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ABSTRACT OF THE DISSERTATION  
 

Understanding the Nucleation and Growth of ZIF-8 Polymorphs  
by 

A. Rain Talosig  
Doctor of Philosophy in Chemistry 

University of California, Irvine, 2024 
Professor Joseph Patterson, Chair 

 
 

Metal-organic frameworks (MOFs) present a diverse platform for designing high-

performance materials with applications spanning drug delivery, catalysis, sensing, and separation.  

MOF polymorphism has been widely studied from the perspective of which synthetic factors, such 

as ligand-to-metal ratio, solvent, and temperature, can be used to control the final polymorph 

formation. However, limited studies on the nucleation mechanism of multi-polymorph MOFs have 

been performed. This dissertation aims to highlight the study and understanding of metal-organic 

framework polymorphs and how to observe and control polymorph formation. Advanced 

microscopy, scattering and spectroscopy techniques such as cryogenic transmission electron 

microscopy (cryoTEM), scanning electron microscopy (SEM), powder x-ray diffraction (PXRD), 

and electrospray ionization mass spectrometry (ESI-MS) are employed to conduct these studies. 

Here we study the formation of a model zeolitic imidazole framework-8 (ZIF-8) and the 

mechanism that drives the formation of the two most observed polymorphs, sodalite (SOD) and 

diamondoid (dia). To understand the mechanism and factors that affect polymorph formation, the 

prenucleation clusters were studied mainly through in-situ WAXS and ESI-MS, uncovering the 

role of prenucleation cluster size on the polymorph formation.  In a follow up study, we investigate 

the effect of confinement through reaction vessel size on the nucleation and growth of ZIF-8.  This 

study is of importance for studies involving analytical techniques where the experimental reaction 

volume varies from the bulk reaction. In addition, we study the encapsulation of bovine serum 
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albumin (BSA) in ZIF-8 frameworks and the effect of supramolecular modification with 

cyclodextrin on the encapsulation efficiency. To further the studies with cyclodextrin, 

cyclodextrin-based MOFs are studied to understand their encapsulation efficiency and structure.  

In summary, this work provides insights into the field of MOF nucleation and growth through a 

lens of polymorph control and lays the foundation for the development of new MOFs. 
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Chapter 1: Introduction 

1.1 Metal-Organic Frameworks 

 

Metal-organic frameworks (MOFs), also known as porous coordination polymers, are 

highly ordered materials composed of an organic linker and coordination metals (Figure 1.1). In 

the past two decades, they have been of interest because of their high surface area and permanent 

high porosity.1 The synthesis and development of MOFs have been highly rewarding because of 

the flexibility and variation that the precursors give. A large amount of structural diversity can be 

found in the MOF motif because of the wide variation of different organic linkers and 

coordinating metal cations.2 MOFs can be applied to many fields in different applications due to 

the fairly simple functionalization of the linkers which can be pre-synthesized or functionalized 

after MOF formation. The permanent and highly tunable porosity of MOFs has led to 

applications in gas storage, separation, sensing, and catalysis. Although many MOFs have been 

formed, it has been a process of trial and error without much precision in synthesizing the 

desired product.3,4 This has been a large roadblock in MOF research due to the time-consuming 

nature of empirical screening, which has made scale-up of these processes difficult. Learning 

more about the crystallization pathways of different MOFs and finding a common way to 

analyze different self-assembling systems opens the prospect of crystal engineering in MOFs. 

This can be achieved through methods devised by fundamental properties of similar systems  

rather than high throughput screening.  
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Figure 1.1 Metal-organic framework general reaction scheme. 

 

1.2 Nucleation and Growth Theories and Models  

 

Classical Nucleation and Growth 

To create a basis to study crystallization in MOFs, it is necessary to look at previously 

studied crystal growth mechanisms in other systems. The most common crystallization model is 

the classical nucleation theory (CNT). CNT can be outlined by homogenous nucleation that 

describes the nucleation of a new thermodynamic phase, in the case of MOFs from liquid 

solution to solid. Solutions reach a supersaturation point where the crystallization is 

thermodynamically driven.5  

∆𝐺 = !"#$!

%&
𝐾𝑇𝑙𝑛𝑆 + 4𝜋𝑟'𝜎                                   (Equation 1)  

The CNT model states that the formation of a nucleus occurs with two major contributions, a 

negative contribution from the difference in chemical potential per unit volume between the 

crystal and the liquid phase (∆𝜇), and a positive contribution from the unfavorable interfacial 

free energy between the two phases (𝛾). Overall, this leads to a free energy that is dependent on 

radius size (r), shown in equation 1. To reach the most stable thermodynamically favorable 
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crystallization, CNT describes a critical nucleus size (r*) which maximizes the free energy 

(Figure 1.2).  

 

Figure 1.2 Free energy diagram comparing monomer addition (classical nucleation theory) and 

nucleation through metastable phase (nonclassical nucleation theory) mechanisms. 

 

The critical nucleus is in metastable equilibrium so any addition of molecules will lower 

the free energy, this makes it more likely to find nucleation sites of the critical nucleus size. The 

critical nucleus size can vary between systems and can have wide ranges that are influenced by 

the shape and boundaries of the nucleus. Although CNT describes simple nucleation and growth 

theories, it has many shortcomings. The pitfalls of CNT are shown because it is unable to explain 

the vanishing nucleation barrier at high supersaturation points. CNT also makes assumptions that 

the most thermodynamically stable phase will be the first one to form and that there are no other 

amorphous or crystalline phases that could form.  
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Non-Classical Nucleation and Growth 

Non-classical nucleation and growth, also described as heterogenous nucleation, proceed 

through numerous intermediate stages before reaching a global thermodynamic minimum. This 

theory was first outlined in the Ostwald Step rule that when a particle proceeds through the steps 

of nucleation and growth, the particle will find a local thermodynamic minimum before finding 

the lowest thermodynamic state.6 The phase with the lowest free energy barrier relative to the 

solution will be the first to nucleate, rather than the most thermodynamically stable phase, with 

respect to entropy. Moving through this model, particles move stepwise to the next most stable 

intermediate, potentially moving through many polymorphs. Many of the transformations that 

take place in the formation of MOFs go through sequential non-classical stepwise 

transformations that might individually follow CNT. These structural transformations can take 

place through dissolution-recrystallization or solid phase rearrangement. These transformations 

can be monitored through in situ methods such as X-ray scattering7, mass spectrometry (MS)8, 

and cryo-electron microscopy (cryoEM).9 The presence of a metastable intermediate observed in 

nonclassical nucleation was first proposed by protein crystallization where the nucleation rate is 

expressed as a function of protein concentration and temperature.10  

Crystallization by Particle Attachment 

Crystallization by particle attachment (CPA), is a nucleation and growth theory that 

describes assemblies of coaligned nanocrystals. Monomers are dispersed in a solution and 

assembled via aggregation to form larger structures that can then be added together to form the 

final kinetically and thermodynamically stable crystal. The intermediate structures may be 

amorphous but in many cases are structurally distinct from the final crystalline form.11 Like 

CNT, the magnitude of the free energy barrier to nucleation determines the size and shape of the 
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particles produced, taking into consideration thermal energy as a crucial factor. At low 

supersaturation, the free energy barrier is large and the possibility of generating a critical nucleus 

size is a rare event. Due to the rarity of the ideal nucleation, it is not likely that any other critical 

nuclei with the same composition will run into each other leading to monomer addition similar to 

CNT. As the supersaturation increases, the free energy barrier of the phase change decreases, and 

the particles are generated more rapidly. These particles can transform in size and composition 

by exchanging monomers between the particles. When the supersaturation reaches a point where 

the free energy barrier is near kBT, the solution can undergo spinodal decomposition where the 

particles are generated so rapidly that the growth takes place purely by collision with other 

particles.12  

In the cases where the free energy landscape displays a barrier, thermodynamically the 

system will grow as one large particle. There are no metastable intermediates because they do 

not reside in a local free energy minimum, but particles arise and exhibit CPA growth behavior. 

When the landscape contains local free energy minima, there is the possibility of the formation 

of other particles that are thermodynamically favored. In this case, some morphologies are not 

seen in the bulk product that are observed in the formation. CPA and CNT are similar as they 

both assume small growth and unit attachment, but this theory accounts for the different 

morphologies that do not represent the surface energy minimization that is important in CNT. 

This growth is seen clearly in zeolitic frameworks, such as MgSO4 and CaCO3. In zeolite 

synthesis, there are transient nanoparticles that are referred to as “nanoslab” of crystalline 

intermediate phases that show evidence of aggregation. This type of growth seen in zeolite 

frameworks can be related to zeolitic imidazole frameworks (ZIFs) which are a subset of 

MOFs.13  
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Zeolite Nucleation and Zeolitic Imidazolate Frameworks 

Zeolites are inorganic molecules that are composed of metal tetrahedral nodes, typically 

Si or Al, that are linked by oxygen atoms.14 Along with the structural motif similarities, zeolites 

and MOFs have permanent porosity, topological diversity, and similar synthetic routes.15 Due to 

the diversity of organic linkers and metal nodes, MOFs have more structural diversity and can be 

used in a variety of different applications. The nucleation and growth of zeolites proceed through 

an amorphous gel within the monomer model where the arrangement of the gel phase is 

restructured. The Si-O-Si bonds will break and reform until the most stable polymorph is formed. 

The monomer growth model is not described by CNT because it contains restructuring from 

within rather than the formation of the most stable structure initially. Another way to model 

zeolite formation is to consider the nature of the building units that are used in the formation of 

the crystal. In this model, secondary building units (SBU) describe the smallest structural units of 

the product crystal. In this model of growth, the SBU grows onto an already existing nucleus and 

the amorphous gel acts as a reservoir where the heterogeneous nucleation can take place. In this 

model, the gel does not lead to the formation of the final crystal but acts as a formation point. 

The last possibility is nanoparticles developing structures internally, the nanoslab model, also 

described by CPA or aggregation.  

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs that are topologically 

similar to zeolites.16 ZIFs are composed of tetrahedrally coordinated transition metal ions that are 

connected by imidazolate linkers. In the case of zeolitic imidazolate framework-8 (ZIF-8), the 

framework is formed by the coordination of Zn2+ ions and 2-methylimidazole forming two 

common morphologies: the more common sodalite (SOD) which has a standard dodecahedral 

morphology, and the more stable diamondoid (dia) that appears to be a stack of more flat 
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crystals.17 ZIF-8 has been thoroughly investigated, in part, because it can be synthesized in water 

at room temperature.  

 

1.3 Polymorphism in MOFs 

 

MOFs can exhibit polymorphism, where MOF crystals can consist of identical chemical 

compositions but differ in their network topology.18 As a result, multiple crystalline phases of 

MOFs can be produced with different symmetries and densities. By tuning the activation energy 

of the MOF through changing synthesis conditions, higher energy products can be kinetically 

trapped at low activation energy barriers or the reaction can proceed to the lower energy 

thermodynamic products at high activation energy barriers; thus polymorphs can be found at 

different energy minima of a free energy landscape diagram.19 Since polymorphs can display 

different crystal structures while retaining identical molecular composition, the structure-

function relationship based on structural parameters can be investigated.20,21 Polymorph 

transition can be induced post-synthesis through physical steps like additional heating,22 

pressure, or template mediation.23 Typically, post-synthetic phase transitions result in the 

formation of more dense, thermodynamic crystalline phases through reconstruction or 

displacement of internal structures.20 For example, washing of ZIF-8 MOFs synthesized in water 

with alcohol solvents can initiate phase change from ZIF-C and ZIF-L to ZIF-8 (SOD).24,25 

Additionally, intrinsic and extrinsic synthetic conditions can control the competition among 

polymorph phases during the MOF formation.26 For example, the use of template vapors in 
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chemical vapor deposition enables control over the formation of a porous or nonporous ZIF 

polymorph.23 

While polymorphism is often not screened in MOF studies, mechanistic studies of 

zeolites, which have ~250 different polymorphs,27 have aided in polymorph control of MOFs, as 

the metal-ligand coordination in ZIFs is similar to the building units of inorganic zeolites. 

Whereas zeolites are composed of SiO4 and AlO4 units, ZIFs have tetrahedral metal centers, 

commonly divalent metals such as Zn2+ or Co2+, that are bridged with imidazolate ligands. 

Consequently, ZIFs share many of the same network topologies and rich polymorphisms as 

zeolites.28 In all zeolite polymorphs’ formation reactions, primary amorphous phases form, 

followed by secondary amorphous phases. Recent computational studies have determined the 

rate at which this secondary amorphous phase grows into a crystalline phase determines the final 

polymorph selection.29 Polymorphs with distinct physical properties can be produced by altering 

the packing density of the building units as well as the orientation of the imidazolate units. For 

example, ZIF-8 SOD, which is the most widely studied kinetic polymorph of ZIF-8, is the least 

densely packed, resulting in large pores (~11.4 Å) that are ideal for encapsulating guest 

molecules.30 In contrast, ZIF-8 diamondoid (dia), which is the most thermodynamically stable 

polymorph, is the most densely packed and not ideal for encapsulating guest molecules. 

Polymorphs of ZIFs can be revealed through in-situ monitoring techniques such as in situ PXRD, 

which allowed for the observation of a new metastable ZIF-8 polymorph generated through 

mechanochemical milling, kat.17 Additionally, cryoTEM studies have shown amorphous 

particles emerge for the formation of ZIF-8 SOD and dia polymorphs.9 While these TEM studies 

have also shown that the amorphous particles undergo a redissolution-crystallization mechanism 

for SOD, a separate mechanism is suggested for dia formation that requires further exploration.  
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1.4 Controlling MOF Nucleation and Growth  

 

Confinement of MOFs  

Nanoscopic confinement has been widely used to design high-performance materials with 

hierarchical structures in the biomineralization community. Nanoscopic confinement influences 

occur in restricted volumes such as membranes and pores which can limit crystal growth in 

the x, y, or z dimensions. The confinement's character can significantly influence the nucleation 

rate and stability of intermediate phases. By increasing the degree of confinement on a system—

lowering the volume where synthesis and crystallization can take place—studies have observed a 

decrease in the nucleation rate of crystallization. This decrease is due to a decrease in any 

impurities that could act as nucleators and volume is proportional to nucleation probability.31  

Nanoscopic confinement has been shown to stabilize metastable products and phases for 

non-MOF systems. For example, a study found that by increasing the degree of confinement 

during the crystallization of amorphous calcium carbonate, the amorphous phase was 

stabilized.32 This is due to the energy barrier for the thermodynamic product increasing. In 

addition to the degree of confinement affecting growth, the surface area of the synthesis vessel 

can have a further effect. For example, when a system is assembling in a porous confinement, a 

greater fraction of the nucleus will be in contact with the substrate and thus have a greater 

nucleation rate than in a system that occurs within flat confinement.32 Confinement methods 

using various interfaces, such as colloforms33 and droplets,34 have synthesized MOF 

nanoparticles with high uniformity and low size distribution. The key to obtaining such products 
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lies in having fast nucleation but slow growth. Synthesizing a MOF in a confined environment 

allows this to occur as it decreases the probability for nuclei to aggregate. 

