer synthesis followed each of these 

points, it was chosen to act as the model reaction for this continuous flow system.   

4.2.4 Towards a Better Understanding of the Role of CuBTC in the Friedländer Synthesis 

 Initial results performing the Friedländer synthesis under batch and continuous flow 

conditions were promising in that the reaction conditions published in the work of Pérez-Mayoral 

and Čejka were reproducible and that when put under continuous flow conditions, product could 

be seen in the mass spectra obtained from the eluted product.  However, while studying the 

Friedländer synthesis under continuous flow conditions, the direction of this project changed as it 

was observed that: 

I. The eluent being collected from the continuous flow system would initially come 

out green and then turn blue, even though none of the reactants or products were 

blue.   

II. There was a large amount of back pressure that would build up (upwards of 300 

atm) after about 30 mL of eluent was collected.  This pressure was due to the 

accumulation of a solid in the tubing going form the column to the collection vessel 

and would suddenly drop once the pressure reached around 380 atm, resulting in 

rapid elution.   

III. The collected eluent would contain solid.  It was expected that these small bits of 

solid were responsible for clogging the tubing and pressurizing the system.  
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IV. Large (up to 4-5mm in length) blue crystalline needles would recrystallize from the 

eluent when left sitting at room temperature (after 12+ hours).  When analyzed via 

pXRD and SEM, these crystals did not match any of the data obtained for CuBTC.  

When analyzed using TOF-MS, the blue crystalline needles possessed mass-to-

charge ratios that would match those expected of intermediates of the Friedländer 

synthesis being performed, connected to copper (confirmed via isotopic ratios) and 

the 1,3,5-benznetricarboxylic acid.  This data will be discussed in further detail later 

in this chapter. 

V. When analyzed by pXRD, the CuBTC still in the column matched the diffraction 

pattern expected of CuBTC.  However, when analyzed via SEM, the CuBTC 

particles, which typically have an octahedral morphology, had several hexagonal- 

shaped holes in the particle, with some particles looking like they were shredded 

by these “hexagonal holes”. 

VI. The amount of CuBTC that was originally packed into the column was reduced 

after it was used to perform the Friedländer synthesis under continuous flow 

conditions.  It would get to the point of having no MOF left in the column after 10 

equivalents of the reaction was performed. 

Due to these points, it was hypothesized that CuBTC was being broken down by the Friedländer 

synthesis and that CuBTC may not be the true catalyst of the Friedländer synthesis in this system.  

Instead, it is hypothesized that the CuBTC is functionally a pre-catalyst.  The true catalyst of the 

Friedländer synthesis in this system is likely to be a yet-to-be-identified copper-containing species 

that was extracted from the MOF lattice.  This project was consequently redirected towards 
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identifying what is the actual catalyst in this Friedländer synthesis system and whether or not this 

is truly a heterogeneous catalytic system.   

 There are several potential factors that may be causing the breakdown of CuBTC that need 

to be considered.  These factors include: 

I. There is an inherent issue with the Friedländer synthesis that leads to the breakdown 

of CuBTC. 

II. As water is known to be capable of breaking down CuBTC, the production of water 

from the Friedländer synthesis may be leading to the breakdown of the MOF. 

III. The use of 2-aminobenzophenone and DMF may be leading to a displacement of 

the benzene-1,3,5-tricarboxylic acid ligand as the nitrogen-containing groups may 

have a higher affinity for the Cu(II) centers.  

IV. There is an inherent issue with the setup for the continuous flow reactor that is 

leading to the breakdown of the CuBTC. 

While not an exhaustive list, these are the key factors that need to be considered and tested first to 

form a basis of understanding as to what is causing the observed breakdown of the CuBTC in this 

system. 

 MOFs as heterogeneous catalysts is a growing field of research due to their uniform 

structure, high porosity, large surface area, and tunability.29–38  However, the catalyst identity is 

largely assumed in many of these cases and the actual mechanism of catalysis is not fully 

understood in most cases.39–42  The ability to definitively identify and understand the catalytic 

process are key points towards improving and optimizing catalytic processes and makes the ability 

to determine catalyst identity and catalytic mechanisms an extremely important goal.43–45  By 
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developing this level of understanding of MOF catalysis, it would make it easier to accurately 

compare the catalytic efficiency between different MOF species and allow for more targeted 

design of MOFs for heterogeneous catalysis, facilitating the process of converting more of the 

reactions to more efficient, continuous flow processes.  Thus, the work discussed in this chapter 

moves towards understanding the breakdown of CuBTC MOFs when used as a catalyst for the 

Friedländer synthesis between 2-aminobenzophenone and acetylacetone as well as towards 

understanding what the identity of the catalyst is for this system. 

4.3 Experimental 

4.3.1 Materials 

 All chemicals and solvents were purchased from commercial vendors and were then used 

without any further purification.  N, N-dimethylformamide, >99.6%; 2-aminobenzophenone, 98%; 

and ethanol, 100% was purchased from Fisher Scientific (Waltham, MA).  1,3,5-

benzenetricarboxylic acid, >98%; and copper(II) nitrate trihydrate, >99%; and acetylacetone >99% 

were purchased from Sigma-Aldrich (St. Louis, MO).  All deionized water used was purified by a 

Millipore Milli-Q- IQ 7000 water purification system to 18.2 MΩ-cm resistivity prior to use. 

4.3.2 Synthesis of CuBTC MOF  

 The synthesis to create the CuBTC MOF used was adapted from the literature.32  In short, 

1,3,5-benzenetricarboxylic acid (12.85 mmol, 0.62 equiv.) and copper(II) nitrate trihydrate (20.695 

mmol, 1.0 equiv.) were suspended in a mixture of deionized water (23 mL), DMF (33 mL), and 

ethanol (36 mL) in a sealable Pyrex bottle.  The mixture was sonicated for at least 1 hour to fully 

disperse and suspend the reagents.  The mixture was then placed into a pre-heated oven at 90°C 

for 24 hours.  After 24 hours, the oven was turned off and the product was cooled to room 
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temperature inside the oven naturally.  Once cooled to room temperature, the solid product was 

then collected using a fine glass filter frit.  The solid product was then rinsed with DMF (3 x 50 

mL).  The solid product was then washed in ethanol using Soxhlet extraction for at least 24 hours.  

The solid product was then collected using a fine glass filter frit.  The solid was then collected and 

dried at 150°C under reduced pressure, producing a dark blue powder.  The collected product was 

then characterized using SEM and pXRD. 

4.3.3 Using CuBTC to Catalyze the Friedländer Synthesis Between 2-Aminobenzophenone 

and Acetylacetone Under Batch Conditions 

 The reaction conditions used were adapted from the literature.23,46  In short, CuBTC (0.05g, 

0.083 mmol) was weighed out into a 100 mL round bottomed flask.  The CuBTC was then 

activated in a vacuum oven at 150°C under reduced pressure overnight.  The oven was then turned 

off and the CuBTC was then allowed to cool naturally to room temperature before it was taken 

out.  Acetylacetone (20.0 mmol, 10 equiv.) and 2-aminobenzophenone (2.0 mmol, 1 equiv.) were 

then measured out into the RBF with the CuBTC.  The reaction mixture was then stirred and heated 

to 100°C for 24 hours in a reflux apparatus.  Ethanol (10 mL in 2-3 mL portions) was then used to 

rinse the contents of the RBF into a centrifuge tube.  The solid (unidentified crystal) and 

supernatant were then separated via centrifugation.  The supernatant was then transferred to a vial 

and the solvent was then removed under reduced pressure (to produce the product mixture).  The 

unidentified crystal was then rinsed with ethanol (10 mL) and vortexed to ensure no remnants of 

the reagents or products from the reaction were still present and the solid and supernatant were 

then separated again via centrifugation.  The supernatant was then combined with the product 

mixture and had the solvents removed under reduced pressure, yielding a green solid.  The 

unidentified crystal was collected and dried under reduced pressure for 24 hours, yielding a pale 
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blue solid.  The product mixture was analyzed using TOF-MS.  The unidentified crystal was 

analyzed using TOF-MS, pXRD, and SEM. 

4.3.4 Using CuBTC to Catalyze the Friedländer Synthesis Between 2-Aminobenzophenone 

and Acetylacetone Under Continuous Flow Conditions 

 The procedure described here is referred to as “1 equivalent” of the Friedländer synthesis 

under continuous flow conditions, though the same column may have been used several times for 

some experiments (in that case, the “equivalents” following the first start at the preheating step).  

CuBTC was activated at 150 °C under pressure overnight in a vacuum oven.  The oven was then 

turned off and the CuBTC was allowed to cool down to room temperature before it was taken out.  

A stainless-steel HPLC column (I.D. x L, 4.6 x 50 mm) was then directly packed with CuBTC and 

connected to a HPLC pump via stainless steel tubing.  The column was than pre-heated to 80 °C 

while rinsed with DMF at 0.3 mL/min for at least 30 minutes prior to running the reaction.  A 

reaction mixture was created using by dissolving 2-aminobenzophenone (2.0 mmol, 1 equiv.) in 

acetylacetone (10.0 mmol, 5 equiv.), yielding a yellow liquid.  The reaction mixture was then 

drawn into a 5 mL gas-tight glass syringe and injected into the reactor at 0.3 mL/min.  The reaction 

was rinsed with DMF and the product eluent was collected in 4 mL fractions.  Each of the fractions 

collected were then analyzed using TOF-MS. 

4.3.5 Characterization by Scanning Electron Microscopy (SEM) 

SEM imaging was performed using a JEOL JSM-6500F microscope.  An accelerating 

voltage of 15.0 kV was used to image the MOFs.  All samples were prepared on a small piece of 

carbon tape which were then placed under vacuum and coated with 20 nm of gold prior to imaging.  
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At least three representative images were taken with at least three different magnifications for each 

sample were taken. 

4.3.6 Characterization by Powder X-Ray Diffraction (pXRD) 

 A Bruker D8 Discover DaVinci Powder X-ray Diffractometer with Cu Kα radiation ( = 

1.5406 Å was used, operated at 40 kV and 40 mA.  A 0.6-mm divergent slit was placed on the 

primary beam sided and a high-resolution energy dispersive LYNXEYE-XE-T detector was placed 

on the diffracted beam side during the XRD studies.  Samples were seated on a B-doped silicon 

zero-diffraction plate and held in place with a small amount of vacuum grease.  The 2 was set 

between 4-50 degrees and scanned at steps of 0.100 degrees. 

4.3.7 Characterization by Time of Flight-Mass Spectrometry (TOF-MS) 

 TOF-MS was performed using an Agilent® 6224 time-of-flight mass spectrometer 

equipped with a dual ESI source.  All data shown in this chapter was collected while operating the 

TOF-MS under positive mode.  The detection range for the scans were set for 95-3200 m/z. 

4.3.8 Data Analysis 

All data is reported as “average ± standard deviation”.  All data points that are reported 

were calculated from n = 3, unless noted otherwise. 
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4.4 Results and Discussion 

4.4.1 Proof of Concept for the Friedländer Synthesis Catalyzed by CuBTC Between 2-

Aminobenzophenone and Acetylacetone & Determining Parameters for Performing the 

Reaction Under Continuous Flow 

 To see how well the Friedländer synthesis would run under batch conditions and to 

determine what, if any changes needed to be made to the reaction conditions when converting the 

reaction to continuous flow conditions, the reaction reported in the literature was replicated.23  

When the Friedländer synthesis between 2-aminobenzophenone and acetylacetone was run using 

batch conditions and the parameters as described in the literature, the results were consistent with 

what was reported in the literature.  Using TOF-MS, it can be seen that the majority of the reactant 

(2-aminobenzophenone) was consumed as the 198 m/z is observed to be relatively low and the 

most prominent signal is that of 262 m/z, representative of the protonated product (Figure 4.3).  

Figure 4.3. Mass spectrum of the product obtained after performing the Friedländer synthesis 
between acetylacetone and 2-aminobenzophenone in the presence of CuBTC and the structure 
of the product that correlates with the 262 m/z peak.  This figure was created with the help of 
Madeline C. Roach. 
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However, no mass balance experiment was performed, so this cannot be definitively claimed.  It 

should be noted that there is a peak at 308 m/z has a shoulder at 310 m/z and is hypothesized to be 

a copper-containing intermediate of the reaction and will be discussed more thoroughly later in 

this chapter.  Overall, due to the consistency with the literature, it was decided that moving forward 

with converting this reaction to continuous flow conditions was viable. 

 The initial challenge that arose however, is that the reaction mixture created according to 

the literature procedure for batch conditions ran the reaction neat in acetylacetone, which created 

a slurry, meaning it could not be injected into a continuous flow system.  Therefore, to optimize 

the reaction for use under continuous flow conditions, 2 mL of DMF was added into the reaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Proposed mechanism for the Friedländer synthesis between 2-aminobenzophenone 
and acetylacetone to produce 3-acetyl-2-methyl-4-phenylquinoline. 
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mixture to dissolve the 2-aminobenzophenone.  Furthermore, to better understand the system 

parameters, experiments were conducted at lower temperatures and with smaller amounts of 

acetylacetone (the initial ratio of 2-aminobenzoephnone to acetylacetone was 1:5 and was then 

reduced to 1:2).  These experiments were designed to test whether these parameters could be 

modified without decreasing yields before moving to continuous flow conditions.  However, both 

of these changes also resulted in decreased yields.  Based on the proposed mechanism (Figure 4.4), 

it is expected that the lower temperature resulted in a decrease in yield as the lowered temperature 

makes it more difficult to form the secondary enolate.  Furthermore, from the data obtained, it is 

hypothesized the acetylacetone is likely part of the rate-determining step.  This is supported by the 

fact that reducing the amount of acetylacetone decreased percent conversion when given the same 

amount of time to react. 

