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A Green Light  at the Intersection of Metal-Organic 

Frameworks and Drug Delivery 

 
Hannah D. Cornell 

Abstract 

 

The development of controllable drug delivery systems is crucial for reducing 

toxicity and minimizing off-target drug effects for patients undergoing chemotherapy. 

Metalïorganic frameworks (MOFs) are a class of hybrid materials that have become of 

interest in the field of drug delivery. MOFs are composed of metal nodes and organic 

bridging ligands. MOFs have a wide range of desirable properties including chemical 

stability , high porosity, and structural tunability which have positioned them as 

successful drug carriers. Through judicious choice of linker, stimuli-responsive MOFs 

can be synthesized to achieve precise control over cargo release.  

Previously, our lab developed a novel light-responsive drug delivery system using 

a framework known as UiO-AZB (UiO= University of Oslo, AZB=4,4ᾳ-

azobenzenedicarboxylic acid). This MOF contains a photoswitchable azobenzene linker. 

Upon irradiation with ultraviolet light, the compound undergoes a structural change 

known as photoisomerization, resulting in degradation of the MOF structure and 

simultaneous release of encapsulated cargo. To improve the clinical relevance of our 

framework, we focus on developing synthetic methods for production of visible light-

responsive azobenzene photoswitches. A green light-responsive MOF (UiO-AZB-F) 

containing a 4,4ᾳ-(diazene-1,2- diyl)bis(3,5-difluorobenzoic acid) linker was developed as 

a drug delivery system for the treatment of colorectal cancer.  
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 Our work also focuses on optimizing various aspects of MOF design to maximize 

and diversify cargo loading and precisely control cargo release rates. A combined 

computational and experimental investigation of drug adsorption process reveals that the 

presence of solvent can significantly impact the adsorption of drug molecules within 

MOF pores. To address these concerns, a variety of drug loading procedures were 

screened to determine conditions for maximizing the loading of diverse drug cargoes. 

Conditions for the loading of single agents as well as chemotherapy cocktails were 

explored to expand the application of our delivery platform to other cancer types 

including lung, pancreatic, bladder and cervical. To modulate the release of cargo, a 

series of MOFs containing precise ratios of green light-responsive linker were 

synthesized to create a platform for sustained release. Remarkably, several MOF 

derivatives showed enhancement in drug adsorption, highlighting the important role of 

hostïguest interactions in nanocarrier development. Holistically, this work highlights the 

promise of stimuli-responsive MOFs as drug delivery platforms.  
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A Green Light at the Intersection of Metal-Organic 

Frameworks and Drug Delivery 
 

Hannah D. Cornell 

General Audience Abstract 

 
Cancer is one of the leading causes of death worldwide. In 2021, nearly 2 million 

people in the U.S. were diagnosed with cancer. For patients undergoing chemotherapy 

treatment, the side effects of potent chemotherapeutics are often debilitating. Drug- 

delivery systems serve as a promising platform for localizing the delivery of 

chemotherapeutic drugs within a diseased area. When chemotherapeutics are delivered 

precisely to tumor regions via drug delivery systems, systemic side effects are 

significantly diminished.  

 In this work, a series of materials known as metalïorganic frameworks (MOFs) 

are developed as carriers for chemotherapeutic cargo. Due to the incorporation of 

photoactivated compounds within the backbone, these MOFs can be degraded on-demand 

through green light irradiation. As the framework degrades into small molecule 

components, drug cargo is simultaneously released. Methods for maximizing MOF drug 

loadings, diversifying the types of cargo that can be incorporated, and modifying cargo 

release rates are also investigated. This work establishes stimuli-responsive MOFs as 

promising materials for on-demand drug delivery. 
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1. Introduction 

1.1 Motivat ion and Methods for Targeted Drug Delivery  

Over the past few decades, the development of DDVs has become an increasingly 

popular research aim across many fields of study.1,2 Targeted drug delivery is defined as 

the preferential accumulation of drug in a desired disease area within the body.1 

Chemotherapeutics have been the main focus of DDVs, due to the debilitating off -target 

side effects cancer patients suffer while receiving treatment.2 DDVs can also be 

beneficial for drugs with poor pharmacokinetic profiles (e.g., experience rapid clearance 

from the body). Table 1.1 and Figure 1.1 summarize some notable DDV developments. 

Inorganic porous materials, which are usually silica-based, have high loading capabilities 

due to large mesopores within their structures. Unfortunately, the implementation of this 

DDV is limited due to bioaccumulation and toxicity.3 

Table 1.1 Summary of Significant Nanocarriers1ï3 

Class Examples Advantages Disadvantages 

Inorganic  

Materials 

 

Mesoporous 

silica, Metalï

organic 

frameworks 

¶ High loading 

capacity 

¶ Potential toxicity 

concerns 

¶ Require polymer 

functionalization 

Polymeric 

Liposomes/Micelles 

Doxil, PEGa 

Poly-histidine 

micelles, 

dendrimers 

¶ Excellent water 

solubility 

¶ biocompatibility 

¶ Lower loading 

capacities 

Metal 

Nanoparticles 

(NPs) 

AuNPs, AgNPs, 

Fe3O4 NPs, 

quantum dots 

¶ Uniform 

morphologies/size 

¶ Potential for imaging 

capabilities 

 

¶  Risk of 

bioaccumulation of 

metal ions 

aPEG=polyethylene glycol 
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1.2 Design Criteria for Drug Delivery Systems 

This summary emphasizes the multifaceted nature of nanocarrier design.2 For 

every potential DDV, there are advantages, yet equally significant drawbacks that must 

be overcome. In developing new DDVs, it is critical to think about these characteristics 

collectively in order to develop a successful material. There are several aspects that must 

be considered in the design of an effective DDV, which include (i) targeting, (ii) 

controlled release, and (iii) toxicity.1 

 

Figure 1.1 Summary of various classes of drug delivery vehicles (Created with 

BioRender.com) 

1.2.1 Targeting  

In general, DDVs depend on passive or active targeting. Passive targeting relies 

on circulation of particles through the blood for tumor delivery, while active involves a 

ligandï receptor relationship to ensure direct delivery. The heavy reliance on passive 

targeting is due to the widely accepted phenomenon known as enhanced permeability and 

retention (EPR) effect. EPR suggests that leaky vasculature and suppressed lymphatic 

drainage of tumors allows for preferential uptake of nano-sized particles, and has been 

used as the basis for nanocarrier design since it was first introduced by Maeda et al.4 
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However, reliance on EPR as a ñone size fits allò solution to drug delivery may not be the 

best approach. EPR effect in general only achieves about a 2-fold increase in tumor 

delivery over other vital organs.5 The EPR effect depends greatly on tumor shape and 

size6, and may require co-medications that impact vessel vasculature in order to truly be 

successful.7 Further, individual tumors have unique vasculature size, which makes it hard 

to predict if EPR would be effective for a specific cancer. Some researchers escalate the 

debate with findings that suggest that while the EPR effect is observed in animal studies, 

it may not play a dominant role in human cancers.8 A recent review article9 further 

highlights the challenges of reliance on passive targeting methods. Chan and colleagues9 

reviewed over 117 articles on drug DDVs between 2005ï2015. In this paper, they 

calculated a ñdelivery efficiencyò for each DDV and determined that on average, only 

0.7% of particles in a given dose actually reside in the tumor. Moving forward, 

incorporating ligands on the surface of DDVs may improve delivery efficiency within the 

body. 

 1.2.2 Particle Stability  

 After drug is loaded, one must ensure cargo can be released in a controlled 

manner. Release of cargo can be triggered by a variety of stimuli such as pH, 

temperature, or light. Many liposomal and micelle-type nanocarriers are designed to be 

pH sensitive.10 Utilization of pH is a quite useful release mechanism for delivering cancer 

therapeutics, as DDVs can exploit the inherently low pH present in endosomes and 

around the tumor environment.2 Incorporation of pH sensitive molecules into the 

structure can limit structural stability, allowing materials to degrade outside of a certain 

pH range. For example, a polyethylene glycol (PEG)-based liposome that contained 
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histidine moieties in the polymer backbone degrades in the pH range of 6.5ï6.8 due to 

destabilization as a result of protonation of histidine residues.2  

Temperature is an example of an external stimulus that can be used to direct and 

release drug. In this method, thermally responsive polymers, such as elastin-like 

polypeptides, form insoluble aggregates as temperature increases, and preferentially 

accumulate in tumor vasculature.2 However, the method requires exposing patients to 

mild hyperthermia. Additionally, polymer liposome designs must be thermally responsive 

in a narrow range of temperatures, as exposing patients to temperatures more than 5 °C 

higher than normal body temperature is unsafe.2 Furthermore, while such systems 

enhance accumulation in target areas, not all temperature sensitive systems allow drug 

release from the carrier during the process.  

Another external stimulus for triggering drug release is light. Utilization of light 

requires incorporation of a photo-sensitive material into the DDV. Several liposomal 

DDVs contain linkers that cleave upon irradiation with UV light.2 Other photoactive 

molecules undergo conformational changes upon irradiation with light that do not involve 

breaking bonds. The limitation of light as a stimulus is related to wavelength dependence. 

Materials responsive to wavelengths of light in the UV range would require patients to be 

exposed to UV radiation for successful delivery, which is not desirable. However, if the 

absorption profiles of photosensitive molecules can be shifted, light has the potential to 

be an extremely important release mechanism.  

In addition to release, retention of carriers must also be considered. This involves 

a delicate balance of having longer circulation in the bloodstream, but eventually clearing 

the body rather than accumulating in organs such as the liver or kidney. The proportion of  
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biomaterials that successfully circulate within the body is known as bioavailability. Many 

DDVs, especially those made of inorganic or hydrophobic materials, are not 

biocompatible or soluble in water. Such particles are inactive, and pass through the body 

very quickly.11 Fortunately, bioavailability can be improved through the PEGylation of 

particles. The ñstealthò properties imparted by PEG and other hydrophilic polymers allow 

for prolonged blood circulation.10 While particles need to stick around to achieve a 

therapeutic response, the remaining components of the system need to be cleared from 

the body. Bioaccumulation of metal ions in liver and kidney tissues poses a safety 

concern, and should be considered in DDV development.12 

 

1.2.3 Toxicity 

Toxicity is a major concern for DDVs. As nanoparticle formulations become a 

bigger component of pharmaceuticals and consumer products, an assessment of the 

impacts of these nanomaterials on the human body is incredibly important. In a review of 

carbon-based nanocarriers and metal oxide nanoparticles, characteristics such as particle 

size, dispersion, defect density, and protein adsorption all affected the toxicity of the 

system.13 A major difficu lty in developing toxicological profiles of materials lies in the 

differences among DDVs. As each contains unique components, the mechanism of action 

vastly differs even for systems that are made of similar materials. For this reason, it is 

crucial to consider the breakdown of DDVs when assessing toxicity.  

Another layer of difficulty in assessing toxicity is determining what criteria 

should be used to indicate toxic response. It is common to look for an immune or 

inflammatory response upon exposure. To determine if a material elicits an immune 

response, cells can be screened for cytokine production. Cytokines are small signaling 
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proteins that are released in response to disease and infection, and would be expressed 

more highly in cells when they are exposed to toxic material.14 For assessing 

inflammatory response, mast cell activation can also be considered. Mast cells are a 

special cell type that becomes activated when an allergen binds to the surface.15 Mast 

cells undergo a process known as degranulation, in which they release a host of proteins 

and signaling molecules such as histamine and even cytokines, in response to 

inflammation. Studies have found higher levels of mast cell activation are predictive of 

nanoparticle toxicity.15 A study found that zinc, iron, and manganese-based DDVs 

elicited little 8 to no mast cell activation, while silver, silicon, and copper-based 

nanomaterials caused high levels of mast cell degranulation.15 Overall, there are many 

biological responses that indicate toxicity. It is critical to look at these holistically when 

developing safety profiles for newly developed materials. While literature precedent can 

be useful as a general guide, it is important to carry out extensive toxicological studies on 

DDVs in various cell types in order to verify the safety of new nanomaterials in vivo.   

1.3  Metal Organic Frameworks (MOFs) as Drug Delivery Vehicles  

Metal-organic frameworks (MOFs) are a class of materials that has received 

attention for use in biological applications. MOFs are highly crystalline materials 

composed of organic linkers coordinated to inorganic nodes. MOFs have a number of 

notable properties, including high porosity, large surface area, and tunability. For these 

reasons, MOFs have become a material of interest in nanomedicine.16 Synthetic 

parameters can be precisely modified to obtain nanoscale MOFs. They are incredibly 

robust materials, with UiO MOF being stable in up to 0.1 M HCl.17 There is substantial 

literature precedent for MOFs as drug delivery systems.18,19 Indeed, the number of 
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publications on MOFs for cancer therapy has increased every year for the last decade 

(Figure 2), further supporting the potential of MOFs as a promising DDV platform.20 

With the considerable body of literature, holistic evaluations of in vitro and in vivo 

toxicities of  MOFs have been possible. Various types, including iron, aluminum, and 

zirconium-based MOFs are considered relatively nontoxic.21ï23  

             

Figure 1.2 Number of publications on the topic of ñmetal-organic frameworksò and 

ñdrug deliveryò (results obtained from Web of Science, March 2022) 

As outlined above, there are many challenges associated with the development of 

DDVs. One of the most daunting is the ability to efficiently and reproducibly load drug 

cargo. Many carriers are plagued with low loading capacities, making it necessary to 

deliver higher doses to see any therapeutic benefit.2 Due to the desirable properties 

outlined above, MOFs have a high theoretical loading capacity. As shown in Figure 3, 

there are several strategies for incorporating drug cargo into MOF structures.24 Molecules 

can be incorporated into the structure as the linker molecule. This is used for therapeutics 
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such as cisplatin.24 A more common method for drug loading is post-synthetic 

encapsulation.24 In this process, dissolved drug is stirred with a solution containing the 

MOF. During impregnation, drug cargo incorporates into the pores of the MOF via non-

covalent interactions. The structure of the organic linker, which lines the pores, governs 

which drug types can be loaded.  

 

Figure 1.3  Il lustration of classical MOF drug loading strategies. The most common 

method (shown on the left) involves loading of drug molecules into the pores of the MOF 

after they have been synthesized (Image used with permission from Wang, Lei et al. J 

Mater Chem B. 201824) 

 

For example, hydrophobic linkers allow for loading of hydrophobic drug cargo. 

Pore environments can also be hydrophilic, however in many cases it is more desirable to 

create a system that can encapsulate cargo with poor water solubility.25 Both pore size 

and defect density can affect how much drug can be loaded into a given MOF system.26 

Since these properties vary drastically from one MOF to another, it is possible to identify 

structures that would maximize loading of a drug based on its size and hydrophobicity.  

Many groups have experimentally verified the high loading capacities of MOF 

structures. The loading capacities of several MOF varieties are provided in Table 2.27ï30  



 9 

A MIL -100 MOF was loaded to a maximum of 9 wt% of Doxorubicin (DOX), while a 

ZIF-8 system achieved 20 wt% DOX.27 A zirconium-based UiO-66 MOF was dually-

loaded with the anticancer probe dichloroacetic acid (15ï25 wt%) and chemotherapeutic 

5-fluorouracil (5-FU) (1ï4 wt%) and showed cytotoxic activity against cancer cells.28  A 

zinc-based MOF with hexadentate triazine ligands achieved 33.3 wt% loading with 5-

FU.29 A NanoMIL-101 MOF, which was the first nanoscale MOF ever synthesized, 

achieved 12.8 wt% loading of cisplatin prodrug.30 

Table 1.2  Drug Loading of MOF Nanocarriers 

MOF Type MOF Building Blocks Drug Cargo Max Loading 

(wt%) 

UiO-NMOF 

(UiO= University of 

Oslo) 

 Zr nodes 

+ 

 
1,4-benzenedicarboxylic 

acid  

Cisplatin 12.3 

MIL -100 

(MIL= Matériaux de 

lǋInstitut Lavoisier) 

Zr nodes 

+ 

 
benzene-1,3,5-tricarboxylic 

acid 

Doxorubicin 9 

UiO-66 Zr nodes 

+ 

 
1,4-benzenedicarboxylic 

acid 

5FU 1ï4 

NanoMIL -101 Fe nodes 

+ 

 
1,4-benzenedicarboxylic 

acid 

Cisplatin 12.8 
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ZIF -8 

(ZIF=zeolitic 

imidazolate 

framework) 

Zn nodes 

+ 

 
2-methyl imidazole 

Doxorubicin 20 

UiO-AZB 

(Morris lab)  

Zr nodes 

+ 

 
4,4ᾳ-azobenzenedicarboxylic acid 

5FU 14.9 

 

While high loading efficiencies are important, this property alone does not make 

MOFs useful as DDVs. It is also imperative to design a structure with a built-in trigger to 

allow for controllable cargo release. As discussed earlier, there are many stimuli for drug 

release, all of which have been demonstrated in MOF structures. pH-responsive zeolitic 

imidazolate (ZIF) MOF crystals were developed in the Zheng lab.31  Under slightly acidic 

conditions, the coordination bond between the zinc nodes and imidazolate bridging 

ligands was broken, allowing the release of doxorubicin. The system allowed for 

extended release over a 7ï9 day period.31 Another UiO-66 MOF with an iron oxide core 

was loaded to 63 wt% with doxorubicin, which was only released under acidic 

conditions.32 PCN-221, a porphyrin-based MOF, was loaded with methotrexate. This 

material showed pH dependent drug release, with all of the loaded drug being released at 

a slightly basic pH of 7.4.33  

Temperature is another stimulus used to control drug release from MOFs. 

