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 Rapid industrialization during the 20th century has left an indelible mark on the global 

landscape. Often, industrial processes cannot be regulated to match the pace at which nations are 

developing—infrastructures become more complex without proper management. Contamination 

of local environments from these operations has plagued ecosystems and can lead to detrimental 

effects on a larger scale. In recent decades, the development of “green” industrial agendas has 

diminished pollution and enriched efforts for environmentally sustainable technologies, however 

this progression does not remediate the contamination that already exists. Functional materials that 

can detect ultralow concentrations of pollutants are essential before they accumulate and cause 

extensive damage. Furthermore, dual-performance compounds that sense and extract contaminants 

would streamline environmental purification efforts and simplify remediation procedures. 

 Luminescent metal-organic frameworks (LMOFs) are a rapidly growing category of 

functional, crystalline materials useful for a broad range of applications. LMOFs are comprised of 

single metal ions or clusters linked together through organic ligands. Extended, multidimensional 

frameworks are formed that boast tunable surfaces and optical properties. The ability to alter 

porosity and chemical functionalities within the material enhance the effectiveness to interact with 

specifically targeted analytes.  

 Organic ligands within LMOFs, through the scope of this work, contain aromatic groups 

that undergo optical emission under specific irradiation. Linker molecules with varying functional 
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moieties are also incorporated into LMOFs. When assembled together, the materials that are 

produced exhibit altered optical emission profiles through strong guest-host interactions as well as 

the interplay between the optically-active and functionalized organic ligands. Additionally, 

enhanced uptake of guest molecules into the LMOF channels highlight the dual-performance of 

these materials. 

 Overall, this dissertation focuses on the design, synthesis, characterization and application 

of LMOFs for the luminescence-based sensing and extraction of various inorganic/organic species, 

important for both contamination remediation and energy-related applications. 
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CHAPTER 1: Introduction 

1.1  LMOF Background 

Metal-organic frameworks (MOFs) are a type of material classified as coordination 

polymers with open frameworks that contain potential voids.1 MOFs are constructed via self-

assembly of metal cations, or clusters, and polydentate organic ligands, producing one, two, or 

three-dimensional coordination networks.2 The crystallinity of these systems enables X-ray 

diffraction techniques to provide precise structural information. These materials can be chemically 

modified to insert functionalities at definite locations—coupled with adjustable porosity, these 

desirable characteristics have prompted the use of MOFs towards several applications, including 

gas storage and separation,3-4 catalysis,5-6 sensing,7 drug delivery,8-9 proton conduction,10 

optoelectronics,11 and imaging.12 The organic ligands used in MOFs often incorporate aromatic or 

conjugated π groups that not only provide a rigid backbone towards a stable structure, but can also 

be photo-excitable and discharge optical emission. 

Luminescent MOFs (LMOFs) represent a growing subcategory of MOFs, which emit light 

upon excitation. Photoluminescence (PL) results when photon energy is used to excite the material. 

Due to the variation in LMOF structures, which often include many types of inorganic nodes, 

organic ligands, and guest molecules, the photoluminescence mechanism can be vastly different 

between materials. The focus of this work lies on LMOFs that display ligand-based emission—in 

such cases, the inorganic components or guest molecules within the framework make negligible 

contributions to the emission. However, the interplay between multiple-linker systems facilitates 

electron-transfer mechanisms that alter the optical properties of the system compared to the 

molecular chromophores, or the individual luminescent organic ligands.13 Permanent porosity, a 

characteristic of select LMOFs, enables the material to constrain target analytes, or specific 
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chemical species under direct observation, within the channels and promote effective interactions 

with specific functionalities. The locations of these moieties are explicitly known from X-ray 

diffraction studies. These traits are not common among other potential sensor materials and 

represent an interesting path for detection and preconcentration methods.  

1.2  LMOFs as Sensors 

Within a certain type of medium, a specific analyte may enter the pores of an LMOF and 

interact with organic ligands within the confined cavities. Whether the interaction site exists on a 

chromophore or a functionalized co-linker, the electronic properties of the LMOF change and a 

detection signal is generated—this response is similar to observations in small molecule and 

conjugated polymer systems.14-15 Immobilization of optically-active ligands into the LMOF 

promotes higher internal quantum yield (IQY) values compared to the molecular chromophore16-

17 and limits self-quenching from aggregation after exposure to analytes. IQY represents the ratio 

between emitted and absorbed photons from an optically active material. 