 Based on these results, it was determined that the reaction conditions should be modified 

as little as possible prior to injecting the reactant mixture into the column.  With this in mind, the 

reaction mixture containing the 2-aminobenzophenone and acetylacetone in a 1:5 mol ratio was 

heated to 40 °C to allow for the 2-aminobenzophenone to completely dissolve into the 

acetylacetone right before injection into the continuous flow system, yielding a bright yellow 

mixture.  It was found that even when the mixture was left in a scintillation vial on the benchtop 

for 7 days, no visible solid formed, so it was determined that this should be a sufficient method for 

creating a liquid reactant mixture that could be injected into the continuous flow system without 

and major issues. 

4.4.2 The Breakdown of CuBTC in the Friedländer System 

 When performing the Friedländer synthesis under continuous flow conditions, a major 

unexpected observation was made: the eluent being collected would start off green but would then 
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turn blue.  The green color was consistent with what was observed during the reaction being run 

in batch conditions, however, the blue was new and was only seen starting in fraction 2 of running 

the reaction under continuous flow conditions.  After running the 10 equivalents of the reaction 

through the continuous flow system, this was consistent in each instance of the reaction.  Even 

more shockingly though, when the column was opened at the end of running the 10 equivalents of 

the reaction through, there was little to no solid left inside the column that was originally packed 

with over half a gram of the CuBTC MOF.  Upon close inspection of the fractions that were 

collected, there were small, blue particles that appeared to be crystalline in some of the fractions, 

typically fractions 1-6.  These observations led me to hypothesize that the CuBTC was being 

broken down by something in the system.   
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4.4.2.1 Further Investigations into the CuBTC MOF Still in Column After Undergoing 

Friedländer Synthesis 

 Since it was shown that running 10 equivalents of the Friedländer synthesis would result 

in the loss of all of the CuBTC MOF packed into the column, experiments were done using only 

1 equivalent and 7 equivalents of the Friedländer synthesis under continuous flow synthesis.  This 

led to very interesting results, where the CuBTC MOF that was still inside the column after it had 

been used to run the Friedländer Synthesis under continuous flow had hexagonal-shaped holes in 

the MOF particles, indicating that there was breakdown of the MOF (Figure 4.5).  The Friedländer 

synthesis was then performed under batch conditions at various time points to see if it was possible 

to catch the MOF particles with the hexagonal shaped holes in them when run under batch 

conditions as well.  This would show that the breakdown of the CuBTC due to the reaction itself 

and not due to performing the reaction using continuous flow conditions.  These results are what 

Hexagonal “scaling” 
on the particle 
surface of the MOF 

Hexagonal holes 
clustered together 

a b 

Figure 4.5.  SEM images taken of: (a) CuBTC right after it has been synthesized and washed 
with ethanol.  Note the particle surface appears to be smooth. (b) CuBTC that has been used 
for the Friedländer synthesis under continuous flow conditions and then washed with ethanol.  
Note how the surfaces of the MOF particles appear rough and the surfaces now has “scaling” 
(where parts of the MOF seem to have been shaved off in roughly hexagonal shapes) and 
possess hexagonal shaped holes. 
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redirected this study towards understanding the system and determining “if CuBTC is being broken 

down by the Friedländer synthesis, and if so, how/why” and “is CuBTC actually the catalyst of the 

Friedländer synthesis in this system” rather than developing the Friedländer synthesis to progress 

under continuous flow conditions.  It also brings into question whether the catalysis happening in 

this system is homogenous or heterogeneous. 

4.4.2.2 Using CuBTC for One Equivalent of the Friedländer Synthesis Under Continuous 

Flow Conditions 

Figure 4.6. SEM images showing the scaling and hexagonal holes on CuBTC MOF particles 
after they were used for one equivalent of the Friedländer synthesis under continuous flow 
conditions. 

 

a b 

c d 
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 After performing one equivalent of the Friedländer synthesis under continuous flow 

conditions using CuBTC packed directly into a column, most of the CuBTC (roughly 90% left, by 

visual inspection) was still present in the column.  From the SEM images, it can be seen that even 

with only one equivalent of the reaction being run through about half a gram of CuBTC MOF, 

there is already evidence of the MOF being broken down (Figure 4.6).  From these images, it can 

be seen that most, if not all particles have begun the process of breaking down, having this 

“scaling” effect appear, creating a rougher surface.  Many particles can also be seen developing 

hexagonal-shaped holes.  In Figure 4.6a and 4.6b, the SEM images show that most of the particles 

do not seem to possess the hexagonal shaped holes.  However, in all of the SEM images, especially 

with the higher magnification from Figure 4.6c and 4.6d, the MOF particles possess the “scaled” 

surface which is hypothesized to be the initial step towards the breakdown of the CuBTC MOF 

before the hexagonal shaped holes are formed.  The hexagonal holes in the MOF particles were all 

sized at about 2 μm or below. 

 The eluent from these reactions, when collected in 4 mL fractions, start off green, but by 

fraction 2 turn blue.  The blue coloration is indicative that copper is making it through the column 

and being collected in these fractions.  It should be noted however that since the reaction mixture 

starts of yellow, it is possible that the green coloration observed in the first fraction could be due 

to the presence of the reactant mixture (yellow) with the copper (blue) to produce the green solution 

observed.  Based on the fact that parts of the CuBTC MOF seems to have broken off, leaving the 

“scaling” and hexagonal shaped holes, it is hypothesized that the breakdown of the CuBTC MOF 

happens fairly quickly as after ~5 mL has been run through the column, the blue coloration and 

small, blue particles already appear in the collected fractions.   
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4.4.2.3 Using CuBTC for Seven Equivalents of the Friedländer Synthesis Under Continuous 

Flow Conditions 

 After performing seven equivalents of the Friedländer synthesis under continuous flow 

conditions using CuBTC, most of the CuBTC that was originally packed in the column would have 

disappeared from the column (roughly 20-30% left, by visual inspection).  Relative to the SEM 

images seen in Figure 4.6, a more thorough breakdown of the CuBTC MOF can be seen (Figure 

4.7).  In Figures 4.7a and 4.7c, you can see the MOF particles that have been tunneled through 

Figure 4.7. SEM images showing the scaling and hexagonal holes on CuBTC MOF particles 
after they were used for seven equivalents of the Friedländer synthesis under continuous flow 
conditions. 

 

a b 

c d 
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entirely while still retaining some small resemblance of the original octahedral morphology.  In 

general, these hexagonal holes were bigger than those observed when only 1 equivalent of the 

Friedländer synthesis was performed using CuBTC, with many of these hexagonal holes being 2 

μm or larger.  However, it can be noted that in general, there are fewer holes observed in general 

and it is hypothesized that this is due to the fact that the holes broke apart the MOF particles 

entirely (as observed in the bottom right SEM image) and/or had joined together to form larger 

holes.  

4.4.2.4 pXRD of the CuBTC After Being Used for the Friedländer Synthesis Under 

Continuous Flow Conditions 

 When the CuBTC that was used in the continuous flow system was analyzed and compared 

to fresh CuBTC using pXRD (Figure 4.8), it can be seen that there is very little change in the 

diffraction pattern with only some minor changes in the ratios between some signals.  These slight 
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Figure 4.8. pXRD of CuBTC after it was just synthesized, washed, and dried (green), CuBTC 
from the column after it was used for 1 equivalent of the Friedländer synthesis under continuous 
flow conditions (red), and CuBTC from the column after it was used for 7 equivalents of the 
Friedländer synthesis under continuous flow conditions (blue). 

2θ 
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changes in signal ratios would be consistent with the fact that the CuBTC particles are breaking 

down bit by bit, but the bulk of the crystal is still intact, thus diffracting in the same way as fresh 

CuBTC.  This is also consistent with the pXRD data from the literature, showing that the bulk of 

the MOF is still intact after being used for the Friedländer synthesis.  However, from the SEM 

data, we know for a fact that the MOF particles are not wholly intact still and that there is 

breakdown of the MOF particles that cannot be seen using x-ray diffraction as there are still 

crystalline particles to diffract. 



138 
 

4.4.2.5 Friedländer Synthesis with CuBTC Under Batch Conditions for 24 Hours 

 In an attempt to see if the CuBTC MOF particles with “scaling” and the hexagonal holes 

were from how the reaction was performed or whether an artifact of the reaction itself, the 

Friedländer synthesis with CuBTC under batch conditions.  After 24 hours of heating, the blue 

solids “unidentified crystals” that formed during the reaction were collected, washed, and dried 

before they were imaged using SEM.  Under SEM, there are clear differences, the most profound 

differences being the size and shape of the particles.   

Figure 4.9. SEM images showing the solids isolated and collected from running the 
Friedländer synthesis under batch conditions for 24 hours. 
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The CuBTC synthesized with the method described in this work generally produces 

particles in the 10-20 μm range.  However, to the naked eye, these crystals obtained from running 

the Friedländer synthesis for 24 hours resemble blue needles, whereas CuBTC MOF typically 

looks like a fine blue powder.  Under SEM, in Figure 4.9, the particles seen are several hundred 

μm (many reaching into mm range) at their longest length.  The SEM image in Figure 4.9d is 

representative of what these particles look like when zoomed in and this is consistent across the 

entire particle, indicating that these long particles are indeed a singular particle and not multiple 

particles clustered together.   

When synthesized using traditional solvothermal methods, CuBTC forms into octahedra.  

However, there were no octahedra to be found anywhere in these samples, rather, they are long, 

rectangular particles, some of which look like they have been shredded or ripped apart at the ends 

(especially in Figure 4.9b).  This drastic difference from that of CuBTC coupled with the fact we 

have seen CuBTC being broken down when used for the Friedländer synthesis under continuous 

flow conditions leads me to hypothesize that these particles are not actually CuBTC.  

These differences lead me to hypothesize that there is a chemical-level breakdown of the 

CuBTC that occurs when it is in the presence of the Friedländer synthesis followed by a 

recrystallization of those broken-down parts of CuBTC into these crystals.  However, further 

experiments would be required to confirm this hypothesis and if shown to be true, whether: 

I. CuBTC is indeed broken down on a chemical level 

II. What CuBTC is broken down into – is it just fragmented into small MOF particles 

or is it being chemically broken down and changed into another compound entirely 

and if so, what is this compound and is it the actual catalyst for the Friedländer 

synthesis in this system? 
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III. What these new crystals are – whether they are intermediates of the reaction or 

some other unidentified byproduct 

As of now, it is hypothesized that these crystals are some copper-containing intermediate of the 

Friedländer synthesis and/or the actual catalyst that is being used in the catalytic cycle of the 

Friedländer synthesis. 

This does not however address the initial goal of trying to see if the CuBTC with the rough, 

“scaled” surfaces and hexagonal holes were being produced by the Friedländer synthesis itself or 

not.  Based on the observations that were made however, it was hypothesized that 24 hours may 

be too long of an exposure time to the conditions used for the Friedländer synthesis as under 

continuous flow conditions, the exposure time is very short.  To remedy this, the reaction time was 

shortened down to 30 minutes to see if that would allow us to see results consistent with what was 

seen under continuous flow. 
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4.4.2.6 Friedländer Synthesis with CuBTC Under Batch Conditions for Thirty Minutes 

 When shortened down to 30 minutes, the CuBTC used to run the Friedländer synthesis 

under batch conditions were again, not observed visually.  In the SEM images (Figure 4.10), there 

are no particles that bear any resemblance to the octahedra expected of CuBTC.  The majority of 

the particles observed have similar morphologies to those seen in Figure 4.9, being long and 

rectangular.  Most of these particles were smaller though, the majority ranging from 1 μm -100 

μm, though some were well over 100 μm (like the particle seen in Figure 4.9d, though these were 

few).  The presence of the several small particles supports the hypothesis that there is a chemical 

Figure 4.10. SEM images showing the solids isolated and collected from running the 
Friedländer synthesis under batch conditions for 30 minutes. 
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breakdown of the CuBTC and that these particles are different crystals that are being newly grown.  

Again however, no octahedra or particles resembling pieces of an octahedra are observed and no 

particles seem to possess a similar “scaling” effect, or the hexagonal holes seen from the CuBTC 

used under continuous flow conditions.  So, the amount of reaction time was again reduced, this 

time to 15 minutes. 

4.4.2.7 Friedländer Synthesis with CuBTC Under Batch Conditions for Fifteen Minutes 

 When shortened down to 15 minutes, the CuBTC used to run the Friedländer synthesis 

were still not seen in the SEM images (Figure 4.11).  In the SEM images, there are no particles 

Figure 4.11. SEM images showing the solids isolated and collected from running the 
Friedländer synthesis under batch conditions for 15 minutes. 

a b 

c d 



143 
 

that resemble the octahedra expected of CuBTC.  The majority of the particles observed here have 

morphologies that resemble small, rectangular pellets, mostly ranging from 1 μm – 50 μm.  

However, there were some areas that had particles like those seen in Figure 4.11d, where they look 

almost cubic and a single side with a rough edge, while the others are very smooth.  Based on size 

however, these are likely to just be broken pieces of the rectangular pellets that clustered together.  

Further experimentation would be required to definitively determine whether this is the case or 

not, however.  The main point that can be taken from this though is that none of these particles 

resemble octahedra or pieces of an octahedra and none of the particles resemble the “scaling” or 

hexagonal holes seen from the CuBTC obtained after being exposed to the Friedländer synthesis 

under continuous flow conditions.  Because of this, the reaction time was again shortened, this 

time down to 1 minute. 
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4.4.2.8 Friedländer Synthesis with CuBTC Under Batch Conditions for One Minute 

 When shortened down to a runtime of 1 minute, the CuBTC used to run the Friedländer 

synthesis could be seen as deformed octahedral particles.  While most of the particles seen in the 

SEM images (Figure 4.12), didn’t resemble the octahedra of the CuBTC, resembling the 

rectangular particles seen in Figures 4.9, 4.10, and 4.11 (as seen in Figure 4.12a and 4/12d), there 

were still some remnants of the octahedra to be found in the sample.  Some of the rough, “scaling” 

effect can be seen on these particles and several of the hexagonal holes are present on the particles 

throughout each of the image sin Figure 4.12.  It can also be seen that almost none of these particles 

Figure 4.12. SEM images showing the solids isolated and collected from running the 
Friedländer synthesis under batch conditions for 1 minute. 
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are whole octahedra anymore and are just pieces of the octahedra broken off.  The formation of 

the rectangular particles seen in Figure 4.9 and 4.11 can also be found throughout the sample, 

indicating that the breakdown of the CuBTC octahedra and the formation of these rectangular 

particles happen very quickly (under 1 minute after the reaction mixture is heated).  These images 

confirm that the breakdown of CuBTC in this way is not due to the fact the Friedländer synthesis 

was being performed under continuous flow conditions with the CuBTC but is likely a result of 

the Friedländer synthesis itself as they can be found after performing the Friedländer synthesis 

under batch conditions.   

