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Abstract

The development of metal-organic frameworks (MOFs), an analysis of their properties,

and exploration of their potential biomedical applications, specifically dental, are areas of

modern biochemical interest focus on through this study. Previous research has shown these

frameworks (and/or their components) have the potential for antimicrobial properties, and we

hypothesized that they may be used on dental implants to inhibit the growth of oral bacteria

responsible for peri-implantitis. This project has consisted of the development and structural

analysis of several different novel frameworks with a high potential for microbial inhibition.

Through the incorporation of antimicrobial metal ions, bridging ligands, and possibly terminal

ligands there is the potential for a synergistic antimicrobial effect greater than any of the

individual components. Structural stability has been monitored under varying environmental

conditions, such as humidity; changes have been recorded and analyzed for potential functional

applications in biological conditions. A common characteristic of MOFs is the modularity of

components, which could allow for the addition of drug compounds or ligands with higher

antimicrobial effects for a stronger inhibition of bacterial growth. Key MOFs were selected for

antimicrobial analysis through Kirby-Bauer inhibition tests on the common oral bacteria,

Streptococcus mutans (S. mutans). The frameworks presenting significant bacterial inhibition

were then tested for the potential of growth directly onto the titanium implants used in a majority

of oral surgeries. Our research project has resulted in novel MOFs with antimicrobial properties

that can be further functionalized and grown directly onto titanium implants for the prevention of

infection immediately post oral surgery.

A. Project Summary

Broader Impact: Over the last several decades, oral surgeries and the placement of

dental implants have improved drastically, but failure rates for implants are still at 8.16% in the

maxilla and 4.93% in the mandible (Figure 1).1 When complications and failures are considered

together, the rates associated with implant-supported prostheses are as high as 24.7%.2 Also, in

demographics with preexisting medical conditions, increased age, or a suppressed immune

system the failure rates are increased even further. One of the leading causes of the failure of

https://www.zotero.org/google-docs/?jH4pkf
https://www.zotero.org/google-docs/?3VziJv
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dental implants is the presence of infection from oral bacteria, such as S. mutans, shortly after

surgery, leading to bone loss.3 A class of materials that shows promise in combating this issue are

metal-organic frameworks (MOFs); crystalline materials that consist of inorganic metal ions, or

clusters of ions, coordinated to organic ligands for the formation of three-dimensional polymeric

structures that are often porous.4 Some MOFs have produced antimicrobial properties that would

allow for the prevention of infection.5 Within recent MOF designs there has been a synergistic

effect found between the combination of multiple antimicrobial components within the

framework, leading to greater bacterial inhibition.6 The versatility of MOF structures has also

allowed them to be synthesized as thin films with a consistent layer of microcrystals directly on

desired surfaces through changes in reaction conditions or mechanical processing.7 With the

growth of our MOFs directly onto dental implants, commonly made of titanium, the failure rates

of oral surgeries due to infections leading to peri-implantitis could be significantly reduced.

Microbial inhibition would be present in the area around the implant due to the presence of the

antimicrobial MOFs, with properties from sources such as the metal ions and ligand components

or attached drug molecules. Also, the bactericidal properties of the MOFs in this research would

allow for the elimination of S. mutans, preventing future, recurring infections that could

materialize with bacteriostatic drugs or materials.8 The targeted design of this series of MOFs led

to systematically controlled degradation rates, which provides the potential for directed,

slow-release properties that would allow for microbial inhibition to be maintained for an

extended period of time.9

Figure 1: General Facial Anatomy. This image contains the relevant, general anatomy for the maxilla and

mandible, in which the surgeries of interest would be performed.10

https://www.zotero.org/google-docs/?xVLQDu
https://www.zotero.org/google-docs/?EvV8FK
https://www.zotero.org/google-docs/?EIRM9i
https://www.zotero.org/google-docs/?nUv8nq
https://www.zotero.org/google-docs/?ZGybgq
https://www.zotero.org/google-docs/?jb4jlV
https://www.zotero.org/google-docs/?KNsx6Y
https://www.zotero.org/google-docs/?pULwKT
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Intellectual Merit: Oral surgeries are associated with a higher risk of systemic infection

due to the exposure of typically sterile areas of the oral cavity to microorganisms beyond the

cutaneous barrier.11 The current method for addressing the concern of infection with oral

surgeries is through prevention and stringent protocols. A sterile surgical area is maintained

through hand antisepsis, surgeon’s gloves, and irrigating solutions such as sterile saline.11

However, post-surgery no additional drugs or highly antimicrobial compounds are added unless

antibiotics must be prescribed in response to an infection in the surgical site.12,13 Instead, the

sterility of the procedure is relied on to prevent future infections. It is very difficult to seal off the

surgical site from all interactions with oral bacteria or microorganisms present in the

environment so post-surgery complications such as peri-implantitis are frequent. Exposure to

common oral bacteria, such as S. mutans, could cause an infection that would eventually lead to

peri-implantitis and a failed implant/surgery. The antimicrobial MOFs that we have developed

carry interest due to their potential use in the maintenance of a sterile location post-surgery. Their

ability to be grown directly onto titanium implants will allow for prolonged prevention of

bacterial growth and potentially reduced peri-implantitis rates from the moment of implant

placement.

MOFs have gained interest as drug delivery systems in recent years due to their potential

for high biocompatibility and effective carrying capacity of desired molecules.14 The most

common method for drug delivery using MOFs comes from their commonly porous nature and

ability to interact with molecules within those pores. If the MOF is properly designed then the

desired antimicrobial molecules can be associated through covalent attractions, bonding, or

encapsulation. The versatility of building strategies and ease of exchanging metal ions and

ligands within a MOF structure also provides them with the advantage of carrying desired

materials through incorporation directly into the framework.15 Our research will build upon prior

discoveries with a focus on incorporating antimicrobial materials directly into the structure of the

MOF as components of the framework and/or as terminal ligands. Instead of focusing on how to

carry the antimicrobial compounds within the cavities of traditionally porous MOFs, we will

focus on how to bind components, such as antibacterial drugs, as a framework and/ or auxiliary

ligands.

In prior research, it has been shown that variations in the environment around specific

MOFs can lead to structural variations, degradation, or the dissociation of ligands.16,17 Due to

biomedical applications of our frameworks within the oral cavity, a specific area of interest in

https://www.zotero.org/google-docs/?hdLWAL
https://www.zotero.org/google-docs/?UH8mel
https://www.zotero.org/google-docs/?7dquhk
https://www.zotero.org/google-docs/?RQMcdJ
https://www.zotero.org/google-docs/?PwCKGo
https://www.zotero.org/google-docs/?S5aS1D
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our research is the effect that an aqueous environment can have on the interchange of ligands and

MOF decomposition. This provides our MOFs with the potential for the slow release of drugs

and improved bacterial growth inhibition through their dissociation from our MOFs over an

extended period of time. Within our series of MOFs, the presence of relatively high ambient

humidity leads to the dissociation of MOF terminal ligands and replacement with a water

molecule, leading to a more stable phase. By ensuring that the drug or antimicrobial molecule is

the ligand being removed, we could extend the release of and/or enhance antimicrobial

properties. We have also recorded that prolonged exposure of our MOFs to UV light leads to a

change in the framework’s structure and the formation of another stable MOF.18 The effects of

UV light are important to consider for the production, storage, and usage of materials in the

medical field, as UV light is known to degrade several materials such as plastics and dyes. Thus,

the potential for our MOFs to convert to a stable structure under UV light could allow for further

applications or the protection of light-sensitive materials.19,20 This is of increased concern in

dentistry because the placement of sealants and fillings are commonly UV-cured. However, the

strong presence of UV light could be used to convert our MOFs to a more stable phase with

antimicrobial properties.

Not only do our compounds consist of both metal ions and associated ligands with

individual antimicrobial properties, but also, more interestingly, have proven to have a

synergistic effect, resulting in a greater area of inhibition and efficacy overall. The metal ion,

copper(II), is well-known to have antimicrobial properties, as well as, chelidonic acid and

dimethylformamide ligands (Figure 3).21,22 These components with bacterial inhibition

capabilities were specifically selected with the intention of targeting MOF production with

corresponding properties. Four MOF varieties were synthesized and they all exhibited the

desired synergistic antimicrobial properties by producing a statistically significant increase in S.

mutans zones of inhibition compared to any of the individual components. (Table 8). The

functionality of MOFs also allows for the replacement of ligands with desired drug compounds

or strong, biocompatible antimicrobials. An interest for our frameworks would be the

replacement of the pyridine ligand(s) with sulfapyridine(s) due to its known antimicrobial

properties and potential to increase the synergistic effect.21,23 We hypothesize that the unique

synergistic effect may be a result of the polymeric framework degrading into fragments or chain

“oligomer” segments. Rather than using the standard direct application of a single antimicrobial

to prevent infection, our MOFs are capable of producing fragments of multiple antimicrobials

https://www.zotero.org/google-docs/?AUlZun
https://www.zotero.org/google-docs/?AJZbtt
https://www.zotero.org/google-docs/?oGycXS
https://www.zotero.org/google-docs/?gF9rl1


7

that can result in increased bacterial inhibition as the framework degrades. Research has shown

that the synthesis of similar metal-organic assemblies occurs via the production and eventual

assembly of fragments of various sizes.24 We theorize that the degradation of our MOFs could

occur in a similar pattern, although our chain polymer composition would likely break into

oligomer-like pieces, with additional potential for maintaining three-dimensional associations

through pi-pi stacking or hydrogen bonding (i.e., interconnecting pieces of neighboring chains).