Temperature responsive MOFs can be designed to allow for release at low or high 

temperatures. A UiO-66- PNIPAM system showed release of drug at 25 °C, but not at 40 

°C. At 40 °C, less than 20% of cargo was released, but at 25 °C over 90% of drug was 

released.34 These results establish a strong temperature dependence for the release of 
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procainamide and other drug molecules. ZJU-64 MOFs loaded with MTX, an anticancer 

drug, showed faster rates of release at higher temperatures. Specifically, increasing the 

temperature from 37 °C to 60 °C resulted in nearly a 50-fold decrease in the time it took 

to fully release the drug contents of the nanocarrier.35 While the current temperature 

requirements of these systems are not clinically relevant, these findings demonstrate the 

feasibility of synthesizing thermally responsive MOFs. 

1.4 Light-Responsive MOFs 

With a multitude of possible stimuli available for use, it is important to consider 

the benefits when selecting a trigger for drug release. Utilization of light, a readily 

available and external stimulus, comes with many advantages. While endogenous stimuli 

such as pH have been shown to vary from patient to patient, light is an exogenous stimuli, 

allowing the technology to be more easily translated to a clinical setting.36 One of the 

strongest arguments for light as a stimulus is its clinical precedent. Light is used as a 

stimulus for photodynamic therapy (PDT) treatment currently available to cancer 

patients. 

First developed in the 1960s, PDT involves the use of a photosensitizer that 

absorbs light energy and generates reactive oxygen species (ROS), eliciting localized cell 

death. Porphyrins have historically been used for this purpose.37 The effectiveness of 

PDT treatment relies on many factors, such as successful light penetration through the 

tissue and localization of photosensitizer within the desired area. As ROS are relatively 

short lived, they must be formed within the tumor region.38 Another requirement of PDT 

is a readily available source of O2. This becomes a barrier for treatment when oxygen 

sources are depleted, which is the case in many solid tumors found in head and neck 
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cancers. Tumors with hypoxic conditions resist PDT treatment, leaving patients with 

fewer options of care.39 Despite its clinical use, efforts continue to improve the efficacy 

of PDT treatment. These efforts focus on the development of better photosensitizers. 

Enhancing biocompatibility and increasing localization of the photosensitizers are two 

important goals in this area of research. There have been advancements in porphyrin-

based systems, including the development of Pt-porphyrin conjugates.40 MOFs have also 

become useful in this realm as photosensitizers can easily be used as linkers. Porphyrin 

aggregation is a common issue with photosensitizers and reduces the ability to form 

singlet oxygen.41 When porphyrins are incorporated into a MOF structure, the propensity 

for aggregation is eliminated. A UiO type MOF loaded with DBP as a photosensitizing 

agent was found to be twice as efficient at singlet oxygen generation due to the presence 

of Hf centers, which better facilitate intersystem crossing.42 A chlorin-based MOF (DBC-

UiO) developed by the Lin group43 was found to exhibit more efficient singlet oxygen 

generation than a porphyrin-based version. Another advantage of using MOFs for PDT 

lies in their high loading capacity. Several Hf-based UiO type MOFs achieved 

photosensitizer loadings of over 50 wt%.41 High loadings such as these ensures that a 

large amount of photosensitizer is localized within the tumor, which is a major hurdle for 

traditional PDT compounds. 

In order to properly address the limitations of PDT, an alternative strategy is to 

develop a method that is light-activated therapy that does not rely on the presence of 

oxygen. Incorporation of a photosensitive molecule within the framework of a MOF 

structure provides an intrinsic means of light sensitivity. Review of the literature44ï47 

shows there have been several MOFs with photoresponsive properties. Müller44 
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developed a MOF thin film containing a fluorinated AZB linkers which reversibly 

switched conformations upon absorbing green and violet light. For polar hydrocarbons 

such as butan-1,4-diol, uptake of gas significantly increased when AZB was isomerized 

to its cis form. In assessing hydrogen separation capabilities, the system also showed 25ï

30% increase in uptake of propene and ethylene over H2 in the cis form. However, for 

apolar compunds such as CO2, no significant separation from H2 was achieved. It was 

concluded that photoswitching allowed for differential uptake of hydrocarbons due to 

steric effects, rather than polarity differences between cis and trans isomers.44 A Zr-based 

UiO-68-azo MOF was used to make novel ñnanovalvesò for dye release.45 The design 

included beta-cyclodextrin (ɓ-CD) valves which sterically blocked the pores of the MOF. 

The stability of the system relied on the affinity of ɓ-CD groups for only the trans 

configuration of AZB. When the AZB isomerized, the ɓ-CD disassociated from the 

structure, allowing the ñvalveò to fall away from the pores and release the contents 

within. The material was used to release Rhodamine-B (RhB) dye, and was shown to 

release around 50% of loaded RhB over a 120 min period.  

An ECUT-30 MOF was synthesized with photosensitive AZB and diarylethene 

ligands.46 Upon isomerization to the cis configuration, the material showed a 7.3 and 

6.6% decrease in absorptivity of C2H2 and CO2 respectively. Most interestingly, the 

material showed greater decreases in absorption selectivity for CO2 than for other guest 

molecules, which shows that light-modulating effects are dependent on the identity of the 

guest molecules.46 These findings highlight the utility of photoactive MOFs for 

modulating the rate of gas uptake. HKUST-1 MOFs with covalently bound AZB and 

trifluoroazobenzene were found to have increased butanediol uptake when the ligands 
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photoisomerized to the cis conformation.47 Postsynthetically, HKUST-1 thin films were 

loaded with AZB. UV-Vis spectra were monitored for changes in band intensity at 320 

nm and 450 nm, which provide a spectroscopic method for observing isomerization 

efficiency. Decreased intensity of the 320 nm peak indicated that the molecule had 

transitioned to the cis form, and irradiation with 455 nm light resulted in peak recovery, 

which indicates the reversibility of the molecule. Uptake of butane-1,4-diol was 

determined to increase by 8% when the AZB was in cis conformation. 

Looking at the literature collectively, it seems that photoactive MOFs are 

predominantly used for gas storage and many systems do not rely directly on the 

photoresponsiveness of MOF particles (i.e. photoisomerizable linkers serve only to 

access open/closed pores). While using light stimulated MOFs for selective gas uptake 

has been well explored, the idea of translating this technology to biological applications 

remains relatively untouched. This gap in the literature creates an urgent need to 

capitalize on the development of novel photo-responsive MOF DDVs for drug delivery. 

1.5  Design Strategies for MOF-based Drug Delivery  

Previously, the Morris group developed a DDV using a light-responsive MOF 

known as UiO-AZB.48,49 Upon UV irradiation, UiO-AZB MOF 

[Zr6O4(OH)4(C14H8N2O4)6] shows light-induced degradation and controlled release of 

encapsulated cargo. The degradation of UiO-AZB particles is achieved through trans to 

cis photoisomerization of 4,4ᾳ-azobenzenedicarboxylic acid linkers, which induces 

structural collapse. Our design addresses key aspects of DDV design including toxicity 

and targeting. The MOFs contain relatively non-toxic building blocks (Zr4+ and azo 

compounds) to improve safety.22 Moreover, polymer coatings provide a facile means for 
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installing targeting moieties on the particle surface. Supported by the substantial 

precedent of MOF carriers and our own previous studies, this work centers on the design 

and development of azobenzene MOFs for drug delivery. Herein, several design criteria 

of MOF drug delivery systems will be thoroughly investigated, namely (i) light response, 

(ii) cargo capacity, and (iii) controlled release (Figure 4). 

 

Figure 1.4 Summary of design criteria for drug delivery vehicle design 

1.5.1 Light Response 

Light is a promising stimuli that provides enhanced spatiotemporal control over 

cargo release from DDVs. The wavelength of light used to illicit a photoresponse is 

critical for the clinical efficacy of light-activated DDVs.50,51 Ultraviolet (UV) light (< 400 

nm) is highly scattered by the skin and considered phototoxic. Longer wavelength light 

(>650 nm) achieves up to 3 times the tissue penetration of UV light, allowing for 

treatment of deeper lying organs (Figure 5). Azobenzene requires UV irradiation for 

photoisomerization. Functionalizing the benzene rings with various substituents has been 

shown to change the energies of ˊŸˊ* and nŸˊ* in azobenzene compounds, enabling 
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the photoswitch to occur with visible light.  In Chapter 2, methods for the synthesis of 

unsymmetrical azobenzenes is described.  Synthetic efforts towards the production of 

novel push-pull azobenzenes are summarized as well. Based on computational 

predictions, several ñdesign rulesò for azobenzene derivatives are proposed in an effort to 

guide researchers in the creation of highly red-shifted azo photoswitches.  

 While red light or NIR sources are typically preferable for a clinical setting, other 

wavelengths within the visible range have been advantageous for certain applications. For 

superficial tumors, such as those in the bladder52, lungs53, or esophagus54, green light 

irradiation has been shown to mitigate deeper tissue damage. In Chapter 3, efforts 

towards a green-light-responsive MOF DDV for colorectal cancer treatment are 

described. In this work, a novel framework (UiO-AZB-F) is developed using a green 

light photoswitch, 4,4ᾳ-(diazene-1,2- diyl)bis(3,5-difluorobenzoic acid). Upon green light 

irradiation, UiO-AZB-F particles photoexfoliate, degrading into small molecule 

components. The framework demonstrates controlled release of 5-fluorouracil over a two 

hour treatment window and shows light-induced cytotoxicity against a colorectal cancer 

cell line (HCT-116).  
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Figure 1.5 Approximate depth of penetration of various wavelengths of light (from left to 

right: UV, blue, green, red) 

 

 

1.5.2 Cargo Capacity 

When fabricating materials for drug delivery, it is critical to ensure maximum 

cargo incorporation to increase the therapeutic efficacy from a dosing perspective. In 

Chapter 4, a computational model is validated as a method for predicting drug loading in 

MOFs. In this work, the role of solvent in the simulations is investigated as a critical 

parameter in matching the absolute drug loading values in porous materials. These 

findings also inform our experimental work, indicating that the competitive adsorption of 

solvent can impact the absolute drug incorporation in MOF-based materials. 

As a means to enhance cargo loading efficiencies, various drug loading methods 

were investigated, including postsynthetic impregnation, postsynthetic ultrasonication, 

and in situ encapsulation. For the postsynthetic loading procedures, the mechanism of 
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loading is diffusion driven. Drug loading is predominantly achieved through favorable ˊ- 

ˊ interactions with the linkers in the MOF pores, but ultimately loading will be limited by 

the pore size of the framework. For the in situ method, however, the framework is 

synthesized in the presence of cargo, eliminating the need for diffusion through a 

preformed porous structure. In situ encapsulation could allow improvements in the 

absolute amount and scope of cargo loading, so long as the cargo itself is thermostable. 

Efforts towards optimizing adsorption of a range of chemotherapeutics including 5-

fluorouracil, carboplatin, oxaliplatin, and gemcitabine are described (Chapters 3 and 5).  

Chapter 5 also investigates the development of MOFs for combination 

chemotherapy. Various drug cocktails used for the treatment of bladder, pancreatic, 

cervical, and colorectal cancers are investigated in UiO-AZB-F framework. Factors 

including size and intermolecular interactions were found to play a significant role in the 

affinity of chemotherapeutics within the framework. For some cocktails, increasing the 

stoichiometric offset served as a means to create materials with absolute drug ratios that 

match closely with desired dosing regimens. Collectively, these efforts establish our 

framework as a versatile platform for the treatment of numerous cancer types. 

1.5.3 Controlled Release  

Though MOF drug-delivery systems utilize stimuli to release cargo. Both the rate 

and efficiency of release and can play an important role in clinical applications. For 

example, some drugs require sustained release to mitigate toxicity, while other drugs can 

be administered in short treatment windows. These differences can be difficult to address 

in the design of a single carrier. Chapter 6 outlines the development of multivariate 

(MTV) MOFs with varying amounts of green light-responsive linker (AZB-F) as a means 

of modulating cargo release rates. In this series, MTV MOFs contain varying ratios of 
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AZB-F or AZB as an ancillary linker. As compared to our totally green light-responsive 

MOF, MTV MOF derivatives showed sustained release of encapsulated cargo due to 

slower particle degradation.  

To conclude, our efforts are placed within the context of stimuli-responsive MOFs 

in the final section. Chapter 7 is a summary of recent advances in the field of stimuli-

responsive drug-delivery in MOFs. This chapter evaluates various stimuli (endogenous 

vs. exogenous) in MOF design and introduces future directions for the field, including 

methods for improving the bioavailability of MOFs and transitioning towards delivery of 

precision medicines.  
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2. Synthetic Methods for the Preparation of Unsymmetrical 

Azobenzenes  

 
2.1 Abstract 

To develop molecular photoswitches for biological use, the preparation of  

unsymmertrical azobenzenes is often required. However, both the design and synthesis of 

unsymmetrical compounds remains challenging. Herein, recent advances in 

unsymmetrical azobenzene preparation and the potential substrate scope for each 

synthetic method will be outlined. Our contributions to the design and synthesis of select 

unsymmetrical azobenzene compounds will also be described.  

2.2 Introduction  

Diaryldiazenes, or azobenzenes, are a class of photoswitchable motifs that have 

been used in diverse applications, such as industrial dyes/pigments, food additives, 

optics, and smart materials.1 Azobenzenes undergo light driven isomerization from trans 

to cis configurations through inversion about the N=N bond. Upon irradiation with 

ultraviolet (UV) light, compounds undergo a pronounced structural change, making 

azobenzenes useful molecular switches.1 Driven by the precise temporal control light 

offers, fields such as optogenetics and photopharmacology have explored the use of 

azobenzenes for biological applications.2 One of the major drawbacks of using these 

photoswitches is the traditional need for UV light to achieve photoisomerization. UV 

light is highly scattered by the skin, offering very poor penetration through tissue.3,4 To 

utilize azobenzenes in vivo, the light response should be shifted.5 Researchers have found 

that installing substituents on various positions on the aromatic rings can modify the 

photophysical properties of azobenzene, a task commonly referred to as red-shifting.6ï9   
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  When developing azobenzenes for biological use, unsymmetrical push-pull 

systems4 have been some of the most successful for generating extremely red-shifted 

absorbance bands. In these compounds, electron donating groups are installed on one aryl 

ring, and electron withdrawing groups on the other ring. The addition of substituents 

causes shifts in the relative energies of orbitals involved in the photoisomerization event. 

Due to resonance stabilization, ˊ and ˊ* orbitals are closer in energy in push-pull 

azobenzenes, allowing the photoisomerization to occur with low energy visible light. 

With a plethora of coupling strategies to choose from and inherent reactivity differences 

between coupling reagents, it can be challenging to develop straightforward synthetic 

pathways to generate desired unsymmetrical azobenzenes. Herein, recent advances in 

unsymmetrical azobenzene preparation and the potential substrate scope for each 

synthetic method will be outlined. Our contributions to the design and synthesis of select 

unsymmetrical azobenzene compounds will also be described. Finally, we propose 

several design rules for unsymmetrical azobenzene compounds and provide 

computational results in support of those rules.  

2.3 Preparation of Unsymmetrical Azobenzenes 

 2.3.1 Diazonium Coupling Strategy  

Diazotization has long since been the method of choice for large scale azobenzene 

production, due to its high yield and selectivity.1 Indeed, it is used industrially for the 

production of dyes even today. Diazonium salts are produced when sodium nitrite and 

HCl are added to aniline solutions at subzero temperatures. The general mechanism for 

diazonium coupling is presented in Scheme 2.1. Substrates with strong electron donors 

can be added in situ, and direct electrophilic addition occurs at the para position. Free 
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chloride in solution deprotonates the substrate, generating HCl and the desired 

azobenzene. 

      

Scheme 2.1  Mechanism for diazonium coupling 

Based on the mechanism, this method works best for installing electron donating 

substituents para to the azo bond.7 If the para position is occupied, addition can occur at 

other positions on the electrophile. Unfortunately, this can result in isomeric mixtures, so 

diazotization is not a popular choice for producing complexly substituted unsymmetrical 

compounds. However, through judicious choice of starting materials, a few red-shifted 

azobenzenes have been furnished with this method.8,9 

 Overall, diazonium coupling is a tried and true method for azobenzene 

production, due to the strong electrophilic character of the diazonium ion. However, if the 

coupling does not occur, there are few synthetic handles for promoting the reaction. 

Depending on the complexity and desired substitution pattern, diazonium coupling can be 

a highly efficient method for unsymmetrical production.  

 2.3.2 Mills Coupling Reaction 

The Mills coupling reaction is a promising strategy for yielding unsymmetrical 

azobenzenes while limiting unwanted structural isomers.1 The two distinct coupling 

components, an aniline and a reactive nitroso intermediate, are tolerant to a diverse range 

of substituents. Nitroso compounds are commonly prepared through oxidation of aniline 

with oxone.10 The reaction mechanism for the Mills coupling reaction is shown in 

Scheme 2.2. The reaction proceeds via nucleophilic attack of the aniline at the nitrogen 
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atom of the nitroso compound. The resulting compound tautomerizes, ultimately 

expelling water to generate the desired azobenzene. Mills coupling reactions typically 

occur in acetic acid solution to ensure proper protonation of derivatives.  