Confinement interfaces have shown the potential to serve as templates for controlling the 

growth direction of crystals by restricting growth in designated orientations. Many studies have 

succeeded with this method by using emulsion interfaces to confine MOF growth within a 

specific geometric mold. By varying the length of the surfactant in a reverse micelle system, 

ZIF-8 crystals with targeted sizes could be achieved.35 One specific study used an aqueous–

organic liquid interface to mold HKUST-1, ZIF-8, and LnBT crystals into a wide range of crystal 

geometries such as hearts, circles, and rectangles.36 The ability to obtain each crystal geometry 

was based on localizing the nucleation and growth within molds of specific geometries. This 

mold was stationed at an opening in the interface surface where its shape could be altered by 

varying buoyancy and capillarity forces. In addition to emulsion interfaces being used to control 

crystal shapes, hard confinement surfaces can template MOFs with hierarchical structures and 

porosity. Synthesizing such hierarchical materials can be advantageous for catalytic applications 

as demonstrated with PCN-224 which was synthesized within the confinement of macroporous 

melamine foam to create geometry that promoted greater catalytic activity.37  

While studies have used nanoscopic confinement methods to synthesize MOFs with 

desired physical properties, future research is still needed to use confinement as a method to 

discover and trap metastable MOF products. Additionally, on the other side of the spectrum, 

nucleation and growth mechanisms that occur during macroscopic scaling of a MOF synthesis 

are currently unexplored. Such mechanistic studies are crucial for designing large-scale MOF 

synthesis using green approaches, as many current synthetic approaches in industry use toxic 

solvents and MOF precursors along with pressure-sealed reaction vessels, all of which pose high 
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financial costs.38,39 Recently, advances towards this challenge include a study by Deacon et 

al. which investigated kilogram-scale production of ZIF-8 while using water as the solvent. The 

authors note that the crystals observed in the scale-up synthesis have distinctly different sizes 

than those reported in literature from small-scale synthesis.24 Such findings emphasize the 

impact that scaling has on final MOF crystals and the need for mechanistic studies. 

Surfaces and Biomolecules  

Surface substrates have shown great potential for nanoscale control of crystal 

formation,40 aiding in the discovery of new types of materials for CO2 separation,41 water 

splitting,42 and field-effect transistors.43 Surfaces control the self-assembly pathway of crystal 

formation by modifying the interfacial free energy barrier and offering a site for crystals to 

nucleate (Figure 1.2).44 The effects of surfaces themselves on crystal growth are usually not as 

pronounced, although confinement by surfaces can noticeably affect growth of MOFs. The 

extent of which a surface can modify crystal nucleation is largely dependent on two factors: (1) 

atomic structure of the surface and (2) the strength of the bonds formed by the MOF precursors 

and the surface. By matching the atomic structure of a surface to a desired lattice place of a 

crystal, surfaces can be used to control the orientation of the crystal lattice by minimizing the 

lattice strain in a desired orientation. Planar substrates include flat, smooth surfaces such as 

alumina35 and silica45,46 and provide a uniform surface for MOFs to grow.  

Another aspect to consider when choosing a surface is the chemical composition of the 

surface interface. The interfacial chemistry can be used to modulate the binding strength of the 

MOF precursors to the surface, and consequently, the probability of nucleation. By the MOF 

precursors forming stronger bonds with the surface rather than with the solvent molecules, the 

interfacial energy barrier required for nucleation decreases.47 The available surface area for 
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strong-bonds to form can also impact the probability of nucleation. Non-planar substrates, which 

are surfaces that are more complex and have three-dimensional structures, provide a larger 

surface area for the MOFs to grow on, leading to faster formation and higher yields.48–50  

Examples of non-planar substrates include foams,51 fibers,52 nanowires,53 proteins,50,54–56 and 

porous metals.57,58 A study by Ogata et al. used bovine serum albumin as a non-planar substrate 

to lower the interfacial energy barrier and tune the crystal morphology and structure.9 In the 

study, cryo-TEM observed that a protein was capable of concentrating MOF precursors, forming 

amorphous protein/Zn/HmIm particles and, subsequently, ZIF-8(sod) crystals through a 

dissolution recrystallization mechanism. Otherwise, in the absence of protein, ZIF-8(dia), the 

nonporous and thermodynamically stable ZIF-8 polymorph, formed (Figure 1.3). The ability for 

the protein to drive crystal formation of ZIF-8 (sod)was strictly dependent on its negatively 

charged surface as other studies have shown that biomolecules with high isoelectric points (>7) 

cannot promote crystal formation.50 With this insight, molecular modifications of proteins have 

shown to be promising methods for tailoring the surface chemistry to promote nucleation and 

growth of a particular MOF phase and morphology.59 Furthermore, proteins are believed to add 

to the growing crystal through particle addition. Through addition, the proteins create defects in 

the crystal as they are too complex to match the lattice planes of the MOF.56,59 By controlling the 

size and concentration of protein particles, such defects can be tailored. 
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Figure 1.3 Comparison of free energy barrier in homogeneous (without surface) and 

heterogeneous crystallization (with surface).60  

Along with biomolecules, polymers can also serve as templates to regulate the crystalline 

phase, shape, size, and porosity of MOFs.61 Ionic polymers offer many coordination sites for 

MOF nucleation, while instead, non-ionic polymers may self-assemble to influence the final 

MOF structure and porosity through electrostatic interactions. For example, through a 

coordination–modulation mechanism, a non-ionic block copolymer was able to trap a kinetic 

crystalline phase through stabilization of prenucleation aggregates.62 In summary, each type of 

surface has its own benefits for tailoring the nucleation and growth of MOF formation. For 

example, if a planar substrate is being used, a fabrication method may be developed that takes 

advantage of the flat and smooth surface of the substrate to help control the growth and 

formation of the MOFs in a precise and uniform manner. On the other hand, if a non-planar 
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substrate is being used, a fabrication method may be developed that can adequately grow the 

MOFs on the more complex surface of the substrate, potentially leading to faster formation, 

higher yields, and trapping of kinetic products. 

 

1.5 Monitoring MOF Nucleation and Growth   

 

         MOF nucleation and growth contain complexity that no single instrumentation method can 

capture. Each instrument has its strength as some instrumental techniques allow for the 

characterization of a specific localized region and provide qualitative insight into individual 

crystal size and morphology, while other techniques provide ensemble information and 

quantitative insight into the crystallization kinetics (Figure 1.4). Complimentary instrumentation 

methods are required to obtain a complete view of the crystallization by providing descriptions 

of each phase and phase transitions. The instruments will be discussed in more detail and 

examples of how each technique can be used to monitor MOF nucleation and growth.  
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Figure 1.4 Summary of experiential and computational techniques used to study nucleation and 

growth of MOFs and of the phase regime that they are useful for probing. 

 

X-Ray Techniques  

X-ray scattering techniques utilize X-rays as radiation sources, allowing for high 

resolution due to the short wavelengths of X-rays compared to visible light. Scattering methods 

can provide insight into the nucleation and growth mechanisms of MOFs through an 

understanding of the morphological and structural evolution studies of the crystalline and 

amorphous phases. X-ray diffraction (XRD) is a subclass of X-ray scattering where the scattered 

radiation is elastic and is limited to measuring crystalline structures. XRD is not ideal for the 
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early stages of MOF nucleation due to the lack of resolution sub-nano crystalline size regime. 

Powder XRD (PXRD) has been used to track the final morphology of MOF crystals through 

characteristic Bragg peaks.63 

Small-angle X-ray scattering (SAXS) and wide-angle x-ray scattering (WAXS) are 

methods of X-ray scattering that can identify crystallographic information as well as probe size 

and shape of the crystalline and amorphous phases. SAXS is extremely useful in monitoring the 

early stages of nucleation and growth as it can measure MOF growth in the 1-00nm range.  This 

is useful when analyzing samples that are amorphous, semi-crystalline or crystalline. X-ray 

scattering can be used to resolve mechanisms of growth and formation by monitoring changes in 

peak intensity as a function of time and can give insights into the rate of crystallization. Phase 

changes can be monitored by x-ray scattering and were demonstrated in work done by Katsensis 

and coworkers where in situ x-ray scattering was used to monitor the changes of ZIF-8 while 

applying mechanical stress and revealed a transformation into a previously unresolved 

intermediate structure. WAXS measurements detect larger diffraction angles, analogous to XRD, 

and can be used to monitor changes in crystalline phases as well. WAXS is typically used to 

monitor transition phases of MOF formation that would not be captured by diffraction and has 

been used to elucidate kinetic information about MOF growth.  

Microscopy Techniques 

Microscopy methods provide images of localized regions of a sample enabling phases 

that occur simultaneously to be distinguished. The resolution and viewing range of a sample is 

determined by the wavelength of the beam source and the voltage at which the beam is emitted. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have been 

utilized in time-resolved studies of MOFs. Both techniques probe the sample interaction with an 
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electron beam and monitor either the scattering or transmission of electrons. SEM is used to 

provide topologies of large areas of MOFs and determine their surface structure. When used in 

conjunction with XRD it can be a useful tool for determining the crystal structure topology for 

various polymorphs.64 SEM can be used to study various bulk materials, but TEM is more 

limited to thin films but can generate a much higher resolution image. TEM requires a higher 

electron beam dose and MOFs are susceptible to beam damage, so fewer studies use TEM to 

analyze MOFs.65 Recent work with cryo-TEM and liquid cell TEM has allowed MOFs to be 

more closely studied by TEM while lowering the amount of beam damage.66 Low dose TEM 

advancements have allowed for the determination of crystalline structures67, morphologies68, 

local defects65,69, encapsulation of guest species70, self-assembly mechanisms9, and 

dynamics71,72.   

 

1.6 Dissertation Overview 

 

In this dissertation, the nucleation and growth mechanisms of MOFs are probed with a 

particular focus on polymorph control the kinetics and thermodynamics of crystal formation. 

Such studies are essential to the prediction and development of new MOF systems with finely 

tuned sizes, morphologies, topologies, and surface chemistries. In each chapter, electron 

microscopy and x-ray diffraction are used as complementary techniques to characterize 

intermediate phases and/or final crystal topologies. Products from this dissertation work have 

resulted in two research chapters, Chapters 1, 2 and 5 are published in peer-reviewed journals. 

Chapter 3 and Chapter 6 are in preparation for peer review and are anticipated to be submitted 
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during the Summer and Fall of 2024. Chapters 4 and 7 are intended as stand-alone chapters for 

this dissertation.  

Chapter 1 introduces the field of MOFs while discussing the many theories on MOF 

nucleation and growth. Then polymorphism in MOFs is discussed to understand how similar 

synthetic parameters can result in MOFs with a large variation in size, topology, structure, and 

function. Experimental methods are provided to guide the probing of MOF crystal formation 

across multiple scale regimes. 

Chapter 2 investigates how polymorph formation can be understood by probing the 

initial stages of nucleation and growth with in-situ techniques such as WAXS and ESI-MS. The 

possible stages of nucleation and growth and understood by modeling the clusters that were 

observed in the spectroscopy measurements.   

Chapter 3 discusses the effect of confinement conditions on the nucleation and growth 

of MOFs. This work shows that in confined conditions, the growth is slowed and there is less 

overall crystallinity observed through stabilization of amorphous precursors.  This work 

highlights a collaboration with the NSF BioPacific facilities and utilizes WAXS and SEM.  

Chapter 4 investigates the encapsulation of biomolecules within MOF framework and 

discusses the supramolecular modification of a model biomolecule, bovine serum albumin, with 

cyclodextrin to enhance encapsulation and activity.   

Chapter 5 utilizes cyclodextrin-based MOFs to encapsulate biomolecules and target 

drugs to investigate the encapsulation, release profile, and activity of cyclodextrin-based 

biocomposites.  

Chapter 6 discusses work done in the field of lab safety and the leadership initiatives       
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that have been implemented in my time as a safety officer and a member of the UCI graduate 

safety team. This work focuses on tools for functional risk assessment and the intersection of 

mental health awareness and chemical lab safety. 

Chapter 7 summarizes the major findings of this work and discusses the promising  

Future in the study of MOF nucleation and growth.  
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Chapter 2. Understanding the Nucleation and Growth of ZIF-8 Polymorphs  

2.1 Introduction  

 

Metal-organic frameworks (MOFs) are a class of nanoporous materials consisting of 

inorganic metal nodes that are bridged by organic linkers.1,2 MOFs have a wide range of 

applications due to their ultra-high surface area, fixed porosity, and high thermal stability.3 

MOFs can exhibit polymorphism, where the MOF structure contains identical chemical 

composition, but varies in network topology.4–6 Polymorphism in MOFs can be a determining 

factor in function as demonstrated by the ZIF-8 system where enhanced separation of ethane and 

ethene is observed for more dense ZIF-8 structures such as  ZIF-8_I4̅3m, ZIF-8_R3m, and ZIF-

8_Cm.7  

 While much work has focused on the characterization of MOF polymorphs,8 and the 

synthetic factors affecting polymorph selection, the mechanisms by which different polymorphs 

form have largely been unexplored. This leaves a substantial knowledge gap in our 

understanding of MOF nucleation and growth.9,10 Characterizing MOF nucleation and growth is 

challenging due to the transient nature of the prenucleation clusters (PNCs) and amorphous 

phases which are commonly found in the nonclassical nucleation and growth mechanisms11. 

