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ABSTRACT 

Metal-organic frameworks (MOFs) are porous crystalline materials composed of inorganic 

metal clusters and organic linkers. The exceptionally high specific surface area and tunable 

porosity of MOFs make them excellent candidates for applications in catalysis, separation, 

sensing, and drug delivery. Most applications require the formation of MOF thin films and polymer-

MOF composites. For instance, MOF thin films are required for implementing MOFs in catalysis 

and sensing applications. On the other hand, utilizing MOFs in separation and drug delivery 

requires the formation of polymer-MOF composites. Therefore, optimizing the synthesis 

conditions to prepare MOF thin films and polymer-MOF composites with desired properties is of 

great importance. This work identifies the existing knowledge gaps in the field of MOF thin films 

and polymer-MOF composites and addresses those issue.   

In chapter 2, we discuss the formation of zirconium (Zr)-based anisotropic MOFs NU-901 

and NU-1000 thin films with excellent stability and control over crystal orientation. We use a self-

assembled monolayer (SAM) method to functionalize the substrate with carboxylic acid (–COOH) 

groups. We find that the presence of carboxylic acid groups facilitates the formation of NU-901 

and NU-1000 crystals on the substrate during solvothermal synthesis, thus obtaining MOF thin 

films. Furthermore, the SAM method allows excellent adhesion of MOF crystals to the substrate 

as suggested by scotch tape stability test. We present a unique method to control the orientation 

of NU-901 and NU-1000 crystals on the substrate. We find that functionalizing the substrate with 

metal clusters promote crystal growth in the perpendicular direction as opposed to parallel 

orientation obtained for carboxylic acid functionalized substrate. We hypothesize that the 

presence of metal clusters on the substrate before MOF formation enhances nucleation density 

of MOF crystals, resulting in perpendicular growth of the MOF crystals. The method presented 

here to control the orientation of anisotropic MOF crystals has implications in catalysis, sensing, 

and separation.  
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While solvothermal method renders excellent MOF thin films, the method usually takes 

24-72 h and is not easily scalable. In chapter 3, we present a solution shearing technique to 

fabricate large-area (~5 cm2) thin films of NU-901 within 15 minutes. We study the effect of 

solution shearing parameters (i.e., substrate temperature and linker concentration) in NU-901 thin 

film properties (i.e., film thickness, crystallinity, and surface coverage). We find the NU-901 

crystallinity increases with increasing temperature, while decreases with increasing linker 

concentration. On the other hand, film thickness increases with increasing temperature and linker 

concentration. In all cases, high surface coverage (> 90%) of MOF thin films is achieved. To show 

the generalizability of the solution shearing technique, we fabricate MOF-525 films, a Zr-based 

MOF, using solution shearing. The metalated MOF-525 films show electrocatalytic reduction of 

CO2 to CO, which has implications in CO2 capture and utilization. The demonstration of MOF thin 

film formation using solution shearing can pave the way to roll-to-roll coating of MOF thin films at 

industrial scale. 

In chapter 4, we discuss the formation of polymer-MOF composite gels and shed light on 

the effects of polymer-MOF interactions on the formation of MOF within the gel. We use a one-

pot synthesis method, where metal clusters interact with linker and polymer to allow simultaneous 

formation of MOF and gel network. We find that polymers containing carboxylic acid groups either 

inhibit or disrupt MOF formation within the gel compared to MOF formed in the absence of 

polymer. On the other hand, polymers containing hydroxyl groups do not affect MOF formation 

within the gel. Surprisingly, using a polymer, which has minimal interactions with metal cluster 

also allows formation of gel network. This suggests an exciting possibility of polymer entrapment 

within MOF pores and this entrapment restricts the movement of polymer chains out of the MOF 

pores, thus rendering a gel structure. We show the formation of polymer-MOF composite gels 

with various MOFs and polymers with the aim to report the future design of these composite gels 

for therapeutic applications.  
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Chapter 1 Introduction 

1.1 Metal–organic frameworks  

Metal–organic frameworks (MOFs) are a class of porous crystalline materials that have 

attracted significant attention in the scientific community due to their unique properties and 

potential applications.1–4 MOFs are consisted of metal ions or clusters bridged by organic linkers 

to form a three-dimensional (3D) network of interconnected pores (Figure 1.1).5  

 

Figure 1.1. Schematic illustration of metal–organic framework (MOF) composed of inorganic metal 
ions/clusters and organic linkers.  

In most cases, metal clusters are synthesized first and organic linkers are added to metal 

clusters to form MOFs.6,7 Synthesis of metal clusters is achieved by adding ‘modulators’ during 

the formation of metal clusters, which stabilize metal clusters by capping them.6 Monocarboxylic 

acids are usually used as modulators. Figure 1.2 illustrates a widely used procedure to synthesize 

MOFs. Metal clusters are procured by adding metal salt and modulator to the solvent followed by 

heating at high temperatures (100 to 120 °C). Then, organic linker is dissolved into the solution 

of metal cluster and the solution is heated at high temperatures to obtain MOFs.  

 

Figure 1.2. Depiction of MOF synthesis process. Modulators are used as a capping agent to stabilize metal 
cluster solution and metal clusters react with organic linker to form MOF. 
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Yaghi et al. coined the term MOF in 1990’s and reported a first stable MOF in 1999.8 Ever 

since the discovery of a stable MOF, thousands of MOFs have been synthesized with a range of 

specific surface areas (1000-6000 m2/g) and pore sizes (2 Å to 40 Å).1,9 The high specific surface 

area and tunable porosity of MOFs has enabled their application in gas storage,10,11 

separation,12,13 catalysis,14,15 and drug delivery.16 For example, the permanent porosity of MOFs 

has shown potential to store gases like hydrogen, methane, and carbon dioxide.17,18 Furthermore, 

the micropores of MOFs can separate gaseous mixtures like ethane/ethylene and 

methane/nitrogen.19 Additionally, MOFs can slowly release drug molecules (from hours to days) 

due to their small pores which has implications in therapeutic applications.20  

To target the specific applications and further improve the MOF performance, researchers 

have precisely tuned the chemical properties of MOFs. Chemical properties that can be tuned 

include metals in metal clusters and functional groups on organic linkers. For example, in one 

study, researchers modified the metal composition of MOFs to improve their catalytic performance 

for CO2 reduction to CO.21 They prepared a series of Ni/Ti bimetallic MOFs with different molar 

ratio of Ni/Ti and found that bimetallic MOFs produced an order of magnitude higher CO compared 

to monometallic Ni-MOF and Ti-MOF. Additionally, in another study, researchers placed amine (–

NH2) groups on organic linkers, which enabled the selective adsorption of CO2 over N2 due to the 

amine-CO2 chemisorption.22 Furthermore, conductive linkers can impart electrical conductivity to 

MOFs, which is useful for sensing and ion-separation.23  

If the desired properties are difficult to achieve during MOF synthesis, post-synthetic 

modification (PSM) can modify the properties of MOFs after their synthesis. As the name 

suggests, PSM includes the modification or exchange of metal clusters or organic linkers in MOFs 

to enhance their performance. PSM can impart novel properties to MOFs that cannot be achieved 

by conventional synthesis methods. For example, in recent study, researchers synthesized a Zn-

MOF and soaked Zn-MOF in Cu ions solution to substitute Zn with Cu to obtain a Cu-MOF.24 Only 
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Cu-MOF showed catalytic activity, not the Zn-MOF, which suggested that Cu was responsible for 

catalysis. Furthermore, in another study, the organic linker of the MOF was replaced with another 

organic linker, which contained an acidic hydrogen.25 The availability of acidic hydrogens 

improved the catalytic activity of MOF.  

Another way to alter the properties of MOFs to enhance their performance is to 

intentionally create defects in the MOF structure. Defect engineering means removing metal 

clusters or organic linkers or both from the MOF structure to achieve desired functionalities, and 

these defects can be introduced either during MOF synthesis or after MOF synthesis. For 

example, in one study, MOF was soaked in HCl solution to remove the coordinated linker from 

the MOF structure to introduce unsaturated metal sites and increase pore volume of MOF.26 The 

presence of unsaturated metal sites increased iodine (I2) adsorption by more than 45% compared 

to the parent MOF, suggesting creating defects can enhance MOF performance in radioactive 

waste removal. Furthermore, removing linkers to create unsaturated metal sites, which serve as 

single-site catalysts or adsorption sites, can enhance the catalytic activity and sorptive capability 

of MOFs.27,28  

The above-mentioned examples demonstrate the potential and versatility of MOFs for 

various applications. To enable MOFs for applications like catalysis and sensing, formation of 

MOF particles on a substrate to fabricate MOF thin films is required. For instance, growing MOF 

particles on a conductive substrate is necessary for electrocatalysis.29,30 Furthermore, 

implementation of MOFs as sensors demands MOF formation on various substrates like 

electrodes and fibers.31 On the other hand, utilization of MOFs for separation and drug delivery 

requires incorporation of MOFs with polymers to make polymer-MOF composites. For example, 

growing MOF particles on a porous polymer support to make polymer-MOF composite membrane 

is a prerequisite for gas and ion separations,32 and making polymer-MOF composite gels equips 

MOFs for drug-delivery application.20,33  
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Since multiple applications require formation of either MOF thin films or polymer-MOF 

composites, optimizing the synthesis conditions to obtain MOF thin films and polymer-MOF 

composites with desired properties for target applications is indispensable. Therefore, this thesis 

includes the challenges and knowledge gaps in the field of MOF thin films and polymer-MOF 

composites, and our potential solutions to address those gaps. In the first part, I will talk about 

the MOF thin film formation addressing two key challenges: (i) controlling orientation of anisotropic 

MOF crystals to the substrate, which has implication in catalysis and sensing, and (ii) making 

MOF thin films using a scalable technique. The second part will focus on understanding the 

fundamentals of polymer-MOF composite gel formation and make the composite gel formation 

process more facile.  

1.2 Metal-organic framework thin films  
 Formation of MOFs as thin films opens an avenue for multiple applications like sensing, 

separation, and catalysis.34 To optimize the performance of MOFs in these applications, 

controlling the properties of MOF thin films (i.e., film thickness, crystal orientation, surface 

coverage, stability, etc.) is critical.  

1.2.1 Thickness 
 The thickness of MOF thin films is an important parameter that can significantly impact 

their performance. For example, in sensing, a thick MOF film may provide a high density of binding 

sites, leading to excellent sensitivity. However, if the film is too thick, it can hinder the diffusion of 

analyte molecules through the film, increasing the sensor’s response time.35 On the other hand, 

a very thin film can reduce the sensor’s response time, but can lead to poor sensitivity.36 Similarly, 

in separation, the permeability depends on the film thickness. Therefore, optimizing the thickness 

of MOF thin films is critical to achieving high performances.  

1.2.2 Crystal orientation  
 For anisotropic MOFs, pores are aligned along one direction unlike the isotropic MOFs. 

Therefore, orientation of anisotropic MOFs to the substrate is crucial such that pores are 
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accessible to guest molecules. Anisotropic MOFs can exhibit two different orientations: (i) pores 

are aligned parallel to the substrate, termed as parallel orientation, and (ii) pores are aligned 

perpendicular to the substrate, termed as perpendicular orientation (Figure 1.3).7 Interestingly, 

pores are accessible to guest molecules only in perpendicular orientation. In this regard, Yoon et 

al.,37 studied the effects of PCN-222 MOF orientation on the capability of PCN-222 to adsorb 

volatile organics like toluene, hexane, and benzene. They found that the perpendicularly oriented 

PCN-222 MOF adsorbed a higher amount of volatile solvent due to its well-aligned pores. 

Therefore, growing MOF thin films with desired crystal orientation can maximize MOF 

performance.  

 

Figure 1.3. Orientation of an anisotropic MOF crystal in two ways: (a) parallel orientation, where pores are 
parallel to the substrate and (b) perpendicular orientation, where pores are perpendicular to the substrate.  

1.2.3 Surface coverage  
Surface coverage refers to the percentage of the substrate covered by MOF crystals. In 

most cases, a high surface coverage (ideally 100%) is desired. High surface coverage provides 

a high density of binding sites for guest molecules, which has implications in catalysis and 

sensing. For instance, a high density of binding sites can act as a scaffold to deposit a high amount 

of catalyst molecules inside the MOF, leading to excellent catalytic activity. In addition to binding 

sites, a high surface coverage can also reduce the chances of poor crystal intergrowth and 

pinholes (small voids in the MOF thin film) .38 To this end, a study reported that crystal intergrowth 

and pinholes of nanometer sizes significantly influenced the mass transport of guest molecules 
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through MOF thin films.39 Therefore, synthesizing MOF thin films with a high surface area and 

high surface coverage is desirable.  

1.2.4 Stability  
 Since many applications require harsh conditions, like acidic and basic environments, and 

high temperatures, strong adhesion of MOF crystals to the substrate is necessary for their 

durability.40,41 Poor adhesion of MOF crystals may impede the separation performance of MOF 

thin films.32 Furthermore, applications like electrocatalysis, require deposition of catalysts inside 

MOF crystals, which is carried out in harsh organic solvents for several hours.42 To survive under 

these conditions, MOF crystals must be strongly adhered to the substrate.  

 Therefore, the properties of MOF thin films can dramatically affect their performance and 

ability to control these properties is crucial for their future development. In the next section, the 

techniques to fabricate MOF thin films will be discussed, and how these techniques can provide 

control over various properties. 

1.3 MOF thin film fabrication techniques  
The MOF thin film synthesis can be realized using two ways – (i) forming MOFs directly 

on the substrate and (ii) depositing pre-formed MOF crystals on the substrate.  

1.3.1 Forming MOFs directly on the substrate 

  

1.3.1.1 Solvothermal synthesis 
Solvothermal synthesis is one of the simplest methods to grow MOF thin films. In 

solvothermal synthesis (Figure 1.4), a substrate of interest is immersed in a MOF precursor 

solution (a solution containing metal clusters and organic linker) and heated at high temperatures 

for several hours.29,43 During this time, MOF crystals grow in the solution as well as on the 

substrate. The crystal growth on the substrate provides a MOF thin film. 
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Figure 1.4. Schematic illustration of making MOF thin films using solvothermal method. A functionalized 
substrate is immersed into MOF precursor solution followed by heating to synthesis MOF thin film.   

However, the substrate’s surface significantly influences the MOF growth, particularly, it’s 

acid/base properties.44 Researchers found that growth on the surface is initiated by the binding of 

organic linker to the substrate. Since most MOFs contain carboxylic acid (–COOH) groups, the 

linker can’t bind to an acidic surface, such as silica, which results in no film formation. On the 

other hand, MOFs containing both acidic and basic linkers can grow on a variety of substrates. 

Since growth on the surface is initiated by organic linkers, people have modified the surface with 

organic linkers to promote MOF formation.45 The presence of organic linkers on the substrate 

enhances the surface coverage and provides fully covered films compared to one obtained with 

bare substrate only.  

In terms of thin film properties, the solvothermal method is a versatile tool. The 

Solvothermal method creates micron level thick films (10 μm to 40 μm), and thickness can be 

controlled by varying the synthesis time and precursors’ concentrations.46 However, thinner films 

(on a nanometer scale) are difficult to achieve using the solvothermal method. On the other hand, 

the orientation of MOF crystals can be controlled by terminating the surface with different 

functional groups. For instance, a study reported that changing the surface terminating group from 

(–COOH) to hydroxyl (–OH) changed the orientation of MOF crystals.47 As far as the stability is 

concerned, growth on bare substrate provides weak binding of MOF crystals to the substrate, 

while crystals strongly adhere to functionalized substrate due to the covalent binding between the 

substrate and functionalized groups.48  
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1.3.1.2 Layer-by-layer (LBL) growth  
  In LBL method (Figure 1.5),49 the substrate is immersed into a metal cluster solution 

during which metal clusters interact with the surface to form a layer of metal clusters. Afterward, 

the substrate is immersed into an organic linker solution and linkers react with metal clusters to 

form MOF on the substrate. By repeating the number of deposition cycles, MOF thin films is 

created.  

 

Figure 1.5. Schematic illustration of making MOF thin films using layer-by-layer (LBL) method. A 
functionalized substrate is repeatedly immersed into metal cluster and linker solution to synthesize MOF 
thin film.  

Similar to solvothermal method, utilization of bare substrate results in no film formation. 

Therefore, functionalizing the substrate with (–COOH) is essential prior to film growth. For 

example, in one study, researchers modified the gold surface with (–COOH) groups to grow MOF 

thin films.50 Furthermore, functionalizing the substrate with different functional groups, such as (–

COOH) and (–OH), can provide different orientation of MOF crystals, which shows that LBL 

method is useful to obtain the desired orientation of MOF crystals.49 Additionally, the prepared 

films are stable due to the strong binding of functional groups to the substrate. In terms of 

thickness, LBL method can synthesize films from few nanometers (20 to 40 nm) to few microns 

(1 to 2 μm) by controlling the number of deposition cycles, which is remarkable.50 The ability of 

LBL method to synthesize ultrathin films is useful for separations.  
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1.3.2 Depositing pre-formed MOF crystals on the substrate 
 

1.3.2.1 Dip coating 
In dip coating (Figure 1.6),51 a stable colloidal solution of MOF crystal is prepared and the 

substrate is dipped into the colloidal solution. Afterward, the substrate is withdrawn at a controlled 

rate during which MOF crystals get deposited on the substrate.  

 

Figure 1.6. Schematic illustration of making MOF thin films using dip coating. A substrate is repeatedly 
dipped into the MOF colloidal solution to synthesize MOF thin film.  

Although dip coating results in the formation of fully covered films, dip coating does not 

provide precise control over crystal orientation due to the presence of pre-formed crystals, which 

could get deposited randomly. In terms of thickness, dip coating can prepare films from few 

nanometers to few microns, and the thickness can be controlled by tuning the number of dip 

coating cycles and withdrawal rate.52 However, the stability of films is questionable since particles 

adhere weakly to the substrate during dip coating.53  

1.3.2.2 Electrophoretic deposition (EPD)  

In EPD (Figure 1.7),54 a suspension of MOF particles in prepared and two conductive 

substrates (one acts as a cathode and other one acts as an anode) are placed in the suspension. 

Then, an electric field is applied which migrate the charged MOF crystals towards the oppositely 

charged substrate and MOF particles get deposited on the substrate.  
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Figure 1.7. Schematic illustration of making MOF thin films using electrophoretic deposition. Electric filed 
is applied to migrate MOF particle towards the conductive substrate to synthesize MOF thin film.  

Although EPD creates fully covered films with well intergrown crystals, the technique is 

limited to conductive substrate only.54–56 Similar to dip coating, deposition of pre-formed MOF 

crystal results in random orientation of MOF crystals on the conductive substrate.54 EPD generally 

provides micron level (1 to 10 μm) thick films, which can be controlled by varying the applied 

potential and deposition time. For example, in one study, researchers found that film thickness 

increased upon increasing the applied potential.56 In terms of film stability, EPD renders good 

adhesion of MOF crystals to the substrate due to the electrostatic interactions between the MOF 

crystals and the conductive substrate.  

1.3.3 Meniscus-guided coating to make MOF thin films  
 A meniscus-guided technique called solution shearing has been shown to create large-

area thin films of polymers and organic semiconductors within minutes, with control over crystal 

structure and crystal orientation.57–60 In solution shearing, a solution of interest is sandwiched 

between a moving blade and a heated substrate as depicted in Figure 1.8.57 A meniscus forms 

between the blade and a substrate, and solvent starts evaporating from the meniscus. As the 

solvent evaporates from the meniscus, the solute concentration increases, which results in 

supersaturation. The supersaturation promotes the crystallization of solute molecules followed by 

deposition on the substrate. As the blade moves, it spreads crystals along the substrate and 

create a thin film. Solution shearing is a versatile technique and by tuning solution shearing 
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parameters, such as blade speed, substate temperature, solute concentration, and solvent, thin 

films properties can be controlled.61  

 

Figure 1.8. Schematic illustration of making MOF thin films using solution shearing. Solvent evaporation 
from the meniscus initiate MOF crystallization and blade movement creates a MOF thin film.62 Figure was 
reprinted with permission from ref. [62]. Copyright 2019 American Chemical Society.  

Two characteristic coating regimes generally exist in solution shearing – evaporative 

regime and Landau – Levich (LL) regime (Figure 1.9).63 At lower blade speeds, evaporative 

regime exists, where the solvent evaporation and solute deposition occurs at a similar time scale, 

means the film is created as the blade is moving. In evaporative regime, the film thickness 

decreases with increasing blade speed. Conversely, at higher blade speeds, LL regime exists, 

where film deposition occurs faster than solvent evaporation. In LL regime, the solvent is dragged 

out from the meniscus due to strong viscous forces which results in the deposition of a liquid film 

and liquid film dries afterward to create a solid thin film. Unlike evaporative regime, the film 

thickness increases with blade speed in LL regime.  
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Figure 1.9. Two regimes of solution shearing: Evaporation regime and Landau-Levich regime.63 Figure was 
reprinted with permission from ref. [63]. Copyright 2009 American Chemical Society. 

Although solution shearing has been applied to various fields, it is relatively young in the 

MOF field. The first example of solution shearing to create MOF thin films was demonstrated by 

Park et al. in 2019.62 Park et al. were able to create 40 cm2 thin films within 12 seconds, showing 

that solution shearing is applicable to MOFs. They showed precise control over thin film properties 

by tuning the solution shearing parameters. For example, they created fully covered films at lower 

blade speeds and found that increasing blade speed reduced surface coverage. Furthermore, 

they found that both evaporative and LL regime exists and followed the same trends as described 

above. Additionally, they showed the tuning of crystal size and morphology by varying blade 

speed. In terms of film stability, the particles adhered strongly to the substrate and they fabricated 

films on a wide range of substrates. Solution shearing is relatively new to the MOF field but the 

above example showed that it can resolve the existing issues generally like scalability and rapid 

fabrication.64  

In the next section, I will discuss the limitations of MOFs and how combining MOFs with 

polymers can overcome those limitations. Afterward, I will discuss the potential of polymer-MOF 

composites in various fields, and the existing knowledge gaps and challenges. 
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1.4 Polymer-MOF composites  
Their extremely high specific surface area and tunable porosity make MOFs excellent 

candidates for biological applications.16,65,66 Despite the significant advances in the MOF field, the 

brittle nature of MOFs still limits their biomedical applications. Poor dispersion and aggregation of 

MOF particles in the solution are responsible for poor biocompatibility of MOFs.67 Since polymers 

are frequently studied in biomedical field,68–71 MOFs have been combined with polymers to 

improve the biocompatibility of MOFs.20,65,72–74 Over the last decade, many synthetic routes have 

been utilized to make polymer-MOF composites. There are mainly two ways to make polymer-

MOF composites: (i) Adding polymers to pre-formed MOF particles (ex-situ method) and (ii) 

synthesizing MOF in the presence of polymer (in-situ method).  