 

                                 Scheme 2.2  Mechanism of Mills Coupling Reaction 

 

 The reaction is more favorable when anilines bear electron withdrawing groups. 

11 Similar to diazonium coupling, there is little synthetic diversity in methods for Mills 

coupling. The condensation reaction occurs quite readily in acetic acid solutions at room 

temperature. For stubborn substrates, addition of a cosolvent or an increase in reaction 

time can be used to drive the reaction forward. For example, aniline and nitrosobenzene 

can be combined with ethyl lactate as a solvent to provide azobenzene compounds in 

substantial yields (55ï73%). 12  

Unfortunately, there is a competing reaction pathway that can interfere with the 

formation of azobenzene as described above. Side products known as azoxybenzene can 

be produced when the substrates react in an undesired way. Rather than undergoing 

nucleophilic attack, the nitroso derivative can instead be reduced by the aniline, resulting 

in a hydroxylamine compound. When hydroxylamine couples with remaining nitroso 

derivative in solution, azoxybenzene is formed (Scheme 2.3).  

                      
       Scheme 2.3  Structures of hydroxylamine, nitroso, and azoxybenzene compounds 
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Electron rich arylamines are particularly susceptible to this pathway. Recently, 

Tombari et al. has developed a method for predicting Mills reaction efficiency by 

computationally calculating oxidation potentials (Eox) for various anilines.13 They found 

that anilines with predicted Eox between 0.7 and 1.6 V (vs. SHE) favored the desired 

pathway for azobenzene production. Anilines with Eox lower or higher than this range 

favored azoxybenzene production and low reactivity respectively, which was 

corroborated by experimental results. These findings suggest that Eox is an important 

factor and should be considered when selecting anilines for Mills coupling reactions.  

In summary, the Mills coupling reaction is a popular method for unsymmetrical 

azobenzene synthesis. The straightforward reaction conditions (aniline + nitroso + 

AcOH) make it a very appealing coupling strategy. Nonetheless, the Mills coupling 

strategy suffers from competing reaction pathways that can hamper reaction yields and 

create complex product mixtures. Careful consideration of the oxidation potential of the 

aniline may be necessary to predict the success of this method for particular substrates.  

2.3.3 Diarylhydrazine Coupling 

Another popular method for azobenzene production is oxidative dehydrogenation 

of diarylhydrazines. This method typically employs the use of a catalyst. The general 

reaction mechanism for oxidative dehydrogenation is shown in Scheme 2.4.  The 

mechanism is relatively straightforward, and simply requires a catalyst/oxidant capable of 

abstracting protons. 

 
 

Scheme 2.4  Mechanism of oxidative dehydrogenation of diarylhydrazines 
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There have been a plethora of reagents and synthetic methods explored for 

azobenzene production through oxidative dehydrogenation pathways. TEMPO can be 

used as an organocatalyst for the oxidative dehydrogenation of hydrazobenzenes. The 

environmentally-friendly nature and high yields (exceeding 92%) of this reaction make it 

very promising for azobenzene production.14  

Jo et al. produced azo compounds from 2-phenyl-1-benzoylhydrazines using a 

combination of HNO3/NaNO2 under aerobic conditions. The reaction is highly efficient, 

with yields over 97% for the 11 substrates tested.15 Unsymmetrical azobenzenes were 

also furnished from hydrazobenzenes using tert-butyl nitrite as a catalyst. The reaction 

takes place under ambient conditions and produces product yields exceeding 90% in as 

little as two hours.16 Unfortunately, these methods have only been demonstrated on 

relatively simple substrates (Ò 1 substituents per aryl ring). 

There have also been accounts of azobenzene production from antiaromatic 

starting materials. Carreno et al. developed a synthetic procedure for azobenzene using p-

benzoquinone bisketals and aryl hydrazines. This method, involving cerium ammonium 

nitrate in acetonitrile, affords the unsymmetric product in substantial yields (60-99 %). 

However, the coupling typically requires strong electron withdrawing substituents on the 

aryl hydrazine to give higher yields (F, Br, NO2, etc.)17 The use of cerium ammonium 

nitrite has been applied to quinonoidal spirolactones, which produce azobenzene-alanine 

derivatives when coupled with phenylhydrazines.18 Such strategies provide a nice 

platform for developing diverse substituent patterns. 
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The greatest challenge in oxidative dehydrogenation may actually be the synthesis 

of the diarylhydrazine starting materials themselves. To this aim, Dohno et al. furnished 

diarylhydrazides, which can undergo similar reactions as diarylhydrazines (Figure 2.1).  

 

                         Figure 2.1  General structure of diarylhydrazide compound 

In a recent work, Dohno et al. prepared aryl hydrazides through a Pd-catalyzed 

reaction of anilines with tert-butyl carbazate. Aryl hydrazides are coupled with aryl 

bromide compounds using palladium acetate/tert-butyl phosphine as catalysts, producing 

diarylhydrazide compounds in high yields.19 Once isolated, diarylhydrazides can be 

readily oxidized to form azobenzenes using N-bromosuccinimide and pyridine in 

dichloromethane. While aryl hydrazines were unable to yield diarylhydrazines in this 

catalytic cycle, converting the substrates to aryl hydrazides allowed for successful 

diarylhydrazide production. This method is particularly powerful, as it tolerates a variety 

of substituents and represents a very promising pathway to highly substituted or ñpush-

pullò type azobenzenes that cannot be accessed with aryl hydrazine starting materials.  

The aforementioned diarylhydrazine dehydrogenation strategies are summarized 

in Table 2.1. In general, stronger one electron oxidizing agents (i.e. cerium ammonium 

nitri te) produce azobenzenes in shorter reaction times as compared to tert-butyl nitrite. 

Indeed, the use of cerium ammonium nitrite is a superior method in terms of both 

reaction time and substrate scope. Overall, oxidative dehydrogenation is an efficient 

method for azobenzene production if the necessary diarylhydrazines can be easily 
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synthesized. With the discovery of diarylhydrazides as potential alternate substrates, it is 

very likely that research in oxidative dehydrogenation methods will continue to grow in 

the coming years.  

 

Table 2.1  Scope of unsymmetrical azobenzenes obtained through oxidative 

dehydrogenation of diarylhydrazines 

Reaction Conditions Substituents (position) / Reaction Yield Reference 

TEMPO (10 mol%), EtOH, 

air, 60 °C, 12ï15 h 

R1=OMe (4), R2=H (4´) / 96%        R1=COOMe (4), R2=H (4´) / 93% 

R1=H (4), R2=Cl (4´) / 99%             R1=H (4), R2=Br (4´) / 95% 

R1=H (4), R2=Br (6´) / 92% 

14 

NaNO2 (10 mol%), HNO3 

(20 mol%), toluene, O2, 50 

°C, 3 h* 

R1=H (4), R2=COOEt / 99%            R1=Cl (4), R2=COOEt / 99% 

R1=OMe (4), R2=COOEt / 97%       R1=F (4), R2=COOEt / 98% 

R1=Me (4), R2=COOEt / 99%          R1=CN (4), R2=COOEt / 99% 

R1=Br (4), R2=COOEt / 98%           R1=NO2 (4), R2=COOEt / 97% 

15 

tert-butyl nitrite (30 mol%), 

EtOH, air, RT, 2 h 

R1=H (4), R2=Me (4´) / 96%           R1=H (4), R2=Cl (4´) / 97%    

R1=H (4), R2=Me (5´) / 96%           R1=H (4), R2=F (4´) / 93%   

R1=H (4), R2=Ph (4´) / 90%            R1=H (4), R2=CF3 (4´) / 93%   

R1=H (4), R2= Cl (3´), OMe (4´) / 96%                                                   

16 

Cerium ammonium nitrite 

(3 mol%), MeCN, RT, 0.1ï

2 h 

R1=SOp-Tol (3) OMe (4) => R1 is the same for all structures 

R2=NO2 (2´ and 4´) / 85%               R2=F (2´ and 5´) / 98% 

R2=F (2´ and 5´) / 98%                    R2=F (2 ,́3´,5´,6´) CF3 (4´)  / 98% 

R2=F (2 ,́3́ ,4´, 5́ ,6´) / 60% 

17 

Cerium ammonium nitrite 

(3 mol%), MeCN, RT, 0.1ï

2 h 

R2=Alanine (4´) => R2 is the same for all structures 

R1=Me (4) / 73%                              R1=F (2,4,6) / 91% 

R1=OMe (2) / 72%                           R1=F (2,6) / 95% 

R1=CN (3) / 85%                              R1=F (2,6), CONH2 (4) / 94% 

R1=CH=CH2 (3) / 68%                     R1=F (2,6), I (4) / 82% 

R1=F (2,3,4,5,6) / 89% 

18 

NBS, pyridine, DCM, RT R1=CH2O2(CH2)2 (4), R2=COOMe (4´) / 61%     

 

19 

 

 2.3.4 Oxidative Coupling of Anilines 

Interestingly, the majority of efforts towards unsymmetrical azobenzene synthesis 

involved oxidative coupling of anilines. This is somewhat ironic, given that use of only 

aniline starting materials always carries the risk of producing self-coupled azo products, 

but through stochiometric offsets/reactivity differences, some methods have achieved 
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>70% yield of desired product. In general, the oxidative coupling mechanism (Scheme 

2.5) involves generation of a cationic radical species or nitrenium ion on the more 

reactive aniline substrate through electron transfer from the oxidant or catalyst. 

Subsequently, the cationic species undergoes nucleophilic attack from the remaining 

aniline in solution to generate a diarylhydrazine intermediate. Under aerobic conditions, 

this is quickly dehydrogenated to furnish the desired azoarene compound.  

 

Scheme 2.5  Typical pathway for oxidative coupling of amines 

 

There are numerous reported methods for oxidative coupling of anilines, therefore 

only those with the most versatile substrate scopes will be outlined here. de Souza et al 

proposed a facile synthesis for the formation of unsymmetrical azobenzenes from 

substituted anilines using commercial bleach and HCl at ambient conditions.20 The 

proposed mechanism involves formation of HOCl under acidic conditions to generate a 

dichloroamine species, which undergoes nucleophilic attack from remaining aniline in 

solution. While the reaction yields exceeded 70%, the substrate scope was limited and 

only included anilines with para substituents. There have been other relatively simple 

reaction conditions for the preparation of azobenzenes from oxidative pathways. For 

example, under aerobic conditions, a cross-coupled azobenzene was prepared in 73% 

yield from aniline and p-chloroaniline starting materials in DMSO solution.21 Hudwekar 
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et al. discovered a method for oxidatively coupling amines using potassium persulfate 

with PEG-200 as a solvent (in the presence of  potassium carbonate).22 Within 12 hours 

under ambient conditions, all coupling conditions exceeded 90% conversion. While some 

symmetric side products were observed, the selectivity for cross-coupled azoarenes was 

greater than 50% for 7 of the 9 substrates tested.22  

Other advances explore the use of metal catalysts for oxidative coupling. Cai et 

al. developed a method for the oxidative dehydrogenative coupling of anilines using 

metal nanoparticles. While many metals were explored, silver nanoparticles tethered to 

carbon surface showed the most promise for cross coupling reactions.23 The proposed 

reaction mechanism involves generation of an aniline radical cation and formation of a 

diarylhydrazine, which is converted into azo compound under the aerobic conditions of 

the reaction. Their substrate scope (mostly para-substituted anilines) achieved product 

yields ranging from 50ï83%. Wang et al. developed a molecular sieve of manganese 

oxide (OMS-2) which is highly selective for cross-coupled azobenzenes (20 substrates, 

64ï99% selectivity).24 However, the reaction requires high temperatures/pressures and 

uses toxic chlorobenzene as a solvent. Unsymmetrical azobenzenes were also prepared 

oxidatively using copper bromide and N-methylmorpholine N-oxide (NMO) as a co-

oxidant.25 While product was generated under ambient conditions within 1ï3 hours, the 

method provided no selectivity for cross-coupled over homo-coupled product (1:1).24 

Alternatively, copper bromide has also been generated in situ, using red copper and 

ammonium bromide reagents. The Cu species activates molecular oxygen, creating the 

Cu-oxygen complex responsible for the oxidative coupling of anilines.26 This method 
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generated 21 para-substituted aromatic azo compounds, with better selectivity than the 

copper bromide/NMO method.  

One of the most efficient methods for oxidative dimerization of anilines is 

through the generation of hypervalent iodine species, such as tert-butyl hypoiodite (t-

BuOI).27 For cross-dimerization, four equivalents of tert-butyl hypochlorite and sodium 

iodide are used to form t-BuOI in situ. In the proposed mechanism, a N,N-diiodoaniline 

intermediate is formed on the electron rich aniline. This intermediate serves as an 

electrophile which reacts with remaining aniline in solution. Two equivalents of HI are 

liberated to form the final azo bond. The product yields range from 52ï72%. 

In a similar fashion, Monir et al. proposed the use of another hypervalent iodine 

species for the oxidative coupling of anilines.28 In their work, phenyliodine(III) diacetate 

(PIDA) is used. The substrate scope, mostly para-substituted anilines, is limited but 

cross-coupled products are achieved in >50% yield. Ethanol is used as the solvent and is 

critical for this reaction. Indeed, no product is formed when dichloromethane or 

tetrahydrofuran are used. It is proposed that ethanol acts as a nucleophile and adds to the 

substrate to form a key intermediate, but undergoes elimination when the reaction 

mixture is heated.  

To compare oxidative approaches, the methods described above have been 

summarized in Table 2.2. The method utilizing potassium persulfate22 furnished more 

unsymmetrical azobenzenes than any other method, likely due to the use of a powerful 

oxidant. In general, the use of hypervalent iodide species27,28 provides improvement in 

product yield as compared to the use of red copper26 as an oxidant. Mechanistic 

differences could shed light on this enhancement. Unlike copper, which generates an 
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aniline radical cation, hypervalent iodide species generate N,N-diiodoaniline (-NI2) 

intermediates within the reaction pathway. The preferred formation of NI2 on only the 

electron rich aniline may explain the selectivity for cross-coupled azobenzenes.  Overall, 

most methods20,21,23,24,26 achieved only diversification of substituents para to the azo 

bond in fair to moderate yields (16ï95%). Other methods22,25,27,28 provide more diversity 

in substituent position, but the highest number of substituents reported is 3. As substrates 

become more complex with multiple donating or withdrawing groups, the reactivity of 

aniline will be impacted, likely resulting in lower yields than those reported in literature. 

 

Table 2.2  Scope of unsymmetrical azobenzenes obtained through oxidative coupling of 

anilines 

Reaction Conditions Substituents (position) / Reaction Yield Reference 

NaOCl (5 equiv.) HCl (1 

eqiuv.), 25 °C, 5 h 

R1=Me (4), R2=H (4´) / 84%          R1=OMe (4), R2=H (4´) / 89% 

R1=H (4), R2=Cl (4´) / 75%            R1=H (4), R2=Br (4´) / 70% 

R1=Me (4), R2=Cl (4´) / 72% 

20 

KOH (3 equiv.), DMSO, O2 R1=H (4), R2=Cl (4´) / 73% 21 

K2S2O8, K2CO3, PEG-200, 

RT, 12 h 

R1=Br (4), R2=H (4´) / 37%           R1=Cl (4), R2=H (4 )́ / 46% 

R1=OMe (4), R2=H (4´) / 58%       R1=Me (3 and 5), R2=H (4´) / 50% 

R1=OMe (4), R2=Br (4´) / 95%      R1=OMe (4), R2=Me (4´) / 55% 

R1=Me (2 and 6), R2=H (4´) / 59% 

R1=OMe (3 and 5), R2=H (4´) / 73% 

22 

Ag/C, KOH, DMSO, O2, 60 

°C, 30 h 

R1=OMe (4), R2=OCF3 (4´) / 83% 

R1=OMe (4), R2=Br (4´) / 74%      R1= OCF3 (4), R2=Br (4´) / 64% 

R1=Cl (4), R2=N(CH3)2 (4´) / 78% 

23 

OMS-2, PhCl, O2, 160 °C, 

24 h 

R1=Me (4), R2=F (4´) / 72%           R1=Me (4), R2=Cl (4´) / 60% 

R1=Me (3), R2=Br (4´) / 76% 
24 

CuBr (10 mol%), 

NMO H2O (1 equiv.), 

MeCN/H2O, RT, 2.5 h 

R1=OMe (4), R2=Cl (4´) / 54%       R1=OMe (4), R2=H (4´) / 58% 

R1=OMe (4), R2=Me (4´ and 5´) / 52% 

R1=OMe (2), R2=Cl (4´) / 51% 

25 

Red copper, NH4Br, 

pyridine, O2 

R1=Me (4), R2=COOEt (4´) / 16%  R1=Br (4), R2=H (4´) / 57% 

R1=OCF3 (4), R2=COOEt (4´) / 60% 

R1=Br (4), R2=COOEt (4´) / 56% 

26 

tBuOCl (4 equiv.), NaI (4 

equiv.) 