Currently nucleation and growth are studied through complementary methods to understand each 

phase and phase transition.9,12–14 Microscopy allows for insight into final crystal morphology and 

size, while spectroscopy and diffraction allow for an understanding of ensemble information and 

crystallization kinetics. In a study by Filez et al, a molecular understanding of prenucleation 

clusters and crystal formation in Zeolitic imidazolate framework - 67 (ZIF-67) was unveiled 

using mass spectrometry, which, due to the soft analysis techniques would not deteriorate the 
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fragile bonds in the prenucleation clusters. Furthermore, a comprehensive understanding of the 

nucleation and growth mechanisms attributed to the final morphology will aid in elucidating the 

classical and nonclassical routes of crystal growth in MOFs. This work aims to gain an 

understanding of nucleation and growth of MOFs through analysis of prenucleation phases with 

a goal of uncovering a connection between the prenucleation stages and the final polymorph 

selection. Understanding this will facilitate and streamline the development of high-performance 

MOFs without the need for high throughput synthesis and instead utilize a thorough 

understanding of their structure-function relationship.15  

ZIFs are a subclass of MOFs that are topologically similar to zeolites, sharing similar 

structures to those seen in aluminosilicate zeolite minerals.16,17 ZIFs are composed of 

tetrahedrally coordinated transition metal ions that are connected by molecular imidazolate 

linkers. In the case of ZIF-8, the structure is formed by the coordination of Zn2+ ions and 2-

methylimidazole (HmIm). ZIF-8 self-assembles into two prominent morphologies: sodalite 

(SOD), which has a rhombic dodecahedral morphology, and diamondoid (dia), a collection of 

flat, stacked crystals of diamond cubic morphologies.12 ZIF-8 SOD is the kinetic product and has 

a large pore size (3.4Å) and high thermal stability and surface area (BET: 1630m2 g-1).17 ZIF-8 

dia is the thermodynamic product as discovered by mechanochemical milling of ZIF-8 SOD.12 

ZIF-8 dia has the same secondary building units (SBUs) as SOD but grows into a nonporous 1D 

channel that has hexagonal structures that intersect with other channels to create the 3D dia 

topology. Although the secondary building units of these two polymorphs are identical, their 

topology and porosity differ and influence their functionality and biomolecule encapsulation.18 

ZIF-8 has been thoroughly investigated due to its facile synthesis under aqueous conditions at 
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room temperature. However, the molecular origin of polymorph control in ZIF-8 is still 

unknown. 

In this chapter, we investigate the polymorph control of ZIF-8 through variation in ligand 

(2-methylimidazole) to metal (zinc acetate) ratio. A combination of scanning electron 

microscopy (SEM) and powder X-ray diffraction (PXRD) aids in understanding the topology and 

morphology that is observed in ZIF-8 polymorphs. Time-resolved electrospray ionization mass 

spectrometry (ESI-MS) and cryogenic transmission electron microscopy (cryo-TEM) are used to 

understand the prenucleation cluster composition and structure prior to polymorph formation. In-

situ wide angle X-ray scattering (WAXS) is used to uncover the rate of crystallization during 

polymorph formation.  

 

2.2 Results  

 

ZIF-8 Synthesis  

Stock solutions of HmIm (160 mM, 700 mM and 1400 mM 1 mL) and zinc acetate (40 

mM, 1 mL) were prepared with Milli-Q water. Stock solutions were used to prepare a series of 

MOF crystallization experiments with variation in the HmIm/Zn ratio (4:1, 17.5:1, 35:1). The 

solutions were combined together without mixing and aged for 24 h. The precipitate was 

obtained by centrifugation at 10,000 rpm for 10 min. The precipitates were washed with Milli-Q 

water and centrifuged three times prior to Cyro-TEM and powder PXRD analysis.  

Polymorph Characterization  

To characterize the polymorph formation at HmIm:Zn ratios of 4:1, 17.5:1 and 35:1, bulk 

analysis was carried out by PXRD of the final crystals collected by centrifugation after 24 h of 

reaction. ZIF-8 4:1 diffraction peaks appear around 2θ of 12.4º, 12.9º and 13.6º that relate to the 
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dia polymorph. 35:1 displays diffraction peaks around 2θ of 7º, 10.2º and 12.7º that relate to the 

simulated SOD PXRD pattern. 17.5:1 reveals that both of the PXRD patterns for SOD and dia 

can be observed with a slight preference for dia morphology as the SOD peaks are much less 

intense. SEM was used to analyze the morphology of the different polymorphs. SEM of the 4:1 

ratio revealed that only the dia polymorph for ZIF-8 is defined by larger crystals, ranging in size 

around 3 μm (Figure 2.1a). With an increase in ratio to 35:1 the surfaces become more faceted 

and represent the truncated dodecahedron structure of SOD (Figure 2.1b). The 17.5:1 ratio 

displays a mix of both polymorphs in equal distributions with the dia crystals being significantly 

larger and varying in size compared to the smaller, more uniform SOD crystals (Figure 2.1c). 

Intermediate ranges of HmIm:Zn ratios were compared to identify the amount of SOD and dia 

present in the final crystals and it was shown that the amount of SOD character increases with 

HmIm increase (Figure A5).  

 Crystal size analysis on the final crystals was performed to determine the size and 

polydispersity of each of these polymorphs (Figure 2.2).  35:1 contains much smaller crystals 

than that of dia and also has a smaller size distribution showing more uniform crystals. 17.5:1 

displays smaller dia crystals that are seen in 4:1 and slightly smaller (2000nm) SOD crystals. 

This is consistent with previous studies that show as you increase the HmIm ratio the 

polydispersity decreases.13  
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Figure 2.1 SEM of ZIF-8 (a) 4:1 (b) 17.5:1 (c) 35:1 (all scale bars are 2 μm) and (d) PXRD of  

ZIF-8 at HmIm:Zn ratios of 4:1, 17.5:1, 35:1 and simulated patterns for SOD and dia  

 

 
Table 2.1 Summary of crystal sizes of ZIF-8 at three different HmIm ratios (35:1, 17.5:1, 4:1).  
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In-situ X-ray Scattering  

In-situ WAXS was utilized to understand the time-resolved crystallization kinetics of 

ZIF-8. To gain information about the rate of crystallinity experiments were performed using an 

in-house X-ray source, monitoring 6.5 - 7.5º 2θ every 10 minutes for 24 h. Following 

measurements, the data was normalized against the background, and the integrated intensity was 

plotted to determine the extent of crystallization (Figure 2.2a). The ZIF-8 solutions were 

prepared by mixing HmIm and Zn precursors at 35:1 and 4:1 ratios and immediately placed into 

1 mm special glass capillaries. We define t = 0 as the time of mixing and the first collected data 

point is 10 minutes. 35:1 ZIF-8 reaches full extent of crystallization at around 3 h. 4:1 ZIF-8 

takes around 8 h to begin to plateau in crystallinity and does not completely flatten by the end of 

the collection time around 12 h. In-house X-ray sources were ideal for long collection times, but 

the time resolution and collection angle were limited by the intensity of the X-ray source. To 

achieve a higher temporal resolution, synchrotron-based in-situ WAXS was utilized to collect the 

entire spectrum of 5-40º 2θ in 1 second.  
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Figure 2.2 (a) Plot of the normalized area under 2θ 7-7.5 versus time produced by the integrated 

intensity of the (211) reflections collected by time-resolved in situ XRD. Time-resolved wide-

angle x-ray scattering patterns of ZIF-8 (b) 4:1 and (c) 35:1 for the first 250 min. Background 

subtraction was performed for c) using an in-house MATLAB script, see SI for details.  

 

In-situ WAXS experiments were performed on the 7.3.3 beamline of the Advanced Light 

Source at Lawrence Berkeley National Laboratory (Berkeley, CA). The ZIF-8 reaction was 

initiated through mixing precursor solutions in a glass vial, and the solutions were immediately 

added to a 1 mm quartz capillary. The capillary was then mounted into the instrument over the 

course of 5 min. The data collection began once the sample was mounted. We define t = 0 as the 

time of mixing and the first data was collected at t = 10 minutes. Figure 2.2b and 2.2c show the 

WAXS plots of HmIm:Zn ratios of 4:1 and 35:1 respectively over the reaction time of 4 h. The 

peaks that are present in 35:1 after 150 min are related to the lattice for ZIF-8 SOD. The 

spectrum for 4:1 does not show any significant peaks but an increase in overall intensity after the 

4 h collection period. This is not consistent with the in-house collected WAXS which shows an 

increase in intensity of the  6.5 - 7.5º 2θ .  This could be due to the lack of range in which the in-

house WAXS could collect in comparison to the synchrotron based WAXS, and therefore could 

include some of the formation of amorphous phases which can cause an increase in intensity. 
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This wider range  data allows us to understand that in the first 4 h, significant nucleation occurs 

in the 35:1 system but not in the 4:1 system.  

Mass Spectroscopy  

To gain a better understanding of the species present during the initial stage of nucleation 

under different precursor conditions, the relative abundance of different Zn clusters was 

determined from time-resolved ESI-MS. This methodology was adapted from previous work 

which studied the evolution of Zn clusters for understanding the nucleation and growth of ZIF-67.11 

 

Figure 2.3 (a) ESI source where a dilute solution of ZIF-8 is injected, electrosprayed, and 

projected toward the MS inlet, yielding relative abundance versus mass/charge. Automated peak 

analysis shows the intensity of n Zn oligomers with size n = 1-4 (b) Zn fragmentation patterns of 

n Zn oligomers with size n = 1-4.  
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Figure 2.4 Stacked ESI-MS plots of ZIF-8 at times 1min, 1H, 4H, 8H, 12H at Zn: HmIm ratio of 

(a) 4:1 (b) 17.5:1 (c)35:1. Sum of peaks of Zn oligomer size for Zn:HmIm ratios of (d) 4:1 (e) 

17.5:1 (f)35:1.  

 

The ESI-MS data was analyzed using an in-house MATLAB script developed to 

automatically identify characteristic PNC fragmentation patterns in the data based on simulated 

fragmentation patterns of Zn in solution (Figure 2.3b). nZn fragments were simulated from n=1-

4 which displayed distinct isotope patterns. Zn clusters larger than 4Zn were difficult to 

distinguish so the analysis is capped at 4Zn. The maximum peaks from each characteristic 

fragmentation pattern were integrated and summed to determine the total amount of PNC present 

in each ESI-MS dataset (Figure 2.3). The crystallization solutions were mixed for 5 times points 

running from 1 min to 12 h and at the desired reaction time, diluted by 100x to stop reaction as 

well as prepare the solution for mass spectroscopy appropriate concentrations (Figure 2.4a-c). 

Time points after 12 h were not collected due to a decrease in signal observed after 12 h as the 
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clusters moved from prenucleation to bulk crystal phases.11 As ZIF-8 crystalizes, the precipitates 

crash out of solution and sink towards the bottom of the reaction vial, to ensure that a majority of 

the sample is the prenucleation clusters and not the bulk phases, the samples are taken from the 

top of the reaction vessel.   

After the Zn clusters were assigned, the sum of each Zn cluster intensity was calculated at 

each sampling interval to show the change in Zn cluster composition as the reaction progressed 

(Figure 2.4d-f). The 4:1 ratio showed exclusively 1Zn and 2Zn clusters at 1 h and predominantly 

1Zn and 2Zn clusters at 4 h with only 10% of the clusters represented by 3Zn and 4Zn 

respectively (Figure 2.4d). In comparison, 35:1 showed the development of 3Zn as soon as 1 h 

into the reaction and the majority of the solution consists of 3Zn at 4 h (Figure 2.4f). At the 8h 

time point the abundance of Zn clusters decreases to less than the initial abundances indicating 

that the majority of Zn PNCs are no longer present in the solution and have crystallized into ZIF-

8 SOD. This continues to 12 h where there is half of the abundance of Zn clusters observed in 8 

h. The 17.5:1 system indicates an intermediate between the 4:1 and 35:1 with 2Zn not appearing 

in large abundances until 4 h, but still showing a large decrease in Zn clusters around 8 h 

indicating that many of the Zn clusters have left the pre-nucleation phase (Figure 2.4e). This is 

supported by the WAXS data that shows an increase in crystallinity as the prenucleation cluster 

concentration decreases (Figure 2.2). Precautions were taken to ensure that little of the bulk 

crystal was sampled, but it is possible that the solution sampled contains some larger Zn clusters 

that have fragmented.  Although there may be a mixture of prenucleation species and fragmented 

species in the sample, there is a clear trend in the concentration of Zn clusters that demonstrates 

the presence of prenucleation clusters.  
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Cryo-TEM   

 Cryo-TEM was used to compare the structure of the amorphous precursor particles at 1 h 

of reaction time.  4:1 (Figure 2.5a) shows < 100 nm spherical particles that appear to be stable to 

aggregation. 17.5 (Figure 2.5b) shows smaller particles but they appear to be highly aggregated. 

Although 17.5:1 at 1 h of reaction shows aggregation, based on the spherical morphology and 

our previous data on ZIF-8, we interpret these to be amorphous particles. Crystallinity of ZIF-8 

at early time points was showcased in a previous publication from our lab.13  This work shows 

crystallinity of 35:1 at the 1 min time point through diffraction patterns and faceted crystals.  The 

cryo-TEM images for 17.5:1 appear to be similar to previous studies of aggregation that did not 

display crystallinity.

 

Figure 2.5 Representative Cryo-TEM images of nucleation and growth at 1 h of ZIF-8 in water. 

Scale bars are 100 nm. ZIF-8 with precursor ratios of (a) 4:1 (b) 17.5:1  
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2.3 Discussion 

 

The collective data shows that the formation of ZIF-8 SOD and dia occurs via the 

formation of prenucleation clusters which aggregate into spherical amorphous particles. SOD 

crystallization occurs more rapidly than dia as supported by the in-situ x-ray studies. The 

formation of SOD occurs through the rapid aggregation of particles (cryo-TEM) which results in 

the formation of 3Zn clusters (ESI-MS). In contrast, the formation of dia occurs via the 

formation of particles that are more stable to aggregation (Cryo-TEM) and results in the 

formation of 2Zn clusters (ESI-MS). This would indicate that the rate-determining steps in the 

nucleation of dia and SOD occur through the reaction of the 2Zn and 3Zn clusters respectively. 

This reaction could be through the addition of another Zn or through the aggregation of the 2Zn 

and 3Zn clusters (Figure A6). The main difference between the dia and SOD synthesis is that for 

the latter there is a much greater concentration of ligand.  The excess ligand appears to be 

responsible for the rapid formation of 3Zn clusters and the rapid aggregation of amorphous 

particles, both of which lead to nucleation of the SOD polymorph. Specifically, how the excess 

ligand is controlling these phenomena remains an open question requiring further investigation. 

 

2.4 Conclusions  
 

This study of the early stages of nucleation and growth demonstrates the importance of studying 

the PNCs of ZIF-8 to understand polymorph control. The main challenge that we address in this 

study is a molecular understanding of the PNCs and their role in the final polymorph formation. 