To further confirm this claim, experimental controls would need to be conducted where 

CuBTC is subjected to the same conditions used to perform the Friedländer synthesis that causes 

it to break down with each of the reagents being removed.  These controls would provide evidence 

to show that the reagents themselves do not cause the breakdown of the CuBTC used in the reaction 

and that only when the Friedländer synthesis itself is being performed with those reagents that the 

MOF breaks down in this way. 
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4.4.2.9 Friedländer Synthesis with CuBTC Under Batch Conditions for Forty-Eight Hours 

 To see if CuBTC octahedra would have the potential to reform if given enough time after 

the reaction should have run to completion, the reaction was allowed to run for 48 hours.  However, 

it can be seen in the SEM (Figure 4.13) that when given 48 hours, no semblance of the CuBTC 

octahedra had reformed.  Instead, the same rectangular particles are still present though as whole, 

they are larger than the particles seen after 24 hours.  Interestingly, in Figure 4.13a and 4.13b, you 

can see what looks like separate particles coming together and forming a single, larger particle.  

This leads me to hypothesize that the particles likely go through a process where they form many 

Figure 4.13. SEM images showing the solids isolated and collected from running the 
Friedländer synthesis under batch conditions for 48 hours. 
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small particles (as seen in Figures 4.9, 4.11, and 4.12) and then come together, recrystallizing into 

larger particles as seen here. 

4.4.2.10 Friedländer Synthesis with CuBTC Under Batch Conditions for Seventy-Two Hours  

 To give an excessive amount of time for CuBTC to potentially reform, the reaction was 

again run, this time for 72 hours.  From the SEM images (Figure 4.14), it is clear to see that there 

is no indication that the CuBTC octahedra are being reformed.  Instead. The rectangular particles 

are now much bigger as a whole, many being much wider than we have seen previously, where 

they are surpassing 100 μm in width where they were typically 10-20 μm wide after 48 hours.  

Figure 4.14. SEM images showing the solids isolated and collected from running the 
Friedländer synthesis under batch conditions for 72 hours. 
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Similar to the images seen after 48 hours (Figure 4.13), you can see that it looks like many of the 

long rectangular particles are recrystallizing into each other to form these much larger rectangular 

structures.  In the image on the bottom right, you can even see a particle where it looks like it has 

mostly fused into the larger particle, but notice that it has not yet fully done so at the ends. 

 Another key point to note is that since CuBTC does not seem to have reformed, it is 

unlikely that there are free-floating Cu centers or ligands from broken down CuBTC.  While it is 

expected that the CuBTC is broken down due to these SEM images, none of the components seem 

to be present in the end solution as the conditions used in the reaction are very similar to those 

used in synthesizing the CuBTC.  While not definitive and further experimentation would be 

required to confirm this, this hypothesis does have some evidence suggesting that it may be true.  

If true, it would be key to then identify where those components are to work towards understanding 

the breakdown of CuBTC in this process.  Achieving that understanding would then allow for this 

process to be modified so that it could potentially work under continuous flow conditions as 

intended or even better understand the stability of CuBTC MOF. 
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4.4.2.11 Analysis of the Blue Solids (“Unidentified Crystal”) Collected from Batch 

Conditions Using X-Ray Diffraction 

 As a different particle morphology doesn’t definitively confirm that these “unidentified 

crystals” obtained from running the Friedländer synthesis under batch conditions were not CuBTC, 

pXRD was done to determine the crystal structure of these particles.  The diffraction pattern 

obtained (Figure 4.15) was drastically different from that seen for CuBTC, indicating that the 

crystals obtained after the Friedländer synthesis was performed were different than the CuBTC 

initially used.  In this diffraction pattern, one major signal is observed at 11.82 2θ with some minor 

peaks, indicating that the crystal structure is extremely uniform throughout the particle. 
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Figure 4.15. Representative pXRD of the blue solid “unidentified crystal” after it had 
Friedländer synthesis was performed with CuBTC under batch conditions for 24 hours.  
Diffraction patterns of the blue solid “unidentified crystals” obtained from the other 
experiments produced similar diffraction patterns.  

2θ 
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 In comparison to the diffraction patterns of CuBTC (Figure 4.16), it can be seen that the 

blue solid “unidentified crystal” has a very different crystal structure.  Essentially, none of the 

peaks from the diffraction pattern of the blue solid “unidentified crystal” match up with any of the 

peaks from the CuBTC in respect to the 2θ or peak ratios.  The major peaks of each of the 

diffraction patterns are all around the 11-12 2θ area, but if you look closely, you can see that the 

peaks of the CuBTC that was freshly synthesized and from the inside of the column when the 

Friedländer synthesis was performed under continuous flow conditions peak at slightly different 

points (you can see the CuBTC peaks appearing in between two of the peaks from the blue solid 

“unidentified crystal” at a 11-12 2θ area).  This confirms that the blue solid “unidentified crystal” 
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Figure 4.16. Representative pXRD of the blue solid “unidentified crystal” after it had 
Friedländer synthesis was performed with CuBTC under batch conditions for 24 hours (orange) 
overlaid on top of pXRDs of CuBTC after it was just synthesized, washed, and dried (green), 
CuBTC from the column after it was used for 1 equivalent of the Friedländer synthesis under 
continuous flow conditions (red), and CuBTC from the column after it was used for 7 
equivalents of the Friedländer synthesis under continuous flow conditions (blue).  It should be 
noted that the diffraction pattern for the blue solid “unidentified crystal” is zoomed in to ensure 
the other diffraction patterns were clearly visible and so the majority of the major peak at 11.82 
2θ has been cut off. 

2θ 
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is of a different identity relative to CuBTC MOF and that it only appears in the eluent collected 

from performing the Friedländer synthesis using the continuous flow system and the remaining 

solution from the Friedländer synthesis when run using batch conditions. 

4.4.3 Investigations into the Blue Solids (“Unidentified Crystal”) Collected in the Eluent 

After Undergoing Friedländer Synthesis Under Continuous Flow 

4.4.3.1 Analysis of the Fractions Collected from Performing the Friedländer Synthesis with 

CuBTC Under Continuous Flow Conditions 

 When the Friedländer synthesis was performed under continuous flow conditions using the 

CuBTC column, the eluent was collected in 4 mL fractions and then analyzed using TOF-MS.  

Representative mass spectra are shown to provide examples of what different fractions looked like, 

showing each of the major peaks that appeared (Figure 4.17).  In these spectra, there were major 

peaks that could not be directly linked to the reactants or expected products (Figure 4.17a and 

4.17b).  Instead, these are peaks tentatively identified with intermediates of the Friedländer 

synthesis being performed suggesting that the elution of the reagents/product is not at the expected 

rate.   

It would be expected that since only about 4 mL of the reaction mixture is injected, it should 

be collected within the first two fractions as that would mean 8 mL of eluent has been collected.  

However, the fractions collected are still observed to be blue, suggesting that copper (and 

potentially other compounds) are still coming off of the column, even after the reactant mixture 

should have already have completely eluted from the column.  This suggests that the reactants are 

interacting with the CuBTC in the column, likely breaking it down, and causing a copper-

containing compound to elute from the column, resulting in the blue eluent.  The hypothesis that 
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the compounds eluting from the column contain copper are supported by the TOF-MS data as there 

are peaks that suggest the presence of copper. 

In the first spectrum (Figure 4.17a), a tentative structure was put together was constructed 

for the major peak observed in the first fraction collected when running the Friedländer synthesis 

under continuous flow conditions, based on the observed m/z.  Due to the presence of the m1 and 

m1+2 peaks, it is expected that copper (due to copper isotopes adding 2 to the observed mass) must 

be present in this structure and the predicted structure provided was constructed with that in mind 

(Figure 4.17a).47,48  This structure is based on one of the expected intermediates of the Friedländer 

synthesis being performed, so if true, it would mean that it is likely that the reagents did not have 

enough time to reach the desired product with the conditions being used while fraction 1 was being 

collected. 

It is important to note that in Figure 4.3, the control of the Friedländer synthesis performed 

based on the conditions reported in the literature, there is also a peak at 308 m/z with a shoulder 

(at 310 m/z).  The fact that this peak is also present in the control experiment supports the idea that 

this is likely a copper-containing intermediate of the reaction as it is now observed as a peak when 

performing the Friedländer synthesis under batch conditions and under continuous flow 

conditions. 

In the second spectra (Figure 4.17b), a tentative structure has been proposed for the major 

peak observed in sixth fraction collected, again based on the observed m/z of 308 (and 310).  The 

m2 and m2+2 peak pattern is observed again, so the predicted structure was constructed with that 

in mind again.  This structure was also based on an expected intermediate based on the expected 

reaction mechanism of the Friedländer synthesis being performed with a copper and BTC ligand 

still attached to it.  This is consistent in the sense that this intermediate should also only appear 
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after the intermediate hypothesized to be present in fraction 1 based on the reaction mechanism.  

Since the CuBTC is observed to be breaking down, the presence of the ligand as part of this 

predicted structure would also be consistent with the fact that no free ligand is observed to be 

present in any of the fractions based on the spectra obtained.   

In the third spectra (Figure 4.17c), it is predicted that the ninth fraction collected now 

contains the desired product with a sodium ion attached to it (284 m/z).  Again, based on the 

sequence of the fractions and the proposed reaction mechanism, it would be possible that the 

product did not fully form under the conditions used to perform the Friedländer synthesis under 

continuous flow before ~32 mL of the reaction mixture and solvent eluted and only starting at 

fraction 9 do we see product come off of the column. 
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Figure 4.17. Mass spectra obtained from (a) fraction 1 of an equivalent of the Friedländer 
synthesis under continuous flow and a predicted structure for the peak at 359 (m1) and 361 
(m1+2) m/z,  (b) fraction 6 an equivalent of the Friedländer synthesis under continuous flow and 
a predicted structure for the 308 (m2) and 310 (m2+2) m/z, (c) fraction 9 of an equivalent of the 
Friedländer synthesis under continuous flow and the predicted structure of the 284 (m3) m/z, 
which would match the desired product with a sodium ion.  This figure was created with the 
help of Madeline C. Roach. 
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4.4.3.2 Comparing the Mass Spectrum Obtained for the Blue Solids (“Unidentified crystal”) 

with the Collected Fractions 

 Interestingly, when the “unidentified crystal” that can be collected when the Friedländer 

synthesis is performed in the presence of CuBTC under batch conditions and from some fractions 

when performed under continuous flow conditions, it can be dissolved in ethanol.  Due to its 

solubility, mass spectra data was obtained (Figure 4.18) and it was found that the major peak 

observed matches the one observed in fraction 6 (Figure 4.17b).   

 The spectrum seen in Figure 4.18 possess the m and m+2 peaks (308 and 310 m/z), 

indicating that there is likely copper present in the compound.  The fact that it recrystallizes out of 

solution suggests that there is a fairly stable compound.  As stated earlier, it is hypothesized that 

the compound that is crystallizing out of solution is an intermediate of the Friedländer synthesis 

(hypothesized structure provided in Figure 4.18).  The fact that this crystallized spontaneously at 

room temperature under static conditions out of some of the fractions collected when performing 

b 

 

 

 

 

 
Figure 4.18. Mass spectra obtained from dissolving the blue solid (“unidentified crystal”) in 
ethanol.  A predicted structure for the 308 (m) and 310 (m2+2) m/z is provided.  This figure was 
created with the help of Madeline C. Roach. 
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the Friedländer synthesis under continuous flow conditions suggest that there is a high enough 

concentration of that specific compound in that fraction and that it is fairly pure to create such 

large (up to 4-5 mm in length) crystals.  Furthermore, this supports a hypothesis where the 

Friedländer synthesis is occurring in the continuous flow column with in what seems to be like 

stages.  The reagents adhere to the MOF, react, and then break off of the MOF particle, with some 

of them breaking off at certain stages of the reaction, allowing us to “see” the different steps of the 

reaction from the proposed mechanism through the collected fractions.  However, further 

experiments (such as NMR, IR, and ultraviolet-visible (UV-Vis) spectroscopy) would be required 

to definitively identify this compound as MS alone is not enough to draw any concrete conclusions 

from in this case. 

4.4.4 Towards Reidentifying the Catalyst in the System for the Friedländer Synthesis 

 As it was observed that the CuBTC is being broken down by the conditions used to perform 

the Friedländer synthesis and then confirmed that it does not reform, it is hypothesized that CuBTC 

is not actually the catalyst for the reaction and is instead, a pre-catalyst.  In other words, I 

hypothesize that CuBTC is being broken down and in that process, the actual catalyst that is part 

of the catalytic cycle is created.  These are some preliminary control experiments to try and 

determine what it might be. 

4.4.4.1 Controls: Using Copper Nitrate Trihydrate 

 Since the CuBTC used in all of the experiments in this project were synthesized using 

copper nitrate trihydrate, it was a potential candidate as the catalytic agent in this system.  