R1=Me (4), R2=COOEt (4´) / 62%  R1=Me (4), R2=NO2 (4´) / 64% 

R1=Me (4), R2=CF3 (3´and 5´) / 66% 

27 

PIDA (2.2 equiv.), EtOH,- R1=Me (4), R2=COOEt (4´) / 60%   R1=OMe (4), R2=NO2 (3´) / 54% 28 
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20ï60 °C, 30 min R1=Me (4), R2=Cl (4´) / 52%           R1=OMe (4), R2=Cl (4´) / 53% 

 

 

 2.3.5 Azoheteroarene Synthesis 

It is worth noting a particular set of unsymmetrical azo compounds, heteroaryl 

azobenzenes, have attracted interest in recent years. Heteroaryl azobenzenes contain at 

least one imidazole, pyrazole, or other nitrogen heterocyclic functionality (Figure 2.2) 

attached directly to the azo bond.29  

 

Figure 2.2 General structures for select heteroaryl azobenzenes 

The incorporation of heteroatoms within aromatic rings has unlocked diverse 

structures with unique photophysical properties. The slight structural change has 

provided a promising strategy for creating structures with red or near-IR light response.  

Azoheteroarenes can be synthesized through any of the methods previously described. A 

series of 3-phenylazoindole compounds were synthesized by coupling diazonium salts to 

indoles.30 These compounds showed red-shifted absorbances through the incorporation of 

push-pull substituents. Weston et al. also developed a new class of red-shifted  

arylazopyrazoles through diazonium coupling and Mills coupling reactions.31  

In recent work, Kolarski et al. synthesized a series of 6-azopurines through 

nucleophillic aromatic substitution of 6-chloro-9-isopropyladenine.32 In this procedure, 

the starting material is coupled to phenylhydrazine under microwave conditions, forming 
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a diarylhydrazine intermediate. In a second oxygenation step, an azopurine compound is 

obtained (Figure 2.2). Remarkably, the desired coupled product could not be achieved 

using typical coupling procedures (diazonium coupling, Mills reaction, etc.) or aryl 

hydrazides as a starting material.32 This work highlights the synthetic challenge of 

obtaining unsymmetrical azobenzenes. As the field trends towards developing more 

complex substituted compounds due to their enhanced photophysical properties, 

traditional coupling methods may not meet these needs.  

2.4 Experimental Efforts Towards Unsymmetrical Azobenzene Synthesis 

In our approach, computational calculations were utilized to narrow in on specific 

azobenzene derivatives of interest. A series of unsymmetrical azobenzenes were screened 

for absorbance at wavelengths >600 nm. In these derivatives, the position and identity of 

push-pull substituents were systematically modified. We focused on substrates modified 

at the 4 and 4' positions with carboxylic acids. Therefore, only the ortho and para 

positions were available for functionalization with push-pull character. The restriction of 

carboxylic acids at 4 and 4́ positions is based on the ultimate application of our 

compounds (MOF incorporation). Predicted UV-Vis absorbance spectra for these 

derivatives were generated using time dependent density functional theory (TDDFT) 

calculations. Out of those screened, four derivatives were selected for further 

investigation. The structures and predicted absorbance spectra are shown in Figure 2.3. 

Computations revealed that 2,5-disubstituted patterns resulted in the greatest red shifts. 

Interestingly, these substitution patterns have not been previously investigated in 

literature, which could be due to the complicated synthetic pathway required to furnish 

such compounds. Indeed, if successful, the target compounds would be the most highly 
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substituted azobenzenes (>2 substituents per aryl ring) reported in literature. For all 

compounds, the electron donor containing component (R) is identical. For the coupling 

partner, synthetic efforts first centered on the 2,5-difluoro derivative, as it was 

commercially available. 

 
Figure 2.3  Predicted UV-Vis absorption spectra for target unsymmetrical azobenzenes, 

as predicted using TDDFT calculations (performed by Shaunak Shaikh, A. Morris 

group). 

2.4.1 Mills Coupling Reaction 

To synthesize the desired unsymmetrical derivative, a Mills coupling procedure 

was initially attempted. As previously described, Mills coupling requires an aniline and 

nitroso derivative. As the coupling is more favorable under conditions with an electron 

rich aniline, the desired coupling partners were methyl 4-amino-5-(methyl((2,2,2-

trichloroethoxy)carbonyl)amino)-2-(((2,2,2-trichloroethoxy)carbonyl)amino)benzoate 

(1e) and 2,5-difluoro-4-nitrosobenzoic acid (1f) (Figure 2.4).       
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Figure 2.4  Target compounds for desired Mills coupling reaction 

 

Compound 1e was synthesized through 5 step synthetic procedure (Scheme 2.6).32  

 

Scheme 2.6 Synthetic pathway for the synthesis of Synthesis of Methyl 4-Amino-5-

(methyl((2,2,2-trichloroethoxy)carbonyl)amino)-2-(((2,2,2-

trichloroethoxy)carbonyl)amino)benzoate (1e) 

 

Compounds 1a-1d were isolated and purified through recrystallization as needed. 

Surprisingly, the major product is a double protection of the secondary amine and 

primary amine in the para position relative to that group, with the primary amine in the 

ortho position remaining unprotected. Both directing and steric effects may play a role in 

the selectivity of 2,2,2-trichloroethylformate addition at the para over the ortho position. 

Single crystal X-ray crystallography was used to confirm the structure of Compound 1e 
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(Figure 2.5). With the desired protection strategy achieved, attentions were directed 

towards the electron withdrawing component.  

 
Figure 2.5  Single crystal structure of Compound 1e 

 

Compound 1f was synthesized through a mild oxidation of 4-amino-2,5-

difluorobenzoic acid with oxone.10 Efforts to furnish the final unsymmetrical azo 

compound were unsuccessful. Mills coupling reactions are typically carried out in acidic 

conditions. Parameters such as increased time, increased temperature, modified solution 

acidity, and solvent mixtures were systematically investigated in an attempt to facilitate 

coupling between the two components, but the original starting materials were the only 

visible products via thin layer chromatography (TLC) and nuclear magnetic resonance 

(NMR) spectroscopy. 

2.4.2 Oxidative Coupling of Anilines 

 Since aniline versions of each coupling partners were available (1e and 4-amino-

2,5-difluorobenzoic acid), several procedures for oxidative coupling of anilines were 

attempted. Simpler procedures including commercial bleach and HCl at ambient 

conditions19 and addition of potassium persulfate with PEG-200 solvent21 were 

attempted. The aforementioned procedures did not yield unsymmetrical or symmetrical 

azobenzenes (only starting materials were recovered), supporting the idea that these 
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methods are only feasible for relatively simple substrates. The use of CuBr as an 

oxidizing agent was also unsuccessful. Based on the lack of reactivity, it was 

hypothesized that the Troc-protected aniline had steric congestion that limits its ability to 

undergo coupling.  

2.4.3 Diarylhydrazine Coupling 

Due to complications with the Troc protected derivative, an alternative strategy 

was employed to furnish unsymmetrical azobenzenes through an aryl hydrazine 

intermediate. The method was inspired by a recent paper on the cross coupling of aryl 

bromides and aryl hydrazides19 as well as the previously described method for azopurine 

production.33 First, a series of aryl hydrazines were prepared from aniline starting 

materials.33 The resulting compounds (1g-1k) are shown in Figure 2.6.  

 

Figure 2.6  Structures of aryl hydrazines (1gï1k) which will be used to furnish 

diarylhydrazines  
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Aryl hydrazine synthesis was tolerant to a range of electron donor groups. Next, 

an aryl bromide, 4-bromo-2,5-dinitrobenzoic acid (1l) was synthesized through nitration 

of 4-bromo-2-nitrobenzoic acid. Compound 1l had the desired 2,5 substitution pattern. It 

was also converted to an aryl hydrazide through copper-catalyzed addition of Boc 

hydrazine (1m). To make a suitable coupling partner with electron donating groups, 1l 

can be reduced to a diamino compound with a previously used reduction procedure to 

generate compound 1n (Figure 2.7).  

 

Figure 2.7  Structures of potential coupling substrates 1l, 1m, and 1m 

 

For reactions with aryl hydrazines, compound 1l was added under basic 

conditions to ensure the hydrazine moiety remained in the correct protonation state for 

nucleophilic attack. Attempts at nucleophilic substitution to generate diarylhydrazines 

were unsuccessful. Future work would center on cross-coupling of compounds lm and 1n 

through palladium or copper catalyzed reactions. Cross-coupling reactions may be an 

emerging route to azobenzenes as they are typically less susceptible to 

substituent/electronic effects as compared to traditional coupling methods.33 
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2.5 Establishing Design Rules for Unsymmetrical Azobenzenes 

As discussed previously, the relative position, strength, and number of 

substituents all play a role in the degree of red-shifting that is observed experimentally in 

azobenzenes. While researchers have investigated each of these factors individually, the 

field is young and no concrete design rules for push-pull azobenzenes have been 

proposed. The lack of guidance makes the synthetic design process all the more 

challenging. Many breakthroughs have relied on merely a trial-and-error approach, but 

the multistep synthesis and screening of even a single compound can be time consuming. 

Based on a through literature and our initial computations above, we propose a few 

design rules for unsymmetrical azobenzenes. They are as follows: 

1.  Evaluate substituent tolerance: Substituent strength is one of the most important 

factors. Strong donating (NH2) or withdrawing (NO2 or CN) groups can provide 

more substantial red shifts, but NH2 or NO2 are more likely to undergo unwanted 

reactions with coupling reagents. Design should consider the tolerance of 

substrates for reaction conditions. For example, it may be more straightforward to 

add methoxy functionality as opposed to an amino (which needs to be protected) 

and many of the coupling strategies in Section II were tolerant to the ïOMe 

group. 

2. Incorporate heteroatoms if  possible: Many of the most red shifted azobenzenes 

contain amine, amide, or nitro substituents. However, due to the strong 

activating/deactivating properties, incorporation of these substituents can impact 

the reactivity of precursors towards certain coupling reactions. Recently, sulfur-

based substituents have shifted absorbance of some symmetrical azobenzenes out 
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of the UV region to green light.35 Incorporation of sulfur derivatives could be 

similarly promising in unsymmetrical derivatives. 

3. Consider a modest approach: As evidenced above, synthesis of precursors can 

require multistep procedures and protection strategies that may take months to 

optimize. Many heterocyclic compounds already prepared for coupling (2-

aminopyrazine, 4-aminopyridine, etc.) are available from commercial suppliers at 

low costs. Azoheteroarenes have already demonstrated their promise, and could 

be a successful alternative that takes lower synthetic effort. Even if coupling these 

compounds does not give as extreme red shifts as desired, they can be useful for 

screening reaction conditions and validating computational predictions while 

other compounds are being synthesized. 

To access the validity of these ñrules,ò further computational studies were conducted. 

In Figure 2.8, the predicted absorbance spectrum of two new azobenzenes are shown. The 

compound in blue assesses the impact of modifying the identity of donor groups (Design 

Rule 1: ïNH2 and ïNHCH3 are modified to ïOMe and ïSEt) A sharp absorbance peak is 

visible at 675 nm. While the new derivative is not as significantly shifted as a similar 

compound with amino groups, it is predicted to absorb in deep red wavelengths. 

Moreover, thioethers can serve as useful donor groups (Design Rule 2). Amazingly, a 

compound with this precise substituent pattern (4-amino-5-(ethylthio)-2-methoxybenzoic 

acid) can be purchased commercially (Synthonix, Wake Forest, NC).  
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Figure 2.8 Predicted absorbance spectra for new unsymmetrical azobenzenes 

 

The absorbance spectra of a derivative containing a pyrazine ring (Design Rule 3) 

was also simulated. The results show that swapping two nitro functionalities for a 

pyrazine ring does not significantly impair the red shifting of the azobenzene (maximum 

at 625 vs 675 nm). These findings are critical as they support the idea that red shifted 

azobenzenes can potentially be furnished through simpler synthetic methods (as 

functionalized pyrazines are also commercially available). Further investigation and 

experimental efforts will be needed to determine efficient coupling strategies for 

furbishing these azobenzenes.  

2.6 Conclusions  

In this chapter, existing synthetic methods and challenges associated with the 

production of unsymmetrical azobenzenes are outlined. While computations can aid in 

the initial design process, only experimental trial and error can confirm if two moieties 
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can actually be coupled. The process can be laborious (indeed, section III summarizes 

three years of PhD work) and requires a willingness to think creatively when established 

synthetic pathways do not yield promising results. The future of unsymmetrical 

azobenzenes will hinge on scientific creativity and discovery of new coupling procedures 

that allow for more substrate variety. With this in mind, in the last year Wang et al. 

published the first of its kind transition-metal-catalyzed C-N coupling for azobenzene 

production.34 Innovations such as this novel method will be necessary to meet the needs 

of researchers designing complex unsymmetrical azobenzenes. With the help of 

dedicated researchers, there will always be a light at the end of the tunnel for azobenzene-

based research. 

2.7 Supplemental Information 

1H NMR Spectroscopy 

NMR spectroscopy was performed on a Bruker 400 MHz instrument with 128 scans and 

5 sec relaxation delay.  

 

HRMS 

High resolution mass spectrometry was performed with ESI + ionization method. 

 

Synthesis of 5-chloro-2,4-dinitrobenzoic acid (1a) 

3-chlorobenzoic acid (50 g, 320 mmol) was added to a round bottom flask containing 

H2SO4 (400 mL). The mixture was stirred and heated to 40 °C in a sand bath to fully 

dissolve the starting material. Next, KNO3 (44 g, 435 mmol) was added with stirring in 

10 equal portions in 3-min intervals. The temperature is maintained below 70 °C. The 

mixture was then heated to 95 °C, at which point another of KNO3 (44 g, 435 mmol) was 

added with stirring in 10 equal portions in 3-min intervals. The temperature is maintained 

below 115 °C. The mixture was then heated to 130 °C and maintained for 5 min, at which 

point, the flask was removed from the sand bath and stirrer. After cooling to 40 °C, 
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reaction mixture was poured over ice. The cooled solution was filtered to collect a yellow 

powder (92.82 g); 1H NMR showed 3:1 isomeric mixture of products. The yellow powder 

(4.00 g, divided into 4 equal portions) was recrystallized in 2:1 (v:v) of H2O:MeOH by 

dissolving the powder MeOH (3 mL) and adding H2O (6 mL), in 2ï3 d large yellow 

crystals (2.826 g) formed. (71% yield) 

1H NMR: (DMSO-d6, 400 MHz) ŭ 14.8 (bs, 1H), 8.80 (s, 1H), 8.24 (s, 1H) lit.1 

 

 
Figure S2.1 1H NMR of 3-chloro-2,4-dinitrobenzoic acid (1a) 

 

 

Synthesis of Methyl 5-Chloro-2,4-dinitrobenzoate (1b) 

Purified 5-chloro-2,4-dinitrobenzoic acid (2.031 g, 8.20 mmol) was dissolved in 

methanol (50 mL). By dropwise addition, H2SO4 (5 mL) was added to the solution. The 

mixture was heated to reflux and maintained for 25.3 h. After removing from the heat, the 

solution was poured over ice (50 mL). A yellow powder formed in the aqueous MeOH 

solution. Ethyl acetate (100 mL) was added; two layers formed and placed in separatory 
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funnel. The organic layer was dried with MgSO4; after gravity filtration, the solution was 

concentrated by rotary evaporation leaving a white crystalline powder (2.01 g). (94% 

yield) 

1H NMR: (DMSO-d6, 400 MHz) ŭ 8.86 (s, 1H), 8.32 (s, 1H), 3.87 (s, 3 H).  

 
Figure S2.2 1H NMR of methyl 3-chloro-2,4-dinitrobenzoate (1b) 

 

Synthesis of Methyl 5-(Methylamino)-2,4-dinitrobenzoate (1c) 

Methyl 3-chloro-2,5-dinitrobenzoate (2.01 g, 7.71 mmol) was dissolved in DMF (10 mL) 

and placed under N2. The solution was cooled to 0 °C in an ice bath; MeNH2 (2.0 M in 

THF, 9.0 mL, 249 mmol) was added. The solution turned bright red upon addition. The 

solution was stirred for 2 h and turned yellow/orange as it warmed to RT. Water (50 mL) 

was added to the reaction mixture; a bright yellow precipitate formed. The solution was 

vacuum filtered to yield a yellow solid (1.828 g). (93% yield) 

1H NMR: (DMSO-d6, 400 MHz) ŭ 9.00 (bs, 1H), 8.79 (s, 1H), 7.22 (s, 1H), 3.88 (s, 3 H), 

3.03 (s, 3 H).   
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Figure S2.3 1H NMR of methyl 2,4-dinitro-3-(methylamino)benzoate (1c) 

 

Synthesis of Methyl 2,4-Diamino-5-(methylamino)benzoate (1d) 

Methyl 5-(methylamino)-2,4-dinitrobenzoate (2.9 g, 11 mmol) was dissolved in EtOAc 

(30 mL). To this solution, SnCl2·2H2O (19.9 g, 88 mmol) was added. The reaction was 

heated to 70 °C under N2 and stirred overnight. After 20ï24 h, the reaction mixture was 

poured into aq NaHCO3 (5%, 250 mL) and stirred for 1 h. A precipitate formed, and the 

heterogeneous solution was vacuum filtered. The solid was rinsed with EtOAc (100 mL). 