This mode of degradation would produce groupings of “blocks”, which could possibly still affect

the bacterial cells and induce the synergistic antimicrobial effect, instead of the dissociation of

individual ligands, ions, or drugs, which do not have as great of an effect on their own even

though they are the typical targets of current methods of treatment.

We have built upon the current biocompatibility research of MOFs while also producing a

novel method for microbial growth inhibition and proving their relevance to the dental field. In

addition, our frameworks have proven to have the capability to be grown directly onto the

titanium implants commonly used in surgery.7,25 When paired with the ability to select for

framework variations and reaction conditions that will produce microcrystals, our MOFs can be

added directly onto the implant and into the surgical site without inhibiting the surgical

procedure. A zone of inhibition can be established as the surgical procedure is occurring and

maintained throughout the healing process through a thin coating of our MOFs over the titanium

implants, thus reducing the risk of peri-implantitis and failed surgeries.

https://www.zotero.org/google-docs/?AsVpDg
https://www.zotero.org/google-docs/?IeLcOC
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B. Project Description

B.1. Research Basis

B.1.1. General Background

Since the development of MOFs in the 1990s, these compounds have gained significant

research interest due to their seemingly endless potential uses (Figure 2).26 MOFs are considered

to be highly versatile materials due to the composition of their structures, potential ligand

associations, and ease of functionalization of their frameworks. During the foundational studies

of MOFs, researchers theorized that these structures could be applied to catalysis, gas storage,

filtration, and many other applications.27,28 However, in recent years MOF developments in the

biomedical field have increased significantly, and now uses such as biomedical imaging,

chemical sensors, and drug delivery are gaining focus.27,28 Some MOFs have a very high degree

of biocompatibility and multiple capacities for drug attachment/storage, which makes them a key

material for directed drug delivery. Some MOFs can also be tailored for the slow or directed

delivery of an associated compound through degradation or conversion of their structure. Similar

to a prodrug, which requires activation from environmental compounds or conditions, MOFs can

be tailored to become an active species only when placed in the appropriate location.29 It is

common for the alterations in the MOF’s structure to be activated by conditions such as

moisture, pH, salt-ion exchange, and others. Specifications with the encapsulating abilities of

MOFs are a common focus of current research, but less emphasis is placed on the properties of

materials composing the MOF providing the functionality.30 The focus of our research was

developing structures that can produce the antimicrobial properties that we desire due to the

compounding effect of the structure’s individual antimicrobial units (e.g., both metal ion and

ligand). Since the attributes and abilities of MOFs are highly dependent on their structure, our

research focused heavily on components with high antimicrobial properties. Both

biocompatibility and bacterial inhibition capabilities are desirable and present in the copper

metal ion, as well as, the chelidonic acid and dimethylformamide ligands.21,22 MOFs have a

highly versatile structure and the ability for auxiliary ligand binding, which provides for

enhanced functionalization of their frameworks. In some instances, MOFs have extra-framework

sites that have terminal ligands (i.e., non-bridging ligands) and can even be activated to have

coordinatively unsaturated sites (CUSs, aka open metal sites), which occurs when there is a

Lewis acid site left open on the metal ion.31 These CUSs enhance the versatility of MOFs due to

their ability to act as effective locations for potential ligand exchange or replacement.

https://www.zotero.org/google-docs/?h214yo
https://www.zotero.org/google-docs/?LLlJDB
https://www.zotero.org/google-docs/?fN7Vxb
https://www.zotero.org/google-docs/?4wA6p1
https://www.zotero.org/google-docs/?95herx
https://www.zotero.org/google-docs/?leFsVw
https://www.zotero.org/google-docs/?2S51Bp
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Figure 2: The trend of MOF-related articles over time.26

The biocompatibility and antimicrobial properties of each individual component need to

be considered, as well as the MOF as a whole, due to the intent for their use in vivo. The focus of

our research is to inhibit bacterial infections post oral surgeries and studies have shown that

copper (II) would be an ideal metal ion to utilize. As such, copper (II) was selected as the central

ion used in all of the MOFs we are designing or producing due to its high antimicrobial

characteristics. It was found to inhibit the growth of both gram-negative and gram-positive

bacteria in instances of infection.32 It has also been shown that copper can be highly

biocompatible if implemented in the appropriate manner. In high concentrations, copper can be

toxic, but if diluted through methods, such as the incorporation into MOFs and slow-release, the

copper concentration can produce the desired antimicrobial effects with minimal signs of

toxicity.33 Also, concerns of prolonged exposure to copper leading to toxicity can be mitigated

through biodegradation. Long-term effects of copper on a biological system were tested using

immersion in physiological saline and it was shown that biodegradation eventually removes

copper from the system, but is maintained long enough for it to prevent infection at peak stages

post-surgery.33 Also, the versatility of MOF structures allows for the central metal ion of many

frameworks to be interchangeable. Zinc metal ions, which are known to have a higher

https://www.zotero.org/google-docs/?6MKHqK
https://www.zotero.org/google-docs/?i7pLwi
https://www.zotero.org/google-docs/?ribiF8
https://www.zotero.org/google-docs/?1DxPh3
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biocompatibility than copper, have also been implemented into the reaction conditions and

framework structures of our MOFs. The MOFs were shown to have antimicrobial properties and

hold the potential for an even more biocompatible variation of the four main MOF structures in

this study (Figure 44).

Sulfa-drugs are another component with the potential for being incorporated into our

MOF structures, especially in future research, due to their well-established antimicrobial

properties. In the early to mid-1900s, these compounds were directly identified for their ability to

prevent or remove infections and fittingly named “miracle drugs”.34 Around the late 1930s

sulfonamide had entered into dental practices and procedures for the use of preventing oral

infections.35 Sulfa-drugs are still in use in modern practices although they may have been altered

as analogs or components of other medications used as antibiotics against infection.36 Within

several of our MOFs pyridine is used as a terminal ligand (Figures 3, 6, 9, 12, & 15), but without

association with other compounds or conversion to derivatives, they have very little inhibitory

effects on bacteria.37 Although pyridine on its own does not present significant bacterial

inhibition, the pyridine ring is present in numerous antibiotics and pharmaceuticals used in

antimicrobial treatments, such as sulfapyridine (Figures 3 & 48).23,37 By incorporating

sulfapyridines into the MOF structure instead of pyridines as the terminal ligands, we can, in

theory, maintain a consistent structure while improving the compounding antimicrobial

properties. Sulfa-drugs have been labeled as biocompatible since the 1900s and in modern

studies sulfapyridine has been used to treat conditions such as rheumatoid arthritis, thus

reaffirming the biocompatibility of this particular drug.38 Finally, metal-organic frameworks have

proven to be biocompatible and are already in use within several organic-biological systems. For

instance, different MOF compounds have been developed for therapeutics, drug carriers, and

numerous other applications.39,40

For our research project, components such as titanium implants, thin film growth, and S.

mutans (as the model bacteria) were selected for application testing once the novel MOFs had

been properly developed. Titanium implants are the material of choice in nearly all oral surgeries

due to their biocompatibility, resistance to corrosion, and mechanical properties.41 In an effort to

replicate the environment and materials that our MOFs would be nucleated onto prior to an oral

surgery, we decided to use titanium implants as well. Variations in crystal size or morphology

could carry varying antimicrobial effects and impact the MOF’s interactions with the titanium

implant or biological environment.42 One method that may increase the concentration of MOF

https://www.zotero.org/google-docs/?2dtJR8
https://www.zotero.org/google-docs/?DwHSmi
https://www.zotero.org/google-docs/?4tUdLp
https://www.zotero.org/google-docs/?D2lipY
https://www.zotero.org/google-docs/?dg4Gxx
https://www.zotero.org/google-docs/?FEFEOb
https://www.zotero.org/google-docs/?hJ3ND8
https://www.zotero.org/google-docs/?M21c8y
https://www.zotero.org/google-docs/?rpp7ki


11

growth directly onto titanium implants is the use of thin films. Thin film growth will allow for

the functionalization of the surface of the implant, but the crystal size of only a few nanometers

will not inhibit the implant’s function.7,43 Depending on the MOF variant, numerous methods for

influencing thin film growth have been established. Some MOFs can be run in large batch

conditions and still produce thin films, while others may require layering, growth onto surfaces,

secondary addition, or other factors.44 Thin film growth’s ability to occur directly onto the

desired surface, such as titanium, allows for a very efficient process. The last, crucial component

to the application testing of our novel MOFs is the bacteria that they will be tested against for

efficacy. S. mutans was the selected pathogenic bacteria due to its high prevalence within the oral

cavity and common involvement in infections post-surgery leading to peri-implantitis.45,46

Several research studies prior to ours found that MOF structures may experience

compositional changes, degradation, or stability alterations under varying conditions that are

present in a biological setting.47,48 In some instances degradation could be the desired method for

the release of materials and directed application of compounds in a biological system. In other

research studies, the structural variations have led recent researchers to explore more

water-stable MOFs and/or MOFs that do not vary with the environment.17,49,50 Understanding the

stability of a MOF could allow for better-tailored delivery of materials or standardized efficacy,

so studies involving the effects of humidity, chemicals, temperature, and UV light are highly

beneficial. The effects of water absorption on the retention of structure and surface area in MOFs

is a crucial factor to consider due to the placement of our structures within the oral cavity. It has

been shown through powder x-ray diffraction (PXRD) analysis that the metal ion’s strength of

interactions with its associated ligands and other available molecules in the environment plays a

key role in the stability of the MOF structure when exposed to high humidity.17 The metal nodes

of MOFs are prime locations for the catalysis of reactions, ligand displacement, or open site

interaction with environmental compounds/molecules.51 Dependent on the metal ion, which is

copper (II) in all of our MOFs, and the ligands it has within its coordination sphere, frameworks

can be tailored for desired degradation or stability within an aqueous environment.