1.4.1 Ex-situ methods to make polymer-MOF composites 

  

1.4.1.1 Coating MOF particles with polymers through non-covalent interactions  
 In this approach, MOF particles are coated with polymers or polymers are attached to 

MOF surface to make a core-shell like structure.75 This can be achieved by using polymers, which 

interact with MOF components via non-covalent interactions (like electrostatic interactions or 

hydrogen bonds). For example, in one study, MOF particles were synthesized and polymers 

containing ionized carboxylic acid groups (COO-) were attached to the surface due to the 

electrostatic interactions between (COO-) and open metal sites of MOFs (Figure 1.10a).76 The 

polymer attachment improved the dispersion and stability of MOF particles in the aqueous solution 

(Figure 1.10b). In another study, MOF particles were coated with sodium alginate (SA) by soaking 

MOF particles in SA solution. The carboxylic groups (–COOH) on alginate interacted with metal 

sites of MOFs through hydrogen binding. The SA coated MOF particles released drug molecules 

under physiological conditions, suggesting the applicability of MOF-polymer composites in drug 

delivery.  
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Figure 1.10. (a) Schematic illustration of making polymer-MOF composite by coating polymers on the MOF 
surface.76 (b) Degradation profile of MOF particle with and without the coating of polymers in an aqueous 
medium. Figure was reprinted with permission from ref. [76]. Copyright 2014 American Chemical Society. 

However, coating the MOF surface with polymers does not provide stable polymer-MOF 

composites due to the weak binding between polymers and MOFs. To improve the composite 

stability, polymers have been covalently attached to the MOF surface.  

1.4.1.2 Coating MOF particles with polymers through covalent interactions  

In this approach, polymers are attached to the MOF particles through covalent binding.77 

This is achieved by placing a functional group within MOF structure, which forms a covalent bond 

with polymers. In most cases, organic linker is functionalized with the desired group. Using this 

approach, in one study, MOF particles were synthesized possessing azide moieties (N3) within 

the framework.78 Then, poly(ethylene glycol) (PEG) containing propargylic groups (–C≡CH) 

reacted with the N3 groups to form a covalent bond and PEG-coated MOF particles were obtained 

(Figure 1.11). The PEG-coated MOF showed no aggregation in phosphate buffered saline (PBS) 

(microscope image in Figure 1.11), indicating the excellent biocompatibility. Furthermore, the 

PEG-coated MOF released drug molecules faster at a pH 5.5 compared to 7.4 thus showing pH 

responsive behavior (Figure 1.11), which demonstrates the potential of PEG-coated MOF for 

therapeutic applications. Another approach is to covalently bind monomers to MOF structure and 

carry out polymerization to wrap polymers around MOF particles. For example, in one study, the 

monomers were polymerized at the MOF surface, which improved the dispersibility of MOF 

particles.79  
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Figure 1.11. Schematic illustration of making polymer-MOF composite by covalently adding a polymer to 
MOF particle using click chemistry.78 The polymer-MOF composite showed enhanced stability in a buffer 
solution and slowly release drug molecules at various pH. Figure was reprinted with permission from ref. 
[78]. Copyright 2017 Elsevier.  

Although, covalent attachment of polymers to MOF improves the composite stability, the 

synthesis process is too complicated and time consuming. Functionalization of MOFs with a 

desired function group alone is a complicated process and attaching polymers make it even more 

tedious. Therefore, to reduce the time and complexity of polymer-MOF composite formation 

process, researches have utilized in situ methods,80 where MOF particles are synthesized in the 

presence of polymers.  
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1.4.2 In-situ methods to make polymer-MOF composites 

  

1.4.2.1 Using polymeric linkers to make polymer-MOF composites 
 Polymeric linkers are a combination of polymers and organic linkers in which organic 

linkers are placed on the backbone of polymers.81–83 The Cohen group in 2015 introduced the 

concept of polymeric linkers to make MOFs and coined a term ‘polyMOF’ (Figure 1.12).81 They 

used a one-pot method, where polymeric linkers are combined with metal clusters and polymers 

are incorporated within the MOF framework. By tuning the polymer chemistry and the space 

between organic linkers, the shape and size of MOF particles can be controlled.81 Furthermore, 

incorporation of polymers in the framework improves the colloidal stability of MOF particles, which 

can be beneficial for processibility of MOF particles.82  

 

Figure 1.12. Schematic illustration of making polyMOFs using polymeric linkers and metal clusters.81 Figure 
was reprinted with permission from ref. [81]. Copyright 2015 Wiley-VCH.  

Although this method avoids unnecessary post-synthetic steps where polymers are added 

after MOF formation, there are some drawbacks. The spacing between organic linkers can inhibit 

MOF formation and finding the suitable spacing between organic linkers that facilitates MOF 

formation could be challenging.81 Additionally, the incorporation of polymers into the MOF 

framework reduces specific surface area due to the space occupied by polymers, and may 

introduce defects into MOF structure.82 Furthermore, it could be complicated to combine any 
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organic linker with any polymer. To avoid these drawbacks, polymers containing metal-binding 

functional groups have been used to make polymer-MOF composites.  

1.4.2.2 Polymer-MOF composite formation from polymers containing metal-

binding functional groups 
 In this process, polymers containing carboxylic acid (–COOH) groups, hydroxyl (–OH) 

groups, or amine (–NH2) groups are utilized to make polymer-MOF composites.84–86 These 

functional groups on polymers interact with metal cluster which facilitates the polymer 

incorporation in the framework. Polymer incorporation can be achieved in two ways: (i) a two-step 

process where metal cluster first react with polymers and then linker is added afterward, and (ii) 

a one-step process where metal clusters react with polymer and linker simultaneously.  

1.4.2.2.1 Two-step process  

 In this process,85–88 polymers are added to a solution of metal clusters and interactions 

between polymers and metal clusters cross-link polymer chains to create a polymer-metal gel. 

Afterward, organic linker is added to the polymer-metal gel and linker reacts with metal clusters 

to form MOF particles, resulting in a polymer-MOF composite gel. For example, in one study, 

alginate polymer is used, which contained (–COOH) groups and (–OH) groups, to create polymer-

MOF composite gel.85 First, they added alginate solution to metal ion (Cu+2) solution which formed 

a gel due to interactions between alginate (–COOH) groups and metal ions (Figure 1.13a). Then, 

they transferred the gel to the trimesic acid solution and trimesic acid reacted with Cu+2 to form 

HKUST-1 MOF thus obtaining alginate-HKUST-1 composite gel (Figure 1.13d). The authors 

showed that the synthesis procedure could be generalized to multiple MOFs and fabricated 

alginate-MIL-100, alginate-ZIF-8, and alginate-ZIF-67 composite gels. The composite gels 

showed the excelled dye adsorption capabilities, which has implications for water remediation. 
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Figure 1.13. Schematic illustration of making polymer-MOF composite gel using a two-step process.85 (A) 
Metal ions/clusters are added to an alginate solution to make alginate-metal hydrogel, which is shown in 
(B). (C) Alginate-metal hydrogel is washed with water and ethanol and (D) transferred to the linker solution 
to synthesize alginate-MOF hydrogel. Figure was reprinted with permission from ref. [85]. Copyright 2016 
American Chemical Society  

Similarly, another study used alginate to synthesize alginate-MOF-808 composite gel and 

found that composite gel adsorbed an order of magnitude higher methylene blue (MB) compared 

to alginate-metal gel and MOF-808.87 In another example, chitosan was used as polymer, which 

contained (–OH) groups and (–NH2) groups.89 The addition of metal clusters solution to the 

chitosan solution facilitated the formation of gel beads due to interactions between metal clusters 

and (–NH2) groups of chitosan. The subsequent addition of organic linker to the gel beads 

promoted the formation of chitosan-MOF gel composite. The chitosan-MOF gel composites 

showed excellent tetracycline removal from water since excessive amount of tetracycline in 

human body can cause some allergies and toxicity.  

1.4.2.2.2 One-step process  

 In this method, metal clusters react with polymers and organic linkers simultaneously, 

which promote the formation of MOF particles and gel network at the same time. In one study, 

alginate solution was added to a solution containing metal ions (Co+2) and organic linker (2-
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methylimidazole) resulting in a formation of alginate-ZIF-67 composite gel (Figure 1.14).90 The 

authors also prepared the alginate-ZIF-67 composite gel using two-step process and found that 

one-step process produced more crystalline ZIF-67 within the composite compared to two-step 

process, indicating that one-step process is superior in preserving MOF crystallinity within the 

composite gel. 

 

Figure 1.14. Schematic illustration of making polymer-MOF composite hydrogel using a one-step process. 
Metal ions/clusters react simultaneously with polymers and linker to obtain polymer-MOF composite 
hydrigel.90 Figure was reprinted with permission from ref. [90]. Copyright 2019 Royal Society of Chemistry.  

Amongst the synthesis routes discussed above to make polymer-MOF composites, 

utilization of polymers containing metal-binding functional groups is facile and avoids complicated 

syntheses. Specifically, a one-step method has been proven to create composites while not 

affecting MOF formation. Therefore, the second part of the thesis will focus on synthesizing 

polymer-MOF composites using a one-step process. I will address the challenges and existing 

knowledge gaps in the literature and discuss the implications of polymer-MOF composites in 

biomedical and environmental applications.  

1.5 Summary of dissertation  
  

 Based on the presented background, this thesis will investigate the crystallization of MOFs 

in the presence of a substrate and polymers. We hope that better understanding of MOF 

crystallization will help in developing scalable processes to make MOF thin films and polymer-

MOF composite gels. We first present a unique way to alter the orientation of an anisotropic MOF 
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on the substrate, which could improve the MOF performance in catalysis and separation. After 

that, we apply solution shearing to make large-area MOF thin films, which has the potential to 

synthesize MOF thin films at industrial scale. In the end, we present a one-step process to make 

polymer-MOF composite gels, which are useful for drug delivery. In the following sections, a brief 

summary of each section has been presented.  

1.5.1 Controlling polymorphism and orientation of NU-901/NU-1000 metal-organic 
framework thin films  

 Chapter 2 will focus on improving the stability of MOF thin films through self-assembled 

monolayer (SAM) method. We hypothesize that terminating the surface with carboxylic acid group 

promote the formation of NU-901 and NU-1000 crystals on the substrate. We discuss the effect 

of modulators on polymorphic phases. We further understand the effect of nucleation density on 

crystal orientation to the substrate. We hypothesize that increasing the nucleation density of MOF 

crystal on the substrate inhibits crystal growth parallel to the substrate and crystals grow in the 

perpendicular direction. The ability to control crystal orientation by tuning nucleation density has 

implications in catalysis and separation.  

1.5.2 Solution shearing of zirconium (Zr)-based metal-organic frameworks NU-901 and 
MOF-525 thin films for electrocatalytic reduction applications  

 Chapter 3 will discuss solution shearing technique to create MOF thin films. We explore 

the possibility of forming Zr-based MOF thin films by evaporating the solvent. We hypothesize 

that thin film properties (i.e., film thickness, MOF crystallinity, and surface coverage) can be tuned 

by varying solution shearing parameters, like, blade speed, substrate temperature, and precursor 

concentration. We further discuss the possibility of creating large-area MOF thin films using 

solution shearing. In the end, we discuss the utility of the thin films for electrocatalytic reduction 

of CO2. The solution shearing process is similar to roll to roll coating and can be employed at 

industrial scale.  
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1.5.3 Understanding the effects of interactions between polymers and metal-organic 
framework (MOF) on polymer-MOF composite gel formation  

 Chapter 4 will explore the formation of polymer-MOF composite gels using polymers, 

which have metal-binding functional groups. We hypothesize that forming MOFs in the presence 

of these polymers will result in simultaneous formation of MOF and gel network, thus rendering 

polymer-MOF composite gel. We will vary the strength of interactions between polymers and 

metal clusters and study its effect on the formation/crystallinity of MOF within the gel compared 

to MOF formation in the absence of polymers. Additionally, we will test the utility of these 

composite gels for drug delivery.  

1.5.4 Conclusion and future work  

 We will discuss the potential of the work discussed here in implementing MOFs in 

commercial applications. We will look at some of the possible future directions for each project.  
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Organic Framework Thin Films Using Solvothermal Method 
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Thin Films. Chem. Mater. 2020, 32 (24), 10556-10565. 

The permission is received from American Chemical Society to use this paper as a 

Chapter in my thesis.   

2.1 Abstract 

NU-1000, a zirconium (Zr)-based MOF, is a promising candidate for heterogeneous 

catalysis, gas storage, electrocatalysis and drug-delivery applications due to its large pore size 

and mesoporous structure. However, the synthesis of NU-1000 may produce another polymorph 

NU-901, which has smaller average pore size and pore volume than NU-1000. Similarly, the 

presence of NU-1000 as a phase impurity in NU-901 crystallites is undesired. Although phase-

pure NU-901 and NU-1000 have been successfully synthesized in bulk, multiple applications such 

as electrocatalysis and separation membranes require the formation of thin films. In this chapter, 

we utilize self-assembled monolayers and crystal engineering to control the polymorphism and 

orientation of NU-901/NU-1000 thin films. We report the fabrication of thin films of NU-901 and 

NU-1000 via a solvothermal method by functionalizing the substrate with carboxylic acid (–COOH) 

tail groups. This synthesis produces phase-pure hexagonal rod-shaped NU-1000 crystals and 

nearly phase-pure prolate-shaped NU-901 crystal as revealed by scanning-electron microscope 

(SEM), powder X-ray diffraction (PXRD), and nitrogen adsorption isotherm analyses. 

Furthermore, we control the orientation of NU-1000 crystallites on the FTO substrate by controlling 

the nucleation density of the MOFs on the substrate. We hypothesize that heating the 

functionalized substrate in a Zr-oxo cluster solution preceding solvothermal synthesis results in 

the coordination of Zr-oxo clusters to the (–COOH) groups of the substrate, which promotes a 
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higher nucleation density of NU-1000 on the substrate, resulting in the perpendicular growth of 

NU-1000 during crystal formation. 

2.2 Introduction 

 Metal-organic frameworks (MOFs) are porous crystalline materials comprised of 

metal ions or metal ion clusters coordinated to organic linkers. MOFs have been synthesized with 

different pore sizes and exceptionally high specific surface areas,1 making them a promising 

candidate for a wide range of applications, such as catalysis,2 gas separation,3 and sensing.4 Of 

particular interest are MOFs containing hexazirconium (Zr6) clusters due to their excellent thermal, 

chemical, and mechanical stabilities which stem from strong and numerous Zr-oxo coordination 

bonds.5-8 The remarkable stability of Zr-based MOFs is ideal for electrocatalysis,9,10 catalysis in 

aqueous and organic solvents,11,12 and high temperature applications.13,14 Since many 

applications require the formation of MOFs as thin films, constructing films of Zr-based MOFs is 

highly desired. 

 

Figure 2.1. Schematic representation of (a) NU-901 and (b) NU-1000 showing different pore sizes and 
crystallographic axes. Zr, O, and C atoms have been represented in blue, red, and gray respectively. H 
atoms have been omitted for clarity. Figures are generated using Mercury.59 Reprinted with permission from 
ref. [60]. Copyright 2020 American Chemical Society.  

NU-1000, in particular, is a MOF with a large potential for thin-film applications. NU-1000 

is constructed by coordinating Zr6 [Zr6(μ3-OH)4(μ3-O)4(OH)4(OH2)4] nodes with tetratopic linker 

(H4TBAPy, 1,3,6,8-tetrakis(p-benzoic acid)pyrene), and is a highly porous Zr-based MOF which 

contains 31 Å hexagonal pores and 11 Å triangular pores.15 The mesoporous structure of NU-
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1000 enables its use as a support material to create high surface area catalysts.16-25 Furthermore, 

the 31 Å-wide mesopores of NU-1000 promotes the diffusion of large molecules (i.e. enzymes, 

proteins, drugs) inside NU-1000 for target applications.26-28 However, NU-1000 displays a true 

polymorph known as NU-901, which is composed of the same stoichiometric ratio of Zr6 nodes 

and H4TBAPy linkers (Figure 2.1a, b). NU-901 possesses 11 Å-wide diamond-shaped 

micropores, allowing its use for gas adsorption.29 The presence of multiple polymorphs in one 

sample affects the diffusion of gases and molecules as each polymorph possesses a distinct pore 

size, which can impact downstream applications.30 

To optimize the formation of each polymorph for specific applications, phase-pure 

syntheses of NU-901 and NU-1000 have been accomplished. NU-901 has been synthesized 

using benzoic acid or 4-aminobenzoic acid as modulators.29,31,32 Computational work has 

suggested that utilizing the modified version (substituting carbon-2 and carbon-7 of pyrene with 

bulky groups) of the H4TBAPy linker,33 could promote the phase-pure synthesis of the NU-1000 

polymorph; experimentally, this has been demonstrated by using a longer modulator,34 or a co-

modulator,28 to promote phase-pure synthesis. Thin films of NU-901 and NU-1000 have been 

fabricated by employing solvothermal growth (in-situ method) and electrophoretic deposition (ex-

situ method).9,10,31,35-39 

Controlling the orientation of anisotropic MOFs like NU-1000 is desirable because of the 

potential applications in optics,40 adsorption,41 and electrocatalysis.42 The crystal orientation of 

NU-901 and NU-1000 has been controlled by adsorbing the organic linkers on the substrate 

before solvothermal growth.31,42 However, the adsorption does not form covalent bonds between 

the linker and the substrate, which might yield weak adhesion of MOF nanoparticles to the 

substrate. Hence, a more suitable method is required to fabricate NU-901 and NU-1000 thin films 

and grow NU-901 and NU-1000 with different orientations, ideally on a wide variety of substrates.  
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Self-assembled monolayers (SAMs) can be utilized to control the crystal nucleation and 

growth kinetics of MOFs. For example, the nucleation and growth of MOF-5 was initiated by 

terminating a Au (111) surface with carboxyl (–COOH) groups.43 Furthermore, thin films of 

HKUST-1 were obtained by terminating the substrate with carboxyl (–COOH) and hydroxyl (–OH) 

groups.44,45 SAMs allow the flexibility in terminating the substrate surfaces with different functional 

groups. Previous reports have shown that selected SAM tail groups can enhance heterogeneous 

nucleation and growth of MOF thin films while anchoring them to the surface.43,46 SAM-

functionalization not only enhances the adhesion between MOF and the substrate by facilitating 

chemical bonding, but also allows orientation control of MOFs through changing surface 

interactions by changing the functional group ,45 or by adjusting the density of functional groups.47  

For our current work, the substrate of interest is fluorine-doped tin oxide (FTO), due to its 

utility in electrocatalysis. Similar metal oxides, such as indium tin oxide (ITO) have been modified 

using several phosphonic acids as SAMs.48 In particular, 16-phosphonohexadecanoic acid (16-

PHDA) (Figure A2.1) forms robust monolayers on the ITO surface via adsorption of phosphono 

groups to the surface hydroxyl (–OH) moieties of the ITO, resulting in a COOH-modified ITO 

surface.48 Because the FTO surface also possesses surface hydroxyl groups, 16-PHDA was used 

to terminate FTO with (–COOH) groups to mimic the functionality of the H4TBAPy linker (Figure 

A2.1).  Additionally, a HKUST-1 thin film has been synthesized on the alumina substrate by 

terminating the surface with 16-PHDA.49 We hypothesize that the availability of the same 

functional (–COOH) group on the surface as the linker will facilitate the coordination of Zr-oxo 

clusters to the surface groups,43; the subsequent attachment of the H4TBAPy linkers and Zr-oxo 

clusters will result in a stronger attachment of the NU-901 or NU-1000 crystals on the FTO 

substrate.  

Here, we report the syntheses of uniform thin films of nearly phase-pure NU-901 and 

phase-pure NU-1000 on FTO substrates modified by 16-PHDA (Figure 2.2). The thin film of 1000 

crystals was monitored as a function of time and revealed no interconversion between the two 
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polymorphs. Furthermore, NU-1000 crystallites with two different orientations, where 1D 

hexagonal pores are parallel to the FTO substrate in one orientation (Figure 2.2b, parallel 

orientation) and perpendicular to the FTO substrate in the other orientation (Figure 2.2c, 

perpendicular orientation), were grown by controlling the nucleation density of the NU-1000 

crystals on the substrate. The perpendicular growth of NU-1000 crystallites was promoted by 

heating the (–COOH) functionalized FTO substrate in a Zr-oxo cluster solution before 

solvothermal synthesis. We propose that the coordination of Zr-oxo clusters to the surface-bound 

carboxylic acid groups facilitates the growth of the MOF in a perpendicular direction to the FTO 

surface during crystal formation, due to a larger nucleation rate of NU-1000 crystals on the 

substrate. The ability to synthesize NU-1000 with different orientations provides an avenue to 

study the effect of NU-1000 orientation in multiple applications, such as catalysis, drug release, 

and separation.41,42 In addition, we show that the orientation of NU-901 can also be controlled 

using the same technique, indicating that nucleation-based control of MOF orientation may be 

generalizable to multiple MOFs. 

 

Figure 2.2. Solvothermal synthesis procedures to obtain films of (a) NU-901, (b) NU-1000 with parallel 
orientation, and (c) NU-1000 with perpendicular orientation. Precursors are N,N-dimethyl-formamide 
(DMF), zirconium (IV) chloride (ZrCl4), zirconyl chloride octahydrate (ZrOCl2.8H2O), benzoic acid (BA), 
1,3,6,8- tetrakis (p-benzoic acid) pyrene (H4TBAPy), and trifluoroacetic acid (TFA). Reprinted with 
permission from ref. [60]. Copyright 2020 American Chemical Society. 
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2.3 Experimental Section 
 

Materials and reagents. Fluorine-doped tin oxide (FTO) coated glass slides (7 Ω/sq, 10 

cm x 10 cm x 0.23 cm), N,N-dimethyl formamide (DMF, 99.8%), 4-ethoxycarbonylphenylboronic 

acid (95%), trifluoroacetic acid (TFA, 99%), 4-aminobenzoic acid (99%), zirconium (IV) 

acetylacetonate (Zr(acac)4, 97%), chloroform (99%), dioxane (99%), dichloromethane (99.8%), 

16-phosphonohexadecanoic acid (97%), 1,3,6,8-tetrabromopyrene (97%), potassium phosphate 

tribasic (98%), potassium hydroxide (90%), and tetrakis(triphenylphosphine)palladium(0) (99%) 

were purchased from Sigma-Aldrich Inc. Methanol (99.9%), acetone (99.7%), benzoic acid 

(99.5%), and hydrogen chloride (HCl, 36.5 to 38%) were purchased from Thermo Fisher 

Chemical. Zirconium (IV) chloride (ZrCl4, 99.5%) and zirconyl chloride octahydrate (ZrOCl2.8H2O, 

99.9%) were purchased from Alfa Aesar Inc. All chemicals were used as received without further 

purification. 