To address this challenge, we utilized complementary methods to study the formation of ZIF-8 

through the stages of nucleation and growth and the combination of these techniques allowed for 
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a more complete picture understanding of polymorph control in ZIF-8 systems. The combined 

data revealed that SOD nucleates rapidly via the formation and aggregation of amorphous 

particles which contain a significant amount of 3Zn clusters whereas dia nucleates more slowly 

via the formation of stable amorphous particles which are composed of 2Zn clusters. 

 

2.5 Methods  

 

Materials. All chemical reagents used for ZIF-8 were obtained from Sigma Aldrich and were 

used without further purification unless stated otherwise. Stock solutions of bovine serum 

albumin, b-cyclodextrin, 2-methylimidazole (HmIm), and zinc acetate (Zn) were made using 

Milli-Q water (18MW). Glass capillaries were obtained from Hampton Research.  

ZIF-8 Synthesis  

Stock solutions of 2-methylimidazole (HmIm) (1400 mM, 700 mM, and 160mM, 1 mL) and zinc 

acetate (Zn) (40 mM, 1 mL) were prepared in water (ρ >18 MΩ cm). Stock solutions were then 

used to prepare a series of crystallization experiments with variation in the HmIm:Zn ratio (35:1, 

17.5:1, 4:1) Zinc acetate solution was added to 2-methylimidazole solutions and crystallization 

was initiated. The solutions were aged for 24 h at room temperature without stirring and the 

precipitate was obtained via centrifugation at 10,000 rpm for 10 min. The precipitate was washed 

by water and centrifuged twice more and a final rinse with methanol. 

SEM: Samples were prepared by pipetting 10uL of diluted MOF sample onto 1mm thick glass 

slides which were then coated with 5 nm Iridium (Quorum Q150T) to reduce charging. Samples 

were imaged with Magellan 400 XRH system with secondary electron images taken at an 

accelerating current ranging from 2-3 keV. 
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Cryo-TEM. Cryo-TEM samples were prepared using a Quantifoil R2/2 Holey Carbon Films 

from Electron Microscopy Sciences or 400 Mesh Carbon grids from TedPella. Prior to sample 

application, glow discharge was applied to the grids for 70 s. Reaction solutions at various time 

points were centrifuged for ∼ 2 s, and 3 μL of each sample was taken from the reaction solutions 

and underwent vitrification using an Automatic Plunge Freezer ME GP2 (Leica Microsystems). 

Vitrification was performed at a ∼95% humidity with a blot time of 4 s, and samples were 

plunged into liquid propane. Samples were then analyzed using a JOEL-2100 TEM with a 

Schottky field-type emission gun set to 200 kV. Images were obtained using Digital Micrograph 

software or a Gatan OneView Camera. 

PXRD. After removing all liquid from the top of centrifuged crystal precipitates and allowing 

samples to air dry, a Rigaku SmartLab X-ray diffractometer was used to obtain PXRD pattern at 

40 kV and 30 mA. Results were plotted with background subtraction using IGOR software. 

In-situ WAXS (UCI IMRI). MOF samples were prepared and immediately after mixing were 

loaded into 1mm special glass capillaries. All measurements were performed on a Rigaku 

SmartLab X-ray diffractometer was used to obtain a PXRD pattern at 40 kV and 30 mA scanning 

from 2Ө 6.5-7.5º. Results were plotted and analyzed in Matlab using an in-house script.  

In-situ WAXS (LBNL ALS). WAXS samples were prepared in 2mL quantities as described in 

the ZIF-8 synthesis and immediately after mixing the solutions were added to 2 mm in diameter 

special glass capillaries (10 micron wall thickness) and mounted onto a custom built sample 

holder. The solutions were mounted horizontally to ensure the entire width of the capillary was 

being sampled. In-situ wide X-ray scattering (WAXS) data was collected at the SAXSWAXS 

beamline (7.3.3) at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, 

using a photon energy of 10 keV (wavelength = 1.24 Å). Measurements took place in ambient 
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temperatures. Data was collected by a Dectris Pilatus 2M detector with a pixel size of 0.172 × 

0.172 mm and 1475 ×1679 pixels was used to capture the 2D scattering patterns at a distance of 

300 mm from the sample. A silver behenate standard was used as a calibrant. Data was analyzed 

using the Nika package for Igor Pro.19 Background subtraction was performed via an in-house 

MATLAB script (see SI for details).   

ESI-MS. Spectra were recorded on Xevo G2-XS QTof (Waters Corporation, Massachusetts, 

U.S) in positive ion mode. ZIF-8 solutions were mixed to make various HmIm:Zn ratios and 

were diluted 100x to reach MS appropriate concentrations at time points of 1min, 1h, 4h, 8h, 12h 

Samples were electrosprayed using a syringe pump at a flow of 0.1 mL/min coupled to an ion 

max source set to 3.5kV spray voltage. A mass range of 100-2000 m/z was used.20 After each 

sample a reference of pure water was collected for data correction. An in-house MATLAB script 

was developed to identify characteristic PNC fragmentation patterns based on simulated 

fragmentation patterns. Each simulated fragmentation pattern was analyzed individually. The 

script first identified all possible peak combinations which had the characteristic spacing found 

in the simulated data within an error of 0.01 m/z. For each valid peak combination, the 

“goodness of match” was determined by calculating the mean squared error between the 

normalized peak heights of the valid peak combination with the normalized peak heights of the 

simulated fragmentation pattern. The top matches were manually checked, and any anomalous 

matches were removed from the analysis allowing preference for higher ranking matches. 
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Appendix A: Supplementary Information for Chapter 2  
A.1 ESI-MS Analysis  
 
ESI-MS analysis of ZIF-8 was analyzed using simulated isotope patterns for 1-4Zn species (A1).  
 

 
 
Figure A1. Simulated data for Zn isotope patterns for 1-4Zn species.  Isotope patterns were used 
with in-house MATLAB script to determine the presence of Zn species.   
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A.2 WAXS analysis of ZIF-8 
 

 
Figure A2: WAXS of 4:1 ZIF-8 collected after 12 hours in solution    
 
 

 
Figure A3: WAXS of 35:1 ZIF-8 collected after 12 hours in solution. 
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Figure A4: Background subtraction performed on time resolved WAXS data of ZIF-8 35:1 (Figure 

4c).  a) Raw data. b) Background estimation was performed by applying 2 sequential, orthogonal 

1D Gaussian blurs to the 2D raw data.  The first 1D Gaussian filter was applied to the q domain, 

with a first standard deviation of 5 datapoints (0.012 1/ Å). The second 1D Gaussian filter was 

applied to the time domain, with a first standard deviation of 0.5 datapoints (2.5 seconds). The 

resulting 2D background is displayed above. c) Background subtraction was performed by dividing 

the raw data by the background estimation.   
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Figure A5. PXRD of ZIF-8 at HmIm:Zn ratios of 10:1, 12:1, 15:1, 20:1 and simulated patterns for 

SOD and dia  
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A.3 ESI-MS Cluster Analysis  

Figure A6: Crystal structures of ZIF-8 as (a) secondary building unit of one Zn tetrahedrally 

coordinated to four HmIm linkers (b) porous ZIF-8 SOD structure and (c) ZIF-8 dia. (d) Structures 

of 1-4 Zn clusters for SOD and dia. Crystal Structures of ZIF-8 SOD and dia were obtained from 
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previously solved structures1 and atoms were removed until appropriate sizes of the molecular 

clusters were reached based on the amount of Zn present. 

 

A.4 Crystal Size Analysis  
 
 
SEM was used to determine crystal diameter by averaging the length of ~50-100 crystals per 

sample using Fiji, ImageJ (Figure A7). From the analysis, crystal sizes were averaged and the 

standard deviation was calculated.  

 

Figure A7: SEM image (scale bar 10 μm) of ZIF-8 at 35:1 (HmIm:Zn)  at t = 24h. Numbered 

yellow lines indicate the diameter of the crystal measured using Fiji, ImageJ. 
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Chapter 3: Confinement Effects on the Nucleation and Growth of ZIF-8 

3.1 Introduction  

 

Confinement effects on metal-organic framework (MOF) nucleation and growth have not been 

well explored, however, there have been examples of nanoscopic confinement in MOF synthesis. 

In this work, confinement does not apply to the incorporation of nanoparticles1 or biomolecules2 

but instead refers to the reaction volume size and volume confinement.3,4 Nanoscopic confinement 

influences, defined as confinement on a nanometer scale, are observed in restricted volumes and 

can limit crystal growth in the x,y, and/or z dimensions and have been shown to stabilize 

metastable products and phases for non-MOF systems.3–5 Specifically, this has been observed in 

calcium carbonate systems where amorphous phases were stabilized by increasing the degree of 

confinement.6 Stabilization of metastable phases occurs due to the increasing energy barrier for 

thermodynamic products. The degree of confinement can also affect growth, where the surface 

area of the synthesis vessel can play a role in determining the growth rate. Macroscale confinement 

has been demonstrated in the self-assembly and growth of cellulose nanocrystals, and with an 

increase in confinement there is a loss of long-range order in the growth of the nanocrystals.7 

Confinement methods have been used to synthesize MOF nanoparticles with high uniformity and 

low size distribution using interfaces such as colloforms8 and droplets.9 Directional confinement 

has also been used to template the growth direction of MOF crystals by restricting growth in 

various orientations.10,11  

In-situ techniques, such as wide angle x-ray scattering (WAXS) and small-angle x-ray 

scattering (SAXS) have been used to study MOF nucleation and growth to understand the 

crystallization kinetics.12 Although in-situ techniques have helped directly measure reaction 
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kinetics and crystalization pathways, few experimental techniques can exactly replicate the bulk 

reaction conditions used for MOF synthesis, therefore not accurately representing bulk reaction 

environments through in-situ data collection. Ex situ experimental techniques such as cryo 

transmission electron microscopy (cryo-TEM)13 allow for accurate replication of reaction 

conditions and can directly monitor the growth of MOFs in synthetic conditions by sampling from 

the bulk reaction and vitrifying the sample. Time-resolved techniques that sample aliquots from 

the bulk solution and stabilize the sample can more accurately represent the state of the overall 

reaction. Techniques such as in situ WAXS and SAXS cannot exactly replicate accurate conditions 

because the reaction takes place in a smaller reaction volume to fit the experimental setup than is 

used in the bulk reaction. This discrepancy makes comparing different technical approaches 

challenging. For example, changing the reaction volume and vessel size leads to changes in the 

extrinsic effects, which directly affect the surface energy barrier to nucleation.14 Studies have 

observed a decrease in nucleation rate by increasing the degree of confinement on a system by 

lowering the volume where synthesis and crystallization can take place.15 Calcium phosphate and 

calcium carbonate systems have demonstrated the stabilization of amorphous aggregates with the 

introduction of spatial constraints.16 In the case of calcium carbonate systems, with an increase in 

confinement, amorphous calcium carbonate (ACC) is more stabilized than crystalline polymorphs 

of calcium carbonate.17  Increasing the rate of nucleation and growth by altering the reaction vessel 

size is commonly observed in cases of scaling up the reaction for industrial purposes. The scaled-

up synthesis results in different crystalline sizes than those reported from smaller-scale 

synthesis.16,18  

In this chapter, we investigate the effect of reaction vessel confinement on the rate of 

crystalization of zeolitic imidazolate framework 8 (ZIF-8) with the use of in-situ WAXS and time-
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resolved scanning electron microscopy (SEM). The information discussed in this chapter is 

essential for studying MOF nucleation and growth when we compare the reaction kinetics 

monitored by that in a small capillary to the reaction on a larger scale.  

 

3.2 Results and Discussion  

  

To understand the effect that confinement has on the nucleation and growth of ZIF-8, the extent 

of crystalization after 4 hours of reaction time in different-sized reaction vessels was measured 

using in-situ WAXS (Figure 3.1). In-situ WAXS was performed to monitor the crystalization of 

ZIF-8 and performed on the Next Generation SAXS/WAXS line of the BioPacific MIP (Santa 

Barbra, CA). The ZIF-8 reaction was initiated by mixing precursor solutions of HmIm (1400 mM 

1 mL) and Zn (40 mM, 1 mL) that were prepared with Milli-Q water to yield ZIF-8 in a 15 mm 

(2mL) vial with HmIm:Zn of ratio 35:1. Immediately after mixing, 20 µL of the ZIF-8 solution 

was pipetted into a 1 mm quartz capillary and the solutions were left to react for 4 hours without 

stirring. After the reaction time, 20 µL from the ZIF-8 solution from the 15 mm vial was pipetted 

into a 1 mm capillary, and the two capillaries were mounted for WAXS collection. Integration of 

the first crystalline peak (q = 0.5-0.53 1/Å) was taken to determine the extent of crystallinity 

(Figure 2a). The reaction of ZIF-8 in the vial resulted in a greater extent of crystalization than the 

reaction that occurred in the more confined 1 mm capillary. To compare using direct observation, 

SEM was taken after 4 hours of reaction in a 1 mm capillary (Figure 3.2b) and 15 mm vial (Figure 

3.2c) to determine the crystalline structure of these two systems. ZIF-8 collected from the 15 mm 

vial contains more defined facets but the crystals are smaller than the ZIF-8 collected from the 1 

mm capillary.   



 57 

 

Figure 3.1 Summary of reaction volumes and container sizes with surface area to volume 

calculations.  

 

Figure 3.2 WAXS of ZIF-8 35:1. (a) Integration under the first crystalline peaks (q = 0.5-0.53 

1/Å) after 4 hours of reaction in a 1 mm glass capillary and 15 mm vial. SEM was collected after 

4 hours of reaction in (b)1 mm glass capillary and (c) 15 mm vial. 

 



 58 

To determine if the confinement effects that slow crystallization between a 15 mm vial and a 1 

mm capillary are observed at smaller scales, in-situ WAXS of ZIF-8 was collected and monitored 

through the reaction in 1 mm and 2 mm capillaries. The ZIF-8 reaction was initiated by mixing 

precursor solutions of HmIm (700 mM and 1400 mM 1 mL) and Zn (40 mM, 1 mL) that were 

prepared with Milli-Q water to yield ZIF-8 with HmIm: Zn ratios of 17.5:1 and 35:1 respectively. 