The filtrate was combined with the rinse solution. Additional EtOAc (200 mL) was 

added; the combined solution was placed in a separatory funnel. The organic layer was 

dried with MgSO4. After gravity filtration, the organic layer was evaporated to yield a 

brown solid (1.26 g). The crude product was purified via recrystallization by dissolving 

in a minimum volume of EtOAc and layering with hexanes; brown needles formed after 

several days. (55% yield) 

1H NMR: (DMSO-d6, 400 MHz) ŭ 6.65 (s, 1H), 5.94 (bs 2H), 5.86 (s, 1H), 5.25 (bs, 2H), 

4.00 (bs 1H), 3.64 (s, 3 H), 2.57 (s, 3 H).  



 51 

 
Figure S2.4 1H NMR of methyl 2,4-diamino-5-(methylamino)benzoate (1d) 

 

Synthesis of Methyl 4-Amino-5-(methyl((2,2,2-trichloroethoxy)carbonyl)amino)-2-

(((2,2,2-trichloroethoxy)carbonyl)amino)benzoate (1e)  

Methyl 2,4-diamino-5-(methylamino)-benzoate (0.324 g, 1.66 mmol) was dissolved in a 

10% NaOH (10 mL). In a separate vial, 2,2,2-trichloroethoxycarbonyl chloride (0.457 

mL, 3.32 mmol) was added to CH2Cl2 (10 mL). The organic solution was added in 0.5-

mL increments over 10 min to the aqueous solution. The reaction was stirred overnight at 

room temperature. The organic layer was removed and evaporated to dryness to yield a 

light brown solid (0.90 g). (82% yield) 

Synthesis of 2,5-difluoro -4-nitrosobenzoic acid (1f) 

4-amino-2,5-difluorobenzoic acid (0.148 g) was dissolved in 18 mL DCM. Next, an 

aqueous solution of Oxone® was prepared (1.069 g in 18 mL) and added to the organic 

solution. The reaction was stirred vigorously for 12 h under nitrogen atmosphere. The 

precipitate was collected via vacuum filtration. Due to product instability, the material 

was used immediately and without further purification (60% yield). 

General Mills Coupling Reaction conditions for 2,5-difluoro -4-((4-

(methoxycarbonyl)-2,5-bis(((2,2,2-

trichloroethoxy)carbonyl)amino)phenyl)diazenyl)benzoic acid 
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2,5-difluoro-4-nitrosobenzoic acid (0.1 mmol) and methyl 4-Amino-5-(methyl((2,2,2-

trichloroethoxy)carbonyl)amino)-2-(((2,2,2-trichloroethoxy)carbonyl)amino)benzoate 

(0.1 mmol) were combined in glacial acetic acid (5 mL). The solution was stirred for 1ï5 

d.  

 

Attempted Oxidative coupling procedures for 2,5-difluoro -4-((4-(methoxycarbonyl)-

2,5-bis(((2,2,2-trichloroethoxy)carbonyl)amino)phenyl)diazenyl)benzoic acid 

Ethyl-4-amino-difluorobenzoate (0.1477 g) and Troc protected aniline (0.21g) were 

combined in a flask. Next, 1 mL of 2.5 M HCl was added. Next, 8 mL of commercial 

bleach was added. The reaction was stirred for 5 h.  

Ethyl-4-amino-difluorobenzoate (72.4 mg) and Troc protected aniline (100 mg) were 

combined in 5 mL toluene. To this solution, CuBr (7.9 mg) and pyridine (7.5 uL) were 

added. The solution was heated to 60 °C and stirred for 16 h. 

Table S2.1 Summary of Attempted Unsymmetrical Azobenzene Coupling Procedures 

  

Rxn 

Type 

Substrates Original 

Procedur

e 

Adaptations Original 

Reference 

Mills 

Rxn 

2,5-difluoro-4-

nitrosobenzoic acid 

+ Troc protected 

  

AcOH, 90 

°C, 1 h 

¶ Added cosolvent 

(THF) 
¶ Extended rxn 

time  
¶ Refluxed  

10.1007/s10870-

017-0700-4 

Mills 

Rxn 

4-amino-2,5-

difluorobenzoic 

acid + Troc 

protected 

Oxone, 

DCM/H2O 

AcOH, 

RT, 24ï48 

h 

¶ Extended rxn 

time to 3 days 
¶ Added TFA 

(stronger acid) 

10.1016/j.tet.2006.0

8.069 

  

Oxidativ

e  

4-amino-2,5-

difluorobenzoic 

acid 

+ Troc protected 

and Boc/Troc 

protected 

CuSO4, 

Al 2O3, 

KMnO4, 

DCM 

¶ Refluxed   
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Oxidativ

e 

4-amino-2,5-

difluorobenzoic 

acid + 

Troc protected 

CuBr, 

pyridine, 

toluene 

  10.1002/anie.20100

1651 

Oxidativ

e 

4-amino-2,5-

difluorobenzoic 

acid + 

Troc protected, 

  

4-amino-2,5-

difluorobenzoic 

acid+ 4-amino-3-

methoxybenzoic 

acid 

K2S2O8, 

K2CO3, 

PEG 200, 

RT, 12 h 

¶ Extended rxn 

time 
¶ Used fresh 

oxidizer 
¶ Increased 

equivalents of 

oxidizer 
¶ Increased temp 

to 60 °C 

10.1002/ejoc.20180

1610 

                  

 
Scheme S2.1 General synthetic conditions for aryl hydrazine synthesis33 

 

General Reaction Conditions for Aryl Hydrazine Synthesis33 

Aniline (5.0 g) was suspended in 10 mL of HCl solution and cooled to 0 °C. Next, a 

solution of sodium nitrite (2.06 g) was dissolved in HCl (5 mL) and cooled on ice. The 

solution was added dropwise to the aniline suspension with moderate stirring. The 

solution immediately turned from colorless to bright orange, indicating formation of a 

diazonium in situ. After the final addition of sodium nitrite solution, the reaction was 

stirred for an additional 90 min, ensuring the temperature remained below 5 °C. Next, salt 

was added to the ice bath to decrease the temperature to -5 °C. Tin chloride dihydrate 

(10.06 g) was dissolved in HCl (16 mL) and added dropwise to the diazonium solution. 

The reaction was stirred for another 90 min. The aqueous solution was extracted with 

ethyl acetate (2 × 100 mL), dried with magnesium sulfate, and evaporated to dryness to 

yield the desired aryl hydrazine. (84ï97% yield) 
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Figure S2.5 1H NMR 4-hydrazineyl-3-methoxybenzoic acid (1g) 

 

 
Figure S2.6 HRMS of 4-hydrazineyl-2-methoxybenzoic acid (1h) 
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Figure S2.7 1H NMR 4-hydrazineyl-3-hydroxybenzoic acid (1i) 
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Figure S2.8 1H NMR 5-(ethylthio)-4-hydrazineyl-2-methoxybenzoic acid (1j) 
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Figure S2.9 HRMS of 4-hydrazineyl-5-(methyl((2,2,2-trichloroethoxy)carbonyl)amino)-

2-(((2,2,2-trichloroethoxy)carbonyl)amino)benzoic acid (1k) 

 

Synthesis of 4-bromo-2,5-dinitrobenzoic acid (1L) 

4-Bromo-2-nitrobenzoic acid (9.5 g, 38.6 mmol) was added to a round bottom flask 

containing H2SO4 (50 mL). The reaction was heated to 50 °C in a sand bath. Next, KNO3 

(11.19 g, 111 mmol) was added with stirring in 4 equal portions over a period of 30 min. 

Upon addition, the solution changed from orange to yellow and the temperature rose to 

75 °C. The solution was stirred for an additional 2 h, at which point, the flask was 

removed from the sand bath and stirrer. After cooling to 40 °C, the reaction mixture was 

poured over ice (50 mL). The cooled solution was filtered to collect a white powder (8.81 

g); 1H NMR showed 3.2:1 isomeric ratio of products. A portion of the white powder 

(0.40 g) was recrystallized in 1:1 (v:v) of Et2O:pentane by dissolving the powder in ether 

(7 mL) and layering with pentane (7 mL). The vial was placed in a freezer overnight to 

form off-white crystals (0.29 g). (68% yield) 

1H NMR: (DMSO-d6, 400 MHz) ŭ 14.60 (bs, 1H), 8.64 (s, 1H), 8.52(s, 1H). lit 
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 Figure S2.10 1H NMR of 4-bromo-2,5-dinitrobenzoic acid (1l) 

 

 

 

 

 

 
 

Figure S2.11 Copper cross coupling reaction used to generate an aryl hydrazide from 4-

bromo-2,5-dinitrobenzoic acid starting material (1m) 
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Figure S2.12 4-bromo-2,5-dinitrobenzoic acid can be easily converted to the amino 

derivative using a reduction with SnCl2 to generate a coupling partner for the aryl 

hydrazide (1n) 
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3. Green-Light -Responsive Metal-Organic Frameworks for 

Colorectal Cancer Treatment 

 

This chapter has been adapted from a published manuscript by Hannah D. 

Cornell, Yumeng Zhu, Stefan Ilic, Naomei E. Lidman, Xiaozhou Yang, and Amanda J. 

Morris from the following reference: Chem Comm., 2022, 11, 17064ï17071. Reprinted 

with permission from the Royal Chemical Society. 

3.1 Abstract 

Herein, the synthetic methods for preparation of a novel light-responsive metal-

organic framework (MOF) UiO-AZB-F are outlined. Upon irradiation with green light, 

the framework demonstrates controlled release of chemotherapeutic drug cargo with 

simultaneous breakdown into low toxicity small molecule components.  

3.2 Introduction 

In recent years, the field of nanomedicine has grown tremendously in an effort to 

improve patient outcomes.1 Encapsulating therapeutics within nanocarriers can improve 

drug pharmacokinetics, enhance therapeutic efficacy, and reduce off-target effects 

through localized delivery of payload.1a,2 Nanocarriers are particularly impactful in the 

field of oncology, as they present a strategy to selectively deliver cytotoxic anticancer 

drugs to the tumor region.1a,3 A wide range of materials including peptides4, polymers5, 

and inorganic nanoparticles6 have been developed towards this goal. Recently, metal-

organic frameworks (MOFs)7 have garnered interest as nanocarriers due to their chemical 

stability, high surface area, and tunable pore environments.8 Through judicious choice of 

metal and linker, many low toxicity MOF systems have been successfully developed.9 
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 For MOFs and other nanocarriers, controlling the release of therapeutic cargo can 

be challenging. To address this issue, many nanocarriers are designed with intrinsic 

stimuli-responsive elements. Internal stimuli, such as pH and redox environment, have 

been demonstrated as triggers for drug release.5a However, these parameters can vary 

from patient to patient, limiting their general effectiveness.10 The use of external stimuli 

(light, ultrasound, magnetic field, etc.) may be more suited to a clinical setting, as it 

allows for spatiotemporal control and provides the ability to tailor treatment regimens to 

meet patient needs.11  

 Currently, there are several examples of FDA approved light-activated therapies, 

including photodynamic therapy (PDT) which is used for cancer treatment.12 Through 

advances in light technologies, the scope of phototherapy targets13 has widened in recent 

years. Lerch et al. developed a classification for organs (Classes 1-5) based on their 

photodruggability (i.e., general accessibility and ability to localize light delivery).13c 

Nearly all organs can be treated through relatively non-invasive methods such as 

endoscopy or minor incision.13c Red or near-IR responsive materials are commonly used 

for therapeutic applications to achieve maximum penetration into tissue. For superficial 

tumors, using shorter wavelength light sources can be beneficial.14 Indeed, studies found 

using green light instead of red light as an irradiation source for PDT in the esophagus 

mitigated deep tissue damage while maintaining a high degree of clinical efficacy. 

Similar results are achieved in treating non-muscular invasive bladder cancers 

(NMIBCs). A ruthenium-based compound TLD-1433 has reached Phase II trials as a 

green light-activated PDT photosensitizer.15  
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 While many porphyrin-based MOF PDT photosensitizers16 have been developed, 

methods for light-activated chemotherapy have been less explored in MOFs. In previous 

work17, our lab developed the first light-responsive MOF drug delivery vehicle (DDV) 

utilizing an azobenzene-based framework known as UiO-AZB. The zirconium 

framework contains photoswitchable 4,4ᾳ-azobenzenedicarboxylic acid (AZB) linkers. 

Upon irradiation with ultraviolet (UV) light, the MOF structure is destabilized, allowing 

for photo-controlled release of drug cargo. The design strategy allows for breakdown of 

the carrier upon light irradiation. Since unwanted nanoparticle accumulation is a concern, 

the ability to irreversibly degrade particles in vivo is advantageous for drug-delivery 

applications. 

 While our previous work demonstrates promising ñproof-of-concept,ò the use of 

UV light hinders clinical relevance. To this end, we developed a modified UiO-AZB 

framework that is responsive to green light. Herein, we report the synthesis of a new 

framework, UiO-AZB-F, which contains 4,4ᾳ-(diazene-1,2- diyl)bis(3,5-difluorobenzoic 

acid) (AZB-F) as the linker (Figure 3.1A). While some reports have utilized fluorinated 

azobenzene as pendant groups in MOFs18, this work is the first of its kind to incorporate 

the compound into the backbone of a MOF.  
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3.3 Results and Discussion 

3.3.1 Photophysical Characterization of AZB-F 

 

 

Figure 3.1 A) An octahedral cage of UiO-AZB-F (Zr: cyan, C: gray, O: red, F: 

green, H: white) B) Normalized experimental (solid) and simulated (dotted) 

absorbance data for AZB-F (black) and AZB (red) linkers 

 

 The influence of substituents (specifically those occurring ortho to the azo bond) 

on the photophysical properties of azobenzene has been well documented in the 

literature.19 To understand the role of ortho-tetrafluoro substitutions in our system, both 

AZB and AZB-F were synthesized via modified literature procedures (details available in 

ESIÀ).17,20 The computational and experimental absorbance spectra of trans-dominant 

AZB and AZB-F compounds were investigated (Figure 3.1B). The compounds are 

characterized by two absorptions in the UV-Vis region of the spectrum. First, a strong ˊ 

Ÿ ́* transition can be observed at wavelengths < 400 nm. Second, the classic nŸ ˊ* 

absorption band occurs from 400ï550 nm. The parent AZB exhibits a ˊ Ÿ ˊ* transition 

maximum at 331 nm. In AZB-F, this transition is slightly blue-shifted and occurs at 319 

nm. The blue shift is also observed in our calculations and is due to destabilization of the 

HOMO (ˊ* orbital)19. The molar absorptivity (Figure S3.5) at these wavelengths is 
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similar for the parent and AZB-F derivatives (22,076 and 22,130 M-1 cm-1 respectively). 

For the nŸ ˊ* transitions, a weaker band is observed at 460 nm in the parent (Ů ~545 M-1 

cm-1) and 465 nm (Ů ~1372 M-1 cm-1) in the fluorinated derivative. Ortho-fluorine 

substitutions reduce electron density near the N=N bond19, resulting in a nearly 3-fold 

increase in absorptivity in the 400ï550 nm range. Therefore, we can utilize the nŸ ˊ* 

band for green-light excitation. Indeed, after 15 min of constant irradiation (515 nm), 

trans-AZB-F is completely converted to its cis configuration, as evidenced by a change in 

the absorbance spectrum (Figure S3.6). Over the same irradiation time, no discernible 

trans-to-cis isomerization was observed for AZB with the same wavelength. 

3.3.2 Preparation and Characterization of UiO-AZB-F  

With the green-light-responsiveness of AZB-F confirmed, the synthetic 

conditions for MOF preparation were optimized. Addition of modulators (monotopic 

ligands) is a common strategy employed to control MOF particle size during self-

assembly. Therefore, a modulator screening (further synthetic details available in ESIÀ) 

was performed to determine optimal conditions for production of nanoscale MOF 

particles. In a general synthesis, 4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) (0.1 

mmol), ZrCl4 (0.1 mmol), modulator (20ï50 equiv.), and DMF were heated in a sealed 

vial at 120 °C (further details available in ESIÀ). The bulk structural purity of the 

resulting MOFs was confirmed using powder X-ray diffraction (PXRD) (Figure 3.2A and 

Figure S3.9). 
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Figure 3.2 A) PXRD of UiO-AZB-F (formic acid, 20 eq.) compared to the 

simulated (black) crystal pattern (CCD #: 889532). B) SEM image of UiO-AZB-F 

particles (scale bar: 300 nm) 

 Interestingly, particles with higher crystallinity were obtained with shorter 

reaction time (15 min). SEM images revealed particles with octahedral geometry and 

appropriate size (< 200 nm) are obtained with formic acid modulation (Figure 3.2B). 

Consistently, dynamic light scattering (DLS) showed an average particle diameter of 150 

± 10 nm (Figure S3.12). The particles also exhibited a BET surface area of 1740 ± 30 m2 

g-1. Despite the presence of fluorine within the pore space, the surface area is only 

slightly reduced (1900ï2400 m2 g-1 for UiO-AZB17) and pore volume is comparable, 

which indicates the particles have sufficient porosity for storage of drug cargo (Figure 

S3.13). Moreover, the modified pore environment and polar hydrophobicity imparted by 

fluorine atoms could enhance the affinity/uptake capacity of certain drug compounds.21 

Thermogravimetric analysis (TGA) shows that particles degrade above 450 °C (Figure 

S3.14), ensuring proper thermal stability of particles for our desired application. 