Most metals are Lewis acids, which indicates that the copper (II) metal ion of our

structure, will have an increased tendency to accept a water molecule when placed in an

environment with high humidity (unless otherwise protected; e.g., sterics). Thus, the structure of

our MOF, the strength of its ligand interactions, and the reaction conditions it is developed in

will have to be used to dictate how it responds to humidity in the local environment. A central

https://www.zotero.org/google-docs/?DoBxjW
https://www.zotero.org/google-docs/?MzFn44
https://www.zotero.org/google-docs/?6gWv8c
https://www.zotero.org/google-docs/?UGIK9d
https://www.zotero.org/google-docs/?21ALm8
https://www.zotero.org/google-docs/?Uyls4Y
https://www.zotero.org/google-docs/?xwKwXb
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metal ion is also heavily involved in how a MOF responds to chemical and thermal alterations.

The more inert a central metal ion is and the greater the steric hindrance around it, the lower the

effect of chemical and thermal conditions.52 Zeolite-like MOFs (ZMOFs) are known to have

extreme stability in high heat and acid-base conditions due to their association with large ligands

and often a high specific surface area.53 The studies referenced indicate that in varying thermal

conditions, the metal-ligand binding within the MOF can carry a more significant effect on its

stability than the metal ion alone. Another factor that can affect the stability of MOFs, is UV

light due to its tendency to cause degradation, compositional changes, or additional bonding to

the already present framework.54 This finding carries significance with the preparation of our

compounds and the placement of sealants and fillings, which are commonly UV-cured. Either

UV exposure could be avoided to maintain the composition of our intended MOF or the

UV-altered structure could provide the benefit of a stable antimicrobial alternative.

The production of novel MOFs is a significant factor in this research project, but they

also need to be identified and tested for reproducibility and efficacy. The tools used for analysis

include PXRD, infrared spectrometry (IR), thermogravimetric analysis (TGA), and single-crystal

x-ray diffraction (SCXRD). PXRD is a highly versatile analysis tool and it can be used for the

identification of compounds, purity analysis, tracing degradation, and identifying the conversion

between structures. A PXRD instrument measures the diffraction pattern of crystalline material

and produces a series of peaks dependent on the structure of its crystal lattice.55 IR can also be

used for the identification of structures, as well as the interpretation of the bonds composing it.

IR uses the interactions between infrared light and the molecule to identify functional groups. If

the overall composition of the molecule, or in the focus of MOFs, crystal is known, then the IR

data can be used to confirm the binding of desired components and relative molecular

arrangement.56 A thermogravimetric analyzer is used to evaluate the thermal stability of a

structure by recording the weight change as the heat is increased at a constant rate.57 In the

consideration of MOFs, TGA can be used for the analysis of stability, decomposition rates,

composition, and solvent/ ligand loss. Single-crystal x-ray diffraction provides an extensive

amount of information in regards to the internal crystal lattice of a structure. A large portion of

this information is essential in understanding the 3D composition of a MOF, such as bond angles,

bond length, and molecular arrangement.58 Through the use of numerous instruments and

analysis techniques the identification, properties, and application testing of our novel MOFs can

be accomplished.

https://www.zotero.org/google-docs/?aljuoR
https://www.zotero.org/google-docs/?5wWHtC
https://www.zotero.org/google-docs/?D7reZo
https://www.zotero.org/google-docs/?FFeSNl
https://www.zotero.org/google-docs/?nRAbV6
https://www.zotero.org/google-docs/?Kf2E6P
https://www.zotero.org/google-docs/?STo4m2
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B.2. Results

B.2.1. Methods and Materials

All chemicals were used as purchased. MOF reactions were conducted using the

conditions presented in Tables 1, 2, 3, and 4. Single-crystal x-ray diffraction data was collected

on Bruker AXS diffractometers at the University of South Florida, the University of Florida, and

Florida Gulf Coast University (FGCU). Powder x-ray diffraction was conducted using a Bruker

D2 Phaser CCD diffractometer at Florida Southern College. Kirby Bauer testing was performed

using Mueller Hinton media and sample placement directly onto the agar.

a) b)

Figure 3: Ligands in MOF Production. a) Pyridine molecular structure59 and b) N,N-dimethylformamide

molecular structure60

B.2.2. Metal-Organic Framework Structures

Four main MOF phases were produced through the reaction conditions presented below
(Table 1). It is important to note that for many of the phases fresh DMF (bottled within the last
month) is required for proper crystal development. Through single crystal data analysis,
calculated values for each framework were established, which allowed for confidence in the
identification and reproduction of each MOF. PXRD diffractograms were used in comparison
with the calculated PXRD from single-crystal values for the determination of the MOFs. Single
crystal data also allowed for the production of 3D molecular structures in crystal structure
software for the analysis of bonding, molecular arrangement, and interactions between chains.
Without magnification, the crystal structure of different MOFs may appear similar, but the proper
magnification can allow for the identification of differences in shape, color, and size.

https://www.zotero.org/google-docs/?l30gat
https://www.zotero.org/google-docs/?hKu191
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● Phase 1

[Cu2(CDO)2(pyr.)4(H2O)2]n

Table 1: Reactions Conditions for 1

Metal Ligand Solvents Temperature
0.04mmol Cu(NO3)2⸱2.5H2O 0.04mmol H2CDO⸱1H2O 2.0mL DMF 85℃, 24hrs

1.0mL EtOH
0.1mL pyr

Alternative reaction conditions: Through the addition of 0.1mL of DI water to the 2, 3, and 4

reaction conditions, the humidity-stable phase, 1, is produced.

Figure 4: PXRDs of Experimental 1 vs Calculated 1. As can be seen in the diffractogram, the experimental PXRD

peaks align well with the calculated peaks from single crystal analysis. Thus, indicating that the appropriate

structure has been produced and replication of 1 was successful.
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Figure 5: Microscopic image of 1 (100x). The crystals of 1 are larger, rod-shaped, contain defined edges and

angles, and have a light blue coloration.

a) b)

Figure 6: Molecular structure of 1. a) A portion of three chains from the structure of 1 (the final humidity-stable

phase). Light blue lines (faint) between the upper two chains show the hydrogen bonding, horizontal association

between chains for the orientation above. Pi-pi stacking can be observed between the upper and lower chains,

allowing for the vertical association between chains in the orientation above. b) The molecular building block

(MBB) of 1 with two nitrogen atoms and three oxygen atoms as the coordination (CuN2O3) around each copper ion

(Cu2+). This figure shows the trigonal bipyramidal structure with two pyridine terminal ligands and one water

molecule terminal ligand per copper metal ion. Some hydrogen atoms have been omitted for clarity; C = gray, O =

red, N = blue, Cu = green.
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● Phase 2

[Cu2(CDO)2(DMF)2(pyr.)4]n

Table 2: Reaction Conditions for 2

Metal Ligand Solvents Temperature
0.04mmol Cu(NO3)2⸱2.5H2O 0.04mmol H2CDO⸱1H2O 3.0mL DMF 85℃, 24hrs

0.1mL pyr

Figure 7: PXRDs of Experimental 2 vs Calculated 2. As can be seen in the diffractogram, the experimental PXRD

peaks align well with the calculated peaks from single crystal analysis. Thus, indicating that the appropriate

structure has been produced and replication of 2 was successful.
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Figure 8: Microscopic image of 2 (100x). The crystals of 2 are larger, cubic-like polyhedral shape, and a light blue

(though darker) coloration. Without the microscope, 1 and 2 can have very similar coloration and appearance.

a) b)

Figure 9: Molecular structure of 2. a) Portions of two chains from the structure of 2. Pi-pi stacking is present

between the upper and lower chains, allowing for the vertical association between chains for the orientation above.

b) The MBB of 2 with two nitrogen atoms and three oxygen atoms as the coordination (CuN2O3) around each copper

ion (Cu2+). This figure shows the square bipyramidal structure of 2 with two pyridine terminal ligands and one DMF

terminal ligand per copper metal ion. Some hydrogen atoms have been omitted for clarity; C = gray, O = red, N =

blue, Cu = green.
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● Phase 3

[Cu2(CDO)2(DMF)(pyr.)5]n

Table 3: Reaction Conditions for 3

Metal Ligand Solvents Temperature
0.04mmol Cu(NO3)2⸱2.5H2O 0.04mmol H2CDO⸱1H2O 2.0mL DMF 85℃, 24hrs

0.1mL pyr

Figure 10: PXRDs of Experimental 3 vs Calculated 3. As can be seen in the diffractogram, the experimental

PXRD peaks align well with the calculated peaks from single crystal analysis. Thus, indicating that the appropriate

structure has been produced and replication of 3 was successful.
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Figure 11: Microscopic image of 3 (100x). The crystals of 3 are moderately smaller, with defined sides and edges,

and a dark blue coloration.

a) b)