20 µL of the solutions were immediately added to a quartz capillary (1, 2 mm). The capillary was 

then mounted into the instrument over a 5 min period. The data collection began once the sample 

was mounted. We define t = 0 as the time of mixing, and the first data was collected at t = 10 

minutes. Following measurements, the data was normalized against the background, and the 

integrated intensity under the 0.49-0.55 and 0.68-0.80 (1/Å) peaks were plotted to determine the 

crystallization rate. Figures 3a and 3b show the WAXS plots of HmIm: Zn ratios of 17.5 and 35:1, 

respectively, over the reaction time of 350 min. Figure 3b shows that for the 35:1 system, there is 

an exponential increase in crystallization that results in reaching the full extent of crystallinity at 

around 3 hours, which is consistent with the data that has been previously reported for 35:1.12 In 

the smaller capillary size of 1 mm it is clear that the time to full extent of crystallinity is reached 

at a later time point and the total amount of crystallinity does not reach as high as is observed in 

the 2 mm capillary. Figure 3.3a shows that for the 17.5 system, there is an exponential increase in 

crystallinity, similar to that seen in the 35.1 system, but when the same reaction takes place in a 

smaller capillary, the rate of reaction changes, showing a slow increase in crystallinity with no 

observable plateau.   
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Figure 3.3 Integration under the first 3 crystalline peaks (q = 0.49-0.55 and 0.68-0.80 1/Å) of 

ZIF-8 with Hmim:Zn ratios of (a) 17.5:1 and (b) 35:1 in special glass capillaries of 1 mm and 2 

mm. WAXS was collected every 30 min with a scan time of 10 min.  

 

To understand the crystalline phases of each of these systems, SEM of 17.5:1 ZIF-8 was taken 

at time points in the nucleation and growth after 1, 3, and 4 hours of reaction time in 1 mm and 2 

mm capillaries (Figure 3.4a-f). In the 2 mm capillary, it is seen that shorty after the reaction 

initiates, amorphous precursors, are observed after one hour (Figure 3.4d) and form into crystalline 

domains after 3 hours (Figure 3.4e), which correlates to the sharp increase in crystallinity observed 

in the rate of crystalization plotted in figure 3.3a. The reaction that occurs in the 1 mm capillary 

crystalizes at a much slower rate, and even after 3 hours, are mainly amorphous precursors 

observed after 3 hours of reaction time (Figure 3.4b). 35:1 ZIF-8 reached complete crystallization 

much faster than 17.5:1 ZIF-8, reaching a plateau before 1 hour for the reaction taking place in the 

2 mm capillary and just after 2 hours for the reaction taking place in the 1 mm capillary (Figure 

3.3b). The morphology can be tracked through SEM, where defined structure domains are 

observed after 2 hours for the 1 mm reaction, but after just 1 hour for the 2 mm reaction  
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Figure 3.4 SEM ZIF-8 with Hmim:Zn ratio of 17.5 with reaction in (a-c) 1 mm capillaries and 

(d-f) 2 mm capillaries at reaction times of 1,3 and 4 hours. SEM of 35:1 (g-i) 1 mm capillaries 

and (j-l) 2 mm capillaries at reaction times of 1,2 and 3 hours. 

  

 The surface area to volume ratio increases ~2x as the confinement increases from 2 mm to 

1 mm and ~8x as the confinement increases from 15 mm vial in bulk reaction to a 1 mm capillary. 

When the confinement increases, metastable or amorphous intermediates are stabilized, as 

demonstrated by the slower rates of nucleation and growth presented in the in-situ WAXS data. 

To further understand the effect of stabilizing these metastable intermediates, the average sizes at 

the final SEM collection time of 4 hours for 17.5:1 and 3 hours for 35:1 (Table 3.1). The average 

size for the more confined conditions was larger by around 100 nm. The size distribution of ZIF-

8 formed in the smaller capillary with more confinement led to a more significant standard 

deviation in the sizes, which is consistent with a stabilization of metastable and amorphous 

intermediates and slow growth conditions seen in zeolitic species.4,6,15,16   
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Table 3.1 Summary of crystal sizes (nm) for ZIF-8 at two different HmIm/Zn Ratios (17.5:1, 

35:1) with capillary sizes of 1 and 2 mm.   

 

3.3 Conclusion  

 

In conclusion, this work has shown that the environment in which ZIF-8 crystalizes can have a 

significant effect on the degree of crystallinity and the rate of growth. As the degree of confinement 

increases, the crystalization slows and the degree of crystallinity decreases as well. This was 

demonstrated with ZIF-8 and the comparison between 15 mm vial solutions and the reaction in 1 

mm and 2 mm capillaries. Consideration of this effect is an important factor to consider when 

designing experimental procedures where the kinetics of nucleation and growth are measured with 

techniques that require different synthesis volumes such as in-situ WAXS, SAXS, or other 

spectroscopy methods.   
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3.4 Methods  

 

Materials 

All chemical reagents used for ZIF-8 were obtained from Sigma Aldrich and were used without 

further purification unless stated otherwise. Stock solutions of bovine serum albumin, b-

cyclodextrin, 2-methylimidazole (HmIm), and zinc acetate (Zn) were made using Milli-Q water 

(18MW). Glass capillaries were obtained from Hampton Research.  

ZIF-8 Synthesis  

Stock solutions of 2-methylimidazole (HmIm) (1400 mM and 700 mM, 1 mL) and zinc acetate 

(Zn) (40 mM, 1 mL) were prepared in water (ρ >18 MΩ cm). Stock solutions were then used to 

prepare a series of crystallization experiments with variation in the HmIm:Zn ratio (35:1, 17.5:1). 

Zinc acetate solution was added to 2-methylimidazole solutions, and crystallization was initiated. 

The solutions were aged for 24 h at room temperature without stirring. 

SEM 

Samples were prepared by pipetting 10uL of MOF sample onto 1mm thick glass slides, then coated 

with 5 nm Iridium (Quorum Q150T) to reduce charging. Samples were imaged with a Magellan 

400 XRH system with secondary electron images taken at an accelerating current ranging from 2-

3 keV. 

In-situ WAXS (BioPacific MIP) 

WAXS samples were prepared in 2mL quantities as described in the ZIF-8 synthesis, and 

immediately after mixing, 20µL of each solution was added to 1 and 2 mm in diameter special 

glass capillaries (10-micron wall thickness) and mounted onto custom-built sample holder. The 

solutions were mounted vertically with the bottom of the capillary in the viewing window to ensure 
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the entire width of the capillary was being sampled. In-situ wide X-ray scattering (WAXS) 

measurements were performed on the WAXS platform instrument in the BioPACIFIC MIP 

(Materials Innovation Platform) at the University of California, Santa Barbara. The SAXS 

instrument was custom-built using a high-brightness liquid metal jet X-ray source (Excillum 

MetalJet D2+ 70 keV) and a 4-megapixel hybrid photon-counting X-ray area detector (Dectris 

Eiger2 R 4M). Measurements took place in ambient temperatures A silver behenate standard was 

used as a calibrant. Data was analyzed using the Nika package for Igor Pro. Background 

subtraction was performed via an in-house MATLAB script.   

WAXS Analysis 

A MATLAB script was developed to track the ratio of crystalline material to amorphous material 

captured in the time-resolved WAXS spectra. Crystallinity was tracked by integrating the area 

under the curve for the first two crystalline peaks. A local background was estimated for each 

peak to account for variation in the background between scans. This was done by sitting 5 points 

to the left of the left peak edge and the 5 points to the right of the right peak edge with a line. 

Then, the area under the curve was calculated between the WAXS peak as the upper boundary 

scans which would otherwise dominate the integrated signal. Next, the amorphous peak area was 

estimated. Again, a line was fit in the amorphous region of the WAXS spectra, and the signal 

was integrated with the WAXS signal as the upper boundary and the fitted line as the lower 

boundary. Finally, the crystallinity ratio was calculated as the ratio of the integrated crystalline 

peak area to the integrated amorphous peak area. This was done for each time point, and the 

results are plotted in Figure B2.   
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Appendix B: Supplementary Information for Chapter 3 
 
B.1 WAXS Analysis  

 
Figure B1 Time-resolved WAXS of 35:1 ZIF-8 over 310 min with scans every 30 min.  
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Figure B2 WAXS analysis (a) time-resolved WAXS of 35:1 ZIF-8 over 310 min with scans 

every 30 min (b) normalized WAXS 35:1 ZIF-8 (c) normalized area of peak with q = 0.27-0.29 

1/Å (d) peak analysis table showing the scaling and the peak area and normalized peak area (e) 

sum of normalized peak area.   
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B.2 Crystal Size Analysis  

 

SEM was used to determine crystal diameter by averaging the length of ~50-100 crystals per 

sample using Fiji, ImageJ (Figure B.3).  

 

 
 

Figure B.3 SEM image (scale bar 10 μm) of ZIF-8 at 35:1 (HmIm:Zn) after 3 hours of reaction 

in 1 mm capillary. Numbered yellow lines indicate the diameter of the crystal measured using 

Fiji, ImageJ. 
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Chapter 4: Supramolecular Modification of BSA  
 
4.1 Introduction  
 

 

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), 

are a class of nanoporous materials defined by a lattice built of inorganic nodes bridged by 

organic linkers. MOFs have a wide range of applications due to their ultra-high surface area, 

fixed porosity, and high thermal stability.1 Properties such as pore size, volume, geometry, and 

molecular functionality can be designed for a specific application, such as crystal engineering. 

Further applications of MOFs include gas and energy storage,2 targeted drug delivery, chemical 

and biological sensing,3 and gas separation. The fixed porosity of MOFs can be designed to 

encapsulate molecules based on their size and shape. Encapsulation of biomolecules within 

MOFs has been investigated for application in drug delivery, catalysis, and sensors.4–6 It has 

been shown that encapsulating biomolecules within the framework can increase the activity and 

stability of the biomolecule.5,7 Biomolecules can be incorporated by in-situ approaches in which 

the crystal forms in the presence of a protein, or post-synthetic approaches like surface 

attachment, pore entrapment,8 or covalent linkage.9,10 In-situ approaches are advantageous 

because of the mild synthetic conditions and simple synthetic parameters that can protect the 

enzyme or biomolecule.  

To understand the factors that contribute to biomolecule encapsulation and its function in 

MOF formation, it is crucial to understand the nucleation and growth mechanisms. 

Comprehension of the potentially non-classical routes of crystal growth and amorphous 

precursors in protein-MOF (p-MOF) systems facilitates the streamlined development of p-MOFs 

for specific purposes by utilizing the structure-function relationship.11 Polymorph control is a 
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foundation of crystal engineering but has been largely unexplored in p-MOF systems. Synthetic 

conditions such as ligand-to-metal ratio, precursor concentrations, and choice of biomolecule are 

known to affect the final crystal morphology.7 Particle morphology and crystal size are important 

factors for optimizing the performance of MOFs, influencing surface area, pore size and 

diffusion resistance.12,13  

Extensive research has been done to understand the encapsulation of larger 

biomolecules,3,14 driven by high interest in utilizing MOFs for targeted drug delivery 

systems.9,15,16 Large biomolecules, like proteins, face challenges with encapsulation due to their 

size, in comparison to smaller biomolecules.17 Efforts to encapsulate proteins into MOFs have 

included protein conjugation with MOF linkers,18 protein diffusion into MOFs by matching the 

pore sizes of the MOF to the protein,19 and protein adsorption on the outside of MOFs for 

proteins with more rigid conformations.20 Researchers face many obstacles in the encapsulation 

of larger biomolecules, such as biomolecule preservation and loading optimization. To aid in this 

effort, we aimed to explore the modification of larger biomolecules for facile loading without 

functional change.21  

Molecular modification of biomolecules shows that a biomolecule with a low charge 

would not typically induce crystallization but can be surface functionalized with a charged group 

and lead to p-MOF formation.22 Although surface modification of uncharged biomolecules can 

aid in the encapsulation, with larger biomolecules it would not always be of interest to charge the 

surface or change the functionality. To modify these biomolecules, supramolecular modification 

is of interest to add a charged group that can be removed easily upon release of the biomolecule 

without changing the intrinsic functionality.  
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Cyclodextrins (CDs) are made up of glucopyranose units bound together in a ring 

forming a cone-shaped structure. The most common structures are a-, b-, and g-CDs that contain 

6,7, and 8 sugar units. Due to their cone-like structure, CDs contain a hydrophilic exterior and 

semi-polar interior cavity.23 CDs complexed with proteins have shown reduced protein 

aggregation and higher structural stability to physical changes.24,25 If the CD complexed 

biomolecules can aid in higher encapsulation or modification to the MOF framework, there is an 

opportunity for utilizing common MOF traits to aid in biomolecule storage, activity,26 and 

controlled delivery.27 

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs that are topologically 

similar to zeolites.28 ZIFs are composed of tetrahedrally coordinated transition metal ions that are 

connected by imidazolate linkers. In the case of zeolitic imidazolate framework-8 (ZIF-8), the 

structure is formed by the coordination of Zn2+ ions and 2-methylimidazolate. ZIF-8 has been 

thoroughly investigated, in part, because it can be synthesized in water at room temperature. This 

feature makes ZIF-8 ideal for encapsulating biomolecules during the synthesis in a process 

analogous to biomineralization. Our group has previously studied the encapsulation of 

biomolecules such as bovine serum albumin (BSA) and Fluorescein isothiocyanate (FITC) 

tagged BSA into ZIF-8. This research provided a better understanding of the ideal biomolecule 

for encapsulation in terms of isoelectric point, charge, and biomolecule size.21 However, the 

origin of polymorph control in ZIF-8 is still unknown, and there is a need to develop new 

methods to control p-MOF nucleation and growth.  

In the following chapter, we explore the effect of biomolecule supramolecular 

modification on the ZIF-8 nucleation and growth mechanisms. A combination of scanning 
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electron microscopy (SEM), powder X-ray diffraction (PXRD), and fluorescence spectroscopy 

are used to uncover crystal morphology, crystallinity, and encapsulation efficiency.  

 

4.2 Results  

 

Supramolecular modification of p-MOFs 

To characterize the formation of a CD:BSA complex, we performed fluorescence 

spectroscopy and zeta potential measurements on BSA and CD:BSA with molar ratios of 4:1, 

3:1, 2:1, 1:1 with an overall molar concentration of 2.5 mg/ml BSA. These solutions were 

prepared as described in the experimental section. Fluorescence intensity was measured for all 

CD:BSA ratios and BSA solutions (Figure 4.1). The results show that the fluorescence of BSA is 

suppressed with the addition of CD. This fluorescence quenching upon the addition of CD shows 

that there is an interaction between the protein and CD forming a CD:BSA complex.29 In 

addition, the zeta potential of the CD:BSA solutions was measured (Figure 4.1). It is shown that 

the BSA solution without the addition of CD has the highest charge. As increasing molar ratios 

of CD are added to BSA the zeta potential decreases.  