 After MOF characterization, the photo-switching behaviour of AZB-F bound 

within the crystalline lattice was investigated. MOF particles were placed in DMSO 

solution and irradiated with a 515 nm LED or heated at 37 °C (normal physiological 

temperature) and kept in the dark. The absorbance of the supernatant was monitored via 
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electronic absorption spectroscopy. In the irradiated sample, absorbance bands consistent 

with that of free AZB-F in solution appear over time (Figure 3.3A), indicating 

decomposition of UiO-AZB-F into its small molecule component (AZB-F2ï). When the 

MOF was heated under physiological conditions, negligible absorbance was observed 

over the course of 8 h, demonstrating the stability of particles under non-irradiative 

conditions at body temperature. The concentration of degraded MOF can be calculated 

over time (equation and further details available in ESIÀ). The percent degradation of the 

MOF was calculated by monitoring the absorbance at the isosbestic point to ensure total 

AZB concentration is measured. MOF degradation approaches 15% after 8 h, at which 

point the value plateaus due to reaching the solubility limit of AZB-F in solution. In vivo 

the degradation rate is unlikely to plateau, as the body experiences continuous flow due 

to the presence of biological fluids.   
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Figure 3.3 A) UV-Vis spectra used to probe degradation of UiO-AZB-F particles upon 

irradiation with green light. Over an 8 h period, the absorbance gradually increases, 

indicating release of free AZB-F into DMSO. B) Quantitative fluorine 19F NMR spectra 

show a growing 5-fluorouracil (5FU) peak (-169 ppm) with increased irradiation time. 

The internal standard peak (-115 ppm) was used to quantify the amount of 5FU released 

into aqueous solution.  C) Plot of 5FU release from UiO-AZB-F (as quantified by 19F 

NMR) after green light irradiation (black) or heating in the dark (red). D) Dynamic light 

scattering (DLS) analysis of average particle size after various time points during the 

irradiation cycle.  

 

3.3.3 Optimization of 5-fluorouracil Loading 

 To demonstrate DDV capability, 5-fluorouracil (5FU) was selected as a model 

cargo. 5FU is a broad spectrum chemotherapeutic. Its small molecular size lends itself to 

successful incorporation within MOF pores. Three different loading procedures were 

explored to optimize 5FU incorporation. Drug loading was quantified using 19F NMR 

spectroscopy, as both the MOF linker (AZB-F) and 5-fluorouracil contain fluorine. The 
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first loading procedure was a post-synthetic impregnation method wherein MOF particles 

were suspended in a 3.5 mg/mL solution of 5FU and stirred for several days. The 

resulting loading values did not exceed 6 wt%. The second method employed 

ultrasonication during post-synthetic impregnation (further details in ESIÀ). The method 

achieved measurable loading with significantly decreased reaction times. A maximum 

loading of 10 wt% 5-FU was achieved after a 20 h sonication.  

The last method relied on an in-situ encapsulation method (details available in 

ESIÀ). 5FU was added to the reaction vial prior to MOF synthesis. PXRD of the resulting 

particles (Figure S3.17) showed that crystallinity was maintained during the modified 

procedure and further structural characterizations confirm retention of particle 

morphology (Table S3.2). Based on 19F NMR spectroscopy, in-situ encapsulation gave 

comparable 5FU loadings (14 ± 4 wt%) to the ultrasonication method. A sharp decrease 

in available surface area was observed in drug loaded samples, which is consistent with 

drug molecules residing within the MOF pores rather than bound to the surface (Figure 

S3.18). With the substantial time savings (15 min vs. 20 h) the in-situ method provided, 

further studies used this method of loading. By eliminating the need for diffusion of 

cargo through a preformed structure, we propose that in-situ encapsulation may be a 

superior method to load other thermostable molecules.    

3.3.4 Polymer Functionalization 

 

 Particles were further functionalized with amine-terminated PEG (M.W.= 1500 

g/mol) to increase aqueous stability and impart stealth properties. An amine moiety was 

selected due to its ability to coordinate to unsaturated Zr4+ sites within the framework. 

Addition of an amine functionality also allows for further modification of the particle 
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surface to achieve selective uptake in cancer cells. Targeting moieties such as folic acid 

can be easily conjugated to the polymer through EDC/NHS coupling procedures (Figure 

S3.22). Particles were suspended in polymer solution for 24 h to achieve a maximum of 

30 wt% coating (determined by 1H NMR on an acid digested sample, Figure S3.23). The 

PXRD pattern (Figure S3.17) of PEGNH2-UiO-AZB-F+5FU is broadened due to the 

significant contribution of amorphous polymer on the surface but maintains sharp 

diffraction peaks corresponding to MOF. 

3.3.5 Quantifying Drug Release  

 

 Controlled release of 5FU from PEGNH2-UiO-AZB-F+5FU was investigated. 

Particles were suspended in aqueous solution and irradiated with 515 nm light for 2 h. 

After, the amount of 5FU released (Figure 3.3B) was quantified using 19F NMR 

spectroscopy (with a known amount of 2,6-difluorobenzoic acid used as an internal 

standard). Only polymer functionalized particles were tested in these experiments, as 

surface modification mitigates large burst release upon immersion in solution.17b The 

release profile is show in Figure 3.3C. At time zero, particles show ~10% release of 5FU, 

which is attributed to burst from uncoated particles in solution. However, upon irradiation 

the rate of 5FU release increases dramatically, and 77 ± 10% of the encapsulated cargo 

was released in 120 min. The initial release rate from the PEGNH2-UiO-AZB-F+5FU 

sample was calculated to be 0.91 ± 0.13% of total cargo per min. Comparatively, a 

control sample (kept in the dark with heating at 37 °C) shows minimal release of 5FU 

during the treatment window, demonstrating the stability of particles under non-

irradiative conditions. Moreover, the data suggests that most cargo can be delivered 

within a few hours, making this method suitable for timely outpatient treatment.  
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 To further probe the degradation mechanism, aliquots were taken for DLS 

analysis to measure the particle size at various timepoints throughout the treatment. The 

average particle diameter is presented in Figure 3.3D. Over the course of a two-hour 

treatment, the average particle size decreases by nearly half, supporting that particles 

photo-exfoliate upon isomerization of the incorporated ligand. The approach is clinically 

promising as the particles will break down in a timely manner rather than accumulate 

within organs. 

3.3.6 Cell Viability Studies 

 With the success of our approach in solution, we sought to test the in vitro toxicity 

of our particles. A human colorectal cancer cell line (HCT-116) was selected. The colon 

is considered a Class 2 phototherapy target13c, and easily accessible for light treatment. 

HCT-116 cells were seeded in a 96 well plate and treated with PEGNH2-UiO-AZB-F (50, 

100, and 200 µg/mL), or 20 wt% 5FU loaded PEGNH2-UiO-AZB-F (50, 100, and 200 

µg/mL). The cells were kept in the dark or subjected to cyclic irradiation treatment 

(further details available in ESIÀ) for 72 h. Cell viability was assessed using a CCK-8 

assay, and the results are presented in Figure 3.4.  
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Figure 3.4 Cell viability data for HCT-116 cell line after treatment with PEGNH2-

UiO-AZB-F, PEGNH2-UiO-AZB-F+5FU, or 5FU under dark (black) or irradiative 

(red) conditions.  

 

Both PEGNH2-UiO-AZB-F and PEGNH2-UiO-AZB-F+5FU samples showed cell 

viability of ~80% in the dark, demonstrating minimal leakage of 5FU without irradiation. 

As MOF concentration increases, no differences in cell viability are observed, confirming 

the nontoxic nature of our material under control conditions (Figure S3.34). Under 

irradiative conditions, PEGNH2-UiO-AZB-F+5FU samples showed a sharp decrease in 

cell viability (<10%). In a 50 µg/mL sample loaded at 20 wt%, ~10 µg/mL of 5FU should 

be released into solution. The cell death observed from treatment with 50 µg/mL of drug 

loaded MOF and 10 µg/mL 5FU is within error, verifying that near quantitative payload 

is delivered. To evaluate if nanoparticles entered the cells or released 5FU extracellularly, 



 74 

we examined the cellular uptake of MOFs by ICP-MS (Figure S3.35). As the 

concentration of MOF increases, cellular uptake increases. Indeed, the cellular uptake of 

200 µg/mL is around 2-fold higher than 50 µg/mL. These results verify that the MOFs 

enter cells. 

3.4 Conclusions 

 In summary, we have detailed the preparation of a novel visible-light-activated 

MOF (UiO-AZB-F) that degrades into small molecule components upon green-light 

irradiation. The framework shows affinity for select chemotherapeutic cargo (5FU) and 

exhibits on-demand release. In vitro studies show light-induced drug release and 

cytotoxicity against a colorectal cancer cell line HCT-116. This study highlights the 

promise of MOF-based DDVs, specifically the precision and control that can be achieved 

using an external stimulus.  
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3.7 Supporting Informatio n 

3.7.1 Materials and Methods 

 

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 

USA): sodium iodide, zirconium chloride (Ó99%), and poly(ethylene glycol)bis(3-

aminopropyl) terminated (Mn ~1,500). Ethyl 4-amino-3,5-difluorobenzoate (Ó95%) was 

purchased from Synthonix (Wake Forest, NC). Formic acid, potassium hydroxide, and 

dimethyl sulfoxide were obtained from Oakwood Chemical (Estill, SC, USA). 5-

fluorouracil (Ó99%), ethanol, glacial acetic acid, hydrochloric acid, tetrahydrofuran 

(THF, ACS grade), ethyl acetate (ACS grade), dichloromethane (DCM, ACS grade) and 

N,N-dimethylformamide (DMF, Ó99.8%) were obtained from Fisher Scientific 

(Hampton, NH, USA). 4,4ǋ-azobenzenedicarboxylic acid was prepared according to 

literature procedures.1 
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Nuclear Magnetic Resonance (NMR) Spectroscopy  

All 1H and 19F NMR experiments were performed using an Agilent U4-DD2 (400 MHz) 

instrument. For MOF digestion samples, 2 drops of H2SO4 was added to 2ï5 mg of 

particles suspended in DMSO-d6 (650 µL) in order to fully degrade the particles for 

quantitative assessment. For quantifying polymer coating, the relaxation delay was 

increased to 10 s. For 19F quantitative NMR (5-fluorouracil content/release), 64 scans and 

a relaxation delay of 15 s was used.  

 

Powder X-Ray Diffraction (PXRD) 

PXRD measurements were performed using a Rigaku Miniflex diffractometer (Cu KŬ 

radiation ɚ= 1.5418 Å). Powder samples were loaded on a Rigaku Si510 sample holder 

disc and analyzed at a 0.05° resolution and a 5.0°/min continuous scanning mode over 2ɗ 

= 2ī50Á. 

 

UV-Vis Spectroscopy  

Absorbance measurements were taken using a Cary 5000 UV-Vis-NIR spectrometer 

controlled with Cary WinUV software. The Scan application was used to collect spectra 

from 250ï700 nm to characterize 4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) and 

measure degradation of UiO-AZB-F upon green light irradiation.  

 

Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis was performed with a TGA 550 thermal analyzer (TA 

Instruments, New Castle, DE, USA). In a typical experiment, samples were heated at a 

ramp rate of 10 °C/min under nitrogen from 25ï800 °C. All data were analyzed in 

TRIOS software (TA Instruments, New Castle, DE, USA) using the weight change 

function. A mass loss for drug cargo and MOF were obtained and used to calculate 
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experimental drug loadings. The temperatures used for these calculations are included 

beneath each TGA plot.  

 

N2 Adsorption Isotherms (BET Surface Area Analysis) 

N2 adsorption and desorption isotherms were collected using a Micrometrics 3-Flex 

surface analyzer (Micromeritics, Norcross, GA, USA). To access permanent porosity, 

samples were solvent exchanged in acetone for 3 days. The solvent was refreshed each 

day. Prior to analysis, samples were placed in sample cells and activated under vacuum 

(0.1 mbar) for 24 h at 120 °C. After analysis, PXRD was performed on each of the 

samples. PXRD data confirms that crystallinity was maintained throughout the 

activation/adsorption process.  

 

Dynamic Light Scattering (DLS) 

The size distribution of the UiO-AZB-F nanoparticles was measured using a Malvern 

ZetasizerNano-ZS, with three measurements taken per trial. Nanoparticles were 

suspended in ethanol via sonication and passed through a 0.45 µm filter prior to 

measurement. Particle size and zeta potential values represent the average of 3 distinct 

samples (2+ replicates per sample). 

 

Scanning Electron Microscopy (SEM) 

Silicon wafers were adhered to SEM stages via double-sided copper tape. MOF samples 

were suspended in ethanol solution and drop-cast onto the wafer and allowed to 

evaporate in air. SEM stages were coated with a 7 nm thick Pt and Pd layer prior to 

analysis. SEM images were collected with a LEO 1550 field-emission scanning electron 

microscope (Car Zeiss, Oberkochen, Germany) at 5.0 kV and a 7.0 mm working distance. 

 

Transmission Electron Microscopy (TEM) 
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MOF samples were suspended in ethanol solution and drop-cast onto a lacey carbon 

TEM grid (300 mesh, 150 micron) and allowed to evaporate in air. TEM images were 

collected with a JEOL 2100 electron microscope at 200 kV. 

 

3.7.2 Synthesis/Characterization of AZB-F 

 
          

Scheme 3.1 Synthesis of 4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) 

 

Synthesis of diethyl 4,4Ӿ-(diazene-1,2-diyl)-bis(3,5-difluorobenzoate)2 

In a 100 mL round-bottom flask, ethyl 4-amino-3,5-difluorobenzoate (3.996 g, 19.9 

mmol), NaI (5.97 g , 39.8 mmol), and Et2O (60 mL) were combined. The flask was 

sealed and placed under argon atmosphere. Next, tert-butyl hypochlorite (4.5 mL, 40 

mmol) was added dropwise over a period of 10 min. The reaction was stirred under argon 

flow for 30 min, then removed and stirred for an additional 12 h at room temperature. 

The reaction was quenched with a 1.0 M aqueous sodium thiosulfate solution (200 mL) 

and extracted with DCM (2 × 100 mL). The organic layers were collected, dried over 

calcium chloride and evaporated to obtain a reddish-brown solid (3.01 g crude yield). The 

solid was dissolved in EtOAc (70 mL) and, after being placed in a freezer overnight, a 

red-orange precipitate was collected. The product was further purified using a silica plug 

(solvent system: DCM/pentane 50/50), yielding the desired product as a dark red solid 

(1.89 g 48% yield). 
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Rf value (DCM/hexane 1:1): 0.11. Isomeric ratio:  91:9  1H NMR  (CDCl3, 400 MHz): ŭ 

major isomer: 7.73 (dd, 4H), 4.42 (q, 4H), 1.42 (t, 6H). minor isomer: 7.55 (dd, 4H), 4.35 

(q, 4H), 1.37 (t, 6H). 13C NMR (CDCl3, 126 MHz): ŭ 163.7, 156.0, 154.0, 133.7, 114.0, 

62.2, 14.2. HRMS (ESI +): 399.0926 (M+H)+, 416.1229 (M+NH4)
+, 421.0759 (M+Na)+ 

 

Figure S3.1 1H NMR of diethyl 4,4ᾳ-(diazene-1,2-diyl)-bis(3,5-difluorobenzoate) 

 

Synthesis of 4,4Ӿ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid)3 

Diethyl 4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoate) (0.4994 g, 1.25 mmol) was 

dissolved in THF (25 mL). In a separate flask, KOH (0.32 g, 18 mmol) was dissolved in 

H2O (13 mL). The solutions were combined and stirred for 1 h. After this time, the 

reaction was cooled to room temperature. Next, 1.0 M HCl (20 mL) was added to 

precipitate out a solid. The light orange solid collected via centrifugation and washed 

with methanol. (0.42 g, 98% yield) 

Isomeric ratio: 91:9  1H NMR  (DMSO-d6, 400 MHz): ŭ major isomer: 13.85 (br s, 2H), 

7.78 (dd, 4H) 13C NMR  (CDCl3, 126 MHz): ŭ 163.7, 156.0, 154.0, 133.7, 114.0, 62.2, 

14.2. 19F NMR  (DMSO-d6, 400 MHz): ŭ -120.08  
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Figure S3.2 1H NMR of 4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) 

 

 
Figure S3.3 19F NMR of 4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) 
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3.7.3 Experimental/Simulated UV-Vis Data 

 
Figure S3.4 Calibration curve used to calculate molar extinction coefficient of AZB-F at 

455 nm 

      
Figure S3.5 Comparison of molar absorptivity of AZB-F (black) and AZB (red) 

derivatives 
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Figure S3.6 Experimental UV-Vis absorbance of AZB-F in trans (red) and cis (black) 

configurations (DMSO as solvent) 

 

All calculations were performed using Gaussian 094 with the resources available at the 

Advance Research Computing at Virginia Tech. The geometries were optimized with the 

ɤB97XD functional5 and the 6-311G(d) basis set.6 Solvation effects of DMSO were 

simulated using an implicit polarized continuum solvation model (IPCM).7,8 The 

frequency calculations were performed at the same level of theory to confirm the absence 

of imaginary frequencies. The spectroscopic parameters were obtained using time-

dependent DFT using the same functional, basis set, and solvation model as the ground-

state optimization. Molecular orbital surfaces for HOMOs and LUMOs were visualized 

using GaussView 5.0. 
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Figure S3.7 Simulated UV-Vis absorbance of AZB-F in trans (red) and cis (black) 

configurations 

 

 
Figure S3.8 Depiction of frontier molecular orbitals for AZB (left) and AZB-F (right) 

 

Table S3.1 Relative HOMO/LUMO energies (from calculations) 

  

  

HOMO  LUMO  

4,4ᾳ-azobenzenedicarboxylic acid (AZB) -0.326 0.051 

4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) (AZB-F)  -0.326 -0.056 

 

3.7.4 Synthesis/Characterization of UiO-AZB-F 

 

Traditional UiO-AZB-F Synthesis 
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In a typical synthesis, ZrCl4 (23.7 mg) and DMF (1.5 mL) were combined in a 6-dram 

vial. Next, formic acid* (75.5 µL) was added, and the mixture was sonicated for 5 min. 