1,3,6,8-tetrakis (p-benzoic acid) pyrene (H4TBAPy) Synthesis. H4TBAPy linker was 

synthesized following previously published procedure.15 

Pre-treatment of the FTO substrates. As received FTO glass was cut into small 

substrates (3 cm x 1 cm). The substrates were washed in deionized (DI) water (10 min), acetone 

(10 min), and methanol (20 min) using a bath sonication sequentially. After cleaning, the FTO 

substrates were rinsed with DI water and dried under an air stream. The cleaned FTO substrates 

were stored for further usage. 

Preparation of self-assembled monolayers (SAMs). The process of the SAM formation 

on indium tin oxide (ITO) surface has been reported previously,48 and the schematic has been 

shown in Figure A2.1. 5 mM solution of 16-PHDA in methanol was prepared and cleaned FTO 

substrates were immersed in the solution for 24 hours with FTO side facing upward to ensure the 

adsorption of 16-PHDA molecules on FTO surface. Afterward, the substrates were rinsed with 

methanol to remove weakly adsorbed molecules and annealed at 160 ºC for 24 hours inside the 
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glovebox to facilitate strong covalent bonding between the 16-PHDA molecules and FTO surface. 

In the end, the substrates were rinsed with DI water and dried under an air stream. All SAM 

modified FTO substrates were immediately utilized for NU-901/NU-1000 film synthesis. 

NU-901 film synthesis procedure. Concentrations and synthesis conditions were 

adapted from ref. [31]. In a 20 mL glass vial, ZrCl4 (35 mg, 0.15 mmol) and benzoic acid (1.35 g, 

11.1 mmol) were dissolved in DMF (8 mL) and sonicated until a clear solution was obtained. The 

clear solution was placed inside a forced convection oven at 80 ºC for 2 hours. Then, the solution 

was cooled to room temperature and H4TBAPy (20 mg, 0.03 mmol) was added. The mixture was 

sonicated for 20 minutes, which resulted in a yellow suspension. The functionalized FTO substrate 

was placed at an angle inside the yellow suspension with the FTO side facing upward. Afterward, 

the vial was placed inside the forced convection oven at 120 ºC for 24 hours. After 24 hours of 

reaction, the vial was cooled to room temperature and the substrate was taken out carefully. Then, 

the substrate was soaked in DMF for 24 hours followed by soaking in chloroform for 24 hours. In 

the end, the substrate was heated at 120 ºC for 24 hours at ambient pressure and stored for 

further characterization. 

NU-1000 film synthesis procedure. Concentrations and synthesis conditions were 

adapted from ref. [28]. In a 20 mL glass vial, ZrOCl2.8H2O (98 mg, 0.30 mmol) and benzoic acid 

(2.00 g, 16.4 mmol) were dissolved in DMF (8 mL) and sonicated until a clear solution was 

obtained. The clear solution was placed inside a forced convection oven at 100 ºC for 1 hour. 

After cooling the solution to room temperature, H4TBAPy (40 mg, 0.06 mmol) and TFA (0.040 mL, 

0.52 mmol) were added. The mixture was sonicated for 10 minutes, which resulted in a yellow 

suspension. The functionalized FTO substrate was placed at an angle inside the yellow 

suspension with the FTO side facing upward. After that, the vial was placed inside the forced 

convection oven at 120 ºC for 24 hours. After 24 hours of reaction, the vial was cooled to room 

temperature and the substrate was taken out carefully. Then, the substrate was soaked in DMF 
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for 24 hours followed by soaking in chloroform for 24 hours. Subsequently, the substrate was 

heated at 120 ºC for 24 hours at ambient pressure and stored for further characterization. 

Experimental procedure for the time resolved study of NU-1000 film formation. Eight 

substrates of similar sizes (~ 1 cm x 1 cm) were cut from the FTO glass. The substrates were 

cleaned and functionalized according to the previously mentioned procedures. In a 100 mL glass 

vial, ZrOCl2.8H2O (294 mg, 0.907 mmol) and benzoic acid (6.00 g, 49.2 mmol) were dissolved in 

DMF (24 mL) and sonicated until a clear solution was obtained. The clear solution was placed 

inside a forced convection oven at 100 ºC for 1 hour. After cooling the solution to room 

temperature, H4TBAPy (120 mg, 0.18 mmol) and TFA (0.120 mL, 1.56 mmol) were added. The 

mixture was sonicated for 10 minutes, which resulted in a yellow suspension. Then, eight 20 mL 

glass vials were filled with 3 mL of yellow suspension. After that, the eight FTO substrates were 

put inside the vials with the FTO side facing upwards. All eight vials were kept inside the forced 

convection oven at 120 ºC simultaneously. Afterward, the vials were taken out at the intervals of 

30 min, 1 h, 2 h, 3 h, 5 h, 8 h, 13 h, and 21 h. The substrates were soaked in DMF for 24 hours 

followed by the soaking in chloroform for 24 hours. In the end, the substrates were heated at 120 

ºC for 24 hours at ambient pressure and stored for further characterization. 

NU-1000 film synthesis with parallel orientation. Concentrations and synthesis 

conditions were adapted from ref. [28]. In a 20 mL glass vial, ZrOCl2.8H2O (73.5 mg, 0.225 mmol) 

and benzoic acid (1.50 g, 12.3 mmol) were dissolved in DMF (6 mL) and sonicated until a clear 

solution was obtained. The clear solution was placed inside a forced convection oven at 100 ºC 

for 1 hour. After cooling the solution to room temperature, H4TBAPy (20 mg, 0.03 mmol) and TFA 

(0.030 mL, 0.39 mmol) were added. The mixture was sonicated for 10 minutes, which resulted in 

a yellow suspension. The functionalized FTO substrate was placed perpendicular to the bottom 

surface of the vial using a PTFE holder inside the yellow suspension. After that, the vial was 

placed inside the forced convection oven at 120 ºC for 24 hours. After cooling the vial to the room 

temperature, the substrate was taken out and soaked in DMF for 24 hours followed by soaking in 
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chloroform for 24 hours. In the end, the substrate was heated at 120 ºC for 24 hours at ambient 

pressure and stored for further characterization. 

NU-1000 film synthesis with perpendicular orientation. Concentrations and synthesis 

conditions were adapted from ref. [28]. In a 20 mL glass vial, ZrOCl2.8H2O (73.5 mg, 0.225 mmol) 

and benzoic acid (1.50 g, 12.3 mmol) were dissolved in DMF (6 mL) and sonicated until a clear 

solution was obtained. The functionalized FTO was placed perpendicular to the bottom surface of 

the vial using a PTFE holder inside the clear solution and heated at 100 ºC for 1 hour inside a 

forced convection oven. After cooling the solution to room temperature, substrate was taken out 

and H4TBAPy (20 mg, 0.03 mmol) and TFA (0.030 mL, 0.39 mmol) were added. The mixture was 

sonicated for 10 minutes, which resulted in a yellow suspension. The pre-heated FTO substrate 

(in a Zr-oxo cluster solution) was placed perpendicular to the bottom surface of the vial inside the 

yellow suspension. After that, the vial was placed inside the forced convection oven at 120 ºC for 

24 hours. After cooling the vial to the room temperature, the substrate was taken out and soaked 

in DMF for 24 hours followed by soaking in chloroform for 24 hours. In the end, the substrate was 

heated at 120 ºC for 24 hours and stored for further characterization. 

NU-901 film synthesis with parallel orientation: Concentrations and synthesis 

conditions were adapted from ref. [29]. In a 20 mL glass vial, Zr(acac)4 (97 mg, 0.20 mmol) and 

4-aminobenzoic acid (3.02 g, 22.0 mmol) were dissolved in DMF (8 mL) and sonicated until a 

clear solution was obtained. The clear solution was placed inside a forced convection oven at 80 

ºC for 1 hour. After cooling the solution to room temperature, H4TBAPy (20 mg, 0.03 mmol) was 

added. The mixture was sonicated for 10 minutes, which resulted in a yellow suspension. The 

functionalized FTO substrate was placed perpendicular to the bottom surface of the vial using a 

PTFE holder inside the yellow suspension. After that, the vial was placed inside the forced 

convection oven at 100 ºC for 24 hours. After cooling the vial to the room temperature, the 

substrate was taken out and soaked in DMF for 24 hours followed by soaking in chloroform for 24 
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hours. In the end, the substrate was heated at 120 ºC for 24 hours at ambient pressure and stored 

for further characterization. 

NU-901 film synthesis with perpendicular orientation: Concentrations and synthesis 

conditions were adapted from ref. [29]. In a 20 mL glass vial, Zr(acac)4 (97 mg, 0.20 mmol) and 

4-aminobenzoic acid (3.02 g, 22.0 mmol) were dissolved in DMF (8 mL) and sonicated until a 

clear solution was obtained. The functionalized FTO was placed perpendicular to the bottom 

surface of the vial using a PTFE holder inside the clear solution and heated at 80 ºC for 20 hours 

inside a forced convection oven. After cooling the solution to room temperature, substrate was 

taken out and H4TBAPy (20 mg, 0.03 mmol) was added. The mixture was sonicated for 10 

minutes, which resulted in a yellow suspension. The pre-heated FTO substrate (in a Zr-oxo cluster 

solution) was placed perpendicular to the bottom surface of the vial inside the yellow suspension. 

After that, the vial was placed inside the forced convection oven at 100 ºC for 24 hours. After 

cooling the vial to the room temperature, the substrate was taken out and soaked in DMF for 24 

hours followed by soaking in chloroform for 24 hours. In the end, the substrate was heated at 120 

ºC for 24 hours at ambient pressure and stored for further characterization. 

2.4 Result and discussion  
 

Initially, clean FTO substrate was used to fabricate thin films of NU-901 and NU-1000. 

However, no formation of MOF nanoparticles was observed on the clean FTO substrate, and 

homogeneous nucleation in the solution occurred instead. Previous studies have shown that the 

adsorption of H4TBAPy linkers on the FTO surface before synthesis facilitates the formation of 

NU-901 and NU-1000 crystals on the FTO.9,31 The formation of NU-901 and NU-1000 was 

achieved by introducing a temperature gradient inside the vial using a gravity convection oven.9,31 

We attempted to replicate the synthesis using a forced convection oven but could not achieve the 

conditions conducive for the formation of NU-901 and NU-1000. Therefore, we functionalized the 
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FTO with (–COOH) groups to promote the formation of the NU-901 and NU-1000 crystals on the 

FTO surface. 

The chemical composition of clean and SAM-modified FTO surfaces was analyzed using 

X-ray photoelectron spectroscopy (XPS) (Figure 2.3). The presence of tin (Sn) and oxygen (O) 

is expected on the clean FTO while the carbon (C) peak appears due to surface contamination 

during sample preparation. On the other hand, the SAM-modified FTO surface shows the 

attenuation of Sn peaks and amplification of O and C peaks, which are consistent with the 

adsorption of 16-PHDA molecules on the FTO surface. Additionally, the SAM-modified FTO 

surface has a phosphorous (P) peak which can be specifically attributed to the presence of 16-

PHDA molecules. Table A2.2 demonstrates the atomic percentage determined from the XPS 

spectra of the clean and SAM-modified FTO surfaces. Carbon composition rose significantly after 

the SAM-modification indicative of the long carbon chain in 16-PHDA. Therefore, the XPS 

analysis supports the successful modification of the FTO surface with 16-PHDA.  

 

Figure 2.3. XPS spectra of the clean (red) and 16-PHDA functionalized FTO (black). Each pattern is 
normalized to the most intense reflection. The presence of phosphorous atoms shows that the SAM 
modification is successful. Reprinted with permission from ref. [60]. Copyright 2020 American Chemical 
Society. 
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When the SAM-modified FTO substrate was utilized in the synthesis of NU-901 (Figure 

2.2a) and NU-1000 (Figure 2.2b) films, a yellow film formed on the FTO surface for both NU-901 

and NU-1000 (Figure A2.2). Using a scanning electron microscope (SEM) (Figure 2.4), we 

observe that the NU-901 film is composed of prolate-shaped micro rods. The length of the major 

axis varies from 3 μm to 9 μm while the minor axis varies from 0.5 μm to 3 μm. Yang et al. reported 

the solvothermal synthesis of NU-901 thin film on the TiO2 substrate containing 1 μm -10 μm long 

crystals of similar morphologies.35 On the other hand, the NU-1000 film consists of hexagonal-

shaped rods. The length of these hexagonal rods ranges from 3 μm to 10 μm while the width of 

the tip varies from 1 μm to 3 μm. Previous studies have demonstrated that the solvothermal 

growth of NU-1000 produced 1 μm-3 μm long hexagonal crystals.9,42 Furthermore, all images 

display the continuous and complete film coverage of NU-901 and NU-1000 on the FTO substrate. 

The weight of the MOF on the FTO is estimated to be 0.60 ± 0.19 mg/cm2 (Table A2.1).  

The adhesion of the NU-901 and NU-1000 thin films was tested. Briefly, adhesive tape 

was attached to the FTO substrate and then peeled off (Figure A2.3, A2.4). NU-901 film showed 

exceptional adhesion to the FTO, whereas for NU-1000 loosely bound crystals were removed 

during the peeling process. Nonetheless, the NU-1000 film on the FTO surface is still uniform as 

seen through electron microscopy (Figure A2.4e), which shows that most of the crystals remain 

strongly attached to the FTO. Overall, the scotch tape study confirms the strong adhesion of the 

NU-901 and NU-1000 crystals to the FTO. 

Although the mechanism of thin-film formation is still unclear, we hypothesize that the 

formation is likely to begin with the coordination of Zr-oxo clusters to the surface carboxylic acid 

groups (–COOH) followed by the coordination of H4TBAPy linkers and Zr-oxo clusters.43,45 To 

explore the chemical interaction between the MOF film and surface (–COOH) groups, the NU-

1000 film (parallel) was sonicated for three minutes and analyzed using XPS (Figure A2.5). The 

sharp fluorine peak in both patterns is indicative of the coordination of the TFA molecules to the 

Zr-oxo clusters since the XPS of the clean FTO substrate does not show a fluorine peak (Figure 
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2.3). Sonication removes most of the MOF particles from the surface (Figure A2.6) which gives 

rise to tin peaks. Additionally, the relatively low amount of phosphorous (from the SAM) compared 

to other elements explains the absence of phosphorous peak. This experiment suggests that the 

coordination bond between the Zr-oxo clusters and the surface (–COOH) groups or the covalent 

bond between the FTO and the 16-PHDA molecules breaks during sonication, resulting in the 

detachment of the MOF from the surface.50,51 In-situ Fourier-transform infrared spectroscopy 

(FTIR) and calorimetry techniques could be employed to gain further insights about the chemical 

interaction between MOF particles and surface (–COOH) groups in future studies.52,53 

 

Figure 2.4. SEM images of NU-901 thin film on the FTO at (a) low magnification (b) high magnification. 
SEM images of NU-1000 thin film on the FTO at (c) low magnification and (d) high magnification. Scale bar 
represents 20 µm in each image. (e) Nitrogen adsorption isotherm of the NU-901 and NU-1000 thin films 
on the FTO and the inset shows the liner plot for BET specific surface area calculation. Total weight (FTO 
and MOF) has been considered for nitrogen isotherm measurements. Reprinted with permission from ref. 
[60]. Copyright 2020 American Chemical Society. 
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Nitrogen adsorption isotherms of NU-901 and NU-1000 films on FTO were collected to 

confirm the porosity and calculate the specific surface area of MOFs. The steep uptake at low 

pressure region is due to the micropores (type I isotherm) while the second sharp uptake in the 

isotherm near P/Po of 0.2 can be attributed to the presence of mesopores (type IV isotherm).54 

However, since the NU-901 structure contains only micropores (11 Å) only a type I isotherm is 

expected for the corresponding thin film. Nonetheless, the NU-901 film shows a blend of type I 

and type IV isotherms (Figure 2.4e) which could be due to the presence of NU-1000 as an 

impurity in NU-901 crystallites, or due to missing node defects. However, Kung et al.,31 achieved 

the phase-pure NU-901 thin film utilizing the same procedure outlined in the experimental section 

except they used a gravity convection oven. Nonetheless, other researchers have synthesized 

NU-901 crystallites containing NU-1000 as a phase impurity or missing node defects in the 

bulk.29,55 Conversely, NU-1000 structure possesses micropores (11 Å) as well as mesopores (30 

Å); therefore, a combination of type I and IV isotherms is anticipated for a NU-1000 thin film.54 

Figure 2.4e shows that the NU-1000 film isotherm is a combination of type I and type IV 

isotherms. From the linear regions (0.01 ≤ P/Po ≤ 0.05), the calculated Brunauer-Emmett-Teller 

(BET) specific surface area of NU-901 and NU-1000 thin films are 1328 m2/g and 1459 m2/g 

respectively, which are lower than the reported powder samples.28 The lower BET specific surface 

area of the films could be due to the presence of benzoic acid coordinated to Zr-oxo clusters. The 

adsorption isotherms were recorded with the substrate which resulted in a higher overall mass of 

the sample and hence very low nitrogen uptake were observed. 

The pore size distributions of the NU-901 and NU-1000 thin films have been represented 

in Figure A2.7. NU-901 crystals possess 11 Å wide micropores inherent to its microporous 

structure and 25 Å wide mesopores because of NU-1000 as a phase impurity or missing node 

defects. On the other hand, NU-1000 crystals contain 13 Å wide micropores and 25 Å wide 

mesopores which is expected. The micropore width for both NU-901 and NU-1000 is comparable 

to the literature values.28,29 However, the mesopores are smaller than the reported values possibly 
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due to the presence of modulators coordinated to the nodes. Other researchers have performed 

a HCl washing step to remove coordinated modulators before N2 isotherm measurement which 

resulted in larger mesopores (30 Å).28,29 

The crystallinity of the NU-901 and NU-1000 films were analyzed using out of plane 

powder X-ray diffraction (PXRD). Figure 2.5a represents a comparison of PXRD patterns of NU-

901 and NU-1000 thin films with simulated NU-901 and NU-1000 PXRD patterns. As shown in 

Figure 2.5a, experimental patterns agree well with the simulated PXRD patterns which confirms 

the formation of NU-901 and NU-1000 crystals on the FTO. Furthermore, NU-901 crystals exhibit 

orientation along at least two different directions on the FTO as evidenced by the peaks at q = 

0.37 Å-1 and 0.54 Å-1 which correspond to the diffraction from the (100) and (11̅1) planes 

respectively. The presence of a peak at q = 0.19 Å-1 in the experimental NU-901 pattern (marked 

by *) suggests that NU-1000 may be present as an impurity in NU-901.  Conversely, peaks at q = 

0.18 Å-1 and 0.37 Å-1 in the experimental NU-1000 PXRD pattern correspond to diffraction from 

the (100) and (200) planes, respectively, which suggests the preferential orientation of NU-1000 

crystals along the [100] direction on the plane of the substrate.  

The growth of NU-901 crystals along two different directions on functionalized FTO can 

be explained by looking at the supercell of NU-901 (Figure 2.5b, c). The (100) and the (11̅1) 

planes cut through multiple Zr6 nodes. As we expect the nodes to preferentially bind to the SAM, 

it is likely that these crystal planes are stabilized during crystal growth. This explains why NU-901 

shows two preferred orientations on the FTO substrate. The preferential growth of NU-1000 

crystals can be explained by observing the supercell of the NU-1000 MOF (Figure 2.5d). The 

(100) and (200) planes cutting through the supercell contain all the Zr6 nodes. Since the 

coordination sites and linkers are partially oriented along [100] direction, the orientation of crystals 

along [100] or [200] direction can be anticipated due to alignment of the Zr6 nodes on the SAM 

modified FTO substrate. 
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Figure 2.5. (a) PXRD patterns of NU-901 and NU-1000 thin films on the FTO. The patterns are compared 
to simulated powder references. Each pattern is normalized to most intense reflection. The asterisk (*) 

represents the (100) peak of NU-1000 in NU-901 experimental pattern. (b) (100) and (c) (11̅1) planes cutting 
through the supercell of NU-901. (d) (100) and (200) planes cutting through the supercell of NU-1000. C, 
O and Zr atoms have been represented in grey, red and blue respectively. Hydrogen atoms have been 
omitted for clarity. Reprinted with permission from ref. [60]. Copyright 2020 American Chemical Society. 

To study the nucleation and growth of crystals, different synthesis times were investigated 

for the NU-1000 thin films. Films were characterized using SEM (Figure 2.6b-i) and XRD (Figure 

2.6j). Figure 2.6b shows the formation of hexagonal rods within 10 minutes on the FTO substrate. 

Additionally, Figure 2.6b demonstrates the crystal formation occurs directly on the FTO surface 

which indicates heterogeneous nucleation. Furthermore, the nucleation continues after 10 min as 

observed by a greater number of crystals in Figure 2.6c, and Figure 2.6d. The crystals at longer 

synthesis times (8h, 13h, 21h) appear to be larger than the crystals at a shorter synthesis period 

(10 min, 30 min, 1h) which reveals that over the course of hours, the system shifts into crystal 

growth mode (Figure A2.8). The morphology of the NU-1000 crystals does not change with time. 

Therefore, it can be assumed that the phase transformation of NU-1000 to NU-901 does not take 

place during the synthesis. Figure 2.6j illustrates that all PXRD patterns are in good agreement 

with the simulated NU-1000 PXRD pattern.  
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Figure 2.6. SEM images of the (a) blank FTO and (b)-(i) NU-1000 thin film at different synthesis times. 
Scale bar represents 2 µm for each image. (j) PXRD patterns of NU-1000 film on FTO at different synthesis 
times. Each pattern is normalized to most intense reflection. Reprinted with permission from ref. [60]. 
Copyright 2020 American Chemical Society. 