Figure 12: Molecular structure of 3. a) A portion of each type of single-chain (there are two independent chain

types) from the structure of 3. Pi-pi stacking is present between the upper and lower chains, allowing for the vertical

association between chains for the orientation above. b) The MBBs from each chain, with either two nitrogen atoms

and three oxygen atoms (CuN2O3) or three nitrogen atoms and two oxygen atoms (CuN3O2) as the coordination

around each copper ion (Cu2+), respectively. This figure shows the square bipyramidal structure with terminal

ligands of pyridine and DMF. Within the two chain variants, one chain has three pyridine terminal ligands per

copper metal ion, while the other chain has two pyridine terminal ligands and one DMF per copper metal ion. Some

hydrogen atoms have been omitted for clarity; C = gray, O = red, N = blue, Cu = green.
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● Phase 4

[Cu2(CDO)2(pyr.)6]n

Table 4: Reaction Conditions for 4

Metal Ligand Solvents Temperature
0.04mmol Cu(NO3)2⸱2.5H2O 0.04mmol H2CDO⸱1H2O 2.0mL DMF 85℃, 24hrs

0.8mL pyr

Figure 13: PXRDs of Experimental 4 vs Calculated 4. As can be seen in the diffractogram, the experimental

PXRD peaks align well with the calculated peaks from single crystal analysis. Thus, indicating that the appropriate

structure has been produced and replication of 4 was successful.
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Figure 14: Microscopic image of 4 (100x). The crystals of 4 are microcrystals, spindle/geometric shaped, and a

lighter blue/green coloration.

a) b)

Figure 15: Molecular structure of 4. a) A portion of two chains from the structure of 4. Pi-pi stacking is present

between the upper and lower chains, allowing for the vertical association between chains for the orientation above.

b) The MBB with two nitrogen atoms and three oxygen atoms as the coordination (CuN2O3) around each copper ion

(Cu2+). This figure shows the trigonal pyramidal structure of 4 with three pyridine terminal ligands per copper metal

ion. Some hydrogen atoms have been omitted for clarity; C = gray, O = red, N = blue, Cu = green.

B.2.3. MOF Purity without Chelidonic Acid Crystals

Chelidonic acid (H2CDO/CDO) is only partially soluble in some of our solvents at room
temperature and thus carries the ability to recrystallize once a reaction is complete, so PXRD
analysis was needed to ensure that unassociated H2CDO was not present in our MOF products.
The purity of our MOFs was determined through a comparison between the calculated PXRD,
experimental PXRD, and a PXRD of H2CDO monohydrate crystals. There were no peaks that
align with H2CDO without also aligning with the calculated PXRD. Thus the MOFs did not
contain any H2CDO crystal impurities.
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Figure 16: Comparision of CDO Crystals, Experimental 1, ad Calculated 1. The PXRD diffractograms above
show a comparison between CDO crystals, experimental 1, and calculated 1. The experimental 1 PXRD lacks any
significant/obvious CDO crystal PXRD peaks that are not also present in the calculated 1 PXRD. This indicates that
the experimental MOF crystals are pure, without reformed CDO crystal contamination.

Figure 17: Comparision of CDO Crystals, Experimental 2, ad Calculated 2. The PXRD diffractograms above
show a comparison between CDO crystals, experimental 2, and calculated 2. The experimental 2 PXRD lacks any
CDO crystal PXRD peaks that are not also present in the calculated 2 PXRD. This indicates that the experimental
MOF crystals are pure, without reformed CDO crystal contamination.
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Figure 18: Comparision of CDO Crystals, Experimental 3, ad Calculated 3. The PXRD diffractograms above
show a comparison between CDO crystals, experimental 3, and calculated 3. The experimental 3 PXRD lacks any
CDO crystal PXRD peaks that are not also present in the calculated 3 PXRD. This indicates that the experimental
MOF crystals are pure, without reformed CDO crystal contamination.

Figure 19: Comparision of CDO Crystals, Experimental 4, ad Calculated 4. The PXRD diffractograms above
show a comparison between CDO crystals, experimental 4, and calculated 4. The experimental 4 PXRD lacks any
CDO crystal PXRD peaks that are not also present in the calculated 4 PXRD. This indicates that the experimental
MOF crystals are pure, without reformed CDO crystal contamination.

B.2.4. Humidity Testing

A unique phenomenon was observed for phases 2-4. After a short period of time running

the PXRD, each was observed to change color. Upon color change, the PXRD was run again, and

the diffractogram had changed significantly, in fact, all subsequently matched 1. To determine

whether this was a result of exposure to x-ray or light, the samples were left on the bench

(instead of under x-ray), but the color and diffractogram pattern still changed. Similarly, when



24

left in the dark, the samples still changed. This suggested that neither x-rays nor ambient light

were the cause. It was noted that 1 is the only structure with coordinated water, and we theorized

that due to the high relative humidity in the laboratory environment, 2-4 absorbed moisture to

convert to 1. As such, MOF humidity testing was used to determine the stability of 2, 3, and 4

and their conversion rates to 1 in environmental conditions of 20- 21.67℃ and 58- 63% relative

ambient humidity. Each framework was placed on a PXRD plate and then a succession of scans

was obtained until the diffractograms showed full conversion to 1. The primary scan of each

MOF was used for its identification through comparison with the single-crystal data. In order to

accomplish a scan without 2, 3, or 4 beginning conversion to 1 the sample had to be placed damp

(with the mother solution), thus leading to relatively high background in the first scan of each

series. The differences in peak intensity and time required for full conversion were then used to

determine conversion rates and stability.

Figure 20: Experimental 2 on a PXRD plate immediately after plating.

Figure 21: The first PXRD of Experimental 2 (Run 1, 10 minutes).
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Figure 22: Run 2 of Experimental 2, 20 minutes

Figure 23: Run 3 of Experimental 2, 30 minutes
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Figure 24: Run 4 of Experimental 2 (Converted), 40 minutes

Figure 25: Experimental 3 on a PXRD plate immediately after plating.

Figure 26: The First PXRD of Experimental 3.
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Figure 27: Experimental 3 on a PXRD plate after run 10 (106 minutes).

Figure 28: The 10th PXRD of Experimental 3, after conversion to 1

Figure 29: Experimental 4 on a PXRD plate immediately after plating.
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Figure 30: The First PXRD of Experimental 4.

Figure 31: Experimental 4 on a PXRD plate after run 6 (61 minutes).

Figure 32: The 6th PXRD of experimental 4, after conversion to 1
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a)

b)

c)

Figure 33: PXRD of single-crystal-to-single-crystal phase changes. a) Compound 2 to compound 1
transformation (~62 min); b) compound 3 to compound 1 transformation (~72 min); c) compound 4 to compound 1

transformation (~82 min).
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Figure 34: 2D Graph of 2 Humidity Conversion. The figure above shows peak expression intensity over time.
The graph should be ready from bottom to top, with the bottom representing the starting peaks and the top

representing peaks after a series of PXRD scans and MOF conversion. Using PXRD scans, the gradual
diminishment of the peaks indicative of 2 can be seen and the intensity of 1’s peaks increases significantly. Some

peaks, such as at 23 2Θ, are consistent in both structures.

Figure 35: 2D Graph of 3 Humidity Conversion. The figure above shows peak expression intensity over time.
The graph should be ready from bottom to top, with the bottom representing the starting peaks and the top

representing peaks after a series of PXRD scans and MOF conversion. Using PXRD scans, the gradual
diminishment of the peaks indicative of 3 can be seen and the intensity of 1’s peaks increases significantly. Some

peaks, such as at 23 Two Theta, are consistent in both structures.
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Figure 36: 2D Graph of 4 Humidity Conversion. The figure above shows peak expression intensity over time.
The graph should be ready from bottom to top, with the bottom representing the starting peaks and top representing

peaks after a series of PXRD scans and MOF conversion. Using PXRD scans, the gradual diminishment of the peaks
indicative of 4 can be seen and the intensity of 1’s peaks increases significantly. Some peaks, such as at 23 Two

Theta, are consistent in both structures.

Table 5: Conversion Rates of 2, 3, and 4 to 1. For MOFs 2, 3, and 4 a prominent PXRD peak was selected that did
not share any overlap with the calculated peaks of 1 (Two Thetas of 2- 10.844०, 3- 23.528०, 4- 15.157०). For 1 the
prominent PXRD peak at 10.397० was selected which is not shared with the PXRDs of the other three MOFs. The
relative magnitude of each peak was calculated as a percentage of the maximum peak magnitude at the indicated 2θ
(०) out of all of the PXRDs for each MOF. Relative conversion rates can then be analyzed through the decreasing or
increasing peak height in relation to the maximum. Note: Due to the background causing an average deviation
between 10-15 on the y-axis intensity, 15 was subtracted from every value prior to the calculation of peak
percentages. Also, only one peak was chosen for the calculation of rates. As a result, the chosen peak may reach 0%
or 100% prior to full conversion of the MOF due to the presence of other PXRD peaks that are still increasing or
decreasing.