4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) (34.9 mg) was added, followed by 

H2O (75 µL), and the mixture was sonicated again. The vial was placed on a stir plate for 

1-2 min to ensure the starting materials were fully dissolved, then placed in a 120 °C 

oven for 15 min. Next, the vials were cooled to RT and the contents were transferred to 

15 mL centrifuge tubes. The particles were collected via centrifugation (5 min) and 

subsequently washed with DMF (x1) and acetone (x3). After solvent exchange, particles 

were collected via centrifugation and dried under vacuum for 1 day at 60 °C. 

*Optimized conditions (formic acid, 20 eq. to Zr) are described. For the modulator 

screening, conditions were kept the same, but other modulators (acetic acid 30ï50 eq., 

hydrochloric acid 10ï30 eq., and difluoroacetic acid 30ï50 eq. to Zr) were used instead 

of formic acid.   

 
Figure S3.9 Experimental PXRD patterns for UiO-AZB-F under select modulated 

conditions: acetic acid, 30 equiv. (red), formic acid, 20 equiv. (blue), and HCl, 10 equiv. 

(green). The experimental patterns match that of the simulated pattern (black) for UiO-

AZB (CCD#:889532).9 
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Figure S3.10 SEM Images of UiO-AZB-F under select modulated conditions: (from left 

to right) formic acid (20 eq.), acetic acid (30 eq.), and HCl (10 eq.) 

 

    
Figure S3.11 TEM Images of individual UiO-AZB-F (FA 20) particles 

 
Figure S3.12 DLS analysis of UiO-AZB-F (Intensity weighted distribution) 
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Figure S3.13 N2 adsorption isotherm for UiO-AZB-F (formic acid, 20 eq.) 

 
Figure S3.14 Thermogravimetric analysis (TGA) of UiO-AZB-F MOF under N2. The 

initial weight loss between 100ï200 °C is attributed to loss of residual modulator (formic 

acid) and the second weight loss occurring from 450 °Cï700 °C corresponds to 

degradation of the linker/framework 

 

3.7.5 Degradation Studies of UiO-AZB-F 

 

UiO-AZB-F Degradation Studies 

For degradation studies, 2ï3 mg of MOF was placed in a 24/40 joint cuvette and layered 

with 3 mL of DMSO. DMSO was selected as the solvent for these experiments due to 

higher solubility of linker in solution (AZB-F is insoluble in aqueous solution at pH=7). 

The sample was capped with a septum, covered, and left for 2 h to ensure particles were 

fully settled to the bottom of the solution. Next, samples were placed in a green light 

LED box and irradiated for 8 h. The linker release was monitored by collecting UV-Vis 

spectra and monitoring the change in absorbance at 455 nm (the isosbestic point of 4,4ᾳ-

(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid)) every hour. For control experiments, this 

procedure was repeated, but instead of irradiating samples, cuvettes were wrapped in 

aluminum foil and heated at 37 °C for 8 h. The total concentration of MOF in the cuvette 

can be calculated based on the mass of MOF added (m), the molecular weight of UiO-

AZB-F (MW=2721 g/mol), and volume of DMSO added (V).  
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The concentration of degraded MOF present in solution was calculated according to the 

equation below, where  is the measured absorbance @ 455 nm at a given timepoint 

(t=0ï8h).  

                                                 

Using these values, the percent degradation of MOF is calculated as: 

 

% ὈὩὫὶὥὨὥὸὭέὲ=
ὅὈὩὫὶὥὨὩὨ

ὅὝέὸὥὰ
× 100 

 

 
Figure S3.15 Calculated percent degradation of UiO-AZB-F when irradiated with green 

light (red) or heated at 37 °C in the dark (black) for 10 h. After 8h, the red profile 

plateaus due to reaching the solubility limit of AZB -F in solution. During the 8 h period, 

irradiated samples show up to 15% degradation, while heated samples show less than 1% 

degradation on average. 
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Scheme 3.2 Visual demonstration of MOF degradation (left) and visual color change 

observed after the irradiation period (right) 

 

3.7.6 Preparation of PEGNH2-UiO-AZB-F+5FU 

 

UiO-AZB-F Drug Loading (Post-synthetic) 

In a flask, 400 mg of 5-fluorouracil was added to 120 mL EtOH. The mixture was stirred 

vigorously at 70 °C until the drug was fully dissolved (45 min). The solution was 

removed from heat. Next, UiO-AZB (F) (100 mg) was added, and the flask was sonicated 

for 15 min to suspend the MOF particles. After sonication, the suspension was stirred at 

60 °C for 5 days. The particles were collected via centrifugation, washed with EtOH to 

remove surface-bound drug, and dried under vacuum for 1 day at 60 °C. 

 

UiO-AZB-F Drug Loading (With sonication) 

In a vial, 300 mg of 5-fluorouracil was added to 25 mL MeOH. The mixture was stirred 

vigorously at 70 °C until the drug was fully dissolved (45 min). Next, UiO-AZB (F) (100 

mg) was added. The suspension was then sonicated with a tip sonicator for 20 h. The 
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particles were collected via centrifugation, washed with EtOH to remove surface-bound 

drug, and dried under vacuum for 1 day at 60 °C. 

 

UiO-AZB-F Drug Loading (In -situ) 

In a typical synthesis, ZrCl4 (23.7 mg) and DMF (1.5 mL) were combined in a 6-dram 

vial. Next, formic acid (75.5 µL) was added, and the mixture was sonicated for 5 min. 

4,4ᾳ-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) (34.9 mg) was added and sonicated 

briefly. Next, 5-fluorouracil (500 mg) and H2O (75 µL) were added to the vial, and the 

mixture was sonicated again. The vial was heated to 120 °C on a hotplate and stirred for 

15ï20 min. Next, the vials were cooled to RT and the contents were transferred to 15 mL 

centrifuge tubes. The particles were collected via centrifugation (5 min) and washed with 

DMF (× 1) and acetone (× 3).  

 

PEG-NH2 Polymer Coating 

Particles are resuspended in EtOH (5 mL) and transferred to a vial and sonicated. PEG-

NH2 (100 mg) is added to the solution and the vial is sonicated until contents are fully 

suspended (~15 min). The solution was stirred at room temperature for 24 h in the dark. 

After, the particles were collected via centrifugation and washed with EtOH (× 1). After 

washing, the particles were collected via centrifugation and dried under vacuum for 1 day 

at 60 °C. 

For the purposes of this paper, drug loading is calculated as: 
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Drug loading was determined using quantitative 19F NMR. First, the molar ratio of 

drug:linker was calculated according to the equation below: 

 

 

The value was then converted into molar ratio of drug:MOF using the molecular formula 

(6 mol AZB-F linker : 1 mol UiO-AZB-F). Finally, the weight percent was calculated 

using the molar masses of drug and MOF (130.08 and 2289 g/mol respectively). 

 

Figure S3.16 Quantitative 19F NMR on digested MOF sample to quantify 5FU loading 

Fluorinated linker 

(cis and trans) 5-fluorouracil 
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Figure S3.17 PXRD of PEGNH2-UiO-AZB-F+5FU 

 

 
Figure S3.18 BET Data of UiO-AZB-F+5FU. The BET SA is reduced after drug 

loading, indicating incorporation of drug within MOF pores.  
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Figure S3.19 TGA of starting materials: 5-FU (black), PEG-NH2 (blue), and UiO-AZB-F 

(red). 

 
Figure S3.20 TGA analysis of PEG-NH2-UiO-AZB-F+5-FU. The first major weight loss 

occurring from 225ï410 °C is attributed to loss of drug and polymer. The second major 

weight loss occurring from 450ï750 °C is due to degradation of the organic linker. 
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Figure S3.21 IR analysis of PEG-NH2 (black), UiO-AZB-F (red), and PEG-NH2-UiO-

AZB-F+5FU (blue). The PEG-NH2-UiO-AZB-F+5FU shows enhanced signal at 2300 

cm-1 and a new signal at 2800 cm-1 (corresponding to NH2 stretch). 

 

 

 

 

Table S3.2 Morphology of UiO-AZB-F before and after 5FU loading 
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Figure S3.22 IR analysis confirming attachment of folic acid (red) to PEG-NH2 (blue) 

scaffold.  

 

 
Figure S3.23 1H NMR Digestion of PEG-NH2-UiO-AZB-F+5FU 
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Figure S3.24 Sample zeta potential measurement for PEGNH2-UiO-AZB-F (average: -2 

mV) 

 

 

 

3.7.7 5FU Release Studies 

 

5-fluorouracil Release Studies 

To quantify 5-fluorouracil release via 19F NMR, an internal standard was used. A stock 

solution of internal standard (2,6-dif luorobenzoic acid, IS) and D2O was prepared, and 

pH adjusted to 7.2. In a 24 well plate, between 2ï4 mg of drug loaded material was added 

to each well. Next, 700 µL of IS solution was added to each well. The well plate was 

placed an LED irradiation chamber, and irradiated for 15, 30, 60, 90, or 120 min. After 

the designated time, the sample was filtered through a 0.45 µm syringe filter to remove 

MOF particles and transferred to an NMR tube for analysis. For the dark control 

experiments, sample preparation and workup is the same, but the well plate was wrapped 

in aluminum foil. (Note: the linker itself does not show up in these spectra because it is 

only soluble in aqueous solution at very acidic or basic pH). 

The molar ratio of 5FU:IS was calculated according to the equation below: 
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To account for slight differences in initial sample mass/loading efficiency across trials, 

percent of release from the framework is calculated. The total amount of 5FU in the MOF 

is calculated by multiplying the mass of MOF added by the wt% loading (calculated 

previously). The absolute mass of 5FU released is estimated from 19F NMR. 

 

 
Figure S3.25 Quantitative 19F NMR of 5-FU release from PEG-NH2-UiO-AZB-F in the 

dark. The signals for the internal standard 2,6-difluorobenzoic acid and 5-fluorouracil are 

visible at ï114 and ï169.5 ppm respectively. The intensity of the 5-FU peak remains the 

same throughout the time trial, indicating that the carrier shows no release after the 

original ñburstò. 

 

120 min 

 
     

    60 min 

 
 

30 min 

 
 

15 min 

 
 

0 min 
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Figure S3.26 Quantitative 19F NMR of 5-FU release from PEG-NH2-UiO-AZB-F under 

green light irradiation. The signals for the internal standard 2,6-difluorobenzoic acid and 

5-fluorouracil are visible at ï114 and ï169.5 ppm respectively. The position of the 

internal standard peak shifts slightly, likely due to the increasing amount of 5-fluorouracil 

present in solution. 

 

 
Figure S3.27 Rate analysis of 5FU release from PEGNH2-UiO-AZB-F. A regression was 

fit to the linear portion of the release profile (time points 0ï60 min). 
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Figure S3.28 UVVis spectra showing synchronized particle degradation (AZB-F 

quantified between 400-525 nm) and 5FU release (increasing peak @ 320 nm). 

 

 
Figure S3.29 Particle degradation in PBS/FBS/McCoys media under irradiation (black) 

and dark + heat (red) 
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Figure S3.30 Normalization and overlay of MOF degradation (black) and 5FU release 

(red) 

 

 
Figure S3.31 PXRD patterns of MOF particles at various points throughout the 

irradiation treatment, supporting the photo-degradation of particles over time 
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Figure S3.32 SEM images of MOF particles before (left) and after two hours of 

irradiation treatment (right), showing a decrease in average particle size. 

 

 

3.7.8 Cell Studies 

 

Materials 

Trypsin (0.25%)īEDTA was purchased from VWR (Radnor, PA, USA). Human 

colorectal carcinoma cells (HCT116) were continuously cultured in our laboratory. 

McCoyôs 5A Medium was purchased from HyCloneTM Cytiva (Marlborough, MA, USA). 

Dulbecco's Phosphate-Buffered Saline (DPBS) was purchased from Gibco (Thermo 

Fisher Scientific, Inc., Waltham, MA, USA). Fetal bovine serum (FBS) was purchased 

from VWR (Radnor, PA, USA). 50 IU/mL penicillin and 50 ɛg/mL streptomycin were 

purchased from MP Biomedicals (Santa Ana, California, USA). All other reagents were 

obtained from Sigma-Aldrich (St. Louis, MO, USA) or VWR (Radnor, PA, USA), unless 

otherwise stated.  

 

Cell Culture 

Cell studies were conducted using a human colorectal carcinoma cell line (HCT116). 

Cultures were grown in McCoyôs 5A medium (HyCloneTM Cytiva, Marlborough, MA), 
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supplemented with 10% fetal bovine serum (FBS, VWR, Radnor, PA), 50 IU/mL 

penicillin, and 50 ɛg/mL streptomycin (MP Biomedicals). Cells were cultured at 37 ÁC in 

5% CO2-air. The media was changed every other day.  The cultures were passaged after 

70ï80 % confluence was achieved. Cells were rinsed with 1X PBS solution three times, 

and then released with 0.25 % trypsin-EDTA solution (VWR, Radnor, PA). The 

suspension of released cells was centrifuged at 1000 rpm for 5 min before counting and 

plating for experiments. 

 

Cell Viability Assays 

HCT116 cells were plated in a 96-well plate at a density of 5000 cells per well in 200 ɛL 

complete McCoyôs 5A medium per well. After culturing for 24 h, the media was 

discarded and the cells were washed with 1X PBS three times before 180 ɛL serum 

containing McCoyôs 5A medium was added. Next, 20 ɛL of either PBS, 5FU (100 

ɛg/mL), PEGNH2-UiO-AZB-F (500 ɛg/mL, 1 mg/mL, 2 mg/mL, suspended in PBS), or 

PEGNH2-UiO-AZB-F+5FU (20 wt% 5-FU loading, 500 ɛg/mL, 1 mg/mL, 2 mg/mL, 

suspended in PBS) was added separately to 5 wells for each treatment group. The final 

concentrations of MOF (with or without 5-FU) ranged from 50 to 200 µg/mL. Two 

identical plates were prepared: One plate was placed inside the light box that was inside a 

biosafety hood (which had been sterilized with 70% alcohol followed by overnight UV 

light treatment) for 2 h light treatment (15 min light-on, then 15 min light-off); the other 

plate was covered with aluminum foil and placed in the same biosafety hood as the 

control plate but not in the light box. After 2 h treatment, both plates were placed in the 

incubator. The light treatment was repeated at 24 h and 48 h by removing both plates 
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from the incubator, treating the treatment plate with light and covering the other with foil, 

then returning both plates to the incubator after the 2 h treatment. After incubation for 72 

h, cells were washed three times with 1X PBS and then treated with serum-free ECGM 

media (100 ɛL) and 10 ɛL Cell counting kit 8 solution (CCK-8, Dojindo, Rockville, 

MD). After incubation for another 3 h to allow for development of the CCK8 dye, 

absorbance was recorded at 450 and 750 nm using a BioTek Synergy Mx plate reader 

(BioTek, Winooski, VT). Worked-up data (absorbance at 750 nm subtracted from 

absorbance at 450 nm) were graphed using GraphPad InStat, version 3 (GraphPad 

Software, Inc., San Diego, CA). Mean values are reported together with the standard 

error of mean (SEM) representing the combination of 3 different experimental runs with 

five replicates per experiment.  

 
Figure S3.33 CCK-8 Results for 5FU incubation (72 h). IC50 for HCT-116 cell line was 

determined to be 3±2 µg/mL 
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Figure S3.34 CCK-8 cell viability data after treatment with 50, 100, and 200 µg/mL of 

PEGNH2-UiO-AZB-F MOF (72 h incubation). Error bars represent the standard 

deviation of 15 replicates.  
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Figure S3.35 Determination of cellular uptake of PEGNH2-UiOAZB-F and PEGNH2-

UiOAZB-F+5FU in HCT116 at various concentrations (50, 100, 200 µg/mL) at 72 h 

incubation time. The data was analyzed by ICP-MS. The total amount of zirconium 

was then measured using ICP-MS and compared to the amount of zirconium in 

untreated cells. As the concentration of MOF increases, the cellular uptake 

increases as well. There is no difference between PEGNH2-UiOAZB-F and 

PEGNH2-UiOAZB-F+5FU at the same concentration. Additionally, the cellular 

uptake of 200 µg/mL is around 2-fold higher than 50 µg/mL. These results verify 

that the MOFs are entering the cells. 
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Figure S3.36 CCK-8 cell viability data after treatment with 50, 100, and 200 µg/mL of 

PEGNH2-UiO-AZB-F and PEGNH2-UiO-AZB-F +5FU with or without irradiation at 72 

h incubation. Error bars represent the standard deviation over three independent 

experiments with five replicates per experiment (n = 3). ns = no statistical significance, 

*** indicates p < 0.001 among indicated treatment groups. Error bars indicate standard 

deviation of three separate experiments with five replicates per experiment. Group 

comparisons are indicated as determined by a one-way analysis of variance (ANOVA) 

with a StudentīNewmanīKeuls comparisons post hoc test. 