Furthermore, it was stated in the paper from Pérez-Mayoral and Čejka that Cu(NO3)•3H2O was 

just as effective as CUBTC for the catalysis of the Friedländer synthesis.23 
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 A control was run using the same exact conditions used to perform the Friedländer 

synthesis with the only change being the CuBTC being replaced by Cu(NO3)•3H2O.  Based on the 

mass spectrum produced however, the reaction did not progress as expected with none of the 

desired product being seen in the mass spectrum (Figure 4.19).  It should be noted that not even a 

suspected intermediate with the copper still attached is observed.  The results suggest that 

Cu(NO3)•3H2O itself is incapable of catalyzing the Friedländer synthesis.  However, since it was 

stated in the literature that experiments by Pérez-Mayoral and Čejka that it could, uncertain 

whether or not Cu(NO3)•3H2O is actually capable of catalyzing the Friedländer synthesis.23  

However, the experiment done here was only performed once, so would need to be repeated for 

statistical significance and to fully confirm the results are reproducible before definitively claiming 

that the Friedländer synthesis cannot be catalyzed using Cu(NO3)•3H2O. 

Figure 4.19. Mass spectra obtained after trying to catalyze the Friedländer synthesis between 
acetylacetone and 2-aminobenzophenone using Cu(NO3)•3H2O.  This figure was created with 
the help of Madeline C. Roach. 
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4.4.4.2 Controls: Using the Supernatant Collected 

 As mentioned in previous sections, when performing the reaction under continuous flow 

conditions, some of the fractions collected were colored bright blue (Figure 4.20).  Since it is 

hypothesized that the blue coloration of the eluent from some of the fractions collected from 

running the Friedländer synthesis under continuous flow conditions was due to a copper-

containing intermediate, this intermediate could be part of the catalytic cycle.  This means that the 

catalyst for the reaction could be present within the supernatant.  Thus, a reaction was set up with 

2 mL of the supernatant added as the only copper source and was run under batch conditions.   

 

 

 

 

 

Figure 4.20. Fractions (20 mL) collected from performing the Friedländer synthesis under 
continuous flow conditions.  On the fraction on the right, you can see “unidentified crystal” that 
had recrystallized out of the fraction after it sat at room temperature for about 24 hours. 

“Unidentified crystal” 
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 Based on the mass spectrum produced (Figure 4.21), it can be seen that the there is a clear 

peak at 262 m/z, perfectly matching the peak seen in Figure 4.3, indicating the presence of the 

desired product.  The presence of the product suggests that the supernatant contains the catalyst 

for the Friedländer synthesis which could potentially be the hypothesized intermediate with the 

copper and ligand attached (Figure 4.17b).  This is a key finding in that no CuBTC was added to 

this reaction and the supernatant used contained no visible solids, indicating that no CuBTC was 

present.  This supports the hypothesis that CuBTC is not actually the catalyst for the Friedländer 

synthesis in this system and that it does indeed breakdown into another copper-containing 

compound that acts as the actual catalyst for the reaction. 

However, there are several other unidentified peaks in this spectrum and the exact copper 

intermediate that is present has not been definitively identified.  Thus, further experiments would 

be required to determine what actually acted as the catalyst in this case.  

Figure 4.21. Mass spectra obtained after trying to catalyze the Friedländer synthesis between 
acetylacetone and 2-aminobenzophenone using the supernatant from the continuous flow 
synthesis.  The structure for the product that is present, indicated by the 262 m/z peak is also 
provided.This figure was created with the help of Madeline C. Roach. 
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4.4.4.3 Controls: Using the “Unidentified crystal” 

 When using the “unidentified crystal” in place of CuBTC in an attempt to catalyze the 

Friedländer synthesis, there was no product found in the mass spectrum (Figure 4.22).  This is 

interesting as it was suspected that the “unidentified crystal” was recrystallizing out of the 

supernatant solution and based on the data (Figure 4.17b and 4.17c), it was hypothesized that this 

“unidentified crystal” was the compound responsible for catalyzing the Friedländer synthesis.  

However, this does not seem to be true and there is likely to be another compound that may not be 

accounted for that is actually responsible for catalyzing the Friedländer synthesis.  A hypothesis 

could be that a precursor to this “unidentified crystal” is the active catalyst and that once the 

“unidentified crystal” forms, it cannot regenerate the catalyst, explaining why the supernatant the 

“unidentified crystal” recrystallized from is capable of catalyzing the Friedländer synthesis, but 

the “unidentified crystal” itself cannot. 

Figure 4.22. Mass spectra obtained after trying to catalyze the Friedländer synthesis between 
acetylacetone and 2-aminobenzophenone using the “unidentified crystal” from the continuous 
flow synthesis.  This figure was created with the help of Madeline C. Roach. 
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 It is important to note however that with this experiment, there was not enough of the 

“unidentified crystal” to match the mass of CuBTC used in the batch condition control of the 

Friedländer synthesis.  This may be a contributing factor to the data, but it is unlikely.  If the 

“unidentified crystal” was indeed catalytic, it should have catalytic turnover and thus still produce 

the desired product, just at a slower rate.  Further experiments would be required to draw more 

definitive conclusions however and repeating this experiment with more “unidentified crystal” 

would also be required to ensure this data is statistically significant. 

4.5 Conclusions 

 In this chapter, a project that initially aimed to transfer the Friedländer synthesis from the 

benchtop to a continuous flow reactor was redirected to identifying how and why CuBTC was 

being broken down by the reaction conditions and to try and reidentify the catalyst of the 

Friedländer synthesis in this system.   

With the current data and work completed, we can confirm that CuBTC is indeed breaking 

down in the current system based on the SEM images and TOF-MS data where they show the 

broken down CuBTC particles and the presence of copper detached from the MOF, respectively.  

It can also be confirmed that the observed breakdown of the CuBTC is caused by a specific effect 

in the Friedländer synthesis and not a change from transferring the reaction from batch conditions 

to continuous flow conditions.   

Additionally, this work lays the foundation towards better understanding why CuBTC is 

breaking down in the conditions used to perform the Friedländer synthesis when it was believed 

to be the catalyst beforehand.  Better understanding of why CuBTC is being broken down by this 

system is important because it will help better determine what reactions CuBTC, and potentially 
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other MOFs, are capable of catalyzing.  Furthermore, it can help chemists understand what causes 

CuBTC to break down, allowing them to better design reaction conditions around these limitations 

for use in other reactions. 

This work also lays the foundation for reidentifying the actual catalyst for the Friedländer 

synthesis in this system, further providing a better understanding of Cu-catalyzed systems for the 

Friedländer synthesis.  Understanding what the active catalyst is in a reaction is fundamental when 

trying to optimize and improve the reaction.  By determining the active catalyst in this system, it 

can also lead to better understanding of how MOF catalysts work and help determine whether this 

system uses homogeneous or heterogeneous MOF catalysis. 

There are still many experiments that could be performed to confirm many of the new 

hypotheses and questions that arose during the course of this project.  Some of the experiments to 

perform to answer these questions more definitively, include, but are not limited to: 

I. Running a control to determine what, if any, specific reagent is leading to the 

breakdown of the CuBTC 

a. Use the reaction conditions for the Friedländer synthesis with just CuBTC 

and DMF 

b. Use the reaction conditions for the Friedländer synthesis with CuBTC in 

DMF and 2-aminobenzophenone 

c. Use the reaction conditions for the Friedländer synthesis with CuBTC in 

DMF and acetylacetone 

II. Use Cu(I) and Cu(II) specific chelating agents in the supernatant that catalyzed the 

Friedländer synthesis to determine whether the copper-containing compound 

hypothesized to catalyze the reaction contains either Cu(I) or Cu(II) using UV-Vis 
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III. Compare the reaction rates of the Friedländer synthesis when run using CuBTC vs. 

the supernatant 

IV. Determining the rate of loss of CuBTC from the column used for performing the 

Friedländer synthesis and comparing that to the amount of copper present in the 

collected eluent 

V. Analyzing the green fractions collected from continuous flow to confirm whether 

or not copper is present already in those fractions and try to confirm whether or not 

it might be responsible for the green color (using UV-Vis) 

By performing these experiments, and likely others, it would be possible to further narrow down 

what is causing the CuBTC to breakdown in this system and what the actual catalyst for the 

Friedländer synthesis is. 

Lastly, this work makes a statement on the need for more thorough and standardized 

analysis of MOF catalysts in the literature.  While most scientists do use pXRD pre- and post-

catalysis to confirm the retention of crystal structure, there are very few, if any, instances in the 

literature where MOFs used in heterogeneous catalysts are analyzed pre- and post-catalysis using 

SEM to ensure there is not a breakdown of the MOF particle that cannot be observed using pXRD.  

It has been shown through this work that using solely XRD techniques is not sufficient as it can 

miss partial breakdown of the MOF as long as the bulk of the crystal is still intact and that imaging 

techniques such as SEM is necessary to ensure the MOF is still fully intact.  
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CHAPTER 5 

TOWARDS USING CuBTC METAL-ORGANIC FRAMEWORKS TO CATALYZE 

CONDENSATIONS BETWEEN DIMEDONE AND BENZALDEHYDE TO FORM 1,8-

DIOXO-OCTA-HYDRO-XANTHENE UNDER CONTINUOUS FLOW CONDITIONS 

 

5.1 Overview  

In Chapter 4, original goal was to create a continuous flow reactor capable of catalyzing 

an organic transformation using CuBTC (where BTC = benzene-1,3,5-tricarboxylate).  However, 

when unexpected crystals were observed in the eluent and CuBTC we found to be missing from 

the packed column, the project was redirected towards understanding the factors that led to CuBTC 

decomposing and to identify the catalyst of that system.  In this chapter, I discuss preliminary 

experiments and results that are working towards achieving the same goal of trying to perform a 

reaction using the continuous flow reactor that I had developed.  This reaction is a condensation 

to produce a xanthene derivative.  The preliminary results discussed in this chapter also provide 

some insights towards the stability of CuBTC when used as a catalyst under continuous flow 

conditions and when used as a catalyst for condensation reactions. 

The continuous flow reactor used for this research is the same system used for the 

Friedländer synthesis in Chapter 4 of this dissertation and was developed and constructed by 

Jonathan Thai and Jesus Tapia.  All reactions both under batch conditions and continuous flow 

conditions were performed by Jonathan Thai.  The CuBTC metal-organic framework (MOF) was 

synthesized and characterized (via SEM and pXRD) by Jonathan Thai.  Analysis of the products 
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from the reactions were done using time-of-flight mass-spectrometry (TOF-MS) and were 

performed by Madeline C. Roach.  Melissa M. Reynolds was the advisor on this project. 

5.2 Introduction 

Heterocycles are commonly found moieties in present day pharmaceuticals, making them 

high-value synthetic targets due to their versatility.1–7  While originally only used as dyes, xanthene 

derivatives have gained increased interest in recent years due to discoveries that have expanded 

their known applications, both in materials and medicinal chemistry.  Xanthene derivatives have 

found uses in areas such as biodegradable agrochemicals, photodynamic therapy, solar cells, 

luminescent sensors, lasers, anti-inflammatory agents, antibacterial drugs, antinociceptives, 

antitumor, and anti-viral treatments.8–20  Because of this, new synthetic methods to produce 

xanthenes and their derivatives have been a focus of many scientists in recent years.20,21   

 

Continuous flow reactors are a growing area of interest due to the advantages they can offer 

over performing syntheses under more traditional batch conditions.22–25  These reactors can allow 

chemists to automate synthetic processes, reducing the amount of benchwork required while also 

improving consistency and achieving greater reaction efficiency relative to both speed and cost.  

Currently, many micro-reactors use nanotubes to force interactions between chemicals, allowing 

them to react more efficiently due to improved mass transfer.23,26  Continuous flow reactors have 

also been used with heterogeneous catalysts in the form of packed columns, catalyst coated tubular 

reactors, and monolithic columns.22,27–31  While in recent years, continuous flow processes are 

Figure 5.1. The structure of xanthene 
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slowly making their way into more industrial processes, there are still several obstacles that 

continuous flow processes face that limit their broader integration into industrial processes.22,25,32  

These obstacles include, but are not limited to: 

I. The inability to catalyze reactions with insoluble starting materials, products, or 

byproducts 

II. Required changes in the solvent being used in multi-step processes 

III. Production of unwanted byproducts that interfere with the reaction in multi-step 

processes 

IV. The requirement of expensive equipment to perform reactions under continuous 

flow conditions, which can stagnate improvements in production processes due to 

emerging technologies and large pieces of equipment 

V. The inability to easily scale reactions 

Most of these challenges are typically specific to the reaction someone would want to perform, but 

the latter two are universal across continuous flow systems and I believe they must be addressed 

to facilitate the use of continuous flow systems in industrial production processes. 

 To this end, I aimed to design and develop a fixed-bed catalytic reactor where a stainless-

steel column is directly packed with metal-organic frameworks (MOFs).  This design would be 

similar to those used for columns used in separations that also use MOFs.30,33–36  When equipped 

with a sufficient pump, reactants would be pushed through the catalytic MOF column under 

continuous flow conditions.  This system will be designed to be: 

I. Smaller – should be easily placed and used on a benchtop so that it can be used in 

various lab settings 
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II. Composed of easily replaceable parts – the column and other parts used in this 

reactor can be easily interchanged so that the reactor would be able to accommodate 

different reactions and be improved as technologies improve 

While this may not entirely eliminate the need for large, expensive pieces of equipment, it would 

allow for users to improve the system they already possess, helping them avoid stagnation.  

Furthermore, since the parts are made to be replaceable, they could potentially be manufactured at 

lower costs as well. 

 MOFs were chosen to be the catalytic material used in these systems due to their large 

surface area, scalable production, ability to be created using low-cost materials, high versatility as 

catalytic materials, and high level of tunability that allows them to be designed to catalyze specific 

reactions.  Within the 20 years since MOFs have gained traction in the chemical field, new 

structures and applications have been reported almost daily, with well over 90,000 unique 

structural entries for MOFs being reported, indicating over 4500 new MOF structures being 

reported annually.37–40  This is much larger relative to similar materials such as zeolites, where 

only about 252 unique zeolites have been identified, which has not changed since 2018.41–45 
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This project focuses on increasing the production efficiency for xanthene derivatives.  It 

does so by transferring the reaction to the continuous flow process could offer several advantages.  