Minutes 2 1 3 1 4 1

12 100% 0% 100% 0% 100% 9.94%

22 71.99% 7.89% 82.31% 0% 100% 10.80%

32 12.36% 78.22% 79.74% 32.38% 100% 15.00%

42 2.29% 90.28% 53.10% 60.92% 96.97% 22.93%

52 0% 94.24% 26.23% 75.96% 50.24% 42.08%

62 0% 100% 17.75% 97.99% 13.47% 65.72%

72 0% 100% 5.36% 84.66%

82 0% 100%
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B.2.5. Submersion in DI Water Testing

Due to the apparent stability of 1, especially in humid environments and a variety of
solvent systems, crystals of 1 (via Method 1) were also submerged in DI water and monitored by
PXRD after exposure to the aqueous environment.

a) b)

c) d)

e) f)

g) h)
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i)

Figure 37: PXRDs of 1 upon exposure to aqueous solution. a) Before submersion in DI water b) 0.5 hrs post
submersion c) 1.0 hr post submersion d) 1.5 hrs post submersion e) 2.5 hrs post submersion f) 3.5 hrs post
submersion  g) 4.5 hrs post submersion  h) 23.5 hrs post submersion  i) 31 hrs post submersion

B.2.6. UV Testing

Through prolonged exposure to UV light, approximately one week, the composition of all
four main MOFs will convert to a more stable phase. The UV phase was of interest due to its
potential applications associated with its increased stability and maintained antimicrobial
properties. PXRDs were run to confirm the conversion of the four main frameworks to the UV
phase.

Figure 38: UV conversion testing. This figure shows the PXRDs of the initial structure of 2, the structure

of the humidity stable phase, 1, after humidity conversions, and the framework structure after UV conversions.
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B.2.7. Kirby-Bauer Testing

The Kirby-Bauer testing for all compounds was performed on Mueller Hinton media
plates and the samples were placed directly onto the agar. A McFarland Test Standard was used
to produce consistent S. mutans growth on all plates through a suspension of the bacteria in a
0.9% saline solution until the opacity was comparable against a Wickerham card to the Hardy
Diagnostics standard vial of McFarland latex 0.5.61 Using a funnel 6mm in diameter, an average
mass of 0.00813g of MOFs 1, 2, 3, and 4 were placed with each sample as determined by five
sample weight tests. 1 was tested under three conditions; only the dry MOF, the MOF washed in
ethanol, and the MOF in its mother solution. MOFs 2, 3, and 4 were only placed in their mother
solutions due to their lack of stability once removed from the solution. Using the average MOF
mass of 0.00813g the dependent mass of each individual component was calculated, using mole
to mole ratios, to be directly proportional to their composition within the frameworks. Copper
(II) nitrate hemipentahydrate was placed at 0.00446g. Chelidonic acid was placed at 0.00353g.
The liquid samples, pyridine, DMF, and ethanol, were placed at 20μL due to the average amount
of mother solution placed with the samples in mother solution. The mother solutions of 1, 2, 3,
and 4 were also tested without any frameworks present at 20μL due to the average amount of
mother solution placed with samples in the mother solution.

Figure 39: Cu(NO3)2, 1, and H2CDO. The zones of inhibition in this image are Cu(NO3)2 in the top left, 1 with no
solution (dry) in the top right, and H2CDO in the bottom center.

https://www.zotero.org/google-docs/?A3gpou
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Figure 40: 1 (EtOH wet), 1 (mother soln.), 1 Solution. The zones of inhibition in this image are 1 from a solution
of EtOH on the left, 1 from its mother solution in the bottom right, and only the mother solution of 1, with no

crystals, in the top right.

Figure 41: 2 (mother soln.), 3 (mother soln.), 4 (mother soln.). The zones of inhibition in this image are 2 from its
solution on the right, 3 from its mother solution in the top left, and 4 from its mother solution in the bottom.
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Figure 42: 2 solution only, 3 solution only, 4 solution only. The zones of inhibition in this image are 2 mother
solution only on the bottom right, 3 mother solution only in the top right, and 4 mother solution only on the left.

Figure 43: EtOH, Pyr., DMF. The zones of inhibition in this image are ethanol on the left, pyridine in the top right,
and dimethylformamide in the bottom right.
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Figure 44: UV Converted 1. The center zone of inhibition in the image above is the UV Conversion of 1 at 25mm.

Figure 45: Zinc Experimental vs 1. The zones of inhibition in this image are the zinc experimental (Dry) at 28mm
(top) and 1 (Dry) at 32mm (bottom).
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Table 6: Reaction Conditions for Zinc Experimental

Metal Ligand Solvents Temperature
0.04mmol Zn(NO3)2.2.5H2O 0.04mmol H2CDO⸱1H2O 1.0ml DEF 50℃, 24hrs

1.0ml MeOH
0.1ml pyr

Table 7: Average Zones of Inhibition. This table shows the average zones of inhibition of the four framework

phases, their solutions, and the components involved in each framework’s reaction. Four full trials were completed

with inhibition results for every sample. Note: Only the results from complete trials are included in this table.

Individual tests or multiple tests of 1 (Dry) and CuN are included in Table 8 for statistical significance.

Test 1 Test 2 Test 3 Test 4 Average (mm)

1 (EtOH wet) 23 30 37 32 30.5

1 (Dry) 22 25 35 30 28

1 in mother soln. 23 24 36 32 28.75

2 in mother soln. 25 28 32 31 29

3 in mother soln. 22 25 34 34 28.75

4 in mother soln. 21 27 30 36 28.5

1 soln. only 8 16 12 11 11.75

2 soln. only 8 16 9 11 11

3 soln. only 7 15 11 9 10.5

4 soln. only 9 16 10 11 11.5

CuN 20 27 30 25 25.5

H2CDO 15 21 20 21 19.25

Pyr. 11 17 15 10 13.25

EtOH 17 19 18 17 17.75

DMF 7 10 7 10 8.5
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Table 8: A) Data and B) Unpaired T-Test. Table A above shows the data of nine Kirby-Bauer tests of 1 dry (1

(Dry)) and copper (II) nitrate (CuN). In order to increase certainty in the statistical analysis of these data sets a larger

number of trials were used. Table B provides the results of an unpaired T-test between 1 dry and copper (II) nitrate

to determine if their zones of inhibition are significantly different. The nine zone of inhibition values of 1 dry (M=

27.89, SD= 4.46) compared to the nine of inhibition values of copper (II) nitrate (M= 23.33, SD= 4.53)

demonstrated that 1 dry had significantly larger zones of inhibition, t(16)= 2.1512, p= 0.0471.

Note: SD= Standard Deviation, SEM= Standard Error of the Mean

Table A

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9

1 (Dry) 26 25 24 22 25 32 32 35 30

CuN 16 18 23 20 27 25 26 30 25

Table B

Groups Mean SD SEM

1 (Dry) 27.89 4.46 1.49

CuN 23.33 4.53 1.51
95% Confidence Interval

T-Value: 2.1512

Degrees of Freedom: 16

P-Value: 0.0471

B.2.8. Bacteriostatic vs Bactericidal

This test was performed in order to determine if the zones of inhibition present in the
Kirby-Bauer tests against S. mutans were a result of bacteriostatic or bactericidal properties of
the six tested MOF variations and copper (II) nitrate. From the zones of inhibition of each
sample (Kirby-Bauer test), a swab was taken and then continuously streaked across an individual
plate of Mueller-Hinton media. The plates were reviewed for the growth of S. mutans at 24 hours
and 48 hours. The lack of growth would indicate that the S. mutans within the zones of inhibition
had been killed and therefore the samples are bactericidal. The presence of growth would
indicate that the samples had bacteriostatic properties and once removed from the presence of the
samples, the S. mutans remained alive and capable of growing again.
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Table 9. Bacteriostatic vs Bactericidal Tests. Seven samples were tested from the zones of inhibition from
Kirby-Bauer tests, and after 48 hrs none of the plates with continuous streaking presented any growth of S. mutans,
indicating the bacteria have been killed by the bactericidal properties of the samples.

Sample Growth (24 Hrs) Growth (48 Hrs)

1 Dry None None

1 EtOH wet None None

1 in mother solution None None

2 in mother solution None None

3 in mother solution None None

4 in mother solution None None

Copper (II) Nitrate None None

Control Growth Growth

B.2.9. Growth onto Titanium Implants

The MOFs’ desired application relies on the growth of the frameworks directly onto
titanium implants used in oral surgeries. To accomplish this goal, titanium implants were placed
in the reaction vials prior to placement of the reaction solutions into the 85℃ oven for 24 hours.
The MOFs were capable of growing directly onto the titanium implants (Figure 46). The
attachment of the MOF crystals to the titanium substrate was confirmed through a series of
washes with the mother solution and then ethanol, where none of the crystals were dislodged.
The crystals were then scraped from the implants, and PXRD analysis was used to confirm that
the production of the desired MOF was accomplished. Only a small amount of sample was able
to be dislodged from the titanium implant, further indicating strong adherence to the metal
surface, but the experimental peaks appear to correspond well with the expected calculated
pattern. The absence of some peaks is likely due to the relatively small amount of sample, but no
extra peaks are present also indicating pure phase 1.
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Figure 46: Microscopic Images of 1 onto a Titanium Implant (100x). Growth of 1 onto a titanium implant is

present in this microscopic image.

Figure 47: Calculated 1 vs Implant 1. As can be seen on the diffractogram, the peaks of implant 1 align well with

calculated 1, thus indicating that the crystals removed from the titanium implant are replicates of 1. The peaks of

implant 1 are low and limited due to the difficulty of removing crystals from the implant surface for PXRD analysis.
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B.2.10. Sulfa-Drugs

Sulfa-drugs were tested for potential coordination in our MOF structures due to their
known antimicrobial properties and potential for increased bacterial zones of inhibition. Pyridine
was exchanged in the reaction conditions for sulfapyridine due to their similar molecular
structures, which would increase the probability of sulfapyridine binding as a ligand. The
resulting MOFs were powdery microcrystals so single crystal data could not be produced for the
frameworks. Alternatively, IR spectroscopy was used for the identification of sulfapyridine’s
presence within the MOF structure. The MOFs were washed with mother solution to remove any
excess reactants or potential contaminants, then EtOH was used as a low-boiling/volatile solvent
to allow for more rapid/complete drying of the sample prior to running the IR spectroscopy.