We have also demonstrated that the orientation of NU-1000 on the FTO substrate can be 

controlled through the use of a SAM. In other reports, it has been shown that a high density of 

nucleation on the substrate surface can cause nanorods to be oriented perpendicular to the 

substrate.56,57 Similarly, Liu et al. demonstrate the perpendicular orientation of ZIF-7 crystals on 

the alumina substrate during solvothermal growth due to the enhanced heterogeneous 

nucleation.58 During crystal growth, a high density of nuclei on a surface limits nuclei  growth 

parallel to the substrate because of the spatial hindrance provided by other nuclei. So, the growth 
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of nuclei is possible only in the upward direction. We hypothesize that the nucleation density of 

 

Figure 2.7. (a) XPS spectra of the SAM functionalized FTO after being heated in the node solution. (b) 
PXRD patterns of the NU-1000 film on the FTO with parallel and perpendicular orientation. (c) Parallel and 
(d) perpendicular orientation of NU-1000 crystals on the FTO. Each pattern is normalized to most intense 
reflection in (a) and (b). Scale bar represents 20 µm in (c) and (d). Reprinted with permission from ref. [60]. 
Copyright 2020 American Chemical Society. 

the NU-1000 MOF can be controlled by increasing the density of Zr-oxo clusters on the 

functionalized FTO. Since 16-PHDA forms a dense layer of carboxyl group (–COOH) on the ITO 

surface,48 it can be assumed that functionalized FTO also has a dense carboxyl group (–COOH) 

layer on the surface. As an alternative synthetic approach to that described above, pre-soaking 

the SAM-modified FTO substrate in the Zr-oxo cluster solution prior to solvothermal synthesis 

allows for a high density of Zr-oxo clusters to form on the substrate, resulting in a high nucleation 

density of NU-1000. This high nucleation density of NU-1000 leads to the growth of the long axis 

perpendicular to the FTO surface (Figure 2.2c), while lower number of nucleation sites can 
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facilitate the growth of NU-1000 crystals with the long axis lying parallel to the substrate (Figure 

2.2b). Similarly, solvothermal synthesis with only the SAM-modified FTO and without presoaking 

in Zr-oxo clusters solution results in lower nucleation density of NU-1000. Therefore, the synthesis 

results in hexagonal rods lying (parallel orientation) on the surface with the hexagonal face 

perpendicular to the FTO substrate.  

The presence of Zr-oxo clusters on the functionalized FTO after being heated in the Zr-

oxo cluster solution for an hour was confirmed using XPS. Figure 2.7a compares the XPS spectra 

of clean and pre-heated functionalized FTO. The attenuation of Sn peaks, and amplification of O 

and C peaks are expected as explained earlier. The presence of zirconium (Zr) peak indicates 

that Zr-oxo clusters are formed in the node precursor solution and coordinated with the surface-

immobilized (–COOH) groups. 

NU-1000 films were then synthesized by heating the pre-treated FTO (in a Zr-oxo cluster 

solution) using the process as depicted in Figure 2.2c. Orientation of the films was characterized 

using SEM (Figure 2.7c, d). Figure 2.7c corresponds to the NU-1000 film obtained without 

presoaking the functionalized FTO in the Zr-oxo cluster solution, while Figure 7d represents the 

film synthesized on the FTO substrate presoaked in the Zr-oxo cluster solution. Figure 2.7c 

demonstrates that the long axis of the crystals is either parallel or inclined at an angle to the 

substrate (parallel orientation) while Figure 2.7d shows only the hexagonal faces of the crystals 

confirming that the long axis of the crystals is perpendicular to the substrate (perpendicular 

orientation). Additionally, the images reveal the excellent coverage of the film. The SEM data was 

further supported by PXRD analysis (Figure 2.7b). The PXRD pattern of the parallel orientation 

film (red) shows (100) and (200) peaks which confirms that (100) plane is parallel to the substrate; 

therefore, long axis of the crystals is parallel to the substrate. Conversely, the perpendicular 

orientation film’s PXRD pattern (black) shows the (001) peak in addition to the (100) and (200) 

peaks confirming the hexagonal face is parallel to the substrate; hence, the long axis of the 

crystals is perpendicular to the substrate. Additionally, the intensities of (100) and (001) peaks in 
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parallel and perpendicular NU-1000 PXRD patterns are different. As a comparison, the intensity 

ratio of (001)/(100) peaks for parallel, perpendicular, and simulated NU-1000 PXRD patterns have 

been presented in Table A2.3. The ratio for the NU-1000 film with perpendicular orientation is 

higher than that of the isotropic ratio obtained from the powder simulation pattern, indicating 

anisotropic and perpendicular orientation. Conversely, the NU-1000 film with parallel orientation 

has a lower ratio than expected for an isotropic sample. The (001) peak of NU-1000 pattern (q ~ 

0.388 Å-1) overlaps with the (001) peak of NU-901 pattern (q ~ 0.39 Å-1). However, Islamoglu el 

al. demonstrated that the addition of TFA suppressed the formation of NU-901.28 Thus, the (001) 

appears due to the change in crystal orientation rather than phase impurity. Additionally, NU-901 

thin films can be synthesized with parallel and perpendicular orientations using the same 

procedure (Figure A2.9, A2.10).  

Goswami et al.,42 have already shown the orientation control of NU-1000 on FTO using 

two different approaches. They achieved the parallel orientation of NU-1000 by depositing the 

pre-made NU-1000 crystals using electrophoretic deposition and obtained perpendicularly 

oriented NU-1000 crystals employing solvothermal synthesis. Unlike their approach, we 

controlled the orientation using only the solvothermal method. Additionally, they utilized the 

adsorption of H4TBAPy linkers on the FTO to promote perpendicular growth, while we made use 

of the Zr-oxo clusters. Furthermore, our film consists of highly oriented NU-1000 crystals in the 

perpendicular direction as evident by a strong (001) peak in Figure 2.7b. One advantage of our 

method is its applicability to other anisotropic MOFs such as ZIF-L and MIL-88. 

2.5 Conclusions 
 

In summary, we demonstrated the successful synthesis of NU-901 and NU-1000 thin films 

on the FTO surface via a solvothermal method. NU-1000 thin films were fabricated by employing 

TFA as a co-modulator, which inhibited the formation of NU-901. Interestingly, NU-901 crystals 

are oriented along two different ([100] and [11̅1]) directions whereas NU-1000 crystals are 
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preferentially oriented along the [100] direction. The time-dependence growth study of NU-1000 

film reveals the crystal formation on the surface within 10 min in addition to the nucleation and 

growth of crystals with time. We promoted the perpendicular growth of NU-1000 crystallites by 

coordinating the Zr-oxo clusters to the functionalized FTO before the film synthesis. Although we 

hypothesize that the availability of a dense layer of Zr-oxo clusters before the crystal formation is 

responsible for the perpendicular orientation of NU-1000, more in-depth analysis is required to 

prove the hypothesis. For instance, controlling the density of (–COOH) groups on the FTO surface 

followed by NU-1000 film synthesis could provide meaningful insights about the process. 

Additionally, a relationship between the crystal orientation and (–COOH) group density could be 

established to realize the specific orientation of NU-1000 for target applications. The method 

developed to alter the orientation of NU-1000 may pave the way for controlling the orientation of 

other anisotropic MOFs, which has implications in catalysis, separation, and drug delivery.  

2.6 Appendix 

 

MOF Weight on the FTO: FTO substrates were weighed before and after thin-film 

synthesis to determine the MOF weight on the FTO substrates. Table S1 represents the 

experimental data for multiple thin films. 

 

Table A2.1. Experimental data of MOF weight calculation for multiple MOF thin films. Reprinted with 
permission from ref. [60]. Copyright 2020 American Chemical Society. 

 FTO weight before 
(g) 

FTO weight 
after (g) 

MOF 
weight 
(mg) 

 MOF weight per 
unit area 
(mg/cm2) 

 

1.8219 1.8227 0.8  0.35  

1.755 1.7561 1.1  0.48  

1.7792 1.7805 1.3  0.76  

1.7448 1.7463 1.5  0.88  

1.7437 1.7446 0.9  0.53  
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Characterization Techniques 

 

X-ray Photoelectron Spectroscopy (XPS): XPS spectra of clean and functionalized FTO 

were collected using PHI Versaprobe III XPS instrument equipped with monochromatic Al k-α X-

rays (1486.6 eV) to probe sample surface. Survey scans from 800 eV to 100 eV were collected 

with a pass energy of 226 eV and a step size of 1.5 eV.  

Scanning Electron Microscope (SEM): Images of the samples were obtained using a 

FEI quanta 650 field-emission secondary electron microscope. The samples were prepared by 

coating a 12Å layer of Au/Pd using Gatan 682 Precision Etching and Polishing System (PECS). 

The accelerating voltage of the primary beam was kept between 1 kV to 5 kV. All the sample were 

analyzed using spot size less than 4.  

Powder X-ray Diffraction (PXRD): Diffraction patterns of NU-901 and NU-1000 thin film 

on FTO were collected using Empyrean multipurpose X-ray diffractometer. The source for X-rays 

consists of an X-ray tube with line focus Cu-anode (λ = 1.54 Å) and scattered waves from the 

samples are detected using GaliPIX3D detector. The source was operated at 45 kV and 40 mA 

and intensities from 2θ = 2º to 20º were recorded. 

Brunauer, Emmett, and Teller (BET): BET specific surface area of the films was 

measured from nitrogen adsorption isotherm carried out on a Micromeritics ASAP2020 Surface 

Area and Porosity Analyzer. The substrate was broken into small pieces to accommodate the 

films in the analysis tube. Films were degassed at 120 ºC for 16 h under vacuum before the 

analysis. Data points from P/Po = 0.01 to 0.05 were used to calculate the surface area. Pore size 

distribution of thin films were calculated using DFT model provided by MicroActive software 

(Micromeritics).  
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Figure A2.1. Process of 16-phosphonohexadecanoic acid (16-PHDA) self-assembled monolayers 
formation on FTO surface. Reprinted with permission from ref. [60]. Copyright 2020 American Chemical 
Society. 

 

 

 

Table A2.2. Atomic percentage of the clean and SAM functionalized FTO surface. Reprinted with 
permission from ref. [60]. Copyright 2020 American Chemical Society. 

 

 

 

 

 

 

Substrate Sn 3d5 (%) O 1s (%) C 1s (%) P 2p (%) 

Clean FTO 33.6 41.3 25 0 

functionalized FTO 2.0 23.5 68.2 6.3 
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Figure A2.2. Photo of (a) NU-901 thin film and (b) NU-1000 thin film on the FTO substrate. Reprinted with 
permission from ref. [60]. Copyright 2020 American Chemical Society. 

 

 
Figure A2.3. Scotch tape adhesion testing of NU-901 thin film. Photo of (a) NU-901 thin film, (b) scotch 
tape attached to the film, and (c) NU-901 thin film after scotch tape being peeled off from the substrate. No 
transfer is observed by visual inspection. Reprinted with permission from ref. [60]. Copyright 2020 American 
Chemical Society. 

 

 

(a) NU-901 Film (b) NU-1000 Film 
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Figure A2.4. Scotch tape adhesion testing of NU-1000 thin film. Photo of (a) NU-1000 thin film, (b) scotch 
tape attached to the film, (c) NU-1000 thin film after scotch tape being peeled off, (d) SEM of the NU-1000 
thin film shown in (a), (e) SEM of the NU-1000 thin film shown in (c), and (f) SEM of the scotch tape shown 
in (c). Loosely bound particles transfer off the surface on the tape but film coverage remains largely intact 
after the peel test. The scale bar represents 50 µm. Reprinted with permission from ref. [60]. Copyright 
2020 American Chemical Society. 
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Figure A2.5. XPS of NU-1000 thin film (red) and NU-1000 film after being sonicated for three minutes 
(black). Reprinted with permission from ref. [60]. Copyright 2020 American Chemical Society. 

 

 

Figure A2.6. Photo of NU-1000 thin film after being sonicated for three minutes. Reprinted with permission 
from ref. [60]. Copyright 2020 American Chemical Society. 
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Figure A2.7. Pore size distributions of NU-901 (red) and NU-1000 (black) thin films. Reprinted with 
permission from ref. [60]. Copyright 2020 American Chemical Society. 

 

 

Figure A2.8. Growth of NU-1000 crystal with time. Crystal growth becomes negligible after 8 hours 
indicating the consumption of almost all of the reactants within 8 hours. X-axis is in Log scale. Reprinted 
with permission from ref. [60]. Copyright 2020 American Chemical Society. 



53 
 

 

 

 

Table A2.3. Intensity ratio of (001)/(100) peaks for parallelly oriented NU-1000 crystals, 
perpendicularly oriented NU-1000 crystals, and simulated NU-1000 pattern. Reprinted with 
permission from ref. [60]. Copyright 2020 American Chemical Society. 

 NU-1000 Parallel NU-1000 Perpendicular NU-1000 Simulated 

Intensity ratio of 
(001)/(100) peaks 

0.05 0.89 0.10 

 

 

 

Figure A2.9. PXRD patterns of the NU-901 film on the FTO with parallel and perpendicular orientation. 
Each pattern is normalized to most intense reflection. Reprinted with permission from ref. [60]. Copyright 
2020 American Chemical Society. 
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Figure A2.10. SEM images of (a) parallel and (b) perpendicular oriented NU-901 crystal thin films on the 
FTO substrate. The scale bar represents 4 µm in each image. Reprinted with permission from ref. [60]. 
Copyright 2020 American Chemical Society. 
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Chapter 3 Solution Shearing of Zirconium (Zr)-based Metal–Organic Frameworks 

NU-901 and MOF-525 Thin Films for Electrocatalytic Reduction Applications 

3.1 Abstract 
 

 Solution shearing, a meniscus-guided coating process, can create large-area metal–

organic framework (MOF) thin films rapidly, which can lead to the formation of uniform membranes 

for separations, or thin films for sensing and catalysis applications. Although previous work has 

shown that solution shearing can render MOF thin films, the examples have been limited to a few 

prototypical systems, such as HKUST-1, Cu-HHTP, and UiO-66. Here, we expand on the 

applicability of solution shearing by making large-area (~5 cm2) thin films of NU-901, a zirconium 

(Zr)-based MOF. We study how the NU-901 thin film properties (i.e., crystallinity, surface 

coverage, and thickness) can be controlled as a function of substrate temperature and linker 

concentration. High surface coverage of NU-901 thin films (>90%) is achieved on a glass 

substrate for all conditions after one blade pass, while the crystallinity of NU-901 crystals 

increases with temperature, and decreases with linker concentration. On the other hand, the 

adjusted thickness of NU-901 films increases with both increasing temperature and linker 

concentration. We also extend the solution shearing technique to synthesize MOF-525 thin films 

on a transparent conductive oxide, which are useful for electrocatalysis. We show that Fe-

metalated MOF-525 films can reduce CO2 to CO, which has implications for CO2 capture and 

utilization. The demonstration of thin film formation of NU-901 and MOF-525 using solution 

shearing on a wide range of substrates will be highly useful for implementing these MOFs in 

sensing and catalytic applications.  
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3.2 Introduction 
Metal–organic frameworks (MOFs) are porous crystalline materials consisting of inorganic 

metal ions/clusters coordinated with organic linkers to form 3D structures with high specific 

surface area and tunable porosity.1-6 Due to their tunable chemical composition, morphology, and 

porosity, MOFs have shown great potential in gas storage,4,5 separation,6–9 catalysis,10,11 and 

sensing.12–14 To enable these applications, the formation of MOF crystals as thin films on a support 

is of critical importance.15–17 For instance, growing MOF crystals on a porous support is a 

prerequisite for membrane separation,8,18,19 and growing MOF crystals on a conductive 

substrate,20,21 is necessary for electrocatalysis. To implement MOF thin films in large scale 

applications, the synthesis process should be facile, low-cost, and easily scalable.22  

There are various techniques to synthesize MOF thin films, including solvothermal 

growth,23–25 layer-by-layer (LBL) growth,17,26–28 and electrophoretic deposition,29–31 among others. 

However, these techniques require hours or days to synthesize MOF thin films, and have 

limitations in terms of film uniformity and propensity to form cracks,32 which is not feasible for 

commercial applications. Recently, solution shearing, a meniscus-guided coating technique, has 

been employed to grow large-area MOF thin films within minutes.33–38 The facile fabrication 

technique and scalability make solution shearing well-suited for large-scale manufacturing 

applications.39 Solution shearing utilizes solvent evaporation to induce the crystallization of MOFs. 

During solution shearing, the MOF precursor solution is sandwiched between a moving blade and 

a heated substrate (Figure 3.1a). A meniscus forms between the blade and the substrate, and 

heating promotes solvent evaporation from the meniscus leading to supersaturation and 

crystallization, and the blade movement allows for uniform MOF crystal formation on the 

substrate.33 By controlling solution shearing parameters (e.g., substrate temperature, metal and 

linker concentration, solvent,  and blade speed), thin film properties (crystallinity, thickness, crystal 

size, morphology, and surface coverage) can be precisely tuned.33,35,36 Park et al. demonstrated 

the formation of large-area HKUST-1 MOF thin films using solution shearing with remarkable 
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control over crystal packing, film thickness, and crystal morphology.33. Furthermore, Giri et al. 

synthesized thin films of UiO-66, demonstrating the capabilities of solution shearing to deposit 

MOFs with complex metal clusters, such as the zirconium (Zr)-based MOFs.35 However, only a 

handful of MOFs have been synthesized using solution shearing to prepare MOF thin films. To 

the best of our knowledge, no study has shown the formation of large pore Zr-based MOFs 

containing tetratopic linkers, such as the NU series of MOFs,40,41 and PCN series of MOFs,42,43 

using solution shearing.  

Herein, we employ NU-901 (Figure 3.1b), a Zr-based MOF consisting of Zr-oxo clusters 

and 4,4’,4’’,4’’’-(pyrene-1,3,6,8-tetrayl) tetra benzoic acid (H4TBAPy) linker.40 We fabricated NU-

901 thin films on glass substrates using solution shearing within 15 to 20 minutes over an area of 

1 cm2. We study the effects of temperature and organic linker concentration on the NU-901 thin 

film properties. We find that increasing the temperature enhances the coherence length of NU-

901 crystals from 6.2 nm to 12.1 nm, indicating crystallinity increases with temperature. On the 

other hand, increasing the linker concentration decreases the coherence length of NU-901 

crystals from 14.9 nm to 6.1 nm, suggesting crystallinity decreases with linker concentration. 

Additionally, we were able to create NU-901 films with thicknesses ranging from 500 nm to 3.5 

microns by controlling the temperature and linker concentration. We furthermore expand the 

capability of solution shearing by preparing thin films of MOF-525 (Figure 3.1c), which is 

composed of Zr-oxo clusters and 4,4′,4′′,4′′′-(porphine-5,10,15,20-tetrayl) tetrakis(benzoic acid) 

(TCPP) linker.44 The resultant MOF-525 films can be metalated with Fe, and these metalated films 

demonstrate comparable activity for the electrocatalytic reduction of CO2 to the films prepared by 

Hod et al.,44 using electrophoretic deposition. Overall, this study motivates the formation of 

tetratopic Zr-based MOF thin films using solution shearing for electrochemical applications. 
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Figure 3.1. (a) Schematic illustration of the solution shearing method used to synthesize large-area MOF 
thin films. The MOF precursor solution is injected between a moving blade and a heated substrate, and 
solvent evaporation induces MOF crystallization resulting in a MOF thin film. Crystal structures of (b) NU-
901 and (c) MOF-525 MOFs. (Zr, O, and C have been represented in blue, red, and grey, respectively). 
Crystal structures were generated using Mercury.45 

3.3 Experimental Section 
 

Materials  

Indium tin oxide (ITO) coated glass slides (70-100 Ω/sq, 7.50 cm X 2.50 cm X 0.11 cm), 

zirconyl chloride octahydrate (ZrOCl2•8H2O, 98%), formic acid (≥96%), dimethyl sulfoxide (DMSO, 

99.9%), 4,4′,4′′,4′′′-(porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid) (TCPP, dye content 75%),  

4-ethoxycarbonylphenylboronic acid (95%), dioxane (99%), 1,3,6,8-tetrabromopyrene (97%), 

potassium phosphate tribasic (98%), tetrakis-(triphenylphosphine)palladium(0) (99%), potassium 

hydroxide (90%), chloroform (99%), dichloromethane (99.8%), trichloro(octadecyl)silane (OTS, 

≥90%), and iron(III) chloride (FeCl3, 97%) were purchased from Sigma-Aldrich and used as 

obtained. Methanol (99.9%), acetone (99.7%), hydrogen chloride (HCl, 36.5−38%), toluene 

(≥99.5%), isopropyl alcohol (IPA, ≥99.5%), and glass substrates (7.50 cm X 2.50 cm X 0.10 cm) 

were purchased from Fischer Scientific and used as obtained. Silicon wafers with a 285 nm silicon 

dioxide layer were purchased from University Wafer and used after cleaning. For all 

electrochemical experiments, HPLC-grade acetonitrile was obtained as anhydrous and air-free 
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from a PPT Glass Contour Solvent Purification System. Gas cylinders were obtained from Praxair 

(Ar as 5.0; CO2 as 4.0). The electrolyte, tetrabutylammonium hexafluorophosphate (TBAPF6), was 

obtained from AmBeed (97%) and recrystallized from ethanol prior to use. Ferrocene was 

obtained from TCI (>98%). 

4,4',4'',4'''-(pyrene-1,3,6,8-tetrayl)tetra benzoic acid (H4TBAPy) synthesis. H4TBAPy 

synthesis procedure was adapted from a previous study.20  

Substrate Preparation  

Glass and ITO substrates were cut into small substrates (1.5 cm x 1 cm). The substrates 

were washed in acetone for 5 minutes using a bath sonication and dried at room temperature. 

The cleaned substrates were used for film deposition.  

Blade fabrication 

The method was adapted from the previous study.35 Briefly, silicon wafer (10 cm x 10 cm) 

was cut into a small size (5 cm x 7 cm), and cleaned with toluene, acetone, IPA using a bath 

sonication and dried with air. The clean wafer was put into a UV/ozone cleaner for 15 min and 

transferred immediately to a 0.1 wt% OTS solution in toluene. The OTS solution was kept stirring 

at 50 °C for 16 h. Then, the wafer was dried at room temperature and sonicated in acetone for 5 

min. Afterward, the hydrophobicity of the wafer was confirmed using deionized (DI) water and 

wafer was used as a coating blade.  

NU-901 precursor synthesis  

ZrOCl2•8H2O (24.5 mg) and formic acid (151 μL) were added to DMSO (2 mL) in a 20 mL 

glass vial and sonicated for 10 minutes. Afterward, the vial was heated at 100 °C for 1 h, and then 

the vial was cooled to room temperature. H4TBAPy (10.0 mg) was added to this vial, followed by 

sonication for 10 minutes. The obtained precursor solution was used for solution shearing.  
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MOF-525 precursor synthesis  

ZrOCl2•8H2O (24.5 mg) and formic acid (151 μL) were added to DMSO (2 mL) in a 20 mL 

glass vial and sonicated for 10 minutes. Afterward, the vial was heated at 100 °C for 1 h, and then 

the vial was cooled to room temperature. TCPP (24.0 mg) was added to this vial, followed by 

sonication for 10 minutes. The obtained precursor solution was used for solution shearing.  