This is done by using a pump to push the reagents through a direct-packed column, where a 

stainless-steel column is packed directly with MOF (Figure 5.2).  The major advantages that 

Figure 5.2. A schematic showing the continuous flow system around the catalytic column with 
an SEM image of the CuBTC MOF packed inside of the column.  In the schematic, the reaction 
mixture is pumped through the system using an HPLC pump, into the column where it flows 
down through the catalyst packed into the column, into a collection flask. 

Collection Flask 

Reaction Mixture 

Exit Tubing 

Catalytic MOF 



177 
 

performing reactions under continuous flow offer over reactions performed using batch conditions 

include, but are not limited to: 

I. Sustainability – heterogeneous catalysts used in packed column reactors are very 

easy to reuse, allowing for the catalysts in the column to be reused with little to no 

effort needed to recycle the catalyst 

II. Speed – direct packed columns create very small spaces for the reactants to interact 

with each other, resulting in better mass transfer, similar to microfluidic tubing 

III. Costs – by performing reactions faster and being able to easily reuse the catalyst, 

this helps reduce the cost of chemical production 

IV. Ease-of-use – by design, the reactor setup in this project is made to be very easy to 

use, where one would just need to be capable of loading reagents and then starting 

hitting a “start” button, allowing for anyone to be able to perform the reaction 

without high-levels knowledge of organic synthesis 

V. Automation – with further development, the continuous flow reactor system could 

easily be put into a part of a larger multi-step process, helping take steps towards 

automating the process of chemical synthesis 

VI. Safety – if automated, the reaction can be done without a person being directly 

present, limiting their exposure to potentially dangerous chemicals and reducing 

the potential for accidents 
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In this chapter, I discuss the use of a continuous flow system using CuBTC to catalyze a 

condensation between benzaldehyde and dimedone to produce 3,3,6,6-tetramethyl-9-phenyl-

3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (Figure 5.3 and 5.4).  This reaction will be 

referred to as the “xanthene condensation”.  This xanthene was specifically chosen because it had 

been identified by Merck & Co., Inc. to be a valuable target as it is a moiety for pharmaceuticals 

that can be used for antivirals and antibacterials.21,46  While this system is still in development, the 

preliminary data suggests that this system is working as intended and will perform the reaction 

without breaking down the CuBTC.  Furthermore, both the Friedländer synthesis discussed in 

Chapter 4 of this dissertation and the reaction being performed here are condensations, thus key 

conclusions can be drawn based on the results obtained from the experiments discussed in this 

chapter. 

80°C 

Figure 5.3. Reaction scheme for the condensation between benzaldehyde and two equivalents 
of dimedone to produce 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1,8(2H)-dione.  This reaction was originally reported using a CuBTC catalyst by Ghafuri et al. 
and then used in our continuous flow system. 
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5.3 Experimental 

5.3.1 Materials 

 All chemicals and solvents were purchased from commercial vendors and were then used 

without any further purification.  N, N-dimethylformamide, >99.6%; dimedone, 98%; and ethanol, 

100% was purchased from Fisher Scientific (Waltham, MA).  1,3,5-benzenetricarboxylic acid, 

Figure 5.4. Proposed mechanism for the condensation between benzaldehyde and two 
equivalents of dimedone to produce 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-
xanthene-1,8(2H)-dione.  This reaction was originally reported using a CuBTC catalyst by 
Ghafuri et al. and then used in our continuous flow system. 
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>98%; and copper(II) nitrate trihydrate, >99%; 3,3,6,6,-tetramethyl-9-phenyl-3,4,5,6,7,9-

hexahydro-1H-xanthene-1,8(2H)-dione, and benzaldehyde >99% were purchased from Sigma-

Aldrich (St. Louis, MO).  All deionized water used was purified by a Millipore Milli-Q- IQ 7000 

water purification system to 18.2 MΩ-cm resistivity prior to use. 

5.3.2 Synthesis of CuBTC MOF  

 The synthesis to create the CuBTC MOF used was adapted from the literature.47  In short, 

1,3,5-benzenetricarboxylic acid (12.85 mmol, 0.62 equiv.) and copper(II) nitrate trihydrate (20.695 

mmol, 1.0 equiv.) were suspended in a mixture of deionized water (23 mL), DMF (33 mL), and 

ethanol (36 mL) in a sealable Pyrex bottle.  The mixture was sonicated for at least 1 hour to fully 

disperse and suspend the reagents.  The mixture was then placed into a pre-heated oven at 90 °C 

for 24 hours.  After 24 hours, the oven was turned off and the product was cooled to room 

temperature inside the oven naturally.  Once cooled to room temperature, the solid product was 

then collected using a fine glass filter frit.  The solid product was then rinsed with DMF (3 x 50 

mL).  The solid product was then washed in ethanol using Soxhlet extraction for at least 24 hours.  

The solid product was then collected using a fine glass filter frit.  The solid was then collected and 

dried at 150°C under reduced pressure, producing a dark blue powder.  The collected product was 

then characterized using SEM and pXRD. 

5.3.3 Using CuBTC to Catalyze the Condensation Between Dimedone and Benzaldehyde 

Under Batch Conditions 

 The reaction conditions used were adapted from the literature.21  In short, CuBTC (0.05g, 

0.083 mmol) was weighed out into a 100 mL round bottomed flask.  The CuBTC was then 

activated in a vacuum oven at 150 °C under reduced pressure overnight.  The oven was then turned 
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off and the CuBTC was then allowed to cool naturally to room temperature before it was taken 

out.  Acetylacetone (20.0 mmol, 10 equiv.) and 2-aminobenzophenone (2.0 mmol, 1 equiv.) were 

then measured out into the RBF with the CuBTC.  The reaction mixture was then stirred and heated 

to 80 °C for 20 minutes in a reflux apparatus.  Ethanol (10 mL in 2-3 mL portions) was then used 

to rinse the RBF into a centrifuge tube.  The solid (unidentified crystal) and supernatant were then 

separated via centrifugation.  The supernatant was then transferred to a vial and the solvent was 

then removed under reduced pressure (to produce the product mixture).  The unidentified crystal 

was then rinsed with ethanol (10 mL) and vortexed to ensure no remnants of the reagents or 

products from the reaction were still present and the solid and supernatant were then separated 

again via centrifugation.  The supernatant was then combined with the product mixture and had 

the solvents removed under reduced pressure, yielding a green solid.  The unidentified crystal was 

collected and dried under reduced pressure for 24 hours, yielding a pale blue solid.  The product 

mixture was analyzed using TOF-MS.  The unidentified crystal was analyzed using TOF-MS, 

pXRD, and SEM. 

5.3.4 Using CuBTC to Catalyze the Condensation Between Dimedone and Benzaldehyde 

Under Continuous Flow Conditions 

 The procedure described here is referred to as “1 equivalent” of the condensation between 

dimedone and benzaldehyde under continuous flow conditions, though the same column may have 

been used several times for some experiments (in that case, the “equivalents” following the first 

start at the preheating step).  CuBTC was activated at 150°C under pressure overnight in a vacuum 

oven.  The oven was then turned off and the CuBTC was allowed to cool down to room temperature 

before it was taken out.  A stainless-steel HPLC column (I.D. x L, 4.6 x 50 mm) was then directly 

packed with CuBTC and connected to a HPLC pump via stainless steel tubing.  The column was 
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than pre-heated to 80°C while rinsed with ethanol at 0.5 mL/min for at least 30 minutes prior to 

running the reaction.  A reaction mixture was created using by dissolving dimedone (2.0 mmol, 2 

equiv.) in benzaldehyde (1.0 mmol, 1 equiv.), yielding a clear liquid.  The reaction mixture was 

then drawn into a 5 mL gas-tight glass syringe and injected into the reactor at 0.5 mL/min.  The 

reaction was rinsed with ethanol and the product eluent was collected in 4 mL fractions.  Each of 

the fractions collected were then analyzed using TOF-MS. 

5.3.5 Characterization by Scanning Electron Microscopy (SEM) 

SEM imaging was performed using a JEOL JSM-6500F microscope.  An accelerating 

voltage of 15.0 kV was used to image the MOFs.  All samples were prepared on a small piece of 

carbon tape which were then placed under vacuum and coated with 20 nm of gold prior to imaging.  

At least three representative images were taken with at least three different magnifications for each 

sample were taken. 

5.3.6 Characterization by Powdered X-ray Diffraction (pXRD) 

 A Bruker D8 Discover DaVinci Powder X-ray Diffractometer with Cu Kα radiation ( = 

1.5406 Å was used, operated at 40 kV and 40 mA.  A 0.6-mm divergent slit was placed on the 

primary beam sided and a high-resolution energy dispersive LYNXEYE-XE-T detector was placed 

on the diffracted beam side during the XRD studies.  Samples were seated on a B-doped silicon 

zero-diffraction plate and held in place with a small amount of vacuum grease.  The 2 was set 

between 4-50 degrees and scanned at steps of 0.100 degrees. 
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5.3.7 Characterization by Time of Flight-Mass Spectrometry (TOF-MS) 

 TOF-MS was performed using an Agilent® 6224 time-of-flight mass spectrometer 

equipped with a dual ESI source.  All data shown in this chapter was collected while operating the 

TOF-MS under positive mode.  The detection range for the scans were set for 95-3200 m/z. 

5.3.8 Data Analysis 

All data is reported as “average ± standard deviation”.  All data points that are reported 

were calculated from n = 3, unless noted otherwise. 

5.4 Results and Discussion 

5.4.1 Analysis of Products Obtained After Performing the Xanthene Condensation Under 

Batch Conditions 

Figure 5.5. A representative mass spectrum of the xanthene condensation after work up and 
recrystallization.  The predicted structure has been provided, based on the 369 m/z, which 
would account for with M + H2O.  The 759 m/z can also be accounted for with [2M + 2H2O + 
Na+].  Since there were no major differences between the mass spectra, only a representative 
one is provided here.  This xanthene condensation was performed at 80 °C.  This figure was 
created with the help of Madeline C. Roach. 
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 The xanthene condensation was performed under batch conditions using the conditions as 

described in the literature.21  This was to ensure the robustness of the literature procedure and to 

understand how the reaction works prior to converting it to the continuous flow system.  As excess 

dimedone was found in the collected product prior to removal of the solvent under reduced 

pressures and recrystallization, the batch condition reactions were performed at 80, 85, 90, and 95 

°C to determine if increasing the reaction temperature could drive the reaction to completion.  

However, no differences were observed under TOF-MS (Figure 5.5), so the lowest temperature 

point, 80°C was chosen to be used under continuous flow conditions for the following reasons: 

I. To reach temperatures higher than room temperature, the continuous flow system 

needs to preheat with the packed column installed.  By using a lower temperature, 

it can reach that temperature more quickly. 

II. This would allow for the xanthene condensation to be performed at the same 

temperature used to perform the Friedländer synthesis from Chapter 4.  This 

consistency between the experiments would allow for me to compare the results of 

the two experiments. 

It should be noted that in the mass spectrum, the 369 m/z being associated with the xanthene 

product is not exactly as expected as the product was expected to be at 350 m/z (351 m/z to account 

for the experiment being performed in positive mode, so would be protonated).  The 369 m/z does 

however correlate with the 351 + 18, which could be indicative of water being attached to the 

molecule.  To try and see if this is consistent with a standard, a standard was purchased (From 

Sigma, synthesized by Merck) and analyzed using TOF-MS so that it could be compared to the 

product obtained from the xanthene condensation performed and discussed in this chapter.   
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Based on the MS obtained from the purchased 3,3,6,6,-tetramethyl-9-phenyl-3,4,5,6,7,9-

hexahydrp-1H-xanthene-1,8(2H)dione (Figure 5.6), it is likely that the 369 m/z in the spectra of 

the products is just the product with a water adduct.  This may be a result of the water byproduct 

of the xanthene condensation not being removed during the work-up of the synthesis, suggesting 

further purification may be required for the xanthene condensation being performed. 

 

 

 

 

 

5.4.2 Analysis of Products Obtained After Performing the Xanthene Condensation Under 

Continuous Flow Conditions 

  When the xanthene condensation was performed under continuous flow conditions, the 

product eluting from the reactor was collected in ~4 mL fractions.  From the TOF-MS data (Figure 

5.7), it can be seen that the product was completely eluted from the column was collected entirely 

in the first fraction (369 and 391 m/z), and no peaks of interest were observed in the following 

fractions.  This was consistent even after four equivalents of the xanthene condensation under 

Figure 5.6. A mass spectrum of a 3,3,6,6,-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydrp-1H-
xanthene-1,8(2H)dione standard.  The structure of the compound has been provided and 
appears as the peak at 351 m/z (M + H+).  The peaks are 701 and 723 m/z are expected to be 
2M + H+ and 2M + Na+, respectively.  This figure was created with the help of Madeline C. 
Roach. 

  

H
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continuous flow using the same CuBTC-packed column.  Between each of these equivalents, the 

column was rinsed with about 30 mL of ethanol to ensure nothing was still present on the column 

prior to being used for the next equivalent of the reaction. 

 

 

 

 

 

Figure 5.7. A representative mass spectrum of the first fraction collected from the xanthene 
condensation performed under continuous flow conditions after work up and recrystallization.  
Since there were no major differences between the mass spectra, only a representative one is 
provided here. The structure of the product is also provided which is expected to be associated 
with the 369 m/z [M + H2O + H+] and the 391 m/z [M + H2O + Na+].  It is also possible to 
account for the 759 m/z and 781 m/z in this mass spectrum with [2M + 2H2O + Na+] and [2M 
+ 2H2O + 2Na+].  This figure was created with the help of Madeline C. Roach. 
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5.4.3 Analysis of the CuBTC MOF Used to Catalyze the Xanthene Condensation to Ensure 

it is Still Intact 

 To ensure this reaction was suitable for continuous flow conditions and to confirm that the 

CuBTC was indeed catalytic and being regenerated by the reaction (and not being broken down), 

the CuBTC was analyzed using pXRD and SEM.  There were key visual indications however that 

suggested there was no breakdown of the CuBTC by the xanthene condensation when it was 

performed under batch and continuous flow conditions. 