Table 10: Reactions Conditions for the sulfapyridine phase.

Metal Ligand Solvents Temperature
0.04mmol Cu(NO3)2.2.5H2O 0.04mmol H2CDO⸱1H2O 0.5mL DMF 40℃, 24hrs

0.5mL EtOH
0.08 mmol sulfapyridine

Figure 48: Molecular Structure of Sulfapyridine.62

Figure 49: IR Spectra of the Sulfapyridine MOF Variant and Sulfapyridine.63 The sulfapyridine MOF variant

was prepared for IR spectroscopy through a series of ethanol washes prior to being dried. The circled regions above

3500cm-1 are indicative of amines. The presence of this peak in the MOF IR, although it has low intensity, indicates

the presence of an amine in the framework. The “double fang” peaks around 1650cm-1 (C=O) and 1300cm-1 (C-O)

are also important for consideration because the binding of a chelidonic acid in the structure would cause those

peaks to shift closer to each other, as seen above.

https://www.zotero.org/google-docs/?zE1YFj
https://www.zotero.org/google-docs/?3S7LvH
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C. Discussion

Through our preliminary research we have developed four main Cu-CDO MOF

structures with varying terminal ligands. The variations in ligands were produced by adjusting

the reactants and their concentrations until ideal conditions were determined for each desired

structure (Figure 50). As can be seen in Figure 6, 1 consists of packed polymeric metal-organic

(Cu-CDO) chains, having two pyridines and one water molecule as terminal ligands per trigonal

bipyramidal metal ion. The neighboring chains interact through hydrogen bonds or pi-pi

stacking. Reaction conditions were altered to provide a more anhydrous reaction environment (to

avoid excess water, since 1 has a water ligand), resulting in 3, structure shown in Figure 9.

Interestingly, 3 consists of two different chains (Figure 12), causing the metal ions to have,

essentially, 2.5 pyridines and 0.5 DMF terminal ligands, where a DMF or pyridine has replaced

the would-be water ligand. Also, the coordination shifts slightly to more of a square pyramidal

geometry. Although the pyridine ratio is much lower in solution, pyridine often binds Cu(II)

much more efficiently/often than carbonyl O atoms (e.g., in DMF). The occurrence of both DMF

or pyridine ligands in the axial position led us to explore the potential to target two new

structures: 1) an “all DMF” structure, and 2) an “all pyridine” structure. In other words, could we

replace half of the chains with more DMF terminal ligand or the other half with another

pyridine? As expected, adding excess DMF, under anhydrous conditions, led to 2 (Figure 9)

resulting in two pyridines and one DMF molecule as terminal ligands per metal ion, while the

addition of excess pyridine led to 4, with a pyridine for every terminal ligand, as can be seen in

Figure 15. Thus, 3’s structure results in a cross between 2 and 4 with one chain variant from

each, and we were able to systematically design a series of unique Cu-CDO MOFs for

antimicrobial testing.
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Figure 50: Solvent Ratio Variations. The scale is a ratio of 0.0 (0%) to 1.0 (100%); e.g., 0.5 is the ratio 0.5:0.5,

and indicates 50%. Note: me137= 1;  BM30= 2;  me138= 3;  RM31= 4

The first compound, [Cu2(CDO)2(pyr.)4(H2O)2]n or phase 1, was previously synthesized

by Eubank et al. in 2007.18 The reaction between H2CDO⸱1H2O and Cu(NO3)2⸱2.5H2O in a

dimethylformamide/ethanol/pyridine (DMF/EtOH/py) solution yields a homogeneous crystalline

material. The identity and purity of 1 was confirmed by similarities between calculated and

experimental PXRD (Figure 4). As can be seen in Figure 6, the metal-organic assembly (MOA)

consists of a single type of Cu-chelidonate chain, which is composed of ditopic chelidonate

(CDO) ligands bridging quasi trigonal bipyramidal single-copper ion units,

Cu(O2CR)2(py)2(H2O), where R indicates the CDO bridge and pyridine and water serve as

terminal co-ligands. As such, each metal ion is coordinated to two nitrogen atoms and three

oxygen atoms (CuN2O3). Each independent CDO is coordinated to two Cu(II) metal ions in a

monodentate fashion through the carboxylates, thus serving as a dianionic bridging ligand and

resulting in a neutral MOA.

The assembly of the alternating metal and organic moieties, both serving as bent

secondary building units (SBUs), L-Cu-L (~132.181°) and Cu-L-Cu (~132.181°), results in the

generation of zigzag metal-organic chains (Figure 6). The dicarboxylate angle in CDO is only

~115°, but the coordination of the most distal carboxylate O atoms leads to the wider Cu-L-Cu

angle. In the crystal structure, neighboring zigzag chains interact along the x-axis through pi-pi

stacking (Figure 6). Pairs of neighboring chains also interact along the y/z-axis through hydrogen

bonding (HB), specifically O-H-O HBs, the importance of which will be discussed later. There

are no uncoordinated molecules in the interstices.

https://www.zotero.org/google-docs/?s3PPA6
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In order to supplant the aquo ligand, we focused on the removal of potential sources of

excess water from the synthesis conditions, including the use of anhydrous ligand and removal of

EtOH (95%), leaving only DMF and pyridine with a large DMF excess. As expected, this led to

the design and synthesis of phase 2, [Cu2(CDO)2(DMF)2(pyr.)4]n, where DMF replaces the water

ligand. Although DMF coordination may be relatively less common compared to water or

pyridine, for example, it is known in MOFs, including the archetypal MOF-5.64

The reaction between H2CDO and Cu(NO3)2⸱2.5H2O in a dimethylformamide/pyridine

(DMF/py) solution yields a homogeneous macrocrystalline material. The identity and purity of 2

was confirmed by similarities between calculated and experimental (PXRD) (Figure 7). As can

be seen in Figure 9, the MOA consists of a single type of Cu-chelidonate chain, which is

composed of ditopic chelidonate (CDO) ligands bridging quasi square bipyramidal single-copper

ion units, Cu(O2CR)2(py)2(H2O), where R indicates the CDO bridge and pyridine and DMF serve

as terminal co-ligands. As such, each metal ion is coordinated to two nitrogen atoms and three

oxygen atoms (CuN2O3). Each independent CDO is coordinated to two Cu(II) metal ions in a

monodentate fashion through the carboxylates, thus serving as a dianionic bridging ligand and

resulting in a neutral MOA.

Here the geometry shifts slightly to quasi square pyramidal Cu(II), CuN2O3, which

introduces a pseudo linear metal building unit (CuO2, ~167°avg O-Cu-O), but the bent angle of CDO

(~102.335°) still produces zigzag chains (Figure 9). The dicarboxylate angle in CDO is only

~115°, but the coordination of the most distal carboxylate O atoms leads to the wider Cu-L-Cu

angle. In the crystal structure, neighboring zigzag chains interact along the y axis through pi-pi

stacking (Figure 9). Pairs of neighboring chains also interact along the x-axis through hydrogen

bonding (HB), specifically O-H-O HBs. There are no uncoordinated molecules in the interstices.

We theorized that the conversion rate could be controlled by modifying the amount or

identity of the co-ligand present in the structure. By utilizing a mixed-solvent system with a

lower DMF:pyr. ratio, we were able to synthesize a unique intermediate MOA, phase 3

{[Cu2(CDO)2(DMF)(pyr.)5]n} with a combination of two types of metal-organic chains or

[Cu(CDO)(py)2(DMF)-Cu(CDO)(py)3]n. The reaction between H2CDO and Cu(NO3)2⸱2.5H2O in

a reduced dimethylformamide and constant pyridine (DMF/py) solution, in comparison with 2,

yields a homogeneous crystalline material. The identity and purity of 3 was confirmed by

similarities between calculated and experimental PXRD (Figure 10).

https://www.zotero.org/google-docs/?7EaCej
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As can be seen in Figure 12, the MOA consists of two types of Cu-chelidonate chain,

with a mix between a pure DMF (axial) and py (axial) structure. One chain is identical to those

found in 2, and the other has only py terminal co-ligands. For both chain variations, the ligands

are bridging quasi square bipyramidal single-copper ion units, Cu(O2CR)2(py)2(H2O), where R

indicates the CDO bridge and pyridine or DMF, depending on the chain, serve as terminal

co-ligands. As such, each metal ion is coordinated to a combination of either two nitrogen atoms

and three oxygen atoms (CuN2O3) or three nitrogen atoms and two oxygen atoms (CuN3O2).

Each independent CDO is coordinated to two Cu(II) metal ions in a monodentate fashion through

the carboxylates, thus serving as a dianionic bridging ligand and resulting in a neutral MOA.

The axial pyridine bond with Cu (Cu-Npy(ax), ~2.227 Å) in 3 is longer than the

comparable bond with DMF (Cu-ODMF(ax), ~2.274 Å) in 3 (and 2). This supported a stronger

coordinate bond with pyridine and suggested that the material would better resist conversion to

1. As predicted, successive PXRD runs indicate that 3 takes ~72 mins to fully convert to 1 (Table

5).

Upon seeing the second type of chain with all pyr. terminal co-ligands, we theorized that

the addition of excess py to the synthesis conditions would lead to a fourth phase consisting of

only one type of py-based chain. As expected, the reaction between H2CDO and

Cu(NO3)2⸱2.5H2O in a dimethylformamide and excess pyridine (DMF/py) solution, above 0.8

mL, led to the targeted material 4 {[Cu2(CDO)2(pyr.)6]n}. The reaction yields a homogeneous

crystalline material with metal-organic chains that are identical to the py-based chains found in 3.