Synthesis of NU-901 and MOF-525 films  

NU-901 and MOF-525 films were synthesized using a meniscus guided coating called 

solution shearing. The shearing blade was put on top of the substrate and the MOF precursor 

solution (~40 μL) was injected between a moving blade and a heated substrate. As the blade 

moved along the substrate, synthesis of MOF crystals occurred and MOF films were obtained.  

NU-901 films were synthesized at two different temperatures (140 °C and 160 °C) and 

three different H4TBAPy concentrations (3.4 mM, 6.8 mM, and 13.6 mM). The ZrOCl2•8H2O 

concentration was kept at 35.4 mM for all conditions. 

MOF-525 films were synthesized at two different temperatures (160 °C and 180 °C). The 

ZrOCl2•8H2O concentration and TCPP concentration were kept at 35.4 mM and 14.1 mM, 

respectively.  

Post-metalation of MOF-525 films  

The metalation procedure was adapted from the previous study.44 Briefly, FeCl3 (10 mg) 

was dissolved in DMF (10 mL) in a 20 mL glass vial. The as synthesized MOF-525 film was 

immersed into the vial. The, the closed vial was heated at 80 °C for 24 h. Afterward, the vial was 

cooled to room temperature and the film was taken out from the vial. The film was washed with 

DMF and acetone for several times, and dried at 80 °C overnight.  
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Cyclic Voltammetry (CV) 

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N 

potentiostat. The prepared MOF-525 samples on ITO glass served as the working electrodes. A 

leak-free non-aqueous silver/silver chloride pseudoreference electrodes were obtained from 

eDAQ, stored in a 3.4 M potassium chloride in the dark prior to use. Glassy carbon rods (⌀= 3 

mm) were used as the counter electrodes. All CV experiments were performed in a scintillation 

vial (20 mL volume) as a single-chamber cell fitted with a modified cap with ports for all electrodes 

and a sparging needle. TBAPF6 was purified by recrystallization from ethanol and dried in a 

vacuum oven before being stored in a desiccator. All data were referenced to an internal ferrocene 

standard (ferricenium/ferrocene (Fc+/Fc) reduction potential under stated conditions). Ferrocene 

was purified by sublimation prior to use. All voltammograms were corrected for empirically 

determined internal resistance during data collection.  

Controlled Potential Electrolysis (CPE) 

CPE experiments were performed in a glass Pine Research Instrumentation H-cell with 

two compartments separated by a glass frit. A 75 mL stock solution of acetonitrile with 1.0 M 

TBAPF6 was prepared for each bulk electrolysis experiment. Approximately 26 mL of the stock 

solution was added to each half of the H-cell. One side of the H-cell contained the ITO glass 

working electrode and 1.0 M trifluoroethanol. The other side of the H-cell contained approximately 

0.075 M ferrocene as a sacrificial reductant along with a graphite rod counter electrode and a 

Ag/AgCl pseudoreference electrode. The electrolysis experiment was referenced by taking a CV 

of the ferrocene-containing solution. The H-cell was sealed with two septa that were connected 

by a piece of PTFE tubing which aided to maintain equal pressure between each half of the cell 

during the electrolysis. Before starting the electrolysis experiment, both sides of the H-cell were 

sparged with CO2 for 20 minutes and the sealed cell was allowed to equilibrate for at least 1 hour. 
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The resistance between the two halves of the H-cell was measured using the i-interrupt procedure 

available in the NOVA software provided by Metrohm. 

CPE Product Analysis 

During CPE experiments, 1 mL GC injections of the headspace were periodically taken 

for the detection and quantification of any gaseous products produced. Note: in all cases the thin 

films did not produce sufficient gaseous products for quantification. After each CPE experiment, 

the total volume of solution was measured. The total volume of the sealed H-cell was also 

measured to account for the total headspace volume for accurate quantification of gaseous 

products. A calibration curve for CO and H2 was used to quantify gaseous products produced 

during electrolysis experiments in the same manner as we previously reported.55  

Analysis of gas phase products was done by sampling electrolysis headspace through 

syringe injections into an Agilent 7890B GC equipped with a specialty gas split column 5 Å mol 

sieve/Porabond Q column (15 m length; 0.320 mm diameter; 25.0 μm film) and thermal 

conductivity detector with He as a carrier gas. A calibration curve for CO and H2 was made in the 

H-cell with an experimental setup containing identical volumes of MeCN with 1.0 M TBAPF6 to 

those used during electrolysis. Known volumes of CO and H2 were injected into the cell with 

stirring and 1 mL injections of the headspace were taken for GC injection after equilibration. The 

limit of detection (LOD) and limit of quantification (LOQ) for CO and H2 in the GC were determined 

from nine consecutive injections at the lowest observable concentrations of each gaseous product 

respectively. The LOD was determined to be 3.83x10-6 moles and 4.47x10-6 moles for CO and H2 

respectively while the LOQ was determined to be 1.16x10-5 moles for CO and 1.35x10-5 moles for 

H2. 
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Characterization 

Grazing incidence X-ray diffraction (GIXD): 

GIXD experiments were carried out at beamline 11-3 in Stanford Synchrotron Radiation 

Lightsource at SLAC National Accelerator Laboratory with a fixed beam energy (12.7 keV). The 

two-dimensional (2D) diffraction patterns were recorded using Rayonix MX225 CCD area detector 

with a sample-to-detector distance of 316 mm. Fast Azimuthal Integration (pyFAI) using python 

was performed to obtain 1D diffraction patterns from 2D GIXD images.  

Powder X-ray diffraction (PXRD): 

PXRD patterns were collected using Empyrean multipurpose X-ray diffractometer. X-rays 

were generated using an X-ray tube with line focus Cu-anode (λ = 1.54 Å) at 45 kV and 40 mA, 

and 1D patterns were recorded using GaliPIX3D detector.  

Scanning electron microscopy (SEM): 

SEM images were collected using a FEI quanta 650 field-emission secondary electron 

microscope. Before imaging, samples were coated with a layer of Au/Pd using a Cressington 

Sputter Coater. Primary beam’s accelerating voltage was kept between 10 kV and 15 kV and 

samples were collected with a spot size of less than 5. 

Energy dispersive X-ray spectroscopy (EDS): 

EDS mapping and line scan data were collected using the same FEI quanta 650 field-

emission secondary electron microscope. Before data collection, samples were coated with a 

layer of Au/Pd using a Cressington Sputter Coater. Primary beam’s accelerating voltage was kept 

at 15 kV and samples were collected with a spot size of 4.5. 
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Profilometer 

The thickness of each film was measured using a Bruker DektakXT Stylus Profilometer. 

Before measuring, a narrow passage of material was removed from the middle of a film using a 

razor blade, exposing the bare substrate. Using a scan speed of 10 µ/s with a stylus force of 1 

mg, a length of 600 µm of film and 400 µm of bare substrate was measured. As the stylus moves 

across the sample the average height difference between the top of the film and the bottom of the 

substrate was measured.  

3.4 Results and Discussion  
 

Table 3.1. Solution shearing parameters used to make NU-901 thin films and their 

effects on thin film properties (for all conditions, solvent is DMSO, ZrOCl2.8H2O 

concentration is 35.4 mM, formic acid concentration is 1.9 M and blade speed is 

0.03 mm/s) 

H4TBAPy 

linker 

concentration 

(mM) 

Temperature 

(°C) 

Coverage Thickness 

(μm) 

Adjusted 

thickness (μm)  

Coherence 

length (nm) 

6.8 140 0.99 0.47±0.07 0.47±0.07 6.2 

6.8 160 0.90 1.66±0.21 1.50±0.19 12.1 

3.4 160 0.98 0.49±0.05 0.48±0.05 14.9 

13.6 160 0.94 3.71±0.86 3.49±0.81 6.1 

 

To determine the temperature at which solvent evaporation results in NU-901 crystal 

formation, we drop casted the NU-901 precursor solution on a glass substrate at different 
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temperatures (140 °C and 160 °C), where rapid DMSO evaporation results in enhanced 

supersaturation, and therefore forms NU-901 thin films within minutes. The drop casted samples 

were analyzed using powder X-ray diffraction (PXRD) (Figure 3.2a), which showed the formation 

of NU-901 crystals at both temperatures. We characterized the film morphology using scanning 

electron microcopy (SEM), which revealed the formation of spherical-shaped crystals (Figure 

3.2b, c).  

 
Figure 3.2. (a) Powder X-ray diffraction (PXRD) patterns of NU-901 films drop casted at different 
temperatures. Scanning electron microscopy (SEM) images of NU-901 films drop casted at (b) 140 °C and 
(c) 160 °C. (d) Low magnification SEM image of the NU-901 film drop casted at 140 °C and the 
corresponding elemental mapping of (e) zirconium (Zr) and (f) carbon (C). (g) Low magnification SEM image 
of the NU-901 films drop casted at 160 °C and the corresponding elemental mapping of (h) Zr and (i) C. 
(For all conditions, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy concentration is 
6.8 mM, and formic acid concentration is 1.9 M) 

Similar morphologies have been reported for MOFs where fast crystallization is induced, 

due to rapid nucleation.46,47 However, SEM images of the drop casted films (Figure 3.2d, g) 
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suggest a poor film coverage as indicated by the energy dispersive X-ray spectroscopy (EDS) 

mapping of Zr (Figure 3.2e, h) and C (Figure 3.2f, i). Indeed, film coverages of 0.59 and 0.58 of 

the NU-901 crystals are obtained from the films drop casted at 140 °C and 160 °C, respectively. 

The optical images of the drop casted films (Figure A3.1, A3.2) further corroborate the poor film 

coverage. Therefore, we proceeded with solution shearing to make films with higher coverage. 

3.4.1 Solution shearing of NU-901 
 

 Briefly, the NU-901 precursor solution is injected between a moving blade and a heated 

substrate (Figure 3.1a) and DMSO evaporation from the meniscus induces supersaturation which 

facilitates a reaction between Zr-oxo clusters and H4TBAPy linker to form NU-901. The blade 

movement spreads NU-901 crystals across the glass substrate to generate a thin film.  

To determine the effect of temperature on relevant thin film properties (crystallinity, surface 

coverage, and thickness), we prepared NU-901 thin films at 140 °C and 160 °C while keeping all 

other parameters constant as represented in Table 3.1. NU-901 crystal formation was confirmed 

using grazing incidence X-ray diffraction (GIXD). The 2D GIXD patterns (Figure 3.3a, b) show 

the main diffraction peaks at 0.37 Å-1 and 0.54 Å-1, which correspond to scattering from the (100) 

and (11̅1) planes of the NU-901 crystal, showing that NU-901 crystal formation occurs at both 

temperatures. We integrated the GIXD diffraction peaks to obtain the corresponding 1D intensity 

curves (Figure A3.3). Afterward, we used 1D intensity curves to calculate the coherence length 

of the NU-901 crystals using the Scherrer equation,48 where higher coherence length implies 

higher crystallinity. We find that the crystallinity of the NU-901 crystals increases when the solution 

shearing temperature is increased from 140 °C to 160 °C (Table 3.1). Farha et al. have shown 

that the mobility of linker molecules increases with temperature and reduces crystal defects, thus 

enhancing crystallinity.49 Similar observations have been reported for UiO-66 and HKUST-1 thin 

films synthesized using solution shearing.34,35   
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Figure 3.3. From left to right: 2D grazing incidence X-ray diffraction image showing scattering from NU-901 
crystal planes, low magnification SEM image, Zr elemental mapping of the corresponding SEM image, C 
elemental mapping of the corresponding SEM image of NU-901 films synthesized at (a) 140 °C, 6.8 mM 
H4TBAPy, (b) 160 °C, 6.8 mM H4TBAPy, (c) 160 °C, 3.4 mM H4TBAPy, and (d) 160 °C, 13.6 mM H4TBAPy. 
(For all conditions, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, formic acid concentration is 
1.9 M, and blade speed is 0.03 mm/s) 

We analyzed the variation in surface coverage and film thickness with temperature using 

SEM and profilometry, respectively. High-magnification SEM images of the NU-901 films 

synthesized at 140 °C (Figure A3.4) and 160 °C (Figure A3.5), suggest the formation of small 

spherical-shaped crystals at both temperatures. Low magnification SEM images (Figure 3.3a, b) 

show the distribution of Zr and C almost everywhere, indicating excellent surface coverage by 

NU-901 particles. In fact, the surface coverages of the films are 0.99 and 0.90 synthesized at 140 

°C and 160 °C, respectively (Table 3.1), demonstrating that we can create films possessing high 

MOF coverage, which is required for their optimal performance in separation, sensing, and 

catalysis.19,44,50  
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To study the amount of MOF deposited during solution shearing, we used adjusted 

thickness defined as a product of surface coverage and film thickness. The adjusted thickness 

increases with temperature (Table 3.1), suggesting the formation of the higher amount of MOF 

with elevated temperature. We propose that increasing the temperature increases the solvent 

evaporation rate and enhances the supersaturation of the MOF precursors, resulting in increased 

MOF crystallization.35 Importantly, this method is amenable to the large-area (~5 cm2) fabrication 

of a NU-901 thin film (Figure A3.6), demonstrating the capability of using solution shearing to 

make large-area MOF thin films, which could be useful for their implementation in various devices.  

Since strong adhesion of MOF crystals to the substrate is required for applications under 

harsh conditions such as use in solutions, at high temperatures, or under strong acidic and basic 

environments,20,51 we tested the adhesion of NU-901 crystals to the substrate (Figure A3.7). 

Briefly, scotch tape was attached to the NU-901 film (Figure A3.7b) and then peeled off (Figure 

A3.7c).40 After the tape is removed, the surface coverage decreases from 0.90 to 0.73, showing 

that loosely bound particles are removed during peeling. Nonetheless, the film shows high (> 

0.70) coverage after the adhesion testing, and therefore most particles are strongly attached to 

the substrate when formed using solution shearing.  

3.4.2 Effect of linker concentration 

 

 Since it has been shown that metal concentration has minimal effects on the UiO-66 (a 

Zr-based MOF) crystallization relative to linker concentration,52 we focused here on the studying 

the effect of linker concentration on NU-901 thin film properties. We prepared NU-901 thin films 

at three different linker concentrations (3.4 mM, 6.8 mM, and 13.6 mM) while keeping 

ZrOCl2•8H2O concentration at 35.4 mM. The 2D GIXD patterns of the films with different linker 

concentrations (Figure 3.3b-d) exhibit the main diffraction peaks of NU-901 at 0.37 Å-1 and 0.54 

Å-1, which is further corroborated by 1D intensity curves (Figure A3.8). Decreasing the linker 
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concentration from 6.8 mM to 3.4 mM reduces the adjusted thickness from 1.50 μm to 0.48 μm 

(Table 3.1), suggesting that a lower amount of MOF is being deposited because there are fewer 

linker molecules available to form NU-901 crystals. Additionally, decreasing the linker 

concentration has minimal effects on the crystallinity of NU-901: the coherence length slightly 

increases from 12.1 nm to 14.9 nm (Table 3.1). The high-magnification SEM image (Figure A3.9) 

indicates the formation of spherical-shaped crystals at 3.4 mM H4TBAPy and the low-

magnification SEM image (Figure 3.3c) demonstrates excellent surface coverage (0.98).  

 On the other hand, increasing the linker concentration from 6.8 mM to 13.6 mM increases 

the adjusted thickness from 1.50 μm to 3.49 μm, suggesting an increase in MOF formation. 

However, increasing the linker concentration reduces the crystallinity of NU-901 crystals as shown 

by the decrease in the coherence length (Table 3.1). We suggest that the rapid nucleation and 

growth of NU-901 crystals upon increasing the linker concentration promotes the formation of 

defect-rich crystals. Similarly, NU-1000 crystallinity decreased upon increasing the linker 

concentration as reported by Penn et al.53 Imaging at high magnification by SEM  (Figure A3.10) 

reveals the formation of spherical-shaped crystals, and imaging at low magnification SEM (Figure 

3.3d) demonstrates excellent film coverage (0.94).  

3.4.3 Solution shearing of MOF-525 
 

 To show the generalizability of this solution shearing method towards the synthesis of 

other Zr-based MOFs, we decided to fabricate MOF-525 films on indium tin oxide (ITO) coated 

glass substrates due to their applicability for electrocatalysis.44,54 The solution shearing of MOF-

525 precursor solution at 140 °C yielded no MOF formation as the GIXD pattern showed no 

characteristic peaks of MOF-525 (Figure A3.11) and SEM images showed no particle-like 

morphology (Figure A3.12). To promote MOF formation, we increased the temperature from 140 

°C to 160 °C. At 160 °C, crystallization of MOF-525 occurred as demonstrated by a powder X-ray 
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diffraction (PXRD) pattern (Figure A3.13) but the film coverage was too low for electrocatalysis 

(Figure A3.14). Therefore, we further increased the temperature to 180 °C to increase the solvent 

evaporation rate and supersaturation, thus enhancing the MOF-525 formation and film coverage.   

 
Figure 3.4. Powder X-ray diffraction (PXRD) patterns of MOF-525 and Fe-MOF-525 thin films. SEM images 
of (b) MOF-525 and (c) Fe-MOF-525. (d) Elemental mapping of Fe in the Fe-MOF-525 film presented in 
(c). (For all conditions, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP concentration is 
14.1 mM, temperature is 180 °C, formic acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 

The synthesis at 180 °C yielded MOF-525 films, as demonstrated by the PXRD pattern 

(Figure 3.4a), with higher coverage than the films made at 160 °C (Figure A3.15). High-

magnification SEM image show the formation of spherical-shaped crystals (Figure 3.4b) and a 

film coverage of about 0.9. To utilize the MOF-525 films for electrocatalysis, we created an Fe-

MOF-525 reduction catalyst thin film by soaking the MOF-525 films in iron chloride (FeCl3) solution 

at 80 °C for 24 h.44 After the soaking process, the crystal structure (Figure 3.4a) and morphology 
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of MOF-525 (Figure 3.4c) remain the same. Additionally, EDS mapping shows the homogeneous 

distribution of Fe within the MOF-525 crystals (Figure 3.4d, A3.16-A3.17), suggesting the 

successful Fe incorporation within MOF-525 crystals. We observed a slight decrease in the 

fraction coverage from 0.9 to 0.8 after post-metalation, suggesting the removal of loosely bound 

particles when the substrate is dipped in solution.  

3.4.4 Electrochemistry of Fe-MOF-525 
 

The electrocatalysis experiments were performed by the Machan Group at the University 

of Virgnia. To test the viability of the prepared Fe-MOF-525 as a catalyst for CO2 reduction, 

electrochemical experiments were carried out similarly to previously reported experiments.44 

Cyclic voltammetry (CV) was performed to probe the electrochemical activity of the MOF-525 and 

Fe-MOF-525 films to verify that the solution shearing can produce viable catalytic electrode. 

Under inert, saturated argon gas conditions, the Fe-MOF-525 expresses a current profile that 

matches with the non-metalated MOF-525 (Figure 3.5a). However, an increase in current is 

observed under saturated carbon dioxide (CO2) conditions for Fe-MOF-525, suggesting that CO2 

activation is occurring. Under protic conditions, utilizing 1.0 M 2,2,2-trifluoroethanol (TFE) as a 

proton donor, the MOF-525 electrode demonstrates an increase in the observed current under 

both saturated Ar and CO2 conditions, relative to the absence of TFE (Figure A3.18). Interestingly, 

the current response of Fe-MOF-525 under saturated Ar conditions with TFE is suppressed 

relative to the MOF-525 electrode; however, under CO2 saturated conditions Fe-MOF-525 shows 

a greater current enhancement, consistent with catalytic activity for CO2 reduction relative to 

proton reduction (Figures 3.5b, A3.19). The increased current is presumed to be in response to 

CO2 reduction to carbon monoxide (CO), as was previously observed.44 The amount of Fe-MOF-

525 could not be quantified by electrochemical methods, which is attributed to the sample having 

a relatively thin layer of MOF on the electrode.    
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Figure 3.5. (a) Cyclic voltammograms (CVs) of MOF-525 and Fe-MOF-525 deposited on ITO glass 
electrodes under saturated Ar and CO2 conditions in 1.0 M TBAPF6/MeCN at a scan rate of 100 mV/s. (b) 
CVs of Fe-MOF-525 deposited on ITO glass electrodes under saturated Ar and CO2 conditions with and 
without TFE as a proton donor in 1.0 M TBAPF6/MeCN at a scan rate of 100 mV/s. Gas chromatograph 
(GC) from CPE experiment in Figure A3.20 of (c) bare ITO glass electrode, (d) MOF-525 deposited on an 
ITO glass electrode, and (e)  Fe-MOF-525 deposited on an ITO glass electrode under saturated CO2 
conditions with 1.0 M TFE as a proton donor. CO and H2 peak response peaks shown in the inserts.  

In conjunction with CV experiments, controlled potential electrolysis (CPE) was performed 

to confirm catalytic activity and the evolution of CO. CPE was performed under saturated CO2 

conditions in the presence of 1.0 M TFE, comparing MOF-525, Fe-MOF-525, and bare ITO 

electrodes at –2.75 V vs. Fc+/Fc (Figures A3.20-A3.21). Table 3.2 compares the electrochemical 

activity of the prepared electrodes for CO2 conversion to CO determined by CPE, in conjunction 

with product analysis via gas chromatography (Figures 3.5c-e). The MOF-525 coated electrode 

generated less CO than the bare ITO, which suggested limited activity is intrinsic to the Fe-free 

framework. The Fe-MOF-525 coated electrode passed the most current over the course of the 

experiment, as well as generated more CO than the bare ITO and MOF-525 electrodes, consistent 

with its previously reported electrocatalytic activity (Figure A3.20, Table 3.2).44 
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Table 3.2. Results of CPE experiments in Figure A3.20 and Figure A3.21 including the 

integrated CO response, the total charge passed, and the average current at time-point 

26609 s. 