The CD-BSA-ZIF-8 solutions were prepared as described in the experimental section to 

produce HmIm:Zn ratios of (70:1, 35:1, 17.5:1, 4:1), and CD:BSA ratio (4:1, 3:1, 2:1, 1:1, 0:1); 

all of which had protein concentrations of 2.5 mg/ml. The isolated CD-BSA-ZIF-8 crystals were 

analyzed by SEM, PXRD, and fluorescent spectroscopy to measure encapsulation efficiency.  
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Figure 4.1 Fluorescence intensity and zeta potential of CD:BSA complex with final BSA 

concentration of 2.5 mg/mL (blue), and CD BSA molar ratios of 1:1 (red), 2:1 (green), 3:1 

(purple,), and 4:1 (orange). Triplicate measurements were made for all fluorescence and zeta 

potential measurements and averaged. Error bars denote the standard deviation for triplicate 

averaged experiments.  

 

The BSA encapsulation efficiency (EE%) for BSA-CD- ZIF-8 was determined by 

measuring the concentration of the protein in the supernatant. EE% is calculated by quantifying 

the remaining protein concentration in the supernatant to back-calculate the protein concentration 

that was encapsulated in the MOF precipitate. EE% was measured using fluorescent 

spectroscopy where the emission intensity of tryptophan (~340 nm) was measured for BSA-ZIF-
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8 and BSA-CD-ZIF- 8. Tryptophan fluorescence intensity is sensitive to the pH of the solution 

and the metal binding, so the supernatants for each solution were diluted in a phosphate buffer 

(pH 6.7) containing excess tetrasodium ethylenediaminetetraacetic acid (EDTA) to chelate zinc 

and ensure consistent protein conformation. EE% of BSA in CD-BSA-ZIF-8 was measured by 

fluorescence with ratios of CD:BSA of 4:1, 3:1, 2:1 and 1:1 and compared to a BSA-ZIF-8 

system that contains no CD (Figure 4.2). At low HmIm ratios of 4:1 and 17.5:1, there is ~ 100% 

encapsulation for all ratios of CD:BSA. For CD-BSA- ZIF-8 at 35:1, the EE% is ~ 40% with no 

CD. With the addition of CD, the encapsulation increases slightly as the amount of CD increases 

but not as significantly as previous encapsulation studies with other modifications on BSA. CD-

BSA-ZIF-8 at 70:1, which is typically the lowest BSA encapsulation without CD, is lowered 

slightly upon the addition of CD.  

 

Figure 4.2 Encapsulation efficiency (EE%) of CD-BSA-ZIF-8 with final protein concentration 

2.5 mg/mL and CD:BSA ratio of 0:1 (blue), 1:1 (orange), 2:1 (gray) 3:1 (yellow), 4:1 (green). 

Triplicate measurements were made for each system and averaged. Error bars denote the 

standard deviation of the triplicate averaged experiments.  
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To determine if the introduction of CD to CD-BSA-ZIF-8 affects the surface topology 

and polymorph formation, SEM and PXRD measurements were made with the various CD:BSA 

ratios. The crystals showed similar morphology (sod) in all HmIm:Zn ratios including 70:1, 35:1, 

17.5:1, 4:1, and all CD:BSA ratios. There was no presence of the dia polymorph in the SEM or 

PXRD (Figure 4.3). 

 

Figure 4.3 SEM of CD:BSA-ZIF-8 4:1 (a-d) and 70:1 (e-h) at final BSA concentration of 2.5 

mg/mL at the following CD:BSA ratios: 1:1 (a,e), 2:1 (b,f), 3;1 (c,g), and 4:1 (d,h). The scale bar 

in each SEM image is 1 μm.  

 

4.3 Discussion  

 

Upon addition of CD to BSA, the fluorescence intensity of BSA decreases (Figure 4.1). The 

quenching of the BSA fluorescence intensity upon the addition of CD shows that a CD:BSA 

complex is formed. The fluorescence intensity of tryptophan is known to decrease with an 

increase in solvent polarity. This shows that the CD is introducing an increase in polarity of the 

microenvironment around the tryptophan sites on BSA. Previous studies have shown that CD 

binds to different areas of the BSA and aids in loosening the structure of BSA. This results in 
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more tryptophan exposure to the polar aqueous phase. To determine the effect that the addition 

of CD had on the overall charge of BSA, the zeta potential for each solution was measured 

(Figure 4.1). The solution that only contained BSA had the highest charge while the CD:BSA 

solution had a lower charge. This could be due to the lack of a charge on CD and due to this lack 

of charge it is believed that the biomolecule will have less influence on the crystallization.  

The encapsulation studies performed over all studied HmIm:Zn ratios and CD:BSA ratios 

did not result in a significant change in encapsulation (Figure 4.2). This shows that although 

there is a CD:BSA complex forming and that it is modifying the conformation of BSA, this does 

not play a significant impact in influencing encapsulation. The morphology of the crystals does 

not change upon the addition of cyclodextrin. The crystal morphologies appeared to be small sod 

crystals of an even size distribution (Figure 4.3). This data shows that BSA has an impact on 

polymorph formation, but this does not point to any major influence of CD in polymorph 

formation.  

 

4.4 Conclusions  

 

This work showcases the ability to modify BSA with the addition of CD to affect the 

encapsulation of BSA in ZIF-8 frameworks.  Through a study of the zeta potential, it is clear that 

the zeta potential is lowered, which would allow for lower encapsulation rates of CD:BSA 

complexes in comparison to BSA alone.  CD:BSA complexes did not have a large effect on the 

overall polymorph formation of ZIF-8, producing only SOD polymorphs independent of 

HmIm:Zn ratio or CD:BSA ratio. This work shows that we can modify biomolecules and direct 

the encapsulation based on charge with only supramolecular modification.   
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4.5 Methods  

 

Materials.  

All chemical reagents used for ZIF-8 and BSA- ZIF-8 and CD-BSA-ZIF-8 were obtained from 

Sigma Aldrich unless stated otherwise. Stock solutions of bovine serum albumin, b-cyclodextrin, 

2-methylimidazole (HmIm), and zinc acetate (Zn) were made using Milli-Q water (r > 18MW 

cm).  

ZIF-8 and BSA-ZIF-8 Synthesis.  

Stock solutions of 2-mthylimidazole (HmIm) (400 mM, 300 mM, 250 mM, and 200 mM, 0.5 

mL), zinc acetate (Zn) (40 mM, 1 mL) and bovine serum albumin (BSA) (10 mg/mL and 2.5 

mg/mL, 0.5 mL) were prepared in water (18 MW). Stock solutions were then used to prepare a 

series of crystallization experiments with variations in the HmIm:Zn ratio (20:1, 15:1, 12.5:1, 

10:1), and protein concentration (2.5 mg/mL, 0.625 mg/mL). Protein stock solutions were added 

to 2-methylimidazole solutions and crystallization was initiated by the introduction of the zinc 

acetate solution. The so- solutions were aged for 24 hours at room temperature without stirring 

and the precipitate was obtained via centrifugation at 10,000 rpm for 10 min. The precipitate was 

washed with water and centrifuged twice more and a final rinse with methanol.  

Supramolecular modification CD-BSA-ZIF-8 synthesis 

Stock solutions of 0.0075 mM BSA (20 mg/mL, 0.25mL) and methyl-beta-cyclodextrin (CD) 

(0.0075 mM, 0.015 mM, 0.0225, and 0.03 mM, 0.25mL) were prepared in water (18 MW). The 

solutions were then used to prepare CD:BSA ratios of 1:1, 2:1, 3:1 4:1 (0.5mL) solutions. Stock 

solutions of HmIm (5600 mM, 2800 mM, 1400 mM, and 320 mM, 0.5 mL) and Zn (40 mM, 1 

mL) in water (18 MW). Solutions were then mixed with CD:BSA solutions and used to prepare a 
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series of crystallization experiments with variations in the HmIm:Zn ratio (20:1, 15:1, 12.5:1, 

10:1), and protein concentration of 2.5 mg/mL. CD:BSA stock solutions were added to 2-

methylimidazole solutions and crystallization was initiated by the introduction of the zinc acetate 

solution. The solutions were aged for 24 hours without stirring and the precipitate was obtained 

via centrifugation at 10,000 rpm for 10 min. The precipitate was washed with water and 

centrifuged twice more and a final rinse with methanol.  

SEM 

Samples were prepared by pipetting 10uL of sample onto 1mm thick glass slides which were 

then coated with 5nm Iridium (Quorum Q150T) to reduce charging. Samples were imaged with a 

Magellan 400 XRH system with secondary electron images taken at an accelerating current 

ranging from 2-3 keV.  

PXRD 

After removing all liquid from the top of centrifuged crystal precipitates and allowing samples to 

air dry, a Rigaku SmartLab X-ray diffractometer was used to obtain PXRD patterns at 40 kV and 

30 mA. Results were plotted with background subtraction using IGOR software.  

Fluorescence Spectroscopy 

The supernatant of the solutions was diluted times 10 in phosphate buffer solution, pH 6.7, with 

25 mg/mL tetrasodium ethylenediaminetetraacetic acid (EDTA). Emission spectra were recorded 

on a Cary Eclipse fluorimeter (Varian) in a 3 mL quartz cuvette. Samples were excited at 280 

and measured from 300 to 400 nm. All samples were measured in triplicate and averaged.  

Zeta Potential 

Measurements were taken with a Malvern Zetasizer ZS Nano dynamic light scattering 

instrument. Zeta potential samples were measured in a disposable capillary cell from Malvern 
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Panalytical. For each sample measurement, the instrument was set to automatic runs (ranging 

from 10 to 100) to ensure the instrument achieved sufficient signal, and averages of three 

measurements were taken.  
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Chapter 5: Cyclodextrin Metal-Organic Framework-Based Protein Biocomposites 

5.1 Introduction 

 

Metal–organic framework-based protein biocomposites (p@MOFs) are extended crystalline 

materials where the protein is encapsulated within the ordered lattice of metal nodes and organic 

linkers.1–3 This material is in contrast to protein-metal–organic frameworks where the 

biomolecule is a part of the lattice.4,5 P@MOFs present an exciting opportunity for next-

generation materials in biosensing,6 drug delivery,7–9 imaging,10,11 and cancer therapy12–16 due to 

the increased stability and activity of the encapsulated proteins.17–19 In general, MOFs have been 

widely studied as drug delivery materials due to their high drug loading,20 and controllable drug 

release properties.21–23 A key factor when designing MOFs for drug delivery is the toxicity of the 

individual metal and ligand components.24,25 In 2010, Stoddart and coworkers created an 

“edible” MOF using gamma-cyclodextrin (γ-CD) and potassium or rubidium to form CD-MOF1 

and CD-MOF2, respectively.26 More recently CD-MOFs have been formed using α-CD27 and β-

CD.28 These CD-MOFs have been investigated for applications in gas sensing,29 enantiomeric 

separation,30 catalysis,31 and small molecule drug delivery.32 CD-MOFs are especially attractive 

for drug delivery systems as they display low toxicity compared to other MOF linkers.33 CD-

MOFs should be ideal for the storage and delivery of therapeutic proteins as cyclodextrin-protein 

complexes display sustained drug delivery,34,35 reduced protein aggregation, and higher structural 

stability to physical perturbation.36 In addition, cyclodextrins can induce the refolding of 

denatured proteins.37 

Furthermore, the importance of proteins being integrated with sugars is already represented in 

nature, where carbohydrates are incorporated into >50% of human proteins.38 For this reason 
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there has been great interest in the development of new carbohydrate based drug delivery 

systems.39–41 However, to the best of our knowledge, biomolecule encapsulation inside CD-

MOFs has not been demonstrated.32,42 The reason for this is likely because the original synthesis 

for CD-MOF1 requires a high pH environment (∼13) and extended crystallization times 

(∼several days);42 the combination of which would likely denature proteins. Another challenge 

when developing CD-MOFs for drug delivery is controlling their release profile.43 

Here, we develop a quick (several hours) and biofriendly (pH ∼8.5) synthesis for CD-MOF1 

and β-CD-MOF using potassium as the metal node. Protein encapsulation is demonstrated using 

bovine serum albumin (BSA), catalase, myoglobin, and interleukin-2.  

 

5.2 Results and Discussion 

 

CD-MOFs were synthesized by dissolving the precursors in pure water and inducing 

crystallization through the addition of a non-solvent. Methanol or acetonitrile were used as the 

non-solvent for γ- and β-CD-MOFs respectively. Encapsulation efficiency (EE%) for the 

protein@CD-MOFs was determined using the Bradford assay, which found the EE% for all 

proteins studied to be ∼80–98% (Figure 5.1 and Table C1). During the last step of the synthesis, 

the CD-MOFs are centrifuged, separated from supernatant, and dried under a constant airflow 

inside 2 ml centrifugation tubes to form a compact pellet of approximately 1 cm in diameter 

(Figure 5.2g and 5.3g). Powder X-Ray Diffraction (PXRD) of the γ-CD-MOFs and protein@γ-

CD-MOFs showed peaks consistent with literature (Figure 5.2a),26,44 with a maximum d-spacing 

of ∼2.2 nm (ESI Table D2). SEM images of BSA, myoglobin, and catalase γ-CD-MOFs showed 
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truncated cuboid crystals (Figure 5.2c-e). SEM images of interleukin-2@γ-CD-MOFs showed 

rough spheroid crystals (Figure 5.2f). 

  

Figure 5.1 Encapsulation efficiency of BSA, catalase, myoglobin, and interleukin-2 for γ-CD-

MOFs (blue) and β-CD-MOFs (brown). Error determined by triplicates. 

 

 

 Figure 5.2 (a) PXRD of γ-CD-MOFs and SEM of (b) γ-CD-MOFs (c) BSA@γ-CD-MOFs (d) 

catalase@γ-CD-MOFs (e) myoglobin@γ-CD-MOFs (f) interleukin-2@γ-CD-MOFs. Scale bar: 2 

μm. (g) Pellet of protein@γ-CD-MOFs. Scale bar: 1 cm. 
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Figure 5.3 (a) PXRD of β-CD-MOFs and SEMs of (b) β-CD-MOFs (c) BSA@β-CD-MOFs (d) 

catalase@β-CD-MOF (e) myoglobin@β-CD-MOFs (f) interleukin-2@β-CD-MOFs. Scale bar: 2 

μm (g) pellet of protein@β-CD-MOFs. Scale Bar: 1 cm. 