The identity and purity of 4 was confirmed by similarities between calculated and experimental

PXRD (Figure 13).

As can be seen in Figure 15, the MOA consists of a single type of Cu-chelidonate chain,

which is composed of ditopic chelidonate (CDO) ligands bridging quasi trigonal bipyramidal

single-copper ion units, Cu(O2CR)2(py)2(H2O), where R indicates the CDO bridge and pyridine

serves as a terminal co-ligand. The axial pyridine bond with Cu (Cu-Npy(ax)) in 4 is longer than

the comparable bond with DMF (Cu-ODMF(ax)) in 2 and 3. Each metal ion is coordinated to two

nitrogen atoms and three oxygen atoms (CuN2O3). Each independent CDO is coordinated to two

Cu(II) metal ions in a monodentate fashion through the carboxylates, thus serving as a dianionic

bridging ligand and resulting in a neutral MOA.

Through single crystal data analysis, a set of PXRD calculated values were produced for

each of our novel MOFs. We then used those calculated values for comparison against our
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experimental PXRD values and confirmation of our structure. The reproducibility and purity of

each framework structure is crucial to the study and use of these materials for applications.

Consistency in conditions and results had to be obtained so each set of frameworks had an

experimental PXRD for comparison to the calculated values. The comparisons between an

experiment PXRD of each MOF structure and their calculated values can be seen in Figures 4, 7,

10, and 13, respectively. Also, in the presence of relatively high ambient humidity the MOF

structures experienced conversions, which are related to stability and ligand associations.

There was a high tendency for MOF phases 2-4 to convert to 1 through exposure to

relatively high ambient humidity, and the comparisons between PXRD experimental values and

the calculated values could be used to track those transitions. During a PXRD scan, there was a

noticeable color change in the 3 crystals on the plate. A second PXRD was run shortly after and

the diffractogram had changed to express peaks indicative of 1. By placing the crystals of 2-4

into varying environments it was determined that neither x-rays nor ambient light were the cause

of the transitions. It was noted that 1 is the only structure with coordinated water, and we

theorized that due to the high relative humidity in the laboratory environment, 2-4 absorbed

moisture to convert to 1. The transitions expressed through a series of PXRD scans indicate that

the frameworks are converting to a more stable structure. The stability of the MOF structures is

heavily related to their efficacy for dental applications. The MOFs that we are producing will be

placed in highly aqueous environments with high humidity when attached to implants for oral

surgery, so it was vital to determine the effects on stability under those conditions. Tests for each

MOF structure were run at ambient temperature (20- 21.67℃) and when the humidity was

between 58-63% so that the structures could be exposed to an environment with relatively high

humidity. Structures 2, 3, and 4 all appear to have converted to 1 in the presence of humidity at

predicted systematic rates (Table 5). The conversion was supported by and tracked using PXRD

experimental values in comparison with the single-crystal calculated PXRD pattern. 2’s

conversion can be tracked between Figure 21- 24, while compared visually between Figure 20

and Figure 24. 3’s conversion can be tracked between Figure 26 and Figure 28, while compared

visually between Figure 25 and 27. 4’s conversion can be tracked between Figure 30 and 32,

while compared visually between Figure 29 and Figure 31. The conversion of 2 (having more of

the labile DMF ligands) occurred at the fastest rate of 62 minutes (Figure 33). Followed by 3 at

72 minutes and then 4 at 82 minutes (Table 5). The water molecule terminal ligands in 1 allow

for hydrogen bonding between chains, while none of our other structures have the water
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molecule terminal ligands for similar bonding (Figure 51). The stronger interactions between 1’s

molecular structure allows for it to be the most stable framework in environments with

humidity.65 1 is the favored MOF structure under high humidity and has the ability to maintain its

structure for several hours when placed directly in DI water, as seen in the PXRDs of Figure 37.

These results provided us with the confidence that 1 was best suited for placement in an aqueous,

biological environment such as the oral cavity if a stable framework is desired.

Figure 51. Hydrogen bonding in 1 vs the relaxed structure of 1, obtained from computational data: a) A portion of 1
from the crystal structure showing its inherent interchain OH⎯O hydrogen bonds; b) a portion of 1 from the crystal
structure showing the chain structure; c) a portion of 1 from the crystal structure showing its inherent interchain
OH⎯O hydrogen bonds.

Similar to the effects of humidity on MOFs 2-4, if any of our main four MOF structures

were left exposed to UV light for extended periods of time then new peaks would begin to

develop on the PXRD data while others decrease or disappear (Figure 38). This indicates that

prolonged exposure to UV light has an effect on the stability and structure of our frameworks.

The conversion under UV light leads to considerations in the preparation, storage, and potential

applications of our MOFs. The altered framework produced after UV exposure has the potential

to act as a more stable structure than any of our four main MOFs, which could provide benefits

in the applications of our frameworks, such as controlled degradation. UV light is also

commonly used with the preparation and placement of sealants and fillings so if the UV-altered

framework is desired then the dental light could be used for MOF activation as the dental

procedure or surgery is taking place.

Once an understanding of the stability and environmental interactions of the MOFs were

established, the research focus shifted to their potential for bacterial inhibition. Through

Kirby-Bauer testing we analyzed our framework’s antimicrobial properties, as well as, their

individual components against S. mutans. The reaction components were tested to discover if our

frameworks had a synergistic effect and could produce a combined zone of inhibition greater

https://www.zotero.org/google-docs/?mLIR56
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than all of the materials independently. All of our MOFs had average zones of inhibition at least

2.5mm larger than the largest individual component zone of inhibition, which was produced by

copper (II) nitrate (Table 7). The next largest individual component, H2CDO, averaged 8.75mm

smaller than the smallest MOF zone of inhibition. In order to determine statistical significance,

the smallest MOF zone of inhibition, from 1 dry, was compared against the largest individual

component zone of inhibition, from copper (II) nitrate. Nine Kirby-Bauer tests were run for both

compounds for increased certainty in the statistical significance of our T-test results. The nine

zone-of-inhibition values of 1 dry (M= 27.89, SD= 4.46) compared to the nine zone-of-inhibition

values of copper (II) nitrate (M= 23.33, SD= 4.53) demonstrated that 1 dry had significantly

larger zones of inhibition, t(16)= 2.1512, p= 0.0471 (Table 8A & 8B). Since the MOF variant

with the smallest zone of inhibition was larger than the greatest individual component’s, it can be

confirmed that all MOFs have zones of inhibition that are greater than any of their individual

components by a statistically significant amount. These findings help affirm that our goal of a

synergistic antimicrobial effect in our MOFs was obtained.

A very significant component of the use of our MOFs towards the larger goal of

preventing peri-implantitis is the ability for our frameworks to prevent the growth of oral

bacteria such as S. mutans. Kirby-Bauer tests are often used for the determination of the efficacy

of a known antimicrobial compound against known bacterial variants. However, the MOFs

developed in our study are either novel or too recently published to have a standardized series of

ranges for if S. mutans is resistant, intermediate, or susceptible to them. Instead, a comparison

must be made between the ranges for the current antimicrobial standard of care and the average

zones of inhibition for our MOFs. In a research article published in 2020 the most commonly

prescribed antimicrobial rates post oral surgery were defined as the following; penicillin

(45.25%), penicillin with beta-lactamase inhibitors (18.76%), metronidazole (12.29%), and

second-to-fourth generation cephalosporins (11.52%).13 By using a diffusion zone diameter chart

to find the standard inhibition zone ranges, the four most common antimicrobials can be

averaged with their perspective rate proportions to produce the ranges; resistant- less than or

equal to 22.35mm, intermediate- 22.35mm to 27.67mm, susceptible- greater or equal to

27.67mm .66,67 By these standards, all of our MOFs are considered to be quite effective

antimicrobials due to their averages being within the highest range, the susceptible range (Table

7). This result indicates that the tested concentration of our antimicrobial agent is effective

against S. mutans and could be used to treat an infection by that bacteria. However, all individual

https://www.zotero.org/google-docs/?1ZTojh
https://www.zotero.org/google-docs/?HCbSx2
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components of our MOFs fell within the resistant or intermediate range. These ranges indicate

that the components are either unreliable antimicrobial agents or higher concentrations could

potentially be effective against S. mutans. As concentrations increase it is important to consider

toxicity within a biological system, so our MOFs have the added benefit of not needing a higher

concentration, thus increasing their biocompatibility in comparison to their individual

components.

Also, due to the versatility of MOF structures, we explored synthesizing analogous MOFs

with zinc ions. Zinc nitrate was tested under reaction conditions similar to 1 (Table 6), and we

were able to produce the Zn-CDO analog. The zinc metal ions, which are known to have higher

biocompatibility than copper, have also produced MOFs with antimicrobial properties and hold

the potential for an even more biocompatible variation of the four main MOF structures in this

study (Figure 43).

In a majority of instances, bactericidal antimicrobials are preferred over bacteriostatic due

to their ability to kill the targeted bacteria and prevent continued or recurrent infections.7

Bacteriostatic antimicrobials prevent the growth of bacteria and prevent them from replicating,

but do not fully kill the microbes. If the bacteriostatic agents are removed then the bacteria are

capable of replicating again, which results in recurring infections that appear to be eliminated.