 

Controlled Potential Electrolysis Data at 26609 s 

Working Electrode Integrated CO Response Charge Passed (C) Avg Current (A) 

Bare ITO 630 0.410 -1.86E-05 

MOF-525 230 0.551 -2.07E-05 

Fe-MOF-525 1040 0.608 -2.30E-05 

 

3.5 Conclusion 
 In summary, we show the successful formation of NU-901 and MOF-525 thin films using 

solution shearing, which utilizes solvent evaporation to induce MOF crystallization. Drop casting 

the NU-901 precursor solution at high temperatures (140 °C and 160 °C) on a glass substrate 

facilitates NU-901 crystal formation, demonstrating that solvent evaporation can induce NU-901 

crystallization and thin films can be created using solution shearing. Solution shearing provides 

almost fully covered (> 90%) NU-901 thin films containing spherical-shaped crystals at various 

synthesis conditions within 15 minutes. We find that increasing the substrate temperature from 

140 °C to 160 °C enhances the crystallinity and amount of NU-901 crystals. Decreasing the linker 

concentration from 6.8 mM to 3.4 mM minimally affects the NU-901 crystallinity but suppresses 

the formation rate of NU-901 crystallites. Conversely, increasing the linker concentration from 6.8 

mM to 13.6 mM decreases the crystallinity but enhances the amount of NU-901 crystals. To 

demonstrate the capability of solution shearing in creating large-area MOF thin films, we fabricate 

NU-901 film over an area of 5 cm2. To show the generalizability of solution shearing to make films 

of other Zr-MOFs, we synthesize MOF-525 thin films for their electrocatalytic activity. We 

incorporate Fe in MOF-525 films to obtain Fe-MOF-525 films, which are electrocatalytically active 

under CO2-saturated solutions as indicated by CV measurements. CPE of Fe-MOF-525 further 

confirms catalytic activity under CO2-saturated conditions and gas chromatography detects the 



77 
 

 

formation of CO and H2. These reaction products, particularly CO, are useful feedstocks for 

production of fuels and industrial chemicals.  

Overall, this study displays the versatility of solution shearing in controlling thin film 

properties. Other parameters, such as, blade speed and solvent can also be varied to study their 

effects on MOF thin film properties. We believe that our work significantly advances the field of 

MOF thin films by forming large-pore Zr-MOF films within minutes using solution shearing. We 

are currently evaluating the capability of solution shearing to creating thin films of other Zr-MOFs, 

such as, NU-1000 and MOF-545.  

3.6 Appendix 
 

Surface coverage analysis: 

Film coverages were determined using ImageJ software. The images were converted to red and 

black colors using the software, where red color represents the area covered by MOF particles 

and black colors represents the bare substrates. For example, 

This is a SEM image of NU-901 film (160 °C, 35.4 mM ZrOCl2•8H2O, 1.9 M formic acid, 3.4 mM 

H4TBAPy, and 0.03 mm/s blade speed): 

 

The same image after converting to red and black color: 
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Film coverage was calculated using the following equation: 

𝑭𝒊𝒍𝒎 𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆 =  
𝑨𝒓𝒆𝒂 𝒄𝒐𝒗𝒆𝒓𝒆𝒅 𝒃𝒚 𝒕𝒉𝒆 𝒓𝒆𝒅 𝒄𝒐𝒍𝒐𝒓

𝑻𝒐𝒕𝒂𝒍 𝒂𝒓𝒆𝒂
 

 

Coherence Length Calculation: 

 

Coherence length was calculated using the Scherrer equation,48  

𝐷 =  𝐾
2𝜋

∆𝑞
 

Where,  

𝐷 = Coherence length 

𝐾 = Constant (0.94 for spherical particle) 

∆𝑞 = Full width half max (FWHM) of the most intense peak in the 1D diffraction patterns  
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Figure A3.1. Optical image of the NU-901 film drop casted at 140 °C. (For this condition, solvent is DMSO, 
ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy concentration is 6.8 mM, and formic acid concentration 
is 1.9 M) 

 

 

 

Figure A3.2. Optical image of the NU-901 film drop casted at 160 °C. (For this condition, solvent is DMSO, 
ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy concentration is 6.8 mM, and formic acid concentration 
is 1.9 M) 
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Figure A3.3. Integrated 1D GIXD data of NU-901 films synthesized at 140 °C and 160 °C using solution 
shearing. (For all conditions, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy 
concentration is 6.8 mM, formic acid concentration is 1.9 M, and blade speed is 0.03 mm/s) 

 

Figure A3.4. High magnification SEM image of NU-901 film synthesized at 140 °C using solution shearing. 
(For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy concentration is 
6.8 mM, formic acid concentration is 1.9 M, and blade speed is 0.03 mm/s) 
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Figure A3.5. High magnification SEM image of NU-901 film synthesized at 160 °C using solution shearing. 
(For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy concentration is 
6.8 mM, formic acid concentration is 1.9 M, and blade speed is 0.03 mm/s) 

 

 

Figure A3.6. Large-area (~5 cm2) fabrication of the NU-901 thin film using solution shearing. (The film is 
synthesized at the following conditions: solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy 
concentration is 6.8 mM, formic acid concentration is 1.9 M, temperature is 160 °C, and blade speed is 0.03 
mm/s) 
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Figure A3.7. Adhesion testing of the NU-901 film using scotch tape test. (a) Image of NU-901 film before 
the test. (b) Tape is attached to the NU-901 film. (c) The NU-901 film after tape is peeled off. (d) SEM image 
of the film shown in (a). (e) SEM image of the film shown in (c). (For this adhesion testing, the film is 
synthesized at the following conditions: solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, H4TBAPy 
concentration is 6.8 mM, formic acid concentration is 1.9 M, temperature is 160 °C, and blade speed is 0.03 
mm/s) 

 

Figure A3.8. Integrated 1D GIXD data of NU-901 films synthesized at different H4TBAPy concentrations 
using solution shearing. (For all conditions, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, 
temperature is 160 °C, formic acid concentration is 1.9 M, and blade speed is 0.03 mm/s) 
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Figure A3.9. High magnification SEM image of NU-901 film synthesized at 3.4 mM H4TBAPy using solution 
shearing. (For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, temperature is 160 
°C, formic acid concentration is 1.9 M, and blade speed is 0.03 mm/s). 

 

Figure A3.10. High magnification SEM image of NU-901 film synthesized at 13.6 mM H4TBAPy using 
solution shearing. (For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, 
temperature is 160 °C, formic acid concentration is 1.9 M, and blade speed is 0.03 mm/s) 
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Figure A3.11. Integrated 1D GIXD data of the MOF-525 film synthesized at 140 °C using solution shearing. 
(For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP concentration is 14.1 
mM, formic acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 

 

 

Figure A3.12. High magnification SEM image of the MOF-525 film synthesized at 140 °C using solution 
shearing. (For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP concentration 
is 14.1 mM, formic acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 
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Figure A3.13. Powder X-ray diffraction (PXRD) pattern of the MOF-525 film synthesized at 160 °C using 
solution shearing. (For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP 
concentration is 14.1 mM, formic acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 

 

 

Figure A3.14. Optical image of the MOF-525 film synthesized at 160 °C using solution shearing. (For this 
condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP concentration is 14.1 mM, formic 
acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 
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Figure A3.15. Optical image of the MOF-525 film synthesized at 180 °C using solution shearing. (For this 
condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP concentration is 14.1 mM, formic 
acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 

 

 

 

Figure A3.16. Line scan data of Fe-MOF-525 film shows homogeneous distribution of Fe within MOF 
crystals. (For this condition, solvent is DMSO, ZrOCl2•8H2O concentration is 35.4 mM, TCPP concentration 
is 14.1 mM, formic acid concentration is 1.9 M, and blade speed is 0.025 mm/s) 
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Figure A3.17. Elemental wt% of the Fe-MOF-525 film shown in Figure A3.16 Fe peak and Fe wt% confirm 
the presence of Fe within MOF-525 crystals.  

 

 

 

Figure A3.18. CVs of MOF-525 deposited on ITO glass electrodes under saturated Ar and CO2 conditions 
with and without TFE as a proton donor in 1.0 M TBAPF6/MeCN at a scan rate of 100 mV/s.  
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Figure A3.19. CVs of MOF-525 and Fe-MOF-525 deposited on ITO glass electrodes under saturated Ar 
and CO2 conditions with 1.0 M TFE as a proton donor in 1.0 M TBAPF6/MeCN at a scan rate of 100 mV/s. 

 

Figure A3.20. Current versus time trace from CPE experiments of MOF-525, Fe-MOF-525, and bare ITO 
glass electrodes under saturated CO2 conditions with 1.0 M TFE as a proton donor. Conditions: −2.75 V vs 
Fc+/Fc in 1.0 M TBAPF6/MeCN. 
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Figure A3.21. Charge vs. Time plot from CPE experiments of MOF-525, Fe-MOF-525, and bare ITO glass 
electrodes under saturated CO2 conditions with 1.0 M TFE as a proton donor. Conditions: −2.75 V vs Fc+/Fc 
in 1.0 M TBAPF6/MeCN. 
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Chapter 4 Understanding the Effects of Interactions Between Polymers and 

Metal–Organic Frameworks (MOFs) on Polymer-MOF Composite Gel Formation 

4.1 Abstract 
 

 Polymer-metal–organic framework (MOF) composite gels have shown great potential in 

dye adsorption, wound healing, and separation. The synergistic interactions between polymers 

and MOFs can render composite gels with superior properties compared to their individual 

components. However, these interactions can also detract from the intended properties of the 

composite gels. For example, polymers containing carboxylic acid groups can reduce the 

crystallinity of MOFs within composite gels compared to pristine MOFs. Similarly, MOF formation 

can consume cross-linking sites for polymers and reduce cross-linking density in the composite 

gels. Therefore, we need to understand the effects of molecular details of polymers and MOFs on 

the properties of the resulting polymer-MOF composite gel. In this study, we use polymers with 

varying density of functional groups (i.e., carboxylic acids, hydroxyl groups, or neither) to make 

composite gels. We find that polymers with carboxylic acid groups either inhibit or disrupt MOF 

formation within composite gels. On the other hand, polymers with hydroxyl groups minimally 

affects the MOF crystallization with composite gels. Surprisingly, we discover an exciting 

possibility of polymer entrapment inside MOF pores and this polymer entrapment facilitates 

gelation. In the end, we show the generalizability of the synthetic procedure by making composite 

gel with different MOFs. The synthesis protocol developed here can be extended to a variety of 

polymers and MOFs to create a library of polymer-MOF composite gels for studying the release 

of peptides and proteins.   
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4.2 Introduction 
 

Metal organic frameworks (MOFs), crystals in which organic linkers bridge metal 

ions/clusters,1–10 can be integrated with polymers to create polymer-MOF composite gels that 

advance capabilities in optoelectronics,11,12 wound healing,13–16 and separations.17–23 The 

functionality and versatility of these composite materials arises from synergistic interactions 

between polymers and MOFs that can enhance processability, sorptive capacity, and mechanical 

stability of the resultant polymer-MOF composite gels. For example, forming HKUST-1 MOFs 

within bentonite clay-cross-linked poly(vinyl alcohol) networks furnished 3D-printable MOF-laden 

inks.24 In another example, synthesizing MOF-808 within metal-cross linked alginate gels 

increased methylene blue sorption by an order of magnitude compared to the alginate gels 

alone.22 Additionally, synthesis of ZIF-8 within a gelatin matrix enhanced the storage modulus of 

the composite gels (5x) compared to the gelatin alone.25 While interactions between MOFs and 

polymers that facilitate composite gel formation are quite beneficial in these examples, polymer-

MOF interactions can also detract from the intended properties of composite gels. 

 MOF formation requires coordination of organic linkers to metal ions/clusters, and gel 

formation generally relies on cross-linking of polymer chains by the same metal ions/clusters. 

Therefore, this competition between the organic linker and polymer for binding the metal 

ions/clusters can disrupt MOF crystallization in composite gels. For example, synthesizing MOF-

808 within Zr4+-cross-linked alginate gels yielded composite gels with lower crystallinity than MOF-

808 particles formed in the absence of alginate.22 It is in turn possible that this competition 

between polymers and MOFs for binding the metal ions/clusters reduces cross-link density in the 

composite gels.23 To gain control over polymer-MOF composite gel properties, we must further 

understand this competition. 

To date, many polymer-MOF composite gels created in literature contain carboxylic acid 

(–COOH)-toting polymers, such as alginate.11,19,21,23,26,27 As many MOFs contain (–COOH)-
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functionalized organic linkers, the (–COOH) groups on the polymer are particularly likely to 

compete with those on the organic linker to bind the metal ions/clusters. Using polymers with 

functional groups that more weakly bind metal (e.g., amines (–NH2) or alcohols (–OH)) can permit 

crystalline MOF formation without preventing gelation. For example, four different MOFs were 

formed within chitosan gels, which contain hydroxyl (–OH) and amine (–NH2) groups, producing 

composites with similar crystallinity to the MOFs alone.18 Encouragingly, this suggests that 

polymer molecular details can tune the MOF formation properties and the polymer-MOF 

interactions and, by extension, the properties of the resulting composites.  

Here, we investigate how the molecular details of polymers and MOFs affect the formation, 

gelation behavior, crystallinity, and sorption characteristics of their composite gels. Specifically, 

for these studies we form composite gels using polymers with different types and densities of 

functional groups (i.e., carboxylic acids, hydroxyl groups, or neither) as well as a range of Zr-

based MOFs.  

4.3 Experimental Section  
 

Materials 

Zirconium (IV) propoxide solution (70 wt% in 1-propanol, Zr(OnPr)4), N,N-

dimethylformamide (DMF, ≥99.8%), poly(vinyl alcohol) (PVA, Mw ~ 146000 – 186000 g/mol & 

99%+ hydrolyzed, Mw ~ 31000 – 50000 g/mol & 98-99% hydrolyzed, and Mw ~ 9000 – 10000 

g/mol & 80% hydrolyzed), poly(ethylene oxide) (PEO, Mv ~ 100000 g/mol), poly(acrylic acid) 

(PAA, Mw ~ 1033000 g/mol), terephthalic acid (H2BDC, 98%), 2-aminoterephthalic acid (H2ATA, 

99%), biphenyl-4,4’-dicarboxylic acid (BPDC, 97%), 4,4′,4′′,4′′′-(porphine-5,10,15,20-

tetrayl)tetrakis(benzoic acid) (TCPP, dye content 75%), dimethyl sulfoxide-d6 (deuteration ≥ 

99.8%), acetic acid (≥99.7%), 4-ethoxycarbonylphenylboronic acid (95%), dioxane (99%), 

1,3,6,8-tetrabromopyrene (97%), potassium phosphate tribasic (98%), tetrakis-
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(triphenylphosphine)palladium(0) (99%), potassium hydroxide (90%), chloroform (99%), 

dichloromethane (99.8%), and methylene blue (Dye content, >82%) were purchased from Sigma 

Aldrich. Dimethyl sulfoxide (DMSO, ≥99.9%), methanol (99.9%), and hydrochloric acid (HCl, 

36.5−38%) were purchased from Fisher Scientific. Poly (acrylamide-co-acrylic acid) (PAAA, AMD: 

AA = 9:1, Mw ~ 210000 g/mol) was purchased from Polymer Source Inc. 4,4',4'',4'''-(pyrene-

1,3,6,8-tetrayl)tetrabenzoic acid (H4TBAPy) linker was synthesized following a previously 

published procedure.28  

Synthesis of Zr-oxo clusters in DMSO: 

Synthetic conditions were adapted from a previously published procedure.29 In a 20 mL 

glass vial, Zr(OnPr)4 (0.355 mL, 0.8 mmol) and acetic acid (4.00 mL, 70 mmol) were added to 7 

mL of solvent (DMSO). The solution was sonicated for 10 min, placed in an oven at 130 ºC for 2 

h, and cooled to room temperature for use in further synthesis. 

Synthesis of UiO-66 powder in DMSO: 

Into a Zr-oxo cluster solution in DMSO (10.0 mL, 0.7 mmol of Zr), H2BDC (120 mg, 0.7 

mmol) was added and dissolved using sonication. The solution was stirred for 24 h at room 

temperature. The particles produced from this synthesis were not isolatable by centrifugation, and 

therefore were isolated by dialysis against deionized water in a 3.5 kDa molecular weight cut-off 

regenerated cellulose dialysis membrane (Spectra/Por). Each water change was allowed to 

equilibrate for ≥3h. After dialysis, the UiO-66 particles sediment in DI water and DI water was 

dried at room temperature to obtain UiO-66 powder.  

Synthesis of polymer-UiO-66 composite gels  

In a 20 mL glass vial, 220 mg of polymer (PAA, PAAA, PVA, or PEO) was dissolved in 

DMSO (5.00 mL) by putting the mixture on a hot plate heated at 120 °C and stirring it continuously 

until polymer dissolves. Then the polymer solution in DMSO was allowed to cool to room 
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temperature, where it remained soluble, and H2BDC (120 mg) was dissolved in the polymer 

solution. Then Zr-oxo cluster solution (5.00 mL in DMSO) was added to polymer – H2BDC solution 

(5.00 mL in DMSO) and the mixture shaken for 1 min and allowed to stand at room temperature 

for 24 h. After 24 h, the mixture formed a polymer-UiO-66 composite gel as suggested by the 

inversion test.  

Synthesis of polymer – Zr-oxo gels:  

In a 20 mL glass vial, 220 mg of polymer (PAA, PAAA, PVA, or PEO) was dissolved in 

DMSO (5.00 mL) by putting the mixture on a hot plate heated at 120 ºC and stirring it continuously. 

Then the polymer solution in DMSO was allowed to cool to room temperature, where it remained 

soluble, and Zr-oxo cluster solution (5.00 mL in DMSO) was added to the polymer solution (5.00 

mL in DMSO) and the mixture shaken for 1 min and allowed to stand at room temperature for 24 

h. After 24 h, the mixture formed a polymer – Zr-oxo gel as suggested by the inversion test.  

Synthesis of polymer-UiO-66 physical mixture: 

In a 20 mL glass vial, 220 mg of polymer (PAA, PAAA, PVA, or PEO) was dissolved in 

DMSO (5.00 mL) by putting the mixture on a hot plate heated at 120 °C and stirring it continuously. 

Then the polymer solution in DMSO was allowed to cool to room temperature, where it remained 

soluble, and UiO-66 powder (95 mg, synthesized in DMSO) was added to the polymer solution 

and the mixture shaken for 1 min and allowed to stand at room temperature for 24 h. After 24 h, 

the polymer-UiO-66 physical mixture was obtained.  

Synthesis of PVA – Zr-MOFs composite gels:  

In a 20 mL glass vial, 220 mg of PVA was dissolved in DMSO (5.00 mL) by putting the mixture on 

a hot plate heated at 120 °C and stirring it continuously. Then the PVA solution in DMSO was 

allowed to cool to room temperature, where it remained soluble, and organic linkers (Table 4.1) 

were dissolved into the PVA solution. After that, Zr-oxo clusters solution (5.00 mL in DMSO) was 
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added to PVA – linker solution (5.00 mL) and the mixture shaken for 1 min and allowed to stand 

at room temperature for 24 h. After 24 h, the mixture formed a PVA-Zr-MOF composite gels as 

suggested by the inversion test. The linker amount was determine based on previously published 

syntheses and the references are mentioned in Table 4.1.  

Table 4.1. Organic linkers used in the synthesis of PVA-Zr-MOFs composite gels 

Composite gel Organic linker used to 
obtain the composite gel 

Amount of organic linker 
used in the synthesis 

PVA-UiO-66-NH2,
29 H2ATA 130 mg 

PVA-NU-901,30 H4TBAPy 50 mg 

PVA-UiO-67,29 BPDC 175 mg 

PVA-MOF-525,30 TCPP 60 mg 

 

Solvent Exchange from DMSO to Water: 

The gels were dialyzed against 4 changes of deionized water in a 3.5 kDa molecular 

weight cut-off regenerated cellulose dialysis membrane (Spectra/Por). Each water change was 

allowed to equilibrate for ≥4 h.  

Characterization:  

Grazing incidence X-ray Diffraction (GIXD):  

GIXD experiments were performed at beamline 11-3 of the Stanford Synchrotron 

Radiation Lightsource at SLAC National Accelerator Laboratory with a fixed beam energy of 12.7 

keV. The two-dimensional (2D) GIXD diffraction patterns were recorded using a Rayonix MX225 

CCD area detector. Samples were put on a glass substrate to collect the 2D diffraction patterns. 

The sample-to-detector distance was 316 mm. Fast Azimuthal Integration (pyFAI) using Python 

was used to obtain 1D diffraction patterns from 2D GIXD diffraction patterns.  
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Scanning Electron Microscopy (SEM):  

The organogels were dried at room temperature on a glass slide prior to characterization. 

The dry gel was sputter coated with a layer of Au/Pd using a Gatan 682 Precision Etching and 

Polishing System (PECS). SEM Images of the dry gel were obtained using a FEI quanta 650 field-

emission secondary electron microscope. The accelerating voltage of the primary beam was kept 

between 5 kV and 15 kV, and the spot size was kept below 4.  

Thermogravimetric analysis (TGA): 

TGA was performed using TA instruments Q50 thermogravimetric analyzer. The DMSO-

swollen gels and the hydrogel samples were dried at room temperature, the former in a fume 

hood, for 48-72 h before analysis. The sample gas was air (flowrate = 60 mL/min) and the balance 

gas was N2 (flowrate = 40 mL/min). Samples were heated from room temperature to 1000 ºC at 

a rate of 10 ºC/min.  

4.4 Result and Discussion  

 

We first studied the impact of polymers on MOF formation, and the impact of MOF 

formation on polymer cross-linking. To probe the role of polymer chemistry in MOF formation, we 

formed MOFs in the presence and absence of poly(acrylic acid) (PAA), poly(acrylic acid-co-

acrylamide) (PAAA), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) (PEG), and we compared 

the resulting MOF crystallinity. We note that aside from PEG, these polymers are all simple 

hydrocarbon chains with functional groups pendent to every other carbon, allowing us to isolate 

the effects of these functional groups. In turn, to investigate the extent to which MOF formation 

plays a role in polymer cross-linking, we compared the gelation behavior of metal cross-linked 

polymers (no organic MOF linker) to that of the polymer-MOF composites. We selected the 

prototypical MOF UiO-66, featuring zirconium (Zr)-oxide (Zr-oxo) clusters linked with benzene 

dicarboxylic acid (H2BDC), for these comparisons. Previously finding that pre-forming Zr-oxo 
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clusters prior to adding linker accelerates MOF formation,29,31 we first synthesized the clusters by 

dissolving zirconium propoxide (70 wt% in 1-propanol) and acetic acid modulator in DMSO 

followed by heating at 130 °C for 2 h. Then, as shown in Figure 4.1a, we added the H2BDC linker 

to the Zr-oxo cluster solution and stirred at room temperature (RT) for 24 h to form UiO-66. As is 

typical with UiO-66 formation, the solution turned white within 4-6 h, indicative of solid formation 

(Figure A4.1). We isolated the UiO-66 powder by dialyzing the suspension against DI water, 

followed by drying the particles at RT in ambient conditions. Scanning electron microscopy (SEM) 

images of the MOF powder revealed spherical particles ~30 to 80 nm in diameter, typical of rapid 

MOF formation,31 (Figure A4.2). Grazing incidence X-ray diffraction (GIXD) from the powder 

shows that diffraction peaks corresponding to scattering from the (111) and (200) planes of UiO-

66 peaks are obtained, confirming UiO-66 formation (Figure 4.1b). From the GIXD pattern, we 

used the Scherrer equation to calculate the coherence length of UiO-66, reflective of the length 

scale over which crystalline order persists. Synthesizing UiO-66 in DMSO yields a coherence 

length of 40 nm (Table A4.1).  