A change in the photoluminescence intensity or wavelength can be used as a detection 

signal to identify the presence of analyte within a LMOF. Emission intensity variation is the most 

common mode of detection, with enhancement or quenching of the PL dependent on the electronic 

properties of the organic ligands and/or target analytes under investigation. Several characteristics 

of LMOFs need to be considered before application towards specific analytes. Pore apertures can 

be adjusted depending on the size and morphology of incorporated organic ligands, which usually 

include π-conjugated components. However, additional functionalities on the optically-active 

linkers or structural co-linkers could diminish the pore window. These functionalities also have a 

drastic effect on the chemical environment within the LMOF channels, including acidity/basicity, 



3 

 

 

 

polarizability, hydrophobicity, etc. These factors need to be individually managed to formulate 

ideal LMOFs to interact with specific guest species. 

When selecting metal ions for assembly into the LMOF, it is important to consider how 

these inorganic components will participate in the luminescence mechanism. Paramagnetic ions 

(Mn2+, Co2+, Ni2+, Cu2+) are known to quench luminescence through the activation of energy or 

electron transfer processes from the photo-excitable organic ligand.18 Commonly used metal ions 

for LMOF assembly include d10 metal ions, such as Zn2+ or Cd2+, due to the low-energy, fully 

filled core-orbitals that do not participate in luminescence mechanisms, promoting ligand-based 

emission from the system.19 However, in order to solve issues with LMOF stability in certain 

environments, highly valent metal ions have been used to increase the bond strength with 

carboxylate-based ligands, resulting in rigid secondary building units (SBUs).20-22 The LMOF 

bandgaps may be altered from similar systems using d10 metal ions,23 however these robust SBUs 

with a larger coordination sphere could lead to further interaction pathways through open-metal 

sites in addition to stability enhancements. 

Aside from stability, LMOFs must exhibit sensitivity and selectivity to be effective sensor 

materials. A focus of the research presented in this dissertation focuses on the synthesis and 

incorporation of functionalized co-linkers that were designed to interact with target analytes over 

similarly structured guests. 

1.3  Advantages of Dual-Ligand LMOFs 

It is difficult to maintain effective and selective interactions with analytes using a single 

ligand; it would have to be photoluminescent under specific irradiation and chemical conditions 

(pre- and post-exposure to target species) while promoting guest-host interactions to occur through 

functionalization and/or physical confinement. Chemical modification on a chromophore may 
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interrupt its electronic properties and quench luminescence. The presence of an interaction site on 

the optically-active ligand in a LMOF could lead to enhanced detection sensitivity, but there are 

many variables to regulate (pore window constraints, framework stability, excitation wavelength, 

etc.) when using a single-ligand system.  

Dual-ligand LMOFs consolidate organic groups with a variety of properties and often lead 

to materials with interesting and useful structures that would not result from single-ligand systems. 

These dual-ligand materials have been difficult to synthesize due to the competitive formation of 

thermodynamically- and kinetically-favored products. The metal-ligand bonds are often 

exothermic, and certain linkers may coordinate more slowly due to steric or electronic effects from 

chemical functionalities.24-26 Reaction pathways have been optimized in the presented work, and 

mechanisms for multivariate LMOF preparation vary dependent on the metal source, organic 

ligands, solvent conditions, etc. 

The level of variation achieved with dual-ligand LMOFs cannot be matched by single-

ligand systems. Porosity and surface chemistry can be easily adjusted through small alterations in 

the co-linker.27 Switching the organic component in a single-ligand LMOF may result in drastic 

optical or structural mutations from the original material. Due to the separation between 

functionalized co-linkers (guest-host interaction sites) and chromophores, the emission profile 

from an LMOF can be easily predicted. Additionally, along with the knowledge of precise 

interaction site locations from X-ray diffraction analyses, the functionalities on co-linkers can be 

modified between similarly-structured materials without detrimental quenching effects. A 

systematic study can be implemented to determine ideal LMOF sensors towards specific analytes. 

The tailorable pores and surfaces within dual-ligand LMOFs also provide opportunities for 

adsorption, extending the application of this class of materials. Dual-performances in detection 
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and adsorption of target analytes are outlined in this work, establishing methods to simplify 

remediation efforts and industrial procedures.  

 

CHAPTER 2: Simultaneous Detection and Extraction of Heavy Metals from Water 

2.1  Introduction 

Effective detection and removal of toxic heavy metals (Hg2+, Pb2+, Cd2+, etc.) from water 

sources are paramount to regions spanning the globe. Pollution from mines, factories or even 

poorly constructed water supply pipes lead to devastating effects on the environment and vital 

biological processes, including human health. Recent crises involving drinking water 

contamination in Flint, Michigan and Newark, New Jersey have proved that these issues don’t just 

exist within developing nations—heavily industrialized areas and cities with antiquated water 

regulations have a direct and detrimental effect on our drinking water supplies.28 Alternatively, 

agricultural communities in under-industrialized areas have high concentrations of heavy metals 

in groundwater (from assorted agrochemicals, textiles, metallurgy, etc.).29 Not only does 

contaminated groundwater affect drinking supplies, but these metals also leach into the soil and 

accumulate in plants and animals. This expands the number of exposed people and ecosystems 

beyond the agricultural communities. 