 

PXRD of the protein-β-CD-MOFs showed peaks consistent with literature,44 and a 

maximum d-spacing of ∼2.0 nm (Figure 5.3a and Table C2). It is important to note that the XRD 

patterns are consistent regardless of the biomolecule used. This consistency occurs because 

proteins are entrapped into defects of the crystal lattice rather than altering the crystal lattice.17,45–

48 SEM images of β-CD-MOFs and BSA@β-CD-MOFs show cuboid crystals; SEM images of 

catalase and interleukin-2 β-CD-MOFs showed rhomboid crystals; and myoglobin β-CD-MOFs 

showed rough spheroid structures (Figure 5.3b-f). The collective SEM data reveals that 

incorporation of biomolecules into the CD-MOF synthesis affects the nucleation and growth 

mechanism resulting in different crystal morphologies, consistent with previous protein@MOFs 

studies.17,49 The solid pellets (Figure 5.2g and 5.3g) were considered optimal for a release profile 

study without further post-synthesis modification. The release profile was obtained for the 

BSA@γ-CD-MOFs, BSA@β-CD-MOFs, and a hybrid of BSA@γ-/β-CD-MOFs (γ : β 1 : 1) 

system (Figure 5.4). The hybrid BSA@γ-/β-CD-MOF was designed to examine the tunability of 

the protein release profile. SEM images of the hybrid of γ-/β-CD-MOF showed a mixture of γ-
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/β-CD-MOF crystals and aggregates with irregular shapes (Figures C1 and C2). PXRD of the 

hybrid CD-MOF showed a low crystallinity compared to the CD-MOFs with only one type of 

organic linker. This indicates that mixing with more than one type of cyclodextrin could interfere 

with the extensivity of the crystal lattice. γ-CD-MOFs displayed the fastest release with full 

release being achieved within 10 minutes. β-CD-MOF displayed the slowest release profile with 

full release being achieved over ∼24 hours. We hypothesize that the lower solubility of β-CD in 

water compared to γ-CD is the main factor between the difference in release profile.50 The hybrid 

γ-/β-CD-MOF pellet displayed an intermediate release profile indicating that the release profile 

can be tuned. Since it was possible to tune the release profile using the hybrid CD-MOF, we 

believe that the release profile is determined by the solvation of the outermost organic linkers. 

When solvated, the crystal structure breaks down which then liberates the encapsulated protein. 

To evaluate the protein@CD-MOFs as delivery systems, we tested the activity of the 

catalase@CD-MOFs and interleukin-2@CD-MOFs after dissolution. The activity of 

catalase@CD-MOFs was evaluated by comparing the catalytic activity with free catalase using 

the FOX assay (Figure 5.5).51 The data shows that after release, the catalase from the γ-CD-

MOFs shows no activity; however, the catalase from the β-CD-MOFs has comparable activity to 

the free catalase. We hypothesize that the difference in activity is due to methanol weakening the 

hydrophobic interactions that form the tertiary structure of a protein. This deterioration of tertiary 

structure results in a loss of activity in the enzyme.52,53 
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Figure 5.4 Release profiles of BSA encapsulated in β-CD-MOFs (blue), γ-/β-CD-MOFs 

(brown), and γ-CD-MOFs (orange). 
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Figure 5.5 Catalytic assay of free catalase (orange), catalase encapsulated into β-CD-MOF 

(brown), catalase encapsulated into γ-CD-MOF (blue), and no catalase (gray). Stirring at 300 

rpm was used in all solutions during the experiment. 

 

5.3 Conclusions 

 

In summary, we demonstrated the synthesis of cyclodextrin metal–organic framework-

based protein biocomposites. Using different type of cyclodextrins, we have shown that the 

release profile can be tuned and the encapsulated proteins remain active after release from these 

materials. Encapsulation of catalase and interleukin-2 in γ-CD-MOF decreases their biological 

activity, while encapsulation in β-CD-MOF preserves it. We hypothesize that, during the 

synthesis of γ-CD-MOFs, methanol interferes and weakens hydrophobic interactions of the 

tertiary protein structures. Future p@CD-MOFs synthesis will focus on non-protic solvents as 
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non-solvents for crystallization. These results demonstrate the importance of developing a 

biofriendly method for encapsulating biomolecules within MOFs. Considering that during 

release, the proteins will be in a cyclodextrin-rich environment, we believe these materials are 

promising for the delivery of therapeutic proteins. 

 

5.4 Methods 

 

Materials 

Chemical reagents for γ-CD-MOF and β-CD-MOF syntheses were obtained from several 

suppliers and used as received unless specifically indicated. γ-Cyclodextrin was bought from 

Fischer Scientific. β-Cyclodextrin, Potassium acetate, Bovine Serum Albumin, Catalase, 

Myoglobin from Sigma Aldrich. Interleukin-2 from Med Chem Express. Milli-Q water (ρ > 18 

MΩ cm) was used as the solvent for all aqueous solutions. 

Synthesis of γ-CD-MOFs 

γ-CD-MOFs were synthesized by mixing γ-Cyclodextrin (γ-CD) (283 mg, 0.22 mmol) with 

potassium acetate (170 mg 1.73 mmol) in 2 ml of Milli-Q water. Samples were then heated for 1 

minute in an oven at 80 degrees and vortexed for 20 seconds or until complete dissolution was 

reached. The solutions were cooled down in a water bath at room temperature, put in a 15 ml 

centrifuge tube. 6 ml of methanol were added rapidly from a glass cylinder, and vortexed for 3 

seconds. The solution was centrifuged at 10000 rpm for 10 minutes. The precipitate was 

separated from the solvent, washed with methanol, and centrifuged. For the drying process, the 

crystals were dried inside the centrifuge tube under airflow for 1-hour without using the vacuum. 

Synthesis resulted in a pellet of ~1 cm in diameter. 
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Synthesis of protein @ γ-CD-MOFs 

Protein @ γ-CDMOFs were synthesized by mixing γ-Cyclodextrin (γ-CD) (283 mg, 0.22 mmol) 

with potassium acetate (170 mg 1.73 mmol) in 2 ml of Milli-Q water. Samples were then heated 

for 1 minute in an oven at 80 degrees and vortexed for 20 seconds or until complete dissolution 

was reached. The solutions were cooled down in a water bath at room temperature, put in a 15 ml 

centrifuge tube. 4 mg of Bovine Serum Albumin was dissolved in 200 μL Milli-Q water and 

added to the 15ml centrifuge tube. 6 ml of methanol were added rapidly from a glass cylinder, 

and vortexed for 3 seconds. The precipitate was then transferred to 2 ml centrifuge tube; the 

solution was then centrifuged at 10,000 rpm for 10 minutes; The precipitate was separated from 

the solvent, washed with fresh methanol, and centrifuged again under the same conditions. The 

crystals were dried inside the centrifuge tube under airflow for 1-hour, forming a pellet of 1 cm 

in diameter. The same synthesis was also repeated for Catalase and Myoglobin. Electronic 

Supplementary Material (ESI) for Biomaterials Science. 

Synthesis of β-CD-MOFs 

To synthesize β-CD-MOFs, β-cyclodextrin (β-CD) (100 mg, 0.08 mmol) and potassium acetate 

60 mg (0.611 mmol) were added to 2 ml of Milli-Q water. The solution was left in the oven at 80 

degrees until complete dissolution. The solution was cooled down in a bath at room temperature 

and transferred to a 15ml centrifuge tube. 6ml of acetonitrile was added, the solution was let to 

rest for several minutes and then vortexed. The solution was then centrifuged at 10,000 rpm for 

10 minutes to obtain a precipitate. The precipitate was washed with fresh acetonitrile and 

centrifuged again under the same conditions. The crystals were dried inside the centrifuge tube 

under airflow for 1-hour, giving a pellet of 1 cm of diameter. 
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Synthesis of protein @ β-CD-MOFs 

β-CD (100mg, 0.089 mmol) was added with potassium acetate (60 mg, 0.61 mmol) in 2 ml of 

Milli-Q water. The solution was left in the oven at 80 degrees until complete dissolution. The 

solution was cooled down in a bath at room temperature and transferred to a 15ml centrifuge 

tube. 4 mg of Bovine Serum Albumin was dissolved in 200 μL of Milli-Q water and added to the 

be β-CD/acetate mixture. After one hour, 6 ml of acetonitrile was added, let it rest for 5 minutes, 

and vortexed for 3 seconds following the addition. The solution was centrifuged at 10,000 rpm 

for 10 minutes to obtain a precipitate. The precipitate was washed with fresh acetonitrile and 

centrifuged again under the same conditions. The crystals were dried inside the centrifuge tube 

under airflow for 1-hour, giving a pellet of 1 cm of diameter. The same synthesis was also 

repeated for 4 mg Catalase and 4 mg Myoglobin. 

Synthesis of BSA @ γ- / β-CD-MOF 

β-CD (100mg, 0.09 mmol) and γ-CD (110mg, 0.09 mmol) were added with potassium acetate 

(130 mg, 1.4 mmol) in 2 ml of Milli-Q water. The solution was left in the oven at 80 degrees 

until complete dissolution. The solution was cooled down in a bath at room temperature and 

transferred to a 15ml centrifuge tube. 4 mg of Bovine Serum Albumin was dissolved in 200 μL 

of Milli-Q water and added to the be γ- / β-CD/acetate mixture. 6 ml of acetonitrile was added, 

and the solution was let to rest for several minutes and then vortexed. The solution was then 

centrifuged at 10,000 rpm for 10 minutes to obtain a precipitate. The precipitate was washed 

with fresh acetonitrile and centrifuged again under the same conditions. The crystals were dried 

inside the centrifuge tube under airflow for 1-hour. 
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Encapsulation Efficiency 

Encapsulation Efficiency was determined for BSA, Catalase, Myoglobin, and Interleukin-2 in 

each MOF by measuring the concentration of protein in the supernatants. For BSA, Catalase and 

Myoglobin MOFs, supernatants were separated from the solids and concentrated using a rotavap. 

An aliquot of 20 μL was taken from the concentrated supernatant and mixed into a solution of 

980 μL Bradford reagent 1x (standard assay). Absorbance measurements were obtained from 

each sample at 595nm using a NanoDrop™ 2000. Concentrations were calculated using 

calibration curves for each protein. For myoglobin, the encapsulation efficiency was determined 

directly by measuring the absorbance of the supernatant at 408 nm. For interleukin2, the 

supernatant was concentrated with a centrifugal filter (Amicon Ultra 0.5 ml, MWCO 30K) and 

diluted to 150 μL. The 150 μL of supernatant was mixed with 150 μL of Bradford reagent 

(Microassay), and the absorbance at 595nm was analyzed with a NanoDrop™ 2000 using 

myoglobin as the standard. 

SEM 

Samples were prepared by pipetting 10uL of sample onto 1mm thick glass slides which were 

then coated with 5nm Iridium (Quorum Q150T) to reduce charging. Samples were imaged with a 

Magellan 400 XRH system with secondary electron images taken at an accelerating current 

ranging from 2-3 keV.  
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Appendix C: Supplementary Information for Chapter 5 

 

C.1 Encapsulation Efficiency  

 

 

Table C.1 Encapsulation Efficiency of BSA, Catalase, Myoglobin, and Interleukin-2 in γ-CD-

MOFs and β-CD-MOFs. 

 

C.2 Structural Characterization  

 

Samples analyzed by SEM were sputter-coated with ∼5 nm of iridium (Quorum Q150T) and 

imaged by an FEI Magellan 400 XHR system. Secondary electron images were acquired with an 

accelerating voltage of 10 kV, using a lens detector operating in immersion mode. Using an 

Ultima X-ray diffractometer, PXRD patterns were acquired using X-rays generated at 40 kV and 

44 mA with Cu Kα irradiation. 
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Table C.2 d-spacing of γ-CD-MOF and β-CD-MOF, obtained from the PXRD analysis.  
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Chapter 6 Risk Assessment and Mental Health Awareness in Chemical Laboratories 

Settings 

6.1 Introduction  

 

Ensuring laboratory safety is extremely important, requiring thorough management of 

potential risks. The risks associated with working in a chemical laboratory are numerous and can 

pose a significant threat to the safety of the researchers. Workplace accidents are one of the 

leading causes of both death and disabilities, and it is essential to continuously assess and 

mitigate the risks associated with lab work.1 The most common hazards in chemistry labs include 

chemical exposure, fire risks, equipment malfunction, electrical hazards, and ergonomic strain.2  

The University of California system has been a leader in laboratory safety regulations, 

partly driven by the tragic accident at UCLA involving Serri Sangji. In 2008, Sangji was fatally 

injured in a lab accident where she was using pyrophoric material that spontaneously ignited 

when exposed to air.3 This accident highlighted the need for improved safety protocols and a 

more robust safety culture in academic labs and higher education. As a result, the University of 

California system and the larger chemistry community have prioritized safety, leading efforts to 

prevent similar accidents and to ensure that researchers have safe working conditions.   

The safety of graduate chemical labs can be challenging to monitor. This is primarily due 

to the underreported safety statistics compared to industrial chemistry labs.4,5 This lack of 

reporting leads to insufficient identification of common hazards, which makes it crucial to 

prioritize lab safety training and proactive risk management.6 Within a safe working 

environment, researchers can focus on their scientific advances and less on accidents, injuries, or 
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equipment damage.7,8 Safety training offers a standardized	foundation	for	researchers	to	

understand	fundamental	lab	safety	principles	and	learn	how	to	minimize	risk.		

In this chapter, I will discuss the initiatives I led to enhance lab safety training within my 

research group, focusing on risk analysis. By recognizing the importance of a proactive approach 

to laboratory safety, I aimed to create a culture of safety awareness and accountability. I 

equipped researchers with the knowledge and skills to identify and mitigate potential hazards 

through risk assessments, training sessions, and open discussions. In addition, I will explore the 

critical role of mental health in researchers' overall well-being and its impact on the safety of an 

academic research environment. As the academic community advances, it is essential to 

acknowledge the emotional and psychological toll that graduate research can take on individuals. 

By examining the intersection of mental health awareness and lab safety, it can be better 

understood how a supportive and inclusive research culture can contribute to higher productivity 

and the well-being of researchers. I aim to share our experiences, successes, and challenges in 

enhancing lab safety training and promoting mental health awareness within our research group.  

	

6.2 Risk Assessment 

 

RAMP 

RAMP stands for (R) recognize hazards, (A) assess risk, (M) minimize risk, and (P) 

prepare for emergencies. This system was introduced in 2010 and has been developed and 

improved by many safety communities, including the American Chemical Society (ACS).9 ACS 

describes RAMP as a tool that is "simple, structured, flexible, scalable, collaborative, and 

transferrable." This system can identify risks when starting a new experimental procedure or 

reevaluating a procedure that may be common and useful to researchers and safety professionals. 
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Implementing RAMP principles can help prevent accidents, reduce injuries, and promote an 

open and honest culture of safety in the lab. The steps are laid out below:  

 Recognize. The first step is recognizing hazards associated with an experiment. These 

hazards can come from chemicals, reaction conditions, or the use of equipment. For most 

chemicals, it is easy to identify their hazards through resources such as safety data sheets (SDS) 

and the Globally Harmonized System of Classification and Labeling of Chemicals (GHS).10 

GHS labels are available on all chemical containers as pictograms and hazard statements. In 

addition, National Fire Protection Association (NFPA) fire diamonds are used to identify fire 

hazards. 