 

Figure 4.1. (a) Synthesis process to make UiO-66 powder in dimethyl sulfoxide (DMSO). Benzene 
dicarboxylic acid (H2BDC) powder is added to Zr-oxo cluster solution to make UiO-66 at RT. For Zr-oxo 
cluster structure, Zr, C, and O have been represented in cyan, grey, and red, respectively. (b) Grazing 
incidence X-ray diffraction (GIXD) pattern of UiO-66 powder compared with simulated UiO-66 pattern, thus 
confirming the formation of UiO-66.  

4.4.1 Poly(acrylic acid) (PAA)-UiO-66 gel 

 Anticipating that polymers with carboxylic acid groups would compete most strongly with 

the carboxylic acid-containing linkers for binding the Zr-oxo metal clusters, we started our study 
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by attempting to form PAA-UiO-66 composite gels. Specifically, we added a solution of Zr-oxo 

clusters to a solution containing H2BDC linker and 2 wt.% PAA (1,033,000 Da) in DMSO. The high 

molecular weight of PAA was selected to enable the polymer chains to bridge multiple MOF 

particles. After 24 h at RT, inversion of the vial revealed the mixture to form a self-supporting gel 

(Figure 4.2b). Yet, as the gel was transparent, and since rapid UiO-66 formation should produce 

particles that give the gel a white color, we suspected limited-to-no UiO-66 formation within the 

gel. Suspecting that gelation was due to Zr-oxo clusters cross-linking PAA chains, we added a 

solution of Zr-oxo clusters to a PAA solution, which indeed produced a self-supporting PAA-Zr-

oxo gel (Figure 4.2c). Consistent with the lack of MOF linker in these polymer-Zr-oxo gels, the 

GIXD pattern did not show scattering from planes associated with the UiO-66 crystal lattice 

(Figure 4.2d) and the SEM images contained no spherical particles (Figure A4.3).  

 

Figure 4.2. (a) Chemical structure of poly(acrylic acid) (PAA). Inversion test of (b) PAA-UiO-66 gel and (c) 
PAA-Zr-oxo gel, suggesting gelation. (d) Grazing incidence X-ray diffraction (GIXD) pattern of PAA-UiO-66 
gel compared with UiO-66 powder diffraction pattern, thus confirming no UiO-66 formation within the gel.  

Since MOF formation does not occur in the presence of PAA, presumably due to PAA 

outcompeting the H2BDC linker for binding the Zr-oxo clusters, we next sought to form composites 

by adding pre-formed UiO-66 to PAA.  Yet, we did not observe gelation of these physical mixtures 

of MOF and polymer (Figure A4.4), a result that we ascribe to the lower availability of Zr-oxo 

clusters needed for polymer cross-linking within the pre-formed MOFs. Therefore, formation of 
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MOF in the presence of polymer seems to be important for availing metal clusters for polymer 

cross-linking. As PAA inhibited UiO-66 formation, we reasoned that lowering the (–COOH) density 

on the polymer would permit MOF formation simultaneously with gelation. 

4.4.2 Poly(acrylamide-co-acrylic acid) (PAAA)-UiO-66 composite gel 
We next attempted composite gel formation with UiO-66 and PAAA, a copolymer 

containing just 10% acrylic acid groups randomly dispersed among acrylamide units with Mw ~ 

210,000 g/mol (Figure 4.3a). Despite the lower density of carboxylic acids, mixtures of PAAA and 

Zr-oxo still form gels in the absence of linker (Figure 4.3c). In the presence of linker, we observed 

the formation of an opaque, self-supporting gel (Figure 4.3b). The turbid white color of the gel 

indicated UiO-66 particle formation within the gel, which GIXD patterns (Figure 4.3d) and SEM 

confirmed (Figure A4.5). While lowering carboxylic acid density within the polymer permitted 

simultaneous MOF formation and gelation, the coherence length of UiO-66 formed within the 

composite gel was lower (26 nm) than that of UiO-66 formed in the absence of polymer (40 nm). 

Therefore, despite its lower (-COOH) content, PAAA still disrupts MOF crystallinity.  

 

Figure 4.3. (a) Chemical structure of poly(acrylamide-co-acrylic acid) (PAAA). Inversion test of (b) PAAA-
UiO-66 gel and (c) PAAA-Zr-oxo gel, suggesting gelation. (d) Grazing incidence X-ray diffraction (GIXD) 
pattern of PAAA-UiO-66 gel compared with UiO-66 powder diffraction pattern, thus confirming UiO-66 
formation within the gel. 
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4.4.3 Poly(vinyl alcohol) (PVA)-UiO-66 composite gel 
As hydroxyl groups (–OH) interact less strongly with Zr-oxo clusters compared to (-COOH) 

groups,32 we expected that forming UiO-66 in the presence of PVA (146000-186000 g/mol, Figure 

4.4a) would furnish composite gels with more crystalline MOF than PAAA. Even though PVA was 

expected to less strongly bind Zr-oxo clusters, adding a Zr-oxo cluster solution to a PVA solution 

in the absence of H2BDC linker yielded a self-supporting PVA-Zr-oxo gel (Figure 4.4c). Addition 

of Zr-oxo solution to a mixture of PVA and H2BDC resulted in a self-supporting gel (Figure 4.4b). 

SEM (Figure A4.6) and GIXD (Figure 4.4d) revealed UiO-66 particles within the composite gels 

having a similar coherence length (44 nm) to UiO-66 particles formed in the absence of polymer 

(40 nm). Relative to the composites formed with PAAA featuring a low density of carboxylic acids 

(coherence length = 26 nm), composites formed in the presence of PVA contained more 

crystalline MOFs (44 nm). 

 

Figure 4.4. (a) Chemical structure of poly(vinyl alcohol) (PVA). Inversion test of (b) PVA-UiO-66 gel and (c) 
PVA-Zr-oxo gel, suggesting gelation. (d) Grazing incidence X-ray diffraction (GIXD) pattern of PVA-UiO-66 
gel compared with UiO-66 powder diffraction pattern, thus confirming UiO-66 formation within the gel.  

 

Given that PVA furnished more crystalline UiO-66 within gel composites compared to the 

carboxylate-containing polymers, we next sought to determine the PVA molecular weight and 

concentration needed to form gels. After varying the concentration of PVA (MW ~ 146000-186000 



104 
 

 

g/mol) used to form PVA-UiO-66 composites from 0.1 to 3.0 wt%, we obtained self-supporting 

gels at or above 2.0 wt% (Figure 4.5).  

 

Figure 4.5. Inversion tests of PVA (146000-186000 g/mol) - UiO-66 formulations as a function of polymer 
concentration: (a) 0.1; (b) 0.5; (c) 1.0; (d) 1.5; (e) 2; and (f) 3 wt% PVA. The study shows that a critical PVA 
concentration (1.5-2 wt%) is required to induce gelation. 

Next, we varied the chain length of PVA to observe its effect of gelation. We used short 

PVA chains (MW ~ 9000-10000 g/mol) and intermediate PVA chains (MW ~ 31000-50000 g/mol) 

to synthesize PVA-UiO-66 composite gels. Short PVA chains (MW ~ 9000-10000 g/mol) do not 

form gels even at high concentrations of PVA as illustrated in Figure 4.6 cross-linking of PVA 

chains might not be possible for such short chains. Conversely, intermediate PVA chains (MW 

~ 31000-50000 g/mol) render gels at 3.0 wt% and above (Figure 4.7). Together, these results 

suggest that polymer chains must be long enough or at a high enough concentration in solution 

to bridge multiple MOF particles (or Zr-oxo clusters) for gelation to occur (Figure 4.8).  
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Figure 4.6. Inversion test of PVA (9000-10000 g/mol) - UiO-66 formulations at (a) 2, (b) 3, and (c) 4 wt% 
PVA. The study shows no gelation even at 4 wt% PVA concentration using this low molecular weight 
polymer.  

 

Figure 4.7. Inversion tests of PVA (31000-50000 g/mol) – UiO-66 formulations at (a) 2, (b) 3, and (c) 4 wt% 
PVA. The study shows that for this lower molecular weight PVA, gelation occurs at or above 3 wt% PVA 
concentration, slightly higher than that needed for gelation using the higher molecular weight PVA (146000-
186000 g/mol).  
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Figure 4.8. Phase diagram of PVA-UiO-66 formulations showing regions where gelation does not or does 
occur.  

4.4.4 Poly(ethylene glycol) (PEG)-UiO-66 composite gel 
We further reduced the interaction between polymers and Zr-oxo clusters by using 

poly(ethylene glycol) (PEG, Mv > 100000 g/mol) (Figure 4.9a), which does not have metal binding 

functional groups like (-COOH) and (-OH) on its backbone. Unlike carboxylic acid- and hydroxyl-

toting polymers, mixing PEG with Zr-oxo clusters does not form gels (Figure 4.9c). Adding a 

solution of Zr-oxo clusters to a mixture of PEG and H2BDC linker in DMSO, which yielded a self-

supporting gel (Figure 4.9b). SEM (Figure A4.7) and GIXD (Figure 4.9d) revealed the presence 

of UiO-66 particles with a comparable, yet slightly lower coherence length (32 nm) to UiO-66 

synthesized in the absence of polymer (40 nm). Since Zr-oxo does not cross-link PEG, the 

observation of gelation during MOF formation suggests the exciting possibility that MOFs may 

cross-link polymers by physically entrapping them as they form.  
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Figure 4.9. (a) Chemical structure of poly(ethylene glycol) (PEG). Inversion test of (b) PEG-UiO-66 gel and 
(c) PEG-Zr-oxo gel, suggesting gelation for PEG-UiO-66 and not for PEG-Zr-oxo. (d) Grazing incidence X-
ray diffraction (GIXD) pattern of PEG-UiO-66 gel compared with UiO-66 powder diffraction pattern, thus 
confirming UiO-66 formation within the gel.  

Wishing to further probe the possibility that MOFs are physically entrapping polymers, we 

compared the stability of PVA and PEG composite gels, since Zr-oxo can cross-link PVA, but not 

PEG chains.  After heating both composites to 40 °C for 24 h, the PEG composite gel collapsed 

(Figure 4.10a); however, the PVA composite gel remained intact (Figure 4.10b). We hypothesize 

that heating facilitates the movement of PEG chains out of the MOF pores and gel collapses. This 

indicates that PEG chains are entrapped within UiO-66 pores to facilitate gelation.  

 

Figure 4.10. Role of polymer chain entrapment on (a) PEG-UiO-66 and (b) PVA-UiO-66 composite gels. 
Inversion test results of PEG-UiO-66 and PVA-UiO-66 composite gels before and after heating at 40 °C for 
24 h.  
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4.4.5 Extending PVA-MOF composite gel synthesis to other Zr-based MOFs  
 

 

Figure 4.11. Extension of the composite gel synthesis process to different Zr-based MOFs. Formation and 
properties of gel composites formed from: (a) NU-901, with 4,4',4'',4'''-(1,3,6,8-pyrenetetrayl) tetrakis-
benzoic acid) (H4TBAPy) linker; (b) UiO-67, with biphenyl-4,4′-dicarboxylic acid (BPDC) linker; and (c) 
MOF-525, with tetrakis (4-carboxyphenyl porphyrin (TCPP) linker. For each formulation, we show the 
organic linker used in the synthesis, the crystal structures of each MOF obtained from Mercury software,37 
composite gelation behavior via inversion tests, and grazing incidence X-ray diffraction (GIXD) patterns 
comparing the crystal structures of the MOFs formed in each composite gel to the simulated patterns for 
the corresponding MOFs. For crystal structures, Zr, C, and O have been represented in cyan, grey, and 
red, respectively.  

To determine the generalizability of the composite gel formation process, we attempted to 

form composite gels from PVA and other different Zr-oxo-based MOFs (UiO-66-NH2,33 NU-901,34 

UiO-67,35 and MOF-525,36). We selected PVA as the polymer to add with these MOFs, as PVA 
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facilitated the formation of most crystalline UiO-66 within the composite gels. Just as in PVA-UiO-

66 composite gel synthesis, we added a solution of Zr-oxo clusters to a solution containing PVA 

and the organic linkers, adjusting the ligand concentrations to achieve ligand:metal ratios 

commonly used for each MOF in the literature, (Table 4.1). All formulations produced self-

supporting gels, and SEM images (Figure A4.8-A4.10) and GIXD patterns (Figure 4.11a-c) 

confirmed the presence of MOFs within the gels. The extra peaks appearing in the diffraction 

pattern could be due to the defects forming within the MOF crystals. Encouragingly, the examples 

presented here involving 3 different MOFs demonstrate that this composite gel formation process 

extends to different Zr-oxo based MOFs.   

4.5 Conclusion 
In conclusion, we demonstrated a generalizable one-step method to synthesize polymer-

MOF composite gels with a range of polymers and Zr-based MOFs. Polymers containing (-COOH) 

and (-OH) metal-binding functional groups, such as PAA, PAAA, and PVA, interact with Zr-oxo 

clusters to induce gelation but also affect UiO-66 formation. We found that PAA, which contains 

(-COOH) groups only, outcompeted H2BDC linker to bind Zr-oxo clusters and inhibited UiO-66 

formation within the gel. Furthermore, PAAA, which contains just 10% (-COOH) groups compared 

to PAA, subdued the competition between polymers and linker to bind metal clusters and 

promoted UiO-66 formation within the gel, but with reduced crystallinity compared to the UiO-66 

formed in the absence of polymer. On the other hand, using polymer containing (-OH) functional 

groups, such as PVA produced UiO-66 crystals within the gel with crystallinity similar to UiO-66 

alone. Surprisingly, PEO, which interacts minimally with Zr-oxo clusters, also produce a gel during 

UiO-66 formation, suggesting the exciting possibility of polymer entrapment within UiO-66 pores. 

The formation of 4 other PVA-Zr-MOF gels highlights the robustness and versatility of the 

synthesis protocol developed here. 
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4.6 Appendix 
 

Coherence length calculation: 

Coherence length was calculated using the Scherrer equation,38 

𝐿 =
𝐾 ∗ 2𝜋

∆𝑞
 

Where L is coherence length, ∆𝑞 is the full width at half maximum (FWHM) of the most intense 

peak in the diffraction pattern, and K is a dimensionless shape factor that depends on the shape 

of the crystallites. For spherical particles, K = 0.93. 

Table A4.1. Coherence length of UiO-66 particles synthesized with and without polymers 

Sample name Coherence length (nm) 

UiO-66 particles 40 

PAAA-UiO-66 composite gel 26 

PVA-UiO-66 composite gel 44 

PEG-UiO-66 composite gel 32 

 

 

 

Figure A4.1: Formation of UiO-66 particles in DMSO as evidenced by the solution turning white.  
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Figure A4.2: (a), (b): High-magnification scanning electron microscopy (SEM) images of UiO-66 
synthesized in DMSO show the formation of spherical particles. 

 

 

 
Figure A4.3: High-magnification SEM image of PAA-UiO-66 gel shows no spherical particles such as those 
observed in Figure A4.2 for UiO-66 particles synthesized in DMSO in the absence of PAA. The absence 
of spherical particles in the PAA-UiO-66 gels suggests no UiO-66 formation in the presence of PAA.    
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Figure A4.4: Inversion test results of physical mixtures of a) PAA and UiO-66, b) PAAA and UiO-66, c) 
PVA and UiO-66, and d) PEO and UiO-66 showing the absence of gelation when pre-formed MOFs are 
mixed with polymers.  

 

 

Figure A4.5: High-magnification SEM image of PAAA-UiO-66 composite gel showing the presence of 
spherical particles, suggesting the formation of UiO-66 in the presence of PAAA.  
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Figure A4.6: High-magnification SEM image of PVA-UiO-66 composite gel showing the presence of 
spherical particles, suggesting the formation of UiO-66 in the presence of PVA. 

 

 

Figure A4.7: High-magnification SEM image of PEG-UiO-66 composite gel shows the presence of 
spherical particles, suggesting the formation of UiO-66 in the presence of PEG. 
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Figure A4.8: High-magnification SEM image of PVA-NU-901 composite gel shows the presence of 
spherical particles, suggesting the formation of NU-901 in the presence of PVA. 

 

 

 
Figure A4.9: High-magnification SEM image of PVA-UiO-67 composite gel shows the presence of spherical 
particles, suggesting the formation of UiO-67 in the presence of PVA. 
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Figure A4.10: High-magnification SEM image of PVA-MOF-525 composite gel shows the presence of 
spherical particles, suggesting the formation of MOF-525 in the presence of PVA. 

 

Sorptive Capacity and Sustained Release of PVA-MOF composite gels 

The sorption and release study were performed by Rachel Letteri’s group (one of her 

students Mark Bannon did all the work).  

We next sought to examine the sorptive properties of the composite gels, but rather than 

performing these studies in DMSO, we opted to load and release in aqueous conditions more 

relevant to drug delivery applications. For these experiments, we used composite gels and Zr-oxo 

cross-linked PVA containing 3 wt% polymer, as they were easier to cut into uniform samples than 

the samples with 2 wt% PVA. To exchange the DMSO solvent for water, we dialyzed the DMSO-

swollen PVA-UiO-66 composite gels and controls (i.e., MOF powder and PVA-Zr-oxo gel) against 

DI water (Figure A4.11). Since dialysis removes unincorporated organic linker and dissolved Zr-

oxo clusters, we used thermal gravimetric analysis (TGA) to compare the compositions (i.e., Zr 
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content) of the materials before and after solvent exchange.22 Since TGA was run in air, we 

assumed the inorganic fraction to be ZrO2 and calculated the wt% Zr in each sample. The Zr 

content in the PVA-Zr-oxo control gels decreases substantially from 7.83 to 1.20 wt% Zr during 

solvent exchange (Figure A4.12), indicating that dialysis removes much of the Zr-oxo that is 

cross-linking polymer chains and these samples are primarily PVA hydrogels. In contrast, the Zr 

content in the PVA-UiO-66 composite gels decreases from 7.25 to 4.32 wt% Zr (Figure A4.13). 

Since the composite gels lose little Zr during solvent exchange, it is likely that the Zr-oxo clusters 

in the composites are primarily incorporated into UiO-66. As a control, UiO-66 prepared in the 

absence of polymer contained an appreciable amount of Zr (21.28 wt%) after dialysis (Figure 

A4.14).  

  

Figure A4.11. Compositions of composite gels and control samples following solvent exchange from DMSO 
into water: Zr content before and after solvent exchange of PVA-UiO-66 and PVA-Zr-oxo gels from DMSO 
(yellow) into water (blue) by dialysis, as determined by TGA in air after drying samples at room temperature 
for 24 h. Zr content decreased significantly in the PVA-Zr-oxo gels during dialysis, but not in the PVA-UiO-
66 composite hydrogels. UiO-66 prepared in the absence of polymer contained 21.28 wt% Zr following 
dialysis. The Zr content is reported as an average of 3 samples.  
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Figure A4.12: TGA profiles of 3 wt% PVA-Zr-oxo gels before and after dialysis, PVA, and DMSO. After 
dialyzing the 3 wt% PVA-Zr-oxo gels, the ZrO2 wt% significantly decreases. The samples were run under 
air.  

 

 

Figure A4.13: TGA profiles of 3 wt% PVA-UiO-66 composite gels before and after dialysis, BDC linker, 
PVA, and DMSO. After dialyzing the 3 wt% PVA-UiO-66 composite gels, the ZrO2 wt% slightly decreases. 
The samples were run under air.  
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Figure A4.14: TGA profiles of UiO-66 powder synthesized in DMSO after dialysis and BDC linker. The 
samples were run under air.  

Having characterized the compositions of the PVA-UiO-66 composite gels, Zr-oxo cross-

linked polymer (PVA-Zr-oxo hydrogels containing no MOF linker), and UiO-66 MOF synthesized 

in the absence of polymer after transfer to aqueous solution, we next compared their sorption 

characteristics. In these studies, we monitored the sorption of the small molecule dye methylene 

blue (MB, 319 g/mol) into each formulation by measuring the decrease in MB absorbance (660 

nm) in the surrounding solution. After 7 days, sorption plateaued into all formulations and we 

compared amounts sorbed to determine the contributions of the polymer and MOF constituents 

to the composite sorption characteristics (Figure A4.15). 
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Figure A4.15. MB Sorption profiles of PVA-UiO-66 composite hydrogels (red) and PVA-Zr-oxo hydrogels 
(blue) over 7 days, normalized by the dry weight of the carrier. Points on the plot represent the means of 3 
independently synthesized samples, and error bars represent the standard deviation of that mean. 
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Figure A4.16. Sorptive capacity and release behavior of PVA-UiO-66 composite hydrogels (red) relative to 
that of PVA-Zr-oxo hydrogels (blue), and UiO-66 powder (purple). (a) Methylene blue (MB) sorption into the 
PVA-UiO-66 composite hydrogels and PVA-Zr-oxo hydrogels after 7 days (mg MB/mg dry sorbent) showing 
UiO-66 incorporation into polymer to increase sorption. (b) MB sorbed into the PVA-UiO-66 composite 
hydrogels and UiO-66 MOF (mg MB/mg Zr) after 7 days, showing that forming UiO-66 in the presence of 
PVA increases MB sorption capacity on a per Zr basis (c) Percent of MB released from loaded samples 
over 21 days. The composite hydrogels (red, circles) sustain MB release over ~7 d, while the PVA-Zr-oxo 
hydrogels (blue, squares) and MOF-525 powder (purple, triangles) show burst release behavior (~1-2 
days). Error bars represent the standard deviation between three separately synthesized samples, with * 
in the loading data indicating an equal variances two sample t-test giving p < 0.05. 

We first compared the sorption of MB into PVA-UiO-66 composite hydrogels and PVA-Zr-

oxo samples (essentially PVA hydrogels) to determine how the presence of MOF impacts the 

sorption properties of the PVA hydrogels (Figure A4.16a). The composite hydrogels sorbed 

significantly more MB (0.16 +/- 0.02 mg MB/mg dry sample) than the PVA-Zr-oxo hydrogels (0.06 
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+/- 0.01 mg MB/mg dry sample), indicating that the MOF contributes appreciable sorption capacity 

to these composites. 