The ability to detect ultra-low levels of toxic metals is of emerging importance. To 

remediate water supplies, it is best to detect toxic metals as early as possible, before the 

concentrations increase, accumulate in the local environment and cause considerable damage. 

Previous studies have used a variety of materials that have lowered the threshold for detection. 

Electrochemical methods30-33 for the detection of mercury have vastly lowered sensing limits, 

however these methods are expensive, cumbersome and require higher technical prowess. 
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Techniques that measure sample absorbance to detect trace mercury levels34-36 have allowed for 

more portable instrumentation, but it has been shown that fluorescence based sensors have lower 

detection limits.37  

 The possibility of synthesizing new fluorescent materials that selectively bind heavy 

metals has drawn further attention.38-40 Luminescent metal-organic frameworks (LMOFs) have 

recently been developed as chemical sensors due to their high porosity, tunability and mild 

synthetic conditions.18, 41-47 Most of the previous studies making use of LMOFs for heavy metal 

detection have focused on functionalized prototype materials to increase selectivity for toxic metal 

ions or to enhance luminescence, without addressing their capture/removal potential from aqueous 

solution.48-54 Other studies have centered on tailoring MOFs to boost their uptake capacity for 

heavy metal ions, without providing fluorescence-based quantitative detection ability for these 

contaminants.55-57 Obtaining a material that can simultaneously detect and remove heavy metals 

from water would greatly enhance the water remediation process, although research that places a 

spotlight on both functionalities is sparse.57-58 

Effective fluorescence detection and adsorption of heavy metals relies on both selectivity 

and sensitivity — namely the signal responses must be sensitive to the change in concentration 

and interactions should be analyte specific.57, 59-60 Dual-ligand MOFs that offer both luminescence 

and targeted functionality provide a unique scaffold that can echo these important properties.61-62 

Following these guidelines, we have recently developed a new strategy to design highly 

porous and strongly luminescent MOFs (LMOFs) for possible use as dual-functional fluorescence 

sensors and adsorbents.17, 63-64  By incorporation of a chromophore-based ligand along with a 

structure-modulating co-ligand,65 we have succeeded in synthesizing a number of LMOFs with 

high stability, specified porosity, surface functionality, targeted emission energy and strong 
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luminescence. For example, the combination of a green-emitting chromophore and a tricarboxylate 

co-ligand leads to LMOF-251 with desired yellow emission and significantly enhanced 

fluorescence IQY.17    

The aforementioned characteristics make these LMOFs promising candidates for selective 

detection and effective capture of heavy metals.  In this study, we report the design and synthesis 

of a series of isoreticular LMOFs66 built on tppe chromophore and a dicarboxylate-based co-ligand 

with varying functional moieties and a detailed study of their heavy metal detection and uptake 

potential. We show that the LMOF with thio-functionalization exhibits extremely sensitive and 

selective optical detection of heavy metals over nonhazardous lighter metals, as well as high 

performance in the removal of heavy metals from aqueous solution. 

2.2  Experimental Details 

2.2.1  Ligand Syntheses 

Synthesis of 4-tppe 

1,1,2,2-tetraphenylethene (tpe, A) powder was reacted with liquid bromine to produce 

1,1,2,2-tetrakis(4-bromophenyl)ethene (Br4-tpe, B) and further purified via recrystallization in 

methylene chloride/methanol. To attach the pyridine moiety to the tetradentate segment, a Suzuki 

coupling was carried out (Scheme 2.1) between Br4-tpe and pyridine-4-boronic acid, catalyzed by 

 
Scheme 2.1. tppe synthesis. 
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palladium(II) acetate. The fluorophore 4-tppe [1,1,2,2-tetrakis(4-(pyridine-4-yl)phenyl)ethane, C] 

product was synthesized according to literature procedures.17 Product yield was 75%. 

Synthesis of H2hfdc 

The linker H2hfdc (E) was synthesized through use of the Huang Modification.61 H2ofdc 

[9-oxo-9H-fluorene-2,7-dicarboxylic acid] (D) (3 g, 11.2 mmol) and NaOH (2.64 g, 6 equiv.) were 

mixed with hydrazine monohydrate (2.25 mL, 16 equiv.) and ethylene glycol (100 mL) for 12 h at 

reflux, outlined in Scheme 2.2 below. Hydrazine monohydrate was evaporated from the mixture 

and the temperature raised to keep the ethylene glycol at reflux. After the reaction ceased, the 

solution was neutralized using excess water, and the pH was slowly decreased to ~1 using aliquots 

of concentrated HCl. The orange solid (2.5 g, 86% yield) was filtered and washed with excess 

water. 