 Firstly, the CuBTC MOF crystals collected after performing the reaction under batch 

conditions still resembled a fine, blue powder (Figure 5.8).  While the CuBTC used for the 

Friedländer synthesis looked similar (also resembled a fine, blue powder) when it was collected 

from inside the column, there was a clear decrease in the amount of CuBTC (it was not tightly 

packed) in the catalytic column.  This was because the CuBTC used in the Friedländer synthesis 

from Chapter 4 was determined to have broken down and recrystallized into long (>1 mm) blue 

needles.  However, under continuous flow conditions, the CuBTC packed into the column did not 

seem to leave the column and under visual inspection, the column was still fully and tightly packed 

a b 

Figure 5.8. Picture of (a) CuBTC that had just been synthesized and activated for >24 hours 
under reduced pressure at 150 °C (b) CuBTC retrieved from the packed column after it had 
been used to catalyze four equivalents of the xanthene condensation and then dried under 
reduced pressure. 
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with the MOF.  This would be consistent with the fact that there were no crystals (outside of the 

clear/white crystals of the product) visible in the collected fractions. 

 The product collected under both batch conditions and continuous flow conditions were 

very different between the Friedländer synthesis and the xanthene condensation as well.  Under 

batch conditions, the Friedländer synthesis would result in a dark green solution.  When set up, the 

Friedländer synthesis would appear yellow and the green it turns into is hypothesized to be due to 

the breakdown of the CuBTC releasing copper into the solution, resulting in a green solution, 

though this has yet to be confirmed.  However, the xanthene condensation starts off as a colorless 

reaction and ends clear as well, with no indication of copper being released into the reaction.  This 

is consistent under continuous flow as well.  As discussed in Chapter 4, the fractions collected 

when the Friedländer synthesis was performed under continuous flow were initially green and then 

turn blue, indicative of copper being leeched from the CuBTC in the column.  In contrast, the 

fractions collected from the xanthene condensation are clear and colorless in all fractions, giving 

a visual indication that no copper was being leeched from the CuBTC.   

 Lastly, when performed under continuous flow, the pressure reported by the pump used 

was very different when performing the Friedländer synthesis versus the xanthene condensation.  

When the Friedländer synthesis was performed under continuous flow, it was commonly seen that 

the pressure would build soon after the fractions started turning blue, reaching as high as 380 atm.  

When above 300 atm, there was no elution from the column until reaching a pressure of 380 atm, 

at which point a small (~1-2 mL) amount of eluent would come out in a spurt all at once and the 

pressure would then drop again.  This led me to hypothesize that the broken-down pieces of the 

CuBTC MOF and potentially some product was clogging the tubing between the column and the 

collection tube.  In contrast, when the xanthene condensation was performed under continuous 
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flow, there was never an observed increase in pressure from the pump and a steady, continuous 

flow was maintained throughout each of the reactions.  Based on the lack of pressure being built 

up and the clear, colorless eluent, visual indications strongly suggest that the CuBTC being used 

to catalyze the xanthene condensation was not breaking down. 

5.4.3.1 Analysis of the CuBTC MOF Using pXRD 

 To confirm that the visual observations were correct, the CuBTC from used to catalyze the 

xanthene condensation under batch conditions and from inside the column after it was used to 

catalyze the four equivalents of the xanthene condensation were analyzed using pXRD (Figure 

5.9).  By analyzing the crystal structure this way, I would be able to determine whether the 

crystallinity of the CuBTC was indeed intact.  From the diffraction pattern, it can be clearly seen 

that the peaks are consistently in the same place and have roughly the same ratios between peaks, 
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Figure 5.9. pXRD patterns of CuBTC after it had been used to run four equivalents of the 
xanthene condensation (red), unused CuBTC (green), and CuBTC after it had been used to 
run the xanthene condensation under batch conditions (blue). 
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indicating that there were no major changes to the crystal structure of the CuBTC MOF.  This is 

true of the MOF after it was used to catalyze the xanthene condensation regardless of whether the 

xanthene condensation was performed using continuous flow or batch conditions.  This is 

consistent with what was visually observed of the CuBTC after it was isolated after the reaction 

was completed, under both continuous flow and batch conditions. 

5.4.3.2 Analysis of the CuBTC MOF Using SEM 

Figure 5.10. SEM images of (a) Freshly synthesized CuBTC at x1500 magnification (b) 
CuBTC that had been used to catalyze the Friedländer synthesis under continuous flow 
conditions at x3000 magnification (c) CuBTC that had been used to catalyze the xanthene 
condensation under batch conditions at x2500 magnification (d) CuBTC that had been used to 
catalyze the xanthene condensation under continuous flow conditions at x1000 magnification.   

a b 

c d 
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  To ensure that there was no breakdown of the CuBTC that could not be seen via pXRD (as 

seen in Chapter 4), SEM images were also taken of the CuBTC used to catalyze the xanthene 

condensation under batch conditions and four equivalents of the xanthene condensation under 

continuous flow conditions (Figure 5.10).  Based on the SEM images obtained of the CuBTC 

before and after it was used to catalyze the xanthene condensation, there is very little difference 

between the two (Figure 5.10).  None of the CuBTC MOF particles used to catalyze the xanthene 

condensation possess any of the “scaling” or hexagonal shaped holes observed in the CuBTC 

particles after they were exposed to the conditions of the Friedländer synthesis from Chapter 4.  

Figure 5.10a provides a representative look at the CuBTC being used, showing octahedra particles 

with smooth surfaces around 5-20 μm long across the edge of the MOF particle.  In contrast, the 

CuBTC used to catalyze the Friedländer synthesis from Chapter 4 shows what seems to be the 

remains of octahedral particles around 5-20 μm long across the edge with very rough surfaces 

(“scaled” surfaces) that have hexagonal shaped holes in the particles (Figure 5.10b).  The CuBTC 

used to catalyze the xanthene condensation show octahedra particles of similar size (5-20 μm 

across the edge) with smooth surfaces (Figure 5.10c and 5.10d), matching those seen in the SEM 

images of freshly synthesized CuBTC.  Any particles in these images that seem to be broken down 

seem to be broken down mechanically (similar to what CuBTC MOF particles look like if lightly 

crushed physically) and do not possess any indication of the “scaling” on its surfaces or hexagonal 

holes like the ones seen in Figure 5.10b.  This supports the hypothesis that CuBTC is stable under 

the conditions used to perform the xanthene condensation.  Additionally, it also supports the 

hypothesis that the CuBTC MOF itself is the catalyst inside the catalytic cycle as it is regenerated 

and is not broken down or changed to another compound by the catalytic process.  To this end, the 
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SEM images provide promising preliminary data towards the conclusion that the xanthene 

condensation has been successfully transferred from a batch process to continuous flow conditions. 

 While different magnifications were used in each of these images, they are able to provide 

the desired details of the CuBTC MOF particles, specifically that Figure 5.10a, 5.10b, and 5.10d 

all show octahedral particles with smooth surfaces and no hexagonal holes in any of the particles.  

In contrast, Figure 5.10b clearly shows multiple particles that resemble the remnants of octahedra 

with rough surfaces that possess the “scaling” and hexagonal shaped holes in the particles.  

Ultimately, the SEM images along with the pXRD confirms that the CuBTC used to catalyze the 

xanthene condensation is not being damaged or losing crystallinity, supporting the notion that this 

reaction is being successfully performed catalytically under continuous flow conditions. 

5.4.3.3 Comparison of Results with the CuBTC Used to Catalyze the Friedländer Synthesis 

 As discussed in Chapter 4, CuBTC was also used in an attempt to catalyze the Friedländer 

synthesis under continuous flow conditions, but it was found that the MOF was breaking down 

under the reaction conditions.  It is important to note that the Friedländer synthesis is essentially a 

condensation reaction as well, so the reaction is similar to the xanthene condensation performed 

here. 

 As seen in the previous sections of this chapter, the pXRD and SEM data both support the 

fact that the CuBTC used to catalyze the xanthene condensation between dimedone and 

benzaldehyde is stable under the reaction conditions.  The pXRD data shows that the crystal 

structure of the CuBTC MOF used to catalyze the xanthene condensation to produce the xanthene 

derivative has retained its crystal structure.  The SEM images show that it is not just the bulk 

structure that is conserved, but the particle itself has no visible differences from freshly synthesized 
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CuBTC.  This allows for several key conclusions to be drawn about the stability of CuBTC as a 

catalyst. 

 Since the Friedländer is essentially a series of condensations, it can be considered to be 

within the same class of reactions as the xanthene condensation performed and discussed in this 

chapter.  It can be concluded that there is nothing inherent in a condensation reaction that results 

in the breakdown of the CuBTC MOFs used to catalyze them since the breakdown of the CuBTC 

MOF is only observed when used to catalyze the Friedländer synthesis, but not when used to 

catalyze a condensation to produce xanthenes.  This is observed to be true regardless of whether 

the xanthene condensation is performed using batch conditions or under continuous flow 

conditions.   

Early on, it was hypothesized that the breakdown of CuBTC may be due to the production 

of water as a byproduct of the condensation as water is known to be capable of breaking down 

CuBTC.48–51  However, since both the Friedländer synthesis performed in Chapter 4 and the 

xanthene condensation performed in this chapter both produce water as a byproduct (in equivalent 

amounts relative to mol of water per mol of reaction), it is unlikely the production of water as a 

byproduct is the cause of the breakdown of CuBTC.   

Furthermore, both the Friedländer synthesis from Chapter 4 and the xanthene condensation 

discussed in this chapter are performed using very similar conditions.  Both reactions are 

performed at 80°C, use catalytic amounts of CuBTC MOF, and are on similar scales (both reaction 

mixtures are about 3-4 mL in volume).  This further strengthens the ability to compare the two 

reaction systems as there are such clear differences between the SEM and pXRD data between the 

two experiments. 
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It is also important to note that the Friedländer synthesis uses an amino-containing reagent, 

2-aminobenzophenone and uses an amide-containing solvent, DMF.  In contrast, none of the 

reagents, solvents, or products used in the xanthene condensation contain nitrogen in any form.  

This is an important note because nitrogen has a higher bonding affinity to Cu(II) which is 

something that must also be considered as these nitrogen-containing groups may be coordinating 

to the copper centers of the CuBTC and breaking the bond between the copper and benzene-1,3,5-

tricrboxylic acid ligand in CuBTC, resulting in the breakdown of the MOF and preventing its 

regeneration.  Further investigations would be required to determine whether this is a factor in the 

breakdown of CuBTC under the conditions used to perform the Friedländer synthesis and not the 

xanthene condensation.  If successful in making this distinction, a rule could then be established 

to more easily determine whether CuBTC can be used as a catalyst for reactions. 

5.5 Conclusions 

 While the transferring the xanthene condensation to continuous flow conditions is very 

much still a work in progress and it still in the preliminary stages, there are already many 

interesting results that can be drawn from these experiments.  Towards developing the reaction to 

be performed under continuous flow conditions to be able to produce xanthene derivatives via 

CuBTC catalyzed condensations, it can be said that: 

I. The reaction seems to work under continuous flow.  The desired product is being 

obtained (as seen via TOF-MS). 

II. There is no evidence that the xanthene condensation breaks down CuBTC.  The 

SEM, pXRD, and TOF-MS data suggest that the CuBTC is intact after being used 

to catalyze the xanthene condensation and that the CuBTC is indeed acting as a 

catalyst in this reaction.  This means that it is likely that the CuBTC column could 
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be used indefinitely with little to no effort as it was being reused in the experiments 

performed already for multiple equivalents of the xanthene condensation with just 

an ethanol wash being done in between each use.   

Future experiments with the xanthene condensation under continuous flow would aim to perform 

at least 10 equivalents of the xanthene condensation can be performed using the same column with 

little to no decrease in efficiency as this would be well past ensuring catalytic turnover of the 

CuBTC under continuous flow conditions.  Furthermore, it would show the robustness of the 

system that it can be reused several times, allowing the CuBTC catalyst to be used without the 

requirement of more complex techniques to recover the catalyst, as would be required if the 

reaction was performed under batch conditions.  Lastly, to test if the reaction can be performed 

under continuous flow even more efficiently, higher flow rates could be used to see if the reaction 

can be performed even faster, producing xanthene derivatives that much faster than doing them 

under batch conditions.   

Moving forward, a more thorough analysis of the product would need to be conducted to 

provide more evidence of the success of the preliminary experiments.  Using nuclear magnetic 

resonance (NMR) and infrared spectroscopy (IR) would help provide more data to support that the 

intended product was indeed obtained from the xanthene condensation when performed using both 

the batch conditions and continuous flow conditions.  It could also be a good idea to perform TOF-

MS using negative mode as all previous experiments have only used positive mode.  This could 

help ensure there are no other unwanted byproducts present in the experiment that could not be 

detected using positive mode.  Elemental analysis can also be done on the collected eluent from 

the xanthene condensation performed under continuous flow conditions to ensure there is no 
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copper present, providing further confirmation that there is no breakdown of the CuBTC being 

used to catalyze the xanthene condensation. 

As is, it can be tentatively claimed with the preliminary experiments completed thus far 

that the continuous flow reactor used here can produce the xanthenes over twice as fast as doing it 

under batch conditions when considering only the reaction and set up times.  This excludes any 

preparatory work and post-reaction work ups that would be required which is required under batch 

conditions but can be skipped when performing under continuous flow conditions such as such as 

activation of the CuBTC MOF in the oven (approximately a 24-hour process) and recovery of the 

CuBTC MOF after the reaction (>30-minute process).  These preliminary results are very 

promising and show that there is a high chance that the xanthene condensation can be successfully 

transferred to a continuous flow process, making the production of xanthene derivatives via 

condensation a much more efficient process.  Regardless, more experiments would be required to 

confirm and optimize the reaction under continuous flow conditions. 