Thus, once it was found that the MOFs were effective antimicrobials against S. mutans,

the bacteriostatic or bactericidal method of inhibition was researched to determine the function

of the inhibition. As described above, the S. mutans removed from the zones of inhibition of the

MOFs and copper (II) nitrate did not begin to replicate again after 48 hours, while the control

sample with no MOF present did exhibit growth (Table 9). Our testing method provides evidence

indicative of our MOFs functioning in the preferred bactericidal nature. However, it is important

to note that our methods for testing bacteriostatic versus bactericidal methods of inhibition are

reasonably simple due to the materials at our disposal and the focus of the research project. More

reliable means of determining the function of bacterial inhibition are available through dilutions,

cytometry, and growth curve studies.68–70

The intended use for the MOFs developed in this study is to grow them directly onto

implants used in oral surgeries so that a zone of inhibition is present as the implant is placed and

for an extended period of time post-surgery. MOF growth tests were performed with titanium

implants, the most common oral implant, that were provided by a local oral surgeon. As can be

seen in Figure 46, the growth tests were a success (i.e., crystals are evident on the surface) and

https://www.zotero.org/google-docs/?broken=iVRw77
https://www.zotero.org/google-docs/?bSYZIC
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after washing with the mother solution and ethanol the crystals remained intact on the implant.

Through PXRD scans of crystals removed from the titanium implant and comparison to

calculated PXRDs from single-crystal data, we were able to determine that the desired MOFs

had been produced on the Ti surface (Figure 47). If the size of the crystals needs to be modified

in order to preserve the function and ease of placement of the implant, then our reaction

conditions could easily be altered to produce smaller particles or even thin films, further

evidence of the versatility of MOFs.

One of the methods tested for the production of microcrystals and thin-film MOFs

includes varying the reaction solvent to DMSO, DBF, or DEF for 1. An excess of DMF as the

solvent also produces microcrystals and often thin films for all four main MOF conditions. It was

also found that the addition of sulfapyridine in the place of pyridine in the reaction conditions

with a decrease in reaction temperature, would produce microcrystals and thin films while

incorporating the sulfa-drug. The thin film will allow for maintained implant function, while also

providing the desired antimicrobial properties to the site of the oral surgery. A mechanical filing

method could also be used to smooth the MOF material to be more homogenous on the Ti

surface.

Preliminary testing of sulfapyridine as a terminal ligand in our MOF structures was

conducted, and through IR spectroscopy the sulfa-drug could be identified within the framework.

After removing all uncoordinated sulfapyridine molecules with a mother solution and then

ethanol wash, IR was run over the dry MOF and peaks were present in the range above 3500cm-1

(Figure 49). The peaks within this range are indicative of the N-H stretch in primary and

secondary amines and the presence of a multiplet allows for the assumption that sulfapyridine is

present within the framework structure. The “double fang” peaks around 1650cm-1 (C=O) and

1300cm-1 (C-O) are also important for consideration because the binding of chelidonic acid in the

structure would cause those peaks to shift closer to each other, as seen in Figure 49. Despite the

coordination of sulfapyridine into a MOF structure, reaction conditions could not be identified to

produce suitable single crystals for analysis. We have determined that sulfapyridine-MOF

production reactions need to be held at lower temperatures than MOFs with pyridine terminal

ligands or degradation of the materials will occur before a crystalline MOF structure can be

produced. The initial progress of producing a sulfapyridine-MOF variant provides promising

results for the coordination of such a drug molecule directly into a framework and a foundation

for future studies.
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D. Conclusion

A series of metal-organic frameworks were systematically developed and their properties

analyzed for the potential of preventing peri-implantitis from S. mutans post oral surgery. The

initial focus was on reproducing frameworks or developing novel MOFs so that frameworks with

a high potential for antimicrobial inhibition could be identified for further research in the study.

Four key MOFs were identified, all containing bridging chelidonate ligands and copper (II) metal

ions, but with variations of the terminal ligands on their structures. 1 has a MBB with two

pyridine terminal ligands and one water molecule terminal ligands per metal ion (Figure 6).

Hydrogen bonding is a strong horizontal coordination between the chains of 1, which allows for

a more stable structure in comparison to the other three main MOFs. 2’s MBB contains two

pyridines and one DMF terminal ligand per metal ion (Figure 9). 3 is composed of two chain

variants, one with the same terminal ligand bonding as 2 and the other with all pyridine terminal

ligands, the same as 4 (Figures 12 & 15). All frameworks consist of pi-pi stacking between

neighboring chains. Once the frameworks were developed and identified, their stability and

ability to interact with a biological environment were studied.

Humidity, full submersion in DI water, and UV exposure were all analyzed for effects on

structural composition and the potential for directed or delayed antimicrobial delivery. 2, 3, and 4

all experienced molecular changes when exposed to humidity within the environment, and the

end product of their conversion was identical to the framework of 1. The conversion of 2

occurred at the fastest rate of 62 minutes (Figure 33). Followed by 3 at 72 minutes and then 4 at

82 minutes (Table 5). The delayed degradation of the three frameworks in response to humidity

provides the potential for their structures to be used as carriers of antimicrobial compounds for

directed/controlled release applications. The humidity-stable phase, 1, was then tested for further

stability once submerged directly within DI water. The structure of 1 was maintained for several

hours (approximately 24hrs), providing confidence that this framework variant could be used as

a time-stable phase within biological settings. After extended exposure to UV light, full

conversion of all four frameworks to a potentially more stable UV phase was determined (Figure

38). With the common practice of high strength, UV-curing of fillings and sealants, the UV phase

could also be used for controlled delivery of antimicrobial properties.

Following the analysis of our MOFs’ properties under varying conditions, Kirby-Bauer

testing was used to determine their antimicrobial abilities. It was determined that all frameworks
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produced zones of inhibition that were larger than any individual component by a statistically

significant amount (Table 8). These results indicate that the combination of MOF ligands and

copper metal ions produced the desired synergistic antimicrobial effect greater than any

individual component. The level of bacterial inhibition was also estimated using the Kirby-Bauer

tests by proportionally averaging the standard inhibition zone ranges of the four most common

antimicrobials for reference. All of our MOFs were considered to be effective antimicrobials due

to their averages being within the calculated susceptible ranges of the averaged oral surgery

antimicrobials (Table 7). This result indicates that the tested concentration of our MOFs is

effective against S. mutans and is capable of treating an infection by it. In order to determine the

function by which the frameworks were inhibiting bacterial growth a preliminary bacteriostatic

versus bactericidal test was performed. It was found that all MOFs were bactericidal, which

provides the added benefit of killing the S. mutans within the zone of inhibition entirely and

preventing recurrent infections in the biological setting.

For the intended application of our MOFs, they needed to have the capability of direct

growth onto oral surgery implants. This function was tested through the placement of oral

surgery implants made of the most common material, titanium, into the reaction conditions of

our frameworks. Growth onto the implants was successful and large crystals were clearly

adhered to the titanium surface, including after washing processes. Through the variation of

reaction conditions, microcrystals could be produced onto the implant, which has the added

benefit of a reduced impact on the function of the implant within the surgery. If needed,

mechanical abrasion could also be used to file the larger frameworks into a smooth surface if

needed. The ability for our now-proven, statistically-significant, synergistically antimicrobial

MOFs to grow directly onto titanium implants allows them to be present as the implant is being

placed, thus producing a lasting zone of inhibition before, and long after, the surgery is

completed.

Preliminary testing of sulfa-drugs was conducted but we were unable to find the proper

reaction conditions for producing crystals large enough to be used in the single-crystal x-ray

diffractometer. Microcrystals were produced with sulfapyridine incorporated into the framework,

as indicated by the corresponding peaks present in the IR spectra. Future testing of reaction

conditions could provide large enough crystals for analysis and then their applications as

potentially stronger antimicrobials than any of the four main MOFs in this study. The addition of

sulfapyridine into our MOF frameworks increases the potential synergistic antimicrobial
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properties and could be beneficial for directed drug delivery. Preliminary data was also produced

through our methods of bacteriostatic versus bactericidal tests, but further, in-depth, studies

would be needed for the confirmation of the results. More reliable means of determining the

function of bacterial inhibition are available through dilutions, cytometry, and growth curve

studies. In addition to further research on the areas of preliminary data within this project, the

area of greatest interest for future studies lies in in vivo studies. All analyses and tests performed

by our group were limited to in vitro environments, but the culmination of our results provides

confidence in the function of the four key MOFs. Although rigorous regulations and

certifications must be met prior to in vivo studies, the true efficacy of our frameworks in

biological environments can only be determined by these forms of research. The antimicrobial

properties of our MOFs against S. mutans, their delayed or directed application through stability

variations, and their ability to be grown directly onto titanium implants provides them with all

desired properties for the prevention of peri-implantitis post oral surgery.
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Infrared Spectrometry was collected on a Thermo Scientific Nicolet iS5.

Muller Hinton Agar Petri Dishes were used for Kirby-Bauer testing.

Hardy Diagnostics Wickerham card and McFarland latex 0.5 were used for dilutions.

Other College/Facility:

Single crystal data provided by Dr. Greg McManus at Florida Gulf Coast University.

Prior research obtained single-crystal data from the Chemistry, Biochemistry, and Physics (CBP)

department of the University of Florida and the University of South Florida.

Dr. Langford in the biology department of Florida Southern College will be providing guidance

on future research.

Cyberinfrastructure:

Calculated PXRD values were produced using Accelrys Materials Studio Modeling 4.0 software.
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