We next determined how the presence of the polymer impacts the sorption properties of 

MOFs by comparing MB sorption into PVA-UiO-66 composite hydrogels relative to UiO-66 MOF 

alone. When adding similar dry weights of these sorbents to MB solution, we found the UiO-66 

sample to deplete the surrounding solution of MB (Figure A4.17). To ensure saturation of the 

highly sorptive UiO-66 sample with MB, we instead added MB to each sample based on the Zr 

content determined from TGA. Given that after dialysis, the Zr content in the samples can be 

primarily ascribed to intact MOF (Figure A4.11), we compared MB sorption on a Zr basis (i.e., mg 

MB/mg Zr). The composite hydrogels sorbed substantially more MB (2.7 +/- 0.30 mg MB/mg Zr) 

MB than UiO-66 (0.69 +/- 0.02 mg MB/mg Zr) after 7 days. (Figure A4.16b). 

 

Figure A4.17. % of MB in solution sorbed by tested carriers after 7 days. Plot depicts PVA-UiO-66 
composite hydrogels (red), PVA-Zr-oxo hydrogels (blue), and UiO-66 (purple). Two separate experiments 
with UiO-66 are depicted, where the concentration of UiO-66 added into the solution was normalized by dry 
weight (4 mg sample/mL) and by Zr weight (0.16 mg sample/mL), relative to the PVA-UiO-66 composite 
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hydrogels. The UiO-66 sample normalized by dry weight (4 mg/mL sample) did not reach sorptive capacity, 
as it sorbed ~100% of the MB in the solution; however, the Zr weight-normalized sample sorbed ~50% of 
the MB in the solution, indicating that it reached sorptive capacity. Plotted bars represent the average of 3 
independently synthesized samples incubated with MB for 7 days. Error bars represent the standard 
deviation of the average. 

We next studied the release of MB from the composite gels relative to the PVA-Zr-oxo and 

UiO-66 control samples. After loading the samples with MB for 7 days, we replaced the 

surrounding solution with an equivalent volume of water and monitored the release of MB into the 

surrounding solution. The PVA-UiO-66 composite hydrogels sustained MB release for longer than 

the UiO-66 and PVA-Zr-oxo hydrogel controls (Figure A4.16c). This study showed that 

synthesizing UiO-66 in the presence of polymer resulted in a sustained release profile relative to 

the PVA-Zr-oxo hydrogel and UiO-66 synthesized in the absence of polymer. 

After demonstrating the sorption and release of MB, we investigated the loading and 

release of larger, therapeutically relevant cargo (i.e., peptides). Angiotensin 1-7 (DRVYIHP, Ang 

1-7), a therapeutic peptide with anti-tumor and cardioprotective properties, has an in vivo half-life 

of just 30 min.39 Encapsulation and sustained release into a carrier such as these composites 

could offer a way to extend the half-life of Ang1-7. Because Ang 1-7 (899 g/mol) (Figure A4.18) 

is larger than MB (320 g/mol) we first attempted to encapsulate it within UiO-67 and MOF-525, 

which have larger pores (12 Å and 17 Å, respectively) than UiO-66 (6 Å).  Though reverse-phase 

high performance liquid chromatography showed little decrease in Ang 1-7 absorbance in the 

outer solution after incubation with a UiO-67 after 27 h, there was no detectable trace of Ang 1-7 

in the solution containing MOF-525 (Figure A4.19). Therefore, we performed the Ang 1-7 loading 

and release experiments using PVA-MOF-525 composite hydrogels.  
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Figure A4.18. Characterization of Ang 1-7 peptide. a) Analytical reverse phase high performance liquid 
chromatography (RP-HPLC) of Ang 1-7 before (black) and after purification (red) using preparative scale 
RP-HPLC. Analytical RP-HPLC was performed on a Waters E2695 Alliance Separations Module, using a 
4.5 mm x 50 mm XBridge C18 3.5 µm chromatographic separation column, where the acetonitrile gradient 
is plotted in blue. Preparative scale RP-HPLC was performed on a Waters Empower system, using a 30 
mm x 150 mm XBridge Prep C18 5 µm optimum bed density chromatographic separation columns. UV 
absorbance was measured at 214 nm. b) Electrospray ionization (ESI) spectrometry of Ang 1-7 after 
purification. ESI was measured a Thermo Orbitrap Exploris 480 mass spectrometer by the UVA 
Biomolecular Analysis Core.  
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Figure A4.19. Reverse phase high performance liquid chromatography depicting Ang 1-7 (black) 
encapsulation into UiO-67 (red) and MOF-525 (purple). Little-to-no decrease in the Ang 1-7 peak (~3.75 
min) was detected after incubation with UiO-67, suggesting little-to-no encapsulation of Ang 1-7 in UiO-67. 
Complete disappearance of the Ang 1-7 peak in the sample incubated with MOF-525 suggests 
encapsulation of Ang 1-7. Analytical RP-HPLC was performed on a Waters E2695 Alliance Separations 
Module, using a 4.5 mm x 50 mm XBridge C18 3.5 µm chromatographic separation column. Mobile phase 
composed of ultrapure water and acetonitrile + 0.1% trifluoroacetic acid, run at a gradient of 15 to 20% 
acetonitrile from 2 to 12 minutes.  UV absorbance was measured at 214 nm. 

To encapsulate Ang 1-7 into PVA-MOF-525 composite hydrogels, PVA-Zr-oxo hydrogels, 

and MOF-525 powder, we incubated each sample in an aqueous solution of Ang 1-7. After 7 days, 

we found that the sorption leveled off at 10 +/- 1%, 3 +/- 1%, and 19 +/- 0% of Ang 1-7 added to 

the surrounding solution for PVA-MOF-525 composite hydrogels, PVA-Zr-oxo hydrogels, and 

MOF-525, respectively. Here, we report the dry weight normalized sorption data (mg Ang 1-7 

sorbed/mg dry material). All 3 tested samples appeared to be saturated with Ang 1-7, as they all 

only sorbed less than 20% of the available Ang 1-7 in the solution (Figure A4.20). The PVA-MOF-

525 composite hydrogels sorbed significantly more Ang 1-7 (0.08 +/- 0.01 mg Ang 1-7/mg dry 

sample) than both the PVA-Zr-oxo hydrogel (0.045 +/- 0.01 mg Ang 1-7/mg dry sample) and the 

MOF-525 alone (0.01 +/- 0.0 mg Ang 1-7/mg dry sample) (Figure A4.21a). The PVA-MOF-525 
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composite hydrogels still sustained Ang 1-7 release longer (~16 h) than the MOF-525 powder and 

PVA-Zr-oxo hydrogels, which reached equilibrium at ~8 h. (Figure A4.21b). 

 

 

Figure A4.20. % of Ang 1-7 in solution sorbed by tested carriers. The plot depicts PVA-UiO-66 composite 
hydrogels (red), PVA-Zr-oxo hydrogels (blue), and MOF -525 (purple). Plotted bars represent the average 
of 3 independently synthesized samples incubated with Ang 1-7 for 7 days. Error bars represent the 
standard deviation of the average. 
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Figure A4.21. Sorptive capacity and release behavior of PVA-MOF-525 composite hydrogels (red), PVA-
Zr-oxo hydrogels (blue), and MOF-525 powder (purple) for the therapeutic peptide Ang 1-7. (a) Amount of 
Ang 1-7 sorbed into each sample after 7 days, normalized relative to the dry mass of each sample. More 
Ang 1-7 sorbs into the PVA-MOF-525 composite hydrogels than the PVA-Zr-oxo hydrogels and the MOF-
525 powder. (b) Percent of Ang 1-7 released from sorbed samples over 7 days. The composite hydrogels 
(red, circles) sustain Ang 1-7 release over ~16 h, while the PVA-Zr-oxo hydrogels (blue, squares) and MOF-
525 powder (gray, triangles) show a burst release (~8 h). Both sorption and release were calculated by 
tracking the absorbance of the outer solution using UV-vis spectroscopy at 277 nm. Error bars represent 
the standard deviation between three separately synthesized samples. *P value < 0.05 with equal variances 
two sample t-test. 

Encapsulating solutes into MOF-based carriers: 

 To measure the mass (in mg) of either methylene blue (MB) or the peptide Angiotensin 1-

7 (Ang1-7) encapsulated into the MOF-based carriers at any given time (t), or m(t)s,carrier, we first 

prepared an aqueous solution of solute s (0.05 mg/mL for MB and). This solution was termed the 
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“outer solution” (os), and a specific volume, Vos (L), was added to each sample. For consistency, 

we performed the encapsulation experiments with 70 – 80 mg of each gel (4 mg/mL MB solution) 

and/or 10 – 12 mg of UiO-66 powder (0.16 mg/mL MB solution) in the MB encapsulation 

experiments, and ~100 – 120 mg gels and/or MOF-525 (10 mg/mL Ang 1-7 solution) in the Ang 

1-7 encapsulation experiments. 

To determine how to measure the sorption of s into each sample at any time t, we 

performed a mass balance on the solute in the system. Specifically, we considered that the mass 

of the solute in the carrier at time t, or m(t)s,carrier, would be the difference between the total mass 

of MB in the vial at time t, m(t)s,vial, minus that in the outer solution at time t, m(t)s,os (equation 1). 

We note that the total mass of solute in the vial decreased over time as we removed aliquots for 

measuring concentration in the outer solution. 

To determine measurable values we can use to calculate m(t)s,carrier, we performed a MB 

mass balance on the vial. There are only two phases, the outer solution (os) and the carrier, that 

can hold s in the vial; therefore, the total mass of s in the vial at time t (m(t)s,vial) is the sum of the 

mass of s in the outer solution (m(t)s,os) and m(t)s,carrier at time t (1).  

(1) m(t)s,vial = m(t)s,os + m(t)s,carrier 

Because m(t)s,carrier is on the order of single mgs, we can’t weight the change of mass in 

the carrier reliably; therefore, we can convert (1), to solve for m(t)s,vial in terms of the concentration 

(C, in mM) of s in each phase (2). equation 2. 

(2) m(t)s,vial = C(t)s,osVos + m(t)s,carrier 

In equation 2, we assume Vos to be constant, as the carriers are swollen when they enter the vial 

and therefore are unlikely to absorb appreciable amounts water from the outer solution upon 

incubation. Since we are measuring the absorbance of the outer solution (Aλ,os) at a wavelength 

(λ) specific to the solute s, we convert it to a corresponding concentration (C(t)λ,os) using the Beer 

Lambert law (3), 

(3) A(t)λ,os = (𝜀𝑠b)C(t)λ,os 
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where 𝜀𝑠 is the molar absorptivity of s and b is the optical path length in the configuration used, 

which we lump into one term determined from calibration curves specific to a given solute and 

instrument configuration. In these experiments, A(t)λ,os was measured at the absorbance 

maximum of each solute s (660 nm for MB and 277 nm for Ang 1-7) on a Biotek Synergy 4 plate 

reader. We developed calibration curves for both MB and Ang 1-7, fitting the data linearly to 

determine the (𝜀𝑠b) term for each solute s (5 x 10-3 absorbance units/µM MB and 7 x 10-4 

absorbance units/µM Ang 1-7). 

 To account for absorbance due to the carrier rather than to solute (e.g., linker that leaches 

into the outer solution), we placed each sample in two aqueous solutions, one containing s and 

the other containing only water, the latter. Once we subtracted the absorbance of water alone 

from each sample, we accounted for any absorbance from the carrier at λ by subtracting the 

absorbance of the control sample (A(t)λ,os,cntrl) from that of the test sample (A(t)λ,os,s) (equation 4).  

(4) A(t)s,os = A(t)λ,os,s – A(t)λ,os,cntrl 

Using our calibration curve for s, we then converted A(t)s,os to C(t)s,os (3), and solved for m(t)s,os 

(equation 5). 

(5) m(t)s,os = 
A(t)𝑠,os

(𝜀𝑠𝑏)
Vos𝑀𝑊𝑠 

 To measure A(t)s,os, we removed an aliquot (with a volume Va) of the outer solution at each 

timepoint (Va = 6 x 10-4 L for MB and Va = 1 x 10-4 L for Ang 1-7); however, removing these aliquots 

also decreased the total mass of MB in the vial, m(t)s,vial. The initial absorbance (A(0)s, os) was 

measured immediately after adding each sample to the MB solution. To accurately calculate 

m(t)s,vial, we needed to calculate the mass of s in each aliquot (m(t)s,aliquot) that we are removing 

from the vial (7) using (6).  

(6) m(t)s,aliquot = 
A(t)𝑠,os

(𝜀𝑠𝑏)
VaMWs 

In (7), we simply replace Vos, the volume of the outer solution, with Va, the constant volume of an 

aliquot, as C(t)s,os = C(t)s,aliquot. After every aliquot, we replaced the volume removed in each aliquot 
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(Va) with the same volume of water (not containing s) to keep Vos constant. We then calculated 

m(t)s,vial in terms of the initial mass of s added to the vial (m(0)s,vial) and the sum of the mass of the 

aliquots removed before the time t (equation 7). 

(7) m(t)s,vial = m(0)s,os - ∑ m(t)𝑠,aliquot
𝑡−1
𝑖=0  

Rewriting equation 7 in terms of absorbance gives us a mass balance on the vial in terms of 

measured and/or known variables (equation 8). 

(8) m(t)s,vial =  [
A(0)𝑠,os

(𝜀𝑠𝑏)
Vos  −  ∑

A(i)𝑠,os

(𝜀𝑠𝑏)
Valiquot

𝑡−1
𝑖=0 ] 𝑀𝑊𝑠 

As we now know m(t)s,os and m(t)s,vial in terms of measured values, we can rearrange equation 1 

to solve for m(t)s,carrier using the absorbance of s in the outer solution (equation 9). 

(9) m(t)s,carrier = [(A(0)𝑠,os −  A(t)𝑠,os)Vos  −  ∑ (A(i)𝑠,os)Valiquot
𝑡−1
𝑖=0 ]

𝑀𝑊𝑠

(𝜀𝑠𝑏)
 

After calculating m(t)s,carrier, we normalized these values relative to either the dry weight of 

the carrier or the weight of Zr in the carrier, as indicated. To calculate the dry weight of the carrier 

we weighed a sample of each hydrogel used in the encapsulation experiments and dried it at 

room temperature for 24 h. We then weighed the mass of the dried gels and calculated a dry/wet 

weight ratio for each hydrogel (dry weight of hydrogel/wet weight of hydrogel). The dry mass of 

each hydrogel used in the encapsulation experiment was calculated by multiplying the wet weight 

of the gel by this ratio. As we performed the encapsulation experiments using dry MOF powder, 

we normalized the sorption into the MOF powder by the weight of the MOF added into the vial. 

The Zr weight of each gel was calculated by multiplying the dry weight of each gel or MOF powder 

used for encapsulation by the Zr wt%, as determined by TGA.  

Release: 

 After encapsulation was complete, the outer solution of each sample (s and cntrl) was 

removed. Each carrier sample was then immersed in the same amount of DI water. To account 

for the lower molar absorptivity of Ang 1-7 at 277 nm relative to MB at 660 nm, the volume of outer 

solution was halved (20 mg carrier/mL) in the Ang 1-7 experiments in an effort to increase A(t)s,os. 
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In these experiments, we were interested in determining the mass of solute released into the outer 

solution as a function of time, or m(t)s,rel. To determine C(t)s,os, we measured A(t)s,os at each 

timepoint t. We can directly measure m(t)s,rel through equation 5; however, we still have to account 

for ms,aliquot, as we’re removing a mass of s from our system for each measurement at time t. Taken 

together, we can use equation 10 to calculate m(t)s,rel from a measured A(t)s,os. 

 

(10) m(t)s,rel = [( A(t)𝑠,os)Vos +  ∑ (A(i)𝑠,os)Valiquot
𝑡−1
𝑖=0 ]

𝑀𝑊𝑠

(𝜀𝑠𝑏)
 

Here, m(t)s,rel is reported as a % of s released in the outer solution, which is calculated by 

normalizing m(t)s,rel to the total amount of s that is in each carrier at the start of the release 

experiment m(0)s,carrier,rel, equal to the amount of s encapsulated by the carrier at the end of the 

encapsulation experiment, or m(7d)s,carrier,encaps. Here, we convert m(t)s,rel to a % using equation 11. 

(11) % s released = 
m(t)𝑠,rel

m(7)𝑠,carrier,encaps
 

Statistics: 

 Each measurement represents an average of 3 independently synthesized samples, 

meaning 3 s and cntrl samples. Error bars represent the standard deviation between these three 

measurements. Each absorbance measurement represents the average of three individual 

measurements of one sample, and the standard deviation between these measurements was 

negligible. 

Calculating Zr content from TGA profiles: 

Let’s take an example of 3 wt% PVA-UiO-66 composite gel before dialysis. 

Initial mass = 7.34 mg 

After heating the sample to 1000 ºC,  

Final mass = 0.66 mg 
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Since TGA was run under oxidative environment, the final mass corresponds to zirconia (ZrO2). 

Therefore, 

Mass of ZrO2 = 0.66 mg 

Based on the mass of ZrO2, the mass of Zr was calculated using the following equation: 

Mass of Zr = 
𝑔 𝑜𝑓 𝑍𝑟𝑂2

123.22 𝑔 𝑜𝑓 𝑍𝑟𝑂2

𝑚𝑜𝑙

 * 
91.22 𝑔 𝑜𝑓 𝑍𝑟

𝑚𝑜𝑙
 

So, in case of 3 wt% PVA-UiO-66,  

Mass of Zr = 0.49 mg 

The Zr content in the sample was calculated using the following equation: 

% Zr = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑍𝑟

𝐼𝑛𝑖𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 
∗ 100% 

% Zr = 
0.49 𝑚𝑔

7.34 𝑚𝑔 
∗ 100% = 6.68% 

Plate reader absorbance measurements: 

The absorbance of MB and Ang 1-7 were measured at 660 nm and 277 nm, respectively, 

on a Biotek Synergy 4 plate reader. Calibration curves were developed in triplicate through serial 

dilution of the MB and Ang 1-7 stock solution.  
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Chapter 5 Conclusion and Future Work 
 

Promising applications of metal-organic frameworks (MOFs) can be fulfilled by making 

MOF composites as thin films and polymer-MOF gels. MOF thin films have the potential in 

catalysis, sensing, and separation, while polymer-MOF gels are useful for therapeutic 

applications. However, the MOF field is relatively young and the challenges still exist. This thesis 

aims to address some of those challenges. We presented several methods to control the 

crystallization of MOFs on the substrate and in the presence of polymers. The methods developed 

here will pave the way to engineer MOF-based composites for target applications.  

5.1 Controlling Polymorphism and Orientation of NU-901/NU-1000 Metal–Organic 

Framework Thin Films Using Solvothermal Method 
 Chapter 2 demonstrated a unique way to control the orientation of the NU-1000 MOF. 

Rather than relying on the stochastic nature of nucleation to direct orientation, controlling 

nucleation is a more effective method. We find that the presence of Zr-oxo clusters on the 

substrate during the MOF formation results in the growth of NU-1000 crystals in the perpendicular 

direction. We suggest that nucleation density increases due to the presence of Zr-oxo clusters on 

the substrate and this increased nucleation density allows growth in perpendicular direction.  

Future work could investigate how the orientation of NU-1000 crystals affects its 

performance on electrocatalysis.1 It’s possible that catalyst nanoparticles may not diffuse into NU-

1000 pores during parallel orientation, while may diffuse during perpendicular orientation. In that 

case, catalytic activity will be higher for perpendicular orientation compared to parallel orientation. 

This technique could be further expanded to other anisotropic MOFs like MOF-545.2 
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5.2 Solution Shearing to Make Thin Films of Metal–Organic Frameworks 
 

  Chapter 3 expands the solution shearing technique to make thin films of Zr-based MOFs. 

We show the formation of UiO-66 thin films using solution shearing and study the effects of 

temperature, blade speed, precursor concentration, and solvent on thin film properties (i.e., 

thickness, crystal orientation, and surface coverage). We further show the formation of MOFs 

containing tetratropic linker, like NU-901 and MOF-525, and their potential in electrocatalysis. 

Overall, we show that solution shearing is a versatile tool and offers many parameters to tune thin 

film properties.  

 Future work on this will be to make thin films of 

anisotropic MOFs like NU-1000 and MOF-545 (Figure 

5.1). The large pore MOFs are particularly useful in 

catalysis,1 where large pores allow fast diffusion of 

reactant and products in and out of MOF pores. It will be 

interesting to make the perpendicularly oriented NU-

1000 crystals using solution shearing. Hopefully, this 

work motivates the development of a roll-to-roll coating 

process to make MOF thin films at industrial scale.  

5.3 Understanding the effects of interactions between polymers and metal–

organic frameworks (MOFs) on polymer-MOF composite gel formation 
 

In chapter 4, we shed light on how the interactions between polymers and MOFs affect 

MOF formation/crystallinity within polymer-MOF composite gels, which could inform future design 

of these composite gels. We find that polymers having carboxylic acid groups outcompete linker 

to bind metal clusters and inhibit MOF formation within the gel. On the other hand, polymers 

having hydroxyl groups does not disrupt MOF formation within the gel. Excitingly, we find the 

Figure 5.1. Crystal structure of MOF-525 generated 
using Mercury.3 Zr, C, and O have been represented 
in cyan, grey, and red, respectively. 
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possibility of polymer entrapment within the MOF pores, which restricts the movement of polymer 

chains out of the MOF pores and facilitate gelation. 

Future work will focus on understanding the gel mechanics as a function of polymer-MOF 

interactions. It would be interesting to see how the MOF chemistry (metal cluster and linker) affect 

gel mechanics. Also, we want to expand the synthesis process to large-pore MOFs, like NU-1000 

and MOF-545. Specifically, the synthesis of PVA-NU-1000 and PVA-MOF-545 composite gels is 

beneficial to study the loading and release of protein, which has implications in therapeutics. 

We also want to study the nucleation and growth of MOF in the presence of polymers 

studied in chapter 4 using in-situ SAXS/WAXS. This will help us answer the question whether 

polymer is getting entrapped inside the pores or not?  

5.4 Final Remarks  

 

 This works presents interesting insights on the MOF crystallization in the presence of a 

solid substrate and polymers. Although MOFs have shown great potential in various fields, 

implementation of MOFs at industrial scale is still a challenge. The author wishes that this work 

will help in developing the technologies to implement MOFs at industrial scale.  
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