 Assessing Risk. Assessing the Risk of the hazards in an experimental setup can be 

difficult and requires careful consideration and judgment skills learned over time. This step can 

also be confusing because the definition of hazard and risk can be easily confused. A hazard can 

cause harm; the risk is the possibility of harm when exposed. Risk assessments are typically 

carried out using consequence value charts (CV) (Figure 6.1) and asses the risks to personal 

safety, resources, work performance, property damage, and reputation on a scale of low risk (1) 

to high risk (20). This results in a number value for risk exposure ranging from 5, almost no risk, 

to 100, very hazardous.    
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Figure 6.1 The Consequence Value Chart is used to determine a hazard's impact on different 

aspects of an experiment, such as personal safety, resources, work performance, property 

damage, and reputation.  

 

 Minimizing Risk. When the hazards associated with an experiment and the risks are 

identified, the next step is to assess if any of the hazards can be minimized. Risk minimization 

can be performed by consulting with the Hierarchy of Controls11, which shows the most effective 

steps for minimization at the top and the least effective at the bottom (Figure 6.2). The ideal way 

to deal with a hazard is to eliminate it, but that is not always an option. Another way to eliminate 

hazards is to lower the volume in which you are using the hazard so that if there is an accident, it 

will not be as severe. Substitution is another viable method of risk minimization where a less 

hazardous material can substitute the hazardous material.  

Engineering controls ensure that the equipment used is in working order and is used 

properly. Administrative controls apply to many lab areas, including safety training before using 

a new hazard class or instrument and lab rules like not eating or drinking in lab areas. These are 
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often in the form of standard operating procedures (SOPs). PPE is the final defense against 

hazards and is listed at the bottom of the pyramid because it should be utilized whenever a lab 

procedure is implemented.  

 

Figure 6.2 Hierarchy of Controls used to minimize risk in experimental procedures. Image from 

NIOSH. 

 

Preparing for Emergencies. Although RAMP can minimize the chance of accidents, it 

cannot account for all possible accidents, so it is essential to be prepared for emergencies. This 

can include developing emergency response plans, practicing regular drills and training, and 

ensuring that all researchers know what to do in case of an emergency. Preparation for 

emergencies and this plan being well rehearsed can prevent minor incidents from becoming 

major disasters and can reduce the severity of injuries and damage. By prioritizing preparation 

for emergencies, labs can create a safer and more resilient work environment for all involved.   
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Implementing RAMP  

 To implement RAMP training in our lab, I shared the knowledge I gained from an ACS 

workshop and challenged each researcher to apply the assessment to an aspect of their project. 

When the time came for each researcher to present their findings, these RAMP presentations 

focused on common hazards such as cryogens, peroxide formers, and standard synthetic setups 

(Figure 6.3). However, as we continued these presentations, our group members became 

increasingly creative, discussing less predictable topics. These topics included things such as 

internet safety and phishing (Figure 6.4). 

 One example of a researcher going beyond the typical RAMP framework was a 

presentation by Paul Hurst on glove box operation (Figure 6.5). In his presentation, he detailed 

multiple CV calculations and the risks associated with multiple types of hazards. These hazards 

included electrical issues, leaks from the glove box, and mechanical failures, and discussed how 

each one could impact researcher safety.  

 The RAMP presentations catalyzed our lab’s safety culture, allowing open 

communication and sparking the revision of many of our standard operating procedures. The 

RAMP assessment allowed us to better understand how we use certain chemical classes and 

identified areas for improvement. This led to a rich safety culture and helped to ensure a more 

secure working environment. In addition, the implementation of weekly RAMP presentations has 

clearly impacted the rate at which accidents happen and are discussed. The amount of accidents 

in the Patterson lab has decreased, and we have taught new researchers who have joined the lab 

about the importance of reporting and discussing near misses to prevent more significant 

accidents.  



 111 

 

Figure 6.3 RAMP presentation on Schlenk line safety by Nehal Idris.   

Figure 6.4 RAMP presentation on nontraditional safety issues of cyber security and fishing by 

Redford Hudson.   
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Figure 6.5 RAMP presentation on glove box safety with 3 different CV calculations based on 

possible hazards by Paul Hurst.   

 

6.3 Mental Health and Lab Safety   

  

 In recent years, there has been an increase in the emphasis on safety culture within 

chemistry laboratories. As a result, mental health has become a more prominent topic in 

understanding root causes of lab accidents. This shift in focus was prompted by data indicating 

that graduate students experience growing levels of distress, identifying that 24% of Ph.D. 

students exhibit signs of sadness, and 17% display symptoms of anxiety.12,13 These rates are 

significantly higher than those observed in the general population but are similar to those in 

medical students and resident physicians.12 However, with the onset of the COVID-19 pandemic, 

these numbers have skyrocketed, indicating a change in general laboratory culture. In a 2020 
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survey, it was found that anxiety symptoms in graduate students rose 50% compared to those 

seen in 2019.13,14 

 It is important to note that graduate students struggling with mental health issues can 

experience a range of negative consequences, including physical health concerns, strained 

personal relationships16, and decreased academic performance.11,12 It has been found that the 

most common aspects of graduate school that can affect anxiety, stress, and depression amongst 

graduate students are the amount of structure in a research or teaching program, positive and 

negative reinforcement, success and failure in research progress, and social support and 

isolation.17 

 Mental health issues in the lab should be treated similarly to physical health concerns. 

Just as we conduct risk assessments and implement various controls to minimize physical 

hazards, we should also identify and assess mental health risks to create a comprehensive safety 

culture. One practical approach to tackle mental health issues in the lab is to apply a RAMP 

assessment to common mental health concerns like stress, burnout, and anxiety. This framework 

facilitates open conversations and proactive strategies to support mental well-being in the lab 

environment. 

For example, Elisa Olivas' RAMP analysis on the impact of emotional intelligence on lab 

safety highlights the significance of self-awareness, empathy, and effective communication in 

preventing accidents and promoting a positive lab culture (Figure 6.6). By recognizing the 

mental health hazards associated with research activities, assessing their risk, minimizing their 

effects through stress management and support, and preparing for potential mental health 

emergencies, we can create a safer and more supportive environment for all lab members.  
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Figure 6.6 RAMP presentation on glove box safety with 3 different CV calculations based on 

possible hazards by Elisa Olivas.   

 

 To address mental health concerns in the larger community of the UCI Chemistry 

Department, the Graduate Safety Team (GST) has taken a proactive approach by launching 

several initiatives to create safe spaces for students to openly discuss their mental health 

concerns. One notable example is the Stress Management and Self-Care workshop (Figure 6.7), 

designed to provide students with practical tools and resources to manage stress and prioritize 

their well-being. In collaboration with the UCI campus's Student Wellness and Health Promotion 

Programs, this workshop leveraged free resources to educate students on effective stress 

management techniques, mindfulness practices, and self-care strategies. 

Through interactive sessions and group discussions, participants learned how to 

recognize the signs of stress and anxiety, develop healthy coping mechanisms, and build 

resilience in the face of academic and personal challenges. The workshop also provided a safe 
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and supportive environment for students to share their experiences, connect with peers, and feel 

empowered to seek help when needed. By promoting a culture of openness and support, the GST 

aims to break down the stigma surrounding mental health in the Chemistry Department and 

foster a community prioritizing student well-being and success.  

 In addition to organizing workshops to create spaces for open dialogue around mental 

health issues, we aimed to ensure that all graduate and undergraduate students were aware of the 

resources provided to them through UCI and how to easily access them. We made these 

resources accessible through a mental health stall wall poster meant to be hung on bathroom stall 

walls to reach the widest audience (Figure 6.8). This stall wall poster highlighted resources such 

as free on campus therapy and how to facilitate long term care. It included a script that students 

could use if unsure how to open the conversation about seeking mental health resources. This 

stall wall increased awareness amongst graduate students of the available resources and directed 

them toward emergency care if necessary.    

As students in the early stages of our careers, we must prioritize our mental well-being 

and create a supportive environment to discuss our concerns openly. For too long, mental health 

has been stigmatized in higher education, with a looming "grin and bear it" attitude that can lead 

to burnout. There is a growing recognition amongst academics that this culture needs to change, 

and we are shifting toward a more sustainable and inclusive approach where students and faculty 

alike can prioritize their mental health without fear of judgment or repercussions. By providing 

resources and safe spaces for open discussions, we can break down the stigma surrounding 

mental health in higher education. This can include access to counseling services and mental 

health professionals, community building, and workshops and training focusing on mindfulness, 
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self-care, and boundary setting. We can create a healthier and more productive academic 

environment by fostering a culture of openness and support.  

 

 

Figure 6.7 Poster advertising Stress Management and Self-Care sponsored by the UCI GST.  
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Figure 6.7 Stall wall poster detailing the information needed to access mental health resources 

for graduate and undergraduate researchers by UCI GST.  
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6.4 Conclusions  

 

Prioritizing laboratory safety and mental health awareness is crucial for creating a safe 

and productive research environment in graduate chemical labs. We can foster a culture of safety 

awareness and accountability by recognizing the importance of proactive risk management and 

open discussions. Through initiatives such as risk assessments, training sessions, and mental 

health support, we can equip researchers with the knowledge and skills necessary to identify and 

minimize potential hazards. By acknowledging the emotional and psychological toll of graduate 

research, we can promote a supportive and inclusive research culture that prioritizes the well-

being of all researchers. Securing lab safety and mental health awareness is a shared 

responsibility that requires the collective effort of researchers, educators, and institutions. By 

working together, we can create a safer and more productive research environment that allows 

researchers to thrive and make meaningful contributions to their fields. As we continue to push 

the boundaries of scientific discovery, it is important to prioritize the safety and well-being of 

those who make it possible. 
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Chapter 7. Conclusion  

7.1 Outlook and Future Directions 

 

This thesis presents compelling progress in MOF crystallization, providing new 

mechanistic insights into how to observe and understand MOF nucleation and growth. By 

combining fundamental chemistry theories with combined bulk and local analytical techniques, 

this research has advanced our understanding of the prenucleation phases of MOF formation and 

how we can alter and obverse these changes. 

 Chapter 1 introduces the theories and methods in which we can understand MOF 

nucleation and growth. Through an understanding of these analytical techniques and the phase 

regimes in which they are most useful, we can combine these concepts to gain a larger picture of 

MOF nucleation and growth.  This chapter discusses polymorph formation in MOFs and how it 

is important to understand how to control polymorph formation to direct the growth of new 

MOFs without the need for high-throughput synthesis.   

  Chapter 2 discusses the polymorph formation of ZIF-8 and provides analytical insight 

into the nucleation and growth mechanisms. The main topic addressed is a molecular 

understanding of the PNC’s and their role in the final polymorph formation.  To study the early 

stages of nucleation and growth, a combination of advanced microscopy, scattering and 

spectroscopy methods were used with a large emphasis on WAXS and ESI-MS. These 

techniques allowed for a larger understanding of the prenucleation cluster influence on 

polymorph control in ZIF-8.  This revealed that SOD nucleates rapidly via the formation and 

aggregation of amorphous particles which contain a significant amount of 3Zn clusters whereas 
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dia nucleates more slowly via the formation of stable amorphous particles which are composed 

of 2Zn clusters. 

Chapter 3 details the importance of reaction volume and vessel size on the nucleation 

and growth rate and mechanism of ZIF-8.  This work demonstrated with an increase in 

confinement, the crystallization of ZIF-8 slows, and the degree of crystallinity decreases as well.  

We were able to demonstrate this with a comparison between 15 mm vial solution and the 

reaction in 1 mm and 2 mm capillaries, which are typically used to measure reaction kinetics in 

WAXS measurements.  This work is important to consider when designing experimental 

procedures where the kinetics of nucleation and growth are measured with techniques that 

require different synthesis volumes such as in-situ WAXS, SAXS and spectroscopy methods.  

Chapter 4 This work showcases the ability to modify BSA with the addition of CD to 

affect the encapsulation of BSA in ZIF-8 frameworks.  Through a study of the zeta potential, it is 

clear that the zeta potential is lowered, which would allow for lower encapsulation rates of 

CD:BSA complexes in comparison to BSA alone.  CD:BSA complexes did not have a large effect 

on the overall polymorph formation of ZIF-8, producing only SOD polymorphs independent of 

HmIm:Zn ratio or CD:BSA ratio. This work shows that we can modify biomolecules and direct 

the encapsulation based on charge with only supramolecular modification.   

Chapter 5 demonstrates the synthesis of cyclodextrin metal–organic framework-based 

protein biocomposites with the use of different cyclodextrin frameworks. Modification in the CD 

alters the release profile of encapsulated proteins   Using other types of cyclodextrins, we have 

shown that the release profile can be tuned and the encapsulated proteins remain active after 

release from these materials. Encapsulation of catalase and interleukin-2 in γ-CD-MOF decreases 

their biological activity, while encapsulation in β-CD-MOF preserves it. We hypothesize that, 
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during the synthesis of γ-CD-MOFs, methanol interferes and weakens hydrophobic interactions 

of the tertiary protein structures. Future p@CD-MOFs synthesis will focus on non-protic 

solvents as non-solvents for crystallization. These results demonstrate the importance of 

developing a bio-friendly method for encapsulating biomolecules within MOFs. Considering that 

during release, the proteins will be in a cyclodextrin-rich environment, we believe these 

materials are promising for the delivery of therapeutic proteins. 

Chapter 6 highlights the importance of lab safety training and awareness. In this chapter, 

risk assessment using the RAMP assessment is discussed, detailing the ways in which the typical 

RAMP analysis of common safety hazards can be expanded to non-traditional topics and 

encourage open communication about safety concerns. In addition to physical safety concerns, I 

also discuss the role of mental health awareness on lab safety and how creating an open 

environment, free from mental health stigma, can encourage researcher well-being and 

productivity.  

In the exciting future of MOF crystallization and development, this dissertation 

emphasizes the importance of relying heavily on nucleation and growth fundamentals to explore 

the fundamental design space and engineer new and exciting MOFs without the need for high 

throughput screening.  

 

 
 
 
 