The results of the xanthene condensation can also be used to draw several conclusions 

about the stability of CuBTC under continuous flow conditions, especially when paired with the 

results and conclusions discussed in Chapter 4 of this dissertation.  They key conclusions that can 

be drawn would be: 

I. Condensation reactions do not inherently break down CuBTC.  As both the 

Friedländer synthesis and xanthene condensation are both condensation reactions, 

it can be concluded that condensation reactions do not break down CuBTC 

inherently as the breakdown of the CuBTC MOF is only observed when in the 

presence of the Friedländer synthesis. 
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II. Continuous flow conditions do not inherently break down CuBTC.  Again, as both 

the Friedländer synthesis and xanthene condensation were both performed under 

continuous flow conditions, it can be concluded that the conditions used to perform 

these reactions under continuous flow do not inherently break down the CuBTC as 

the break down is only observed with the Friedländer synthesis.  

These conclusions are especially strengthened by the fact that when performed under continuous 

flow conditions, both the Friedländer synthesis from Chapter 4 and the xanthene condensation 

from this chapter were both performed at 80°C and have been performed at the same flow rate.  

This contributes key insights to the understanding of the stability of CuBTC MOF as a catalyst for 

organic reactions.  This understanding is important towards the goal of transferring organic 

reactions catalyze by CuBTC and potentially even other MOF catalysts to continuous flow 

conditions.  This knowledge would be key in allowing scientists to make progress towards 

automating more reactions and creating a more efficient future in chemical manufacturing. 

Furthermore, it is important to note that the Friedländer synthesis discussed in Chapter 4 

of this dissertation uses 2-aminobenzophenone as one of the reactants and DMF as the solvent.  

Both of these compounds possess nitrogen (amino and amide groups) which means they could 

have a greater binding affinity to the copper centers of the CuBTC MOF than the oxygen from the 

benzene-1,3,5-tricarboxylic acid linkers.  This could provide another factor to explain why the 

CuBTC MOF breaks down when being used to perform the Friedländer synthesis discussed in 

Chapter 4 while it appears to be stable when used to perform the xanthene condensation discussed 

in this chapter as the xanthene condensation does not use or create any reagents or products that 

possess nitrogen or amino groups. 
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The understanding of why the catalytic MOF in these systems is important towards the 

goal of transferring organic reactions catalyze by CuBTC and potentially even other MOF catalysts 

to continuous flow conditions.  This knowledge would be key in allowing scientists to make 

progress towards automating more reactions and creating a more efficient future in chemical 

manufacturing. 
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CHAPTER 6 

SUMMARY OF CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Summary of Conclusions 

 This dissertation has made significant contributions across the field towards the use of 

metal-organic frameworks (MOFs) for applications in heterogeneous catalysis.  Through the 

chapters, the work discussed in this dissertation has made strides towards better understanding Cu-

based MOF catalysis, synthesizing Cu-based MOFs with more a more optimal morphology for 

heterogeneous catalysis, and has shown the possibility to use Cu-based MOFs for heterogeneous 

catalysis under continuous flow conditions.  Chapter 2 is a peer reviewed publication primarily 

written by Jonathan Thai.  Chapters 3-5 are written with the intent of submission to a peer-reviewed 

journal once all of the experiments required to answer key lingering questions have been 

completed.  The main findings of each chapter and future experiments to be done are discussed in 

this chapter. 

First, a water-stable, copper-based MOF, CuBDTri (where H2BDTri = 1,4-1H-1,2,3-

triazol-5-yl)benzene) has been successfully synthesized using a three-layer bottom-up method to 

create MOF nanosheet (MOFN) particles and using solvothermal methods to create MOF with 

three-dimensional morphologies for the first time.  As a new MOF, the CuBDTri was analyzed 

using powdered x-ray diffraction (pXRD), SEM, acid digestion followed by mass spectrometry, 

and elemental analysis to confirm its identity as a MOF.  The CuBDTri MOFNs synthesized were 

also shown to be more catalytically active for the generation of nitric oxide (NO) from S-
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nitrosoglutathione (GSNO) in water than CuBTTri (where H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-

5-yl)benzene) on a per-total-Cu-atom basis. 

The synthetic groundwork towards optimizing the synthesis of CuBDTri has also been 

completed to create thinner MOFN particles.  This would allow for the CuBDTri to minimize 

internal volume while maximizing external surface area so substrates in heterogeneous catalytic 

processes are not diffusion-limited and thus, are efficient as possible.  Furthermore, by obtaining 

CuBDTri MOFN particles of different average thicknesses, it can be tested to see whether the 

increased density of easily accessible active sites is a factor in the observed increased in efficiency 

relative to CuBTTri MOF octahedra. 

Towards that end, a method was experimentally developed for atomic force microscopy 

(AFM) to be able to accurately and efficiently measure the thickness of the CuBDTri MOFN 

particles so that the data can be used to computationally determine the ideal synthetic conditions 

to create the thinnest MOFN particles.  The development of this AFM method was key as none are 

clearly reported in the literature.  Furthermore, the method developed in this dissertation provides 

clear images and measurements of several CuBDTri MOFN particles per image, allowing the 

images to provide larger sample sizes more easily and efficiently. 

It was determined that CuBTC (where BTC = benzene-1,3,5-tricarboxylate) MOF has been 

determined to be broken down when used to try and catalyze the Friedländer synthesis based on 

AFM, time-of-flight mass-spectrometry (TOF-MS), and scanning electron microscopy (SEM) 

data.  This work shows the importance of thoroughly analyzing the MOFs used in heterogeneous 

catalysis before and after it has been used.  The results of this work have also contributed to a 

better understanding of Cu-based MOF catalyzed Friedländer synthesis, including why CuBTC 

breaks down under the conditions used to perform the Friedländer synthesis.   
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The better understanding of CuBTC in the Friedländer synthesis has also led to work to 

reidentify the catalyst, further increasing the understanding of this system.  This work shows the 

importance of understanding the mechanism of catalysis in systems using MOFs for heterogeneous 

catalysis and understanding the difference between MOFs as heterogeneous and homogeneous 

catalysts. 

A continuous flow method has been successfully created to catalyze condensation reactions 

to create xanthene derivatives without breaking down the CuBTC MOF used as the catalyst after 

several equivalents of the reaction have been performed.  This work shows that CuBTC is indeed 

capable of catalyzing a condensation reaction under continuous flow conditions, opening the 

possibility to more easily scale up and automate these reaction processes for chemical 

manufacturing.   

Furthermore, this work with the continuous flow condensations to create xanthene 

derivatives showed that the instability of the CuBTC in the Friedländer synthesis system is not due 

to anything inherent with condensation reactions or performing reactions under continuous flow 

conditions as the CuBTC only broke down under the conditions used for the Friedländer synthesis 

and not for the condensation to create xanthene derivatives.  This provides some key insights to 

understanding for the use of continuous flow processes of organic transformations and can 

hopefully help streamline the process of changing more reactions over from the benchtop to 

automated continuous flow reactors. 
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6.2 Future Directions 

 The scientific discoveries reported in this dissertation have led to additional questions.  

Those questions and some experiments that could help address those questions are included and 

discussed in this section. 

6.2.1 Future Directions for Designing and Synthesizing Cu-Based Metal-Organic 

Framework Nanosheets for Greater Catalytic Efficiency 

 While Chapter 2 reported the synthesis of CuBDTri and that it is more catalytically 

efficient for the generation of NO from GSNO in water than CuBTTri, there still remains the 

question, why?  Based on what is known, it can only be said that there is in increase in catalytic 

efficiency on a per-total-Cu-atom basis, but it is unknown whether it is due to: 

I. The increased density of active sites versus CuBTTri octahedra due to the greater 

relative external surface area of CuBDTri that result in a greater proportion of 

readily accessible Cu 

II. Th Cu sites on the surface of CuBDTri are kinetically different from CuBTTri and 

thus catalyze the generation of NO from GSNO at a greater rate than the Cu sites 

in CuBTTri 

To test the first hypothesis, CuBDTri nanosheets of varying thicknesses and even CuBDTri MOF 

synthesized using solvothermal methods could be used to catalyze the generation of NO from 

GSNO.  This would help determine whether or not this is strictly due to having a greater proportion 

of readily accessible copper sites.  For the second hypothesis would also be important to determine 

the molecular structure, especially on the surface of the CuBDTri MOF so that experiments like 

catalyst poisoning can be performed to better understand the kinetics of the catalytic process.  To 
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determine the structure of CuBDTri, experiments such as neutron diffraction, high-res p-XRD, and 

transmission electron microscopy can be used in combination to try and piece together the 

structure. 

6.2.2 Future Directions in Optimizing the Three-Layer Bottom-Up Synthetic Method for 

Making CuBDTri MOFNs 

 Using the foundation created by the work completed and discussed in Chapter 3 of this 

dissertation, there is still a lot of work to be done before the goal of creating the thinnest CuBDTri 

MOFN particles as possible can be realized.  While all of the initial syntheses have been completed 

and an AFM method has been developed to measure the thicknesses of the MOFNs produced from 

each of those syntheses, all of that data needs to be collected.  Ideally, we would be able to use this 

to obtain large sample sizes of nanosheet thicknesses from each of the syntheses and would likely 

need at least 3 clear AFM images from each synthetic condition used. 

Once all of that data has been collected and an average thickness has been determined from 

each of the syntheses, we can then input that data to create a heatmap that will then predict the 

ideal set of conditions (temperature, middle-layer buffer thickness, and metal to ligand ratio) to 

use to synthesize nanosheets that are as this as possible based on those parameters.  Those 

parameters can then be tested experimentally to see how accurate the heatmap is and if it is 

inaccurate, the data can then be input into the heatmap to repeat this process until the heatmap has 

enough data to consistently predict conditions for a specific thickness of the MOFNs accurately.   
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6.2.3 Future Directions to Better the Understanding of the Breakdown of CuBTC MOF by 

Friedländer Synthesis and to Reidentify the Catalyst 

  The work in Chapter 4 had originally aimed to transfer the Friedländer synthesis from 

batch conditions to continuous flow, but due to data indicating the breakdown of CuBTC, the goal 

of the project was redirected.  Based on the SEM data (Figure 1) and the presence of a compound 

containing copper in the TOF-MS, it can be said that the CuBTC is indeed being broken down and 

reforming into a blue solid “mystery crystal”.  Because CuBTC is being broken down and not part 

Figure 6.1. This figure is reproduced from Chapter 4 (Figure 4.6).  SEM images showing the 
scaling and hexagonal holes on CuBTC MOF particles after they were used for one equivalent 
of the Friedländer synthesis under continuous flow conditions. 
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of the catalytic cycle itself, it is hypothesized that it is acting as a pre-catalyst instead and that 

something that it breaks down into is the true catalyst in this system. 

 Moving forward, the significant remaining question is, what is the actual catalyst of this 

system.  There are several experiments one could run to take steps towards answering that question, 

such as: 

VI. Running a control to determine if any of the reagent is causing the breakdown of 

the CuBTC 

a. Using the reaction conditions for the Friedländer synthesis with just CuBTC 

and DMF and then use SEM, pXRD, and TOF-MS to determine if the 

CuBTC is damaged 

b. Use the reaction conditions for the Friedländer synthesis with CuBTC in 

DMF and 2-aminobenzophenone and then use SEM, pXRD, and TOF-MS 

to determine if the CuBTC is damaged 

c. Use the reaction conditions for the Friedländer synthesis with CuBTC in 

DMF and acetylacetone and then use SEM, pXRD, and TOF-MS to 

determine if the CuBTC is damaged 

VII. Use Cu(I) and Cu(II) specific chelating agents in the supernatant that was eluted 

from the continuous flow column used for the Friedländer synthesis to determine 

whether the copper-containing compound hypothesized to catalyze the reaction 

contains either Cu(I) or Cu(II) 

VIII. Since both CuBTC and the eluted supernatant seem to be capable of catalyzing the 

Friedländer synthesis, perform and compare the reaction rates of the Friedländer 

synthesis when each of them are used to catalyze the reaction 
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IX. Measuring the amount of CuBTC left in the column after CuBTC has been broken 

down and leaves the column to determine the rate of loss of CuBTC from the 

column and comparing that to the amount of copper present in the collected eluent 

to see where exactly all of that lost copper is (what compounds it might be attached 

to and/or how much of it might be free-floating in the supernatant). 

X. Analyzing the green fractions collected from the continuous flow system to 

determine whether copper is present already in those fractions and to try and 

confirm whether or not it is responsible for the green color of the fraction using 

UV-Vis 

Definitively identifying that this blue solid “mystery crystal” could also be of help in 

answering the above questions.  To do so however, it would need to be analyzed by more 

techniques, which could potentially be nuclear magnetic resonance (NMR) and infrared 

spectroscopy (IR).  Furthermore,  

6.2.4 Future Directions for Developing CuBTC MOFs to Catalyze the Condensation Between 

Dimedone and Benzaldehyde to Form 3,3,6,6-Tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-

1H-xanthene-1,8(2H)-dione Under Continuous Flow Conditions 

 While the work in Chapter 5 has preliminary was able to complete preliminary experiments 

that showed proof of concept for the transfer of the condensation between dimedone and 

benzaldehyde under continuous flow conditions, there are still more experiments that need to be 

performed.  They major point to be taken from the data obtained from Chapter 5, is that the yield 

from the continuous flow conditions of the reaction is likely to be lower.  More experiments would 

need to be done under continuous flow conditions to determine what the yield from each of the 
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reaction conditions are and then optimization of the continuous flow system can be done to try and 

increase the product yield.  Some variables to test would include: 

I. Decreasing flow rate – while this would slow down the rate of production, it would 

give more contact time between the reagents the catalyst, potentially increasing 

yields 

II. Increasing temperatures – due to high flow rates, the reaction might not actually 

be reaching 80°C under continuous flow conditions so increasing the temperature 

the column is sitting at might be able to help increase the temperature of the 

reaction faster to ensure it reaches 80°C 

III. Increasing length of catalytic column – this would make the reaction take a little 

longer to elute out of the reactor and require a larger amount of MOF to be packed 

into the column, but would allow for the reaction to have longer contact time with 

catalytic MOF which can potentially increase yields 

IV. Increasing concentration of the reactants – can increase the concentrations of the 

reactants to help push the rate of the reaction higher so that it can proceed more 

quickly under continuous flow 

It would also be good to show longevity of the column, running multiple equivalents of the reaction 

through the column to show that there is no decrease in yield over time, or that if there is a decrease 

in yield, that there is a solution to such a problem such as just rinsing out the column well with a 

solvent, such as ethanol.  This experiment could be done by running 10 equivalents (or more) 

equivalents through the column and tracking the yield between each of the equivalents.  This would 

also show whether or not the CuBTC packed in the column is still fully intact after this many 
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equivalents of the reaction, confirming the conclusions drawn from the experiments that have 

already been completed. 