 
Figure S3.27 Cell viability data for HCT-116 cell line after treatment with PEGNH2-

UiO-AZB-F, PEGNH2-UiO-AZB-F+5FU, or 5FU under dark (grey) or irradiative (white) 

conditions at 72 h incubation time. Error bars represent the standard deviation over three 

independent experiments with five replicates per experiment (n = 3). ns = no statistical 
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significance, *** indicates p < 0.001 among indicated treatment groups. Error bars 

indicate standard deviation of three separate experiments with five replicates per 

experiment. Group comparisons are indicated as determined by a one-way analysis of 

variance (ANOVA) with a StudentīNewmanīKeuls comparisons post hoc test. 
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4. Modelling Drug Adsorption in MetalïOrganic 

Frameworks: The Role of Solvent 

This chapter has been adapted from a published manuscript by Hannah D. 

Cornell, Abhishek T. Sose, Ashley A. Burris, Bradley J. Gibbons, Amanda J. Morris, and 

Sanket A. Deshmukh from the following reference: RSC Adv. 2021, 11, 17064ï17071. 

Reprinted with permission from the Royal Chemical Society. 

4.1 Abstract 

Solvent plays a key role in biological functions, catalysis, and drug-delivery. 

Metalïorganic frameworks (MOFs) due to their tunable functionalities, porosities and 

surface areas have been recently used as drug-delivery vehicles. To investigate the effect 

of solvent on drug adsorption in MOFs, we have performed integrated computational and 

experimental studies in selected biocompatible MOFs, specifically, UiO-AZB, HKUST-1 

(or CuBTC) and NH2-MIL -53(Al). The adsorption of three drugs, namely, 5-fluorouracil 

(5-FU), ibuprofen (IBU), and hydroxyurea (HU) were performed in the presence and 

absence of the ethanol. Our computational predictions, at 1 atmospheric pressure, showed 

a reasonable agreement with experimental studies performed in the presence of ethanol. 

We find that in the presence of ethanol the drug molecules were adsorbed at the interface 

of solvent and MOFs. Moreover, the computationally calculated adsorption isotherms 

suggested that the drug adsorption was driven by electrostatic interactions at lower 

pressures (<10ī4 Pa). Our computational predictions in the absence of ethanol were higher 

compared to those in the presence of ethanol. The MOFïadsorbate interaction (UHA) 

energy decreased with decrease in the size of a drug molecule in all three MOFs at all 

simulated pressures. At high pressure the interaction energy increases with increase in the 
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MOFs pore size as the number of molecules adsorbed increases. Thus, our research 

shows the important role played by solvent in drug adsorption and suggests that it is 

critical to consider solvent while performing computational studies. 

4.2 Introduction  

       Solvent has shown its prime importance in biological functions, polymer science, 

catalysis, and biomedical applications.1ï7 For example, in drug-delivery-vehicle (DDV) 

development, the interactions between the drug and relevant body fluids (solvent) play a 

critical role in driving drug release from the carrier.8 Similarly, the drug loading in a 

DDV is determined by the interactions between solvent and drugs, between solvent and 

the DDV, and between drug and DDV.9ï11 At present, our atomic-level understanding of 

drug loading in DDVs, such as polymers and porous materials, is very limited. 

Specifically, the precise role of the interactions between solvent and the drugs, and 

between solvent and DDV is unknown.12ï14 Without knowledge of these interactions, it is 

difficult to understand if the drug adsorption occurs at the interface between solvent and 

the DDV or if the drug molecules reside primarily in the pore volume of the DDV. An 

understanding of the interplay of drug, solvent, and carrier interactions is, therefore, 

important for the design of new DDVs with higher uptake and efficient drug release. 

Recently, metalïorganic frameworks (MOFs) have been used in the field of 

catalysis, gas storage, and drug delivery due to their adjustable functionalities, tunable 

porosities, and high surface area.13,15ï21 In these applications, it has been reported that 

solvent plays an important role in determining the stability and function (e.g. adsorption 

capacity) of a MOF.22,23 A number of experimental and computational studies also show 

that MOFs have higher drug storage capacity than other porous materials due to high 
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surface area and the formation of non-bonded interactions with drugs.17 Grand canonical 

Monte Carlo (GCMC) simulations have been used to study drug adsorption both in the 

presence and absence of solvent at the molecular-level.13,15,24ï28 For example, adsorption 

of the anticancer drugs 5-FU and HU in ZIFs was studied by Gomar et al.,25 while 

Erucar et al. performed a computational study on methotrexate and 5-FU uptake in MOF-

74 in the absence of solvent.15 Bernini et al. employed GCMC simulations to study the 

adsorption of IBU in a series of bio-compatible MOFs.24 In the computational studies 

performed in the absence of solvent, drug adsorption is often overestimated compared to 

experiment, which uses solvent to dissolve and adsorb drugs in MOFs. The differences 

are attributed to experimental limitations, such as the non-accessibility of the cavities and 

poor activation of the MOF samples.13 However, Proenza et al. performed GCMC 

simulations to study adsorption of 5-FU and caffeine (CAF) in ZIF-8 analogs, and 

identified that the lack of consideration for solvent and surface effects in an adsorption 

study contributes majorly towards the overestimation of drug adsorption.29 

4.3 Results and Discussion 

Motivated by elucidating the importance of solvent on drug adsorption in MOFs 

at the molecular level, we performed a combined computational and experimental study 

of drug adsorption in MOFs in the presence of explicit solvent. Specifically, we employ 

GCMC simulations to study adsorption of 5-FU, IBU, and HU in three MOFs of interest, 

namely, HKUST-1, NH2-MIL -53 and UiO-AZB in the presence of ethanol. HKUST-1 

and NH2-MIL -53 were selected because of their established biocompatibility and wide-

use throughout the literature.30,31 UiO-AZB is a light-responsive framework developed in 

our lab that shows promise as a versatile drug-delivery vehicle.32 Tables S4.1ïS4.3 and 
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Fig. S4.1 in Section S4.1 discuss details of drug and solvent molecules used in our 

study. Table 4.1 summarizes the textural properties of these MOFs and a detailed 

computational and experimental methodology used to calculate the properties is listed in 

Section S4.2 of the ESI. The molecular-level structures of all three MOFs and force-field 

parameters are shown in Fig. S4.2 and Tables S4.5ïS4.7 in the ESI. As can be seen 

from Table 4.1, the calculated surface area for all three MOFs is higher than experimental 

measurements. This is expected, as simulations are performed on perfect crystalline 

frameworks and do not account for defects.33 The differences in pore volume can be 

accounted for with scaling factors that reconcile experimental and simulated 

adsorption.33,34 In addition, Epley et al. highlight differences in the experimental and 

theoretical surface area observations in UiO-AZB, which can be due to the introduction 

of macroporosity within the samples.32 The pore size distribution (PSD) suggests that the 

HKUST-1, NH2-MIL -53, and UiO-AZB are microporous (pore size upto 20 Å).35 More 

details on PSD calculations can be found in the ESI, Section S4.2. 

Table 4.1 Textural properties of the selected MOFs. The simulated uptake data is 

collected at 300 K and 105 Pa, similar to experimental conditions in the presence of 

ethanol. 

 Calcula

ted 

Void 

Volume 

(cm3 g-1) 

Literature 

reported 

void 

volume 

(cm3 g-1) 

Calculated 

Pore-

cavity 

Size ( ) 

Calculated 

surface area 

(m2 g-1) 

Experimental 

surface area 

(m2 g-1) 

Literature 

reported 

surface area 

(m2 g-1) 

HKUST-1 0.9066 0.7536, 

0.7937 

5.1, 10.6, 

12.2 

2365 1830 150736, 157137, 

160038, 174040 

NH2-MIL -

53(Al) 

0.6272 0.8343 6.36 1395 725 67540, 71241, 

94742 

UiO-AZB 1.4057  10.8, 11.9, 

13.7  

3692 1959 903-268732 

https://paperpile.com/c/RaIV7Y/IuH8
https://paperpile.com/c/RaIV7Y/ABF7
https://paperpile.com/c/RaIV7Y/IuH8
https://paperpile.com/c/RaIV7Y/AXze
https://paperpile.com/c/RaIV7Y/ABF7
https://paperpile.com/c/RaIV7Y/uUgT
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To probe the effect of solvent, we performed GCMC simulations in the absence 

and presence of ethanol. Table 4.2 lists the maximum drug uptake calculated with GCMC 

simulations and experimentally measured at 300 K and 1 atm. To study drug adsorption 

in the presence of ethanol, initially, GCMC simulations were performed to evaluate the 

number of ethanol molecules adsorbed in the MOFs at 1 bar and 300 K for 500,000 steps. 

The computed adsorption of ethanol in HKUST-1, NH2-MIL -53 and UiOAZB was 509 

(mg gī1), 297 (mg gī1) , and 920 (mg gī1), respectively. This corresponds to 107 mol 

ucī1, 6 mol ucī1, and 183 mol ucī1 in HKUST-1, NH2-MIL -53 and UiOAZB, 

respectively. The number of molecules of ethanol obtained from these simulations were 

used as a starting number of molecules in initial configuration for drug adsorption studies 

in the presence of ethanol.  

Table 4.2 Maximum simulated uptake in the absence and presence of ethanol compared 

to our experimental uptake of 5-FU, IBU and HU in HKUST-1, NH2-MIL -53 and UiO-

AZB. 

 
Maximum Simulated 

uptake in the presence 

of ethanol (mg g-1) 

Maximum Simulated 

uptake in the absence 

of ethanol (mg g-1) 

Maximum experimental uptake 

(mg g-1) 

 5-FU IBU HU 5-FU IBU HU 5-FU IBU HU 

HKUST-1 175 86 564 887 1119 943 150±10 130 ± 20 300 ± 70 

NH2-MIL -

53(Al) 

36 23 222 503 467 511 190±90 100 ± 10 440 ± 150 

UiO-AZB 398 239 1072 1534 1660 1620 120±20 180±40 290 ± 20 

 

During these two-component (both drug and ethanol) simulations, equal 

probabilities of both molecules for insertion, deletion, translation, and rotation were used. 

These simulations were also performed at 300 K for 1,500,000 steps. This process here is 
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referred to as the simulations in presence of ethanol. More details on computational 

methods are discussed in Section S4.3 of the ESI. In the absence of ethanol in GCMC 

simulations the uptake of 5-FU, IBU and HU in CuïBTC was 887 mg gī1, 1119 mg 

gī1, and 943 mg gī1, respectively. In presence of ethanol, the maximum simulated uptake 

of 5-FU, IBU and HU in HKUST-1 decreased to 175 mg gī1, 86 mg gī1, and 564 mg gī1, 

respectively, suggesting that solvent occupies MOF pores during drug loading. The 

results are in qualitative agreement with our drug loading experiments, performed in the 

presence of ethanol that showed the maximum adsorption of 150 ± 10 mg gī1, 130 ± 20 

mg gī1, and 300 ± 70 mg gī1 for 5-FU, IBU and HU in HKUST-1, respectively.  

For NH2-MIL -53 the maximum simulated uptake of 5-FU, IBU and HU in the 

absence of ethanol was 503 mg gī1, 467 mg gī1, and 511 mg gī1, respectively. However, 

in the presence of ethanol the uptake was 36 mg gī1, 23 mg gī1, and 222 mg gī1, 

respectively. In the experiments, uptake of 5-FU, IBU and HU in NH2-MIL -53 was 190 ± 

90 mg gī1, 100 ± 10 mg gī1, and 440 ± 150 mg gī1, which was significantly higher to that 

of calculated adsorption in our GCMC simulations. However, the simulations did predict 

the relative order of uptake of the three drugs. We attribute the higher adsorption to the 

breathing behavior of NH2-MIL -53, which can be controlled and instigated by adsorbate 

loading.46ï50 Thus, due to its breathable nature, in our experiments, the pores in NH2-

MIL -53 might open in the presence of ethanol and drug molecules, resulting in higher 

adsorption of drug molecules compared to our simulations, which do not account for 

breathability.46 

In the case of UiO-AZB, in GCMC simulations performed in the absence of 

ethanol, the uptake of 5-FU, IBU and HU was 1534 mg gī1, 1660 mg gī1, and 1620 mg 
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gī1, respectively. On the other hand, in the presence of ethanol adsorption decreased to 

398 mg gī1, 239 mg gī1, and 1072 mg gī1, respectively. In our experiments, the uptake of 

5-FU, IBU and HU in UiO-AZB was 120 ± 20 mg gī1, 180 ± 40 mg gī1, and 290 ± 20 mg 

gī1, respectively. Experimentally, to access the larger interior pore (ca. 13.7 Å) of UiO-

AZB, drug molecules must first diffuse through the smaller exterior pores (ca. 11.9 Å and 

10.8 Å). However, diffusion of larger IBU molecules compared to smaller ethanol can be 

hindered as IBU may block the entrance for the larger interior pore.32 In addition, in 

presence of ethanol, displacing ethanol in these pores becomes important in the 

experiments.29 In GCMC simulations, however, all the pores are accessible to drug 

molecules, which may result in quantitatively higher adsorption than experiments.  

To further investigate the origin of the notably higher adsorption of 5-FU, IBU, 

and HU in UiO-AZB, in our GCMC simulations, we calculated the number of drug 

molecules adsorbed in different pores. We found that 13.7 Å sized (interior) pore 

adsorbed 7 molecules of IBU, while the exterior pores had 5 IBU molecules. Adsorption 

in the exterior pores accounts for the 109 (mg gī1) adsorption and is Ḑ40% lower 

compared to our experimental adsorption of IBU in UiO-AZB. This higher adsorption in 

experiments can be attributed to the stronger interaction of the carboxylic group with the 

defect sites on the zirconium nodes of the UiO-AZB in our experiments.51,52 Similarly, 

the adsorption of 5-FU and HU in the exterior pores was 9 and 73 molecules accounting 

for 122 mg gī1, and 605 mg gī1. Thus, the adsorption of 5-FU and HU is within 2% and 

110% to that of experimentally measured adsorption, respectively. This further suggests 

that the both 5-FU and HU might have been only adsorbed in the exterior pores of UiO-

AZB in our experiments. 
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In general, maximum uptake capacity for all three drugs follows the trend HU > 

5-FU > IBU, which can be attributed to their size. The smaller molecules (e.g. HUs) are 

adsorbed more readily compared to the larger molecules (e.g. IBUs). To further 

investigate the drug adsorption sites in the MOFs, we visually inspected the simulation 

trajectories. The snapshots shown in Figure 4.1 indicate that in the presence of ethanol, 

the preferential site for drug adsorption is the interface between ethanol and MOF, while 

ethanol is adsorbed at the core of the MOF pores. In the absence of solvent, drug 

molecules can also be adsorbed at the core of MOF pores. We found that the smallest 

pore of HKUST-1 (ca. 5 Å diameter) is occupied by only smaller molecules like ethanol, 

HU and 5-FU. In general, drugs are strongly confined in the one-dimensional pore of 

NH2-MIL -53 as shown in Figure 4.1(c) and (d). 
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Figure 4.1 Snapshots of adsorbed 5-FU molecules without ethanol (left) and with ethanol 

(right) in (a) and (b) HKUST-1, (c) and (d) NH2-MIL -53, (e) and (f) UiO-AZB (5-FU is 

represented in red and ethanol in green). 

To quantify the atomic-level structure and local arrangement of specific atoms of 

drugs and solvent in MOFs, we performed radial distribution function (RDF) 

analysis.53,54 Figure 4.2(a)ï(c) show the RDF of metal atoms in HKUST-1, NH2-MIL -53 

and UiO-AZB, respectively, with selected atoms of 5-FU (oxygen, nitrogen and fluorine), 

IBU (all atoms of carboxylic group) and HU (nitrogen and oxygens).  
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Figure 4.2 Radial distribution functional (RDF) analysis of selected atoms of drugs (i) 5-

FU, (ii) IBU and (iii) HU with unsaturated metal sites of (a) HKUST-1, (b) NH2-MIL -53 

and (c) UiO-AZB. 

 

The first peak for CuïO1, CuïN2, and CuïF1 pairs appears at 2.89 Å, 3.59 Å, 

and 3.54 Å, respectively (Figure 4.2(a)(i)). The distances suggest a stronger structural 

correlation of Cu with O1 atoms compared to with N2 and F1 atoms of 5-FU. Indeed, Cu 

metal atoms are expected to bind stronger to more polar oxygen sites (i.e., the O1 of 5-

FU).55 Similarly, peaks for IBU and HU suggest a stronger correlation between Cuï

OH_ib and CuïO2 pairs, respectively (Figure 4.2 (a)(ii) and (iii)), suggesting stronger 

binding of hydroxyl groups with the copper metal sites. 

In the case of NH2-MIL -53, a strong structural correlation between Al and ïNH 

sites (N2 atom of 5-FU) is apparent compared to the correlations between Al and F1 and 

between Al and O1 atoms of 5-FU (Figure 4.2(b)(i)). A stronger affinity of ïCOOH 

group of IBU and ïNH2 group of HU with Al of NH2-MIL -53 can be observed from their 














































































































































































































































































