 Future experiments should also conduct a more thorough analysis of the product to ensure 

the results from the preliminary experiments were indeed successful.  By using NMR and IR to 

characterize the products, the structure and purity of the products can be confirmed.  Thin-layer 

chromatography (TLC) and melting-point experiments can also be done to help confirm the purity 

of the obtained product.  Furthermore, performing TOF-MS in negative mode on the obtained 

products could help identify potential by-products that could not be seen under positive-mode, to 

help identify byproducts if any are present.  The use of elemental analysis of the product collected 

when performed under continuous flow conditions could also ensure there is no copper present, 

which would provide further confirmation and data that there is no breakdown of the CuBTC being 

used to catalyze the reaction. 

Furthermore, experiments can be done to try and scale up the reaction so that it can more 

closely resemble setups in the chemical manufacturing industry.  This can be done by using larger 

columns so that more reaction mixture can be pumped through more quickly.  It can also be tested 

to see if a full continuous flow setup can be achieved by just pumping a large amount of reaction 

mixture (>100 mL) continuously through the system and seeing if this can be done as efficiently 

as possible while maintaining as high of a yield as possible.   

6.3 Impacts on Future Research 

 With the work completed and discussed in this dissertation, new directions in the synthesis 

and application of MOFs for heterogeneous catalysis have been opened.  Ultimately, the work 

discussed in this dissertation provides a foundation towards the development of MOFs in the field 
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of heterogeneous catalysis by increasing the efficiency of MOFs as heterogeneous catalysis, 

providing a standardized way to understand MOF stability when used in catalytic systems, and 

showing that MOFs can be used to catalyze organic reactions under continuous flow so that they 

can be used efficiently in the manufacturing of organic compounds. 

6.3.1 Impacts of Chapter 2 

The CuBDTri MOFNs created in this chapter help create a second generation of Cu-based 

MOFs that are stable in water, thus allowing it to be safely used in medical devices.  From the 

development of the CuBDTri MOFNs discussed in Chapter 2 of this dissertation, it has been shown 

that: 

I. The three-layer method used to create MOFNs can be applied to a larger scope of 

MOFs than was previously thought. 

II. The use of the CuBDTri MOFN to catalyze the release of NO from GSNO showed 

that it was likely to be more catalytically efficient than its three-dimensional 

counterpart, CuBTTri.  This pushes researchers to create MOFNs of other MOFs 

of interest for use in heterogeneous catalysis to increase catalytic efficiency for 

reactions that use substrates that would be too large to easily diffuse through the 

pores of the MOF. 

Moving forward, this work promotes the use of MOFNs as heterogeneous catalysts, helping push 

MOFs as a more viable and efficient catalytic material as it eliminates the need for substrates to 

diffuse through the MOF particle to access the majority of the active catalytic sites of the MOF, 

and still allow chemists to take advantage of the other properties unique to MOFs.   
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This work provides key evidence that the modifying the morphology of MOFs may be one 

of the best ways to increase catalytic efficiency in systems where the substrates being used cannot 

easily diffuse through the pores of the MOF.  In doing so, this work enables the development of 

new MOF catalysts with higher catalytic efficiencies by modifying the particle morphology of the 

MOF.  Ultimately, the creation of CuBDTri MOFNs provide a new Cu-based MOF that can be 

used to safely catalyze reactions in medical devices more efficiently that what can be currently 

achieved using CuBTTri MOF octahedra. 

6.3.2 Impacts of Chapter 3 

 While the work in Chapter 3 of this dissertation is yet to be fully completed, the work that 

has already been completed can be used to shape the future of materials development.  This work 

has shown: 

I. Using a “design of experiments” approach to optimize the synthetic conditions used 

to create MOFNs.  The “design of experiments” approach described here can be 

used for the optimization of several synthetic processes in both small molecule and 

materials synthesis, streamlining the process and decreasing the number of 

experiments needed to optimize the synthetic conditions.  This is not an approach 

that is commonly seen currently in academia and this work provides an example of 

how moving forward, synthetic chemists can use this approach to help them 

optimize synthetic methods and conditions they are developing. 

II. A standard method of sample prep and set of conditions to analyze MOFNs using 

AFM has been established within this work where no standard has been shown in 

the literature before.  Most AFM images of MOF and MOFNs are typically low 

quality and only provide parts of the images whereas the method developed in this 
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work has been shown to be capable of producing consistent and high-quality images 

for CuBDTri MOFNs.   

While this process has yet to be shown to be applicable for more than just CuBDTri MOFNs, the 

experimental methods described can be used to help develop methods that can work for other 

materials to be analyzed by AFM.  This is key in determining the thickness of materials such as 

MOFNs as the thickness of these particles are hypothesized to be instrumental in maximizing the 

catalytic efficiency of MOFs. 

 This work helps provide ways to maximize the catalytic efficiency of MOFNs by creating 

MOFN particles that are as thin as possible, maximizing external surface area and minimizing 

internal volume.  The optimization of MOFN particles in this way will be instrumental in reaching 

the limits of catalytic efficiency on MOFNs.  Ultimately, the work completed in this chapter will 

enable others to more easily synthesize and optimize new MOFN by providing a “design of 

experiments” approach that will streamline the process of testing various conditions and by 

providing a set method for the AFM to thoroughly analyze the resulting MOFN particles.   

6.3.3 Impacts of Chapter 4 

 The work in Chapter 4 of this dissertation calls attention to proper analysis of MOFs being 

used in heterogeneous catalytic systems.  In particular, this work shows that chemists working 

with MOFs as heterogeneous catalysts need to provide a more thorough analysis of the MOFs 

being used before and after catalysis.  Currently, most of the literature only analyzes MOFs using 

pXRD, however, the data from this work has shown that it is necessary to show SEM data before 

and after as well as pXRD could not detect the breakdown of the CuBTC caused by the Friedländer 

synthesis.  Overall, this work will enable a better understanding of MOF stability by looking at the 
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stability of CuBTC under the conditions used to perform the Friedländer synthesis and examining 

the potential causes that led to the breakdown of CuBTC in this system. 

6.3.4 Impacts of Chapter 5 

 The work completed in Chapter 5 of this dissertation shows that the continuous flow system 

created and discussed in Chapters 4 and of 5 of this dissertation can be used to catalyze organic 

transformations.  Specifically, CuBTC can be used as a heterogeneous catalysis to create xanthene 

derivatives in a continuous flow system that is more efficient than performing the reaction using 

batch conditions.  Furthermore, this work shows the potential for several kinds of organic reactions 

to be transferred from a batch process to continuous flow process, allowing them to be produced 

more efficiently.  This work shows the viability of MOFs in continuous flow processes, allowing 

future chemists to use MOFs as designer catalysts for a larger variety of reactions to efficiently 

produce compounds of interest for use in areas such as pharmaceuticals and materials.  Ultimately, 

this work shows the possibility of catalyzing organic transformations under continuous flow using 

MOFs, providing a more efficient way to perform these organic transformations by showing that 

it is possible with the xanthene condensation discussed in Chapter 5.  
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APPENDIX A 

Supporting Information for Chapter 2 

Table A1.1. Elemental analysis results from Huffman for the CuBDTri MOF nanosheets 
(MOFNs). The signal for chlorine was not discernable from noise but was included in this table so 
that all data obtained could be presented. Mass % is based on how much of the sample is comprised 
of that specific element and does not add up to 100% as this does not account for any element that 
was not analyzed for.  

 Carbon Hydrogen Nitrogen Copper Chlorine 

Mass % 41.82% 4.58% 26.36% 14.7% 0.08% 

Ratio 30.10 39.29 16.27 2 0.02 

 

 

Table A1.2. Elemental analysis results from EDS mapping for the CuBDTri MOFNs. Based on 
the EDS maps obtained, it can be confirmed that carbon, nitrogen, copper, and oxygen are all 
present within he CuBDTri MOFNs. Oxygen is hypothesized to be present due to water acting as 
a capping ligand to the Cu sites. Mass % here is based solely on the elements that were analyzed 
for so does not account for any elements that were not analyzed for. 

 Carbon Nitrogen Copper Oxygen 

Mass % 51% 38% 8% 3% 

Atomic % 58% 37% 2% 3% 
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Table A1.3. This table provides some experimental data and information to confirm the water 
stability of the CuBDTri MOF synthesized via three-layer bottom-up methods. The amount of 
copper per L of water was obtained by multiplying the amount of CuBDTri MOFNs per L of water 
by 0.147 as it was found that the sample was 14.7% copper from the elemental analysis. The 
“Factor Difference” compares the amount of copper that was originally put into the water solution 
against the amount of copper that was found in the water after the CuBDTri MOFNs were allowed 
to soak after 24 hours. 

 Sample 1 Sample 2 Sample 3 

Mass of CuBDTri 

MOF nanosheet 

(mg) 

22 23.1 23.1 

Volume of Water 

(mL) 
10 10 10 

Amount of 

CuBDTri MOFNs 

per L of water 

(mg/L) 

2200 2310 2310 

Amount of copper 

per L of water 

(mg/L) 

323.4 339.57 339.57 

Factor Difference 660.0 1061.2 970.2 
AVERAGE 

FACTOR 

DIFFERENCE 

897.119 

 

Equation A1.1.  

Amount of copper per L of water=
Amount of CuBDTri MOFNs per L of water (mg

L )
0.147   

 

Equation A1.2. 

Factor Difference=
Amount of copper put in per L of water ( mg

L )

Amount of copper leached into the water ( mg
L )

 

 

 

 

200 nm 
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Figure A1.1. Mass spectrum of only the 6M HCl used to digest the CuBDTri MOFNs. This 
spectrum shows that the signal at 436 m/z, also seen in the spectrum after it digested the CuBDTri 
MOFNs, is a signal that produced from the 6M HCl. This spectrum also confirms that the 213 m/z 
peak is indeed a product of the CuBDTri MOF nanosheet after it was digested by the 6M HCl for 
24 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



225 
 

 

Figure A1.2. BET analysis of a MIL-53 (Al) standard. This control shows that there were no 
errors with the instrumentation and that the two-step isotherm observed for CuBDTri is not a 
result of instrumental error and is indeed associated with the CuBDTri MOF itself. The sample 
prep for MIL-53 (Al) was identical to that of the CuBDTri MOF. 
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Figure A1.3. pXRD of i.) CuBDTri MOFN before it was used to catalyze the generation of NO 
from GSNO (in blue, top) and ii.) CuBDTri MOFN after it was used to catalyze the generation of 
NO from GNSO (in red, bottom). The peak at 7θ is retained in the diffraction pattern, but the 
intensity of the other peaks is reduced, or they are not present. The retention of the peak at 7 2θ 
after catalysis indicates that the crystal structure of CuBDTri is not destroyed during catalysis, a 
result in good agreement with the water stability of CuBDTri established herein. However, the loss 
of intensity or disappearance of other peaks in the diffraction pattern indicates that some of the 
previously observed diffraction events for bare CuBDTri nanosheets are not present after catalysis. 
The CuBDTri nanosheets are extremely thin materials (~50 nm thick on average), and therefore 
we hypothesize that any species present on the surfaces of the nanosheets after catalysis should 
have a significant impact on the observed diffraction pattern. We hypothesize that the change in 
diffraction pattern is caused by the adsorption of some combination of GSNO, GSH, and/or GSSG 
from the reaction onto the surface of CuBDTri. Future experimental work will test our hypothesis 
of reactant/product adsorption as the source of the change in the diffraction pattern observed in 
this figure. However, the key result currently is that the conditions used for NO release catalysis 
herein do not destroy the CuBDTri nanosheets, which would result in a complete loss of 
crystallinity (as opposed to a retention of crystallinity but a change in diffraction pattern as 
observed). 

 

CuBDTri MOFN Pre- and Post-Catalysis
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Synthesis of H3BTTri (1,3,5-tris(1H1,2,3,-triazol-5-yl)benzene). To synthesize the H3BTTri 
ligand, copper(I) iodide (1.011 g, 5.308 mmol) and 1,3,5-triethynylbenzene (35.291 mmol, 1 
equiv.) were combined in a two-necked 500 mL round-bottomed flask. DMF (180 mL) and 
methanol (20 mL) were then used to suspend the solid reagents. A reflux condenser was then set 
up with the vertical neck while a rubber septum was used to seal the other. The system was then 
purged with nitrogen. Trimethylsilylazide (20 ml, 5 equiv) was then injected through the rubber 
septum, into the reaction. The dark brown mixture was then stirred at 300 rpm at 100°C for 48 
hours. The reaction was then filtered hot through a course glass filter frit, collecting a green solid, 
and golden/brown liquid. The collected liquid filtrate was then concentrated under reduced 
pressure until only about 10-20 mL was left. Then, deionized water (250 mL) was added to the 
concentrated filtrate, producing a light green precipitate. The solid mixture was then filtered 
through a fine glass filter frit. The collected solid was then washed with deionized water (6 x 250 
mL) and diethyl ether (6 x 250 mL). The resulting solid was then dried under reduced pressure 
overnight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