 

 

   

Synthesis of H2dbtdcO2 

The sulfone-functionalized ligand H2dbtdcO2 [G, dibenzo[b,d]thiophene-3,7-dicarboxylic 

acid-5,5-dioxide} was synthesized according to the work of Olkhovik et al.67  Dimethyl biphenyl-

4,4’-dicarboxylate (F, 5 g, 18.5 mmol) was dissolved in chlorosulfonic acid (21.57 g, 10 equiv.), 

depicted in Scheme 2.3. The mixture was heated at reflux for 3 h, or until no more HCl was 

produced as a by-product. At this time, the mixture was poured onto crushed ice to quench the 

 
Scheme 2.2. H2hfdc synthesis. 

 

Scheme 2.3. H2dbtdcO2 synthesis. 
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reaction. White solid was separated via vacuum filtration, washed with water and dried to produce 

H2dbtdcO2 (4.5 g, 80% yield). 

2.2.2  Isoreticular MOF Syntheses 

Synthesis of Zn2(ofdc)2(tppe) (LMOF-261) 

Solvothermal reactions of Zn(NO2)2·6H2O (0.030 g, 0.1 mmol), tppe (0.024 g, 0.4 mmol) 

and ofdc (0.0134g, 0.05 mmol) in a mixed solvent system (DMA:iPrOH:DMSO, 4:1:1) were 

prepared in 20 mL glass vials. The reaction mixture initially was kept under sonication until all 

solids were dissolved, then the vials were kept at 150 °C for 24 h. After the reaction mixture was 

cooled to room temperature, the yellow needle-shaped crystals were collected via vacuum filtration 

and washed with DMA. 

Synthesis of Zn2(hfdc)2(tppe) (LMOF-262) 

Solvothermal reactions of Zn(NO2)2·6H2O (0.015 g, 0.05 mmol), tppe (0.019 g, 0.3 mmol) 

and hfdc [9H-fluorene-2,7-dicarboxylic acid] (0.025 g, 0.1 mmol) were prepared similarly to 

LMOF-261 reactions, instead reacting at 120 °C for 3 d. Orange rod crystals were filtered after the 

reaction was brought to room temperature and washed with DMA. 

Synthesis of Zn2(dbtdcO2)2(tppe) (LMOF-263) 

Solvothermal reactions of Zn(NO2)2·6H2O (0.030 g, 0.1 mmol), tppe (0.024 g, 0.4 mmol) 

and H2dbtdcO2 [dibenzo[b,d]thiophene-3,7-dicarboxylic acid 5,5-dioxide] (0.030 g, 0.1 mmol) 

were prepared similarly to LMOF-261 reactions. After the reaction mixture was cooled to room 

temperature, pale yellow needle-shaped crystals were collected via vacuum filtration and washed 

with DMA. 

2.2.3  Structural Analysis of LMOF-261 
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Single crystal X-ray diffraction data for LMOF-261 were collected on a Bruker 

D8 diffractometer with PHOTON 100 detector using the synchrotron source (λ = 0.7749 Å) at the 

Advanced Light Source 11.3.1 Chemical Crystallography beamline (Table 2.1). All non-hydrogen 

atoms were refined anisotropically; hydrogen atoms were placed geometrically, constrained and 

refined with a riding model. The unresolvable electron density from the void space in the structure 

was removed by SQUEEZE. 

The powder X-ray diffraction (PXRD) patterns were collected on a Rigaku Ultima-IV 

diffractometer using monochromatic Cu Kα radiation (λ = 1.5406 Å). Data were collected between 

3-45° 2θ with step size 0.02° and scanning rate 2.0°/min. PXRD patterns were obtained for the as-

Table 2.1. Single crystal data of LMOF-261. 

Compound LMOF-261 

Formula C38H22N2O5Zn 

M 651.94 

Crystal system Tetragonal 

Space group I41/a 

a/Å 33.9529(14) 

b/Å 33.9529(14) 

c/Å 17.1833(8) 

α/o 90 

β/o 90 

γ/o 90 

V/Å3 19808.9(19) 

Z 16 

Temperature/K 100(2) 

l (radiation wavelength)/Å 0.7749 

D (g/cm3) 0.874 

Reflections collected 126056 

R1a [I > 2σ(I)] 0.0585 

wR2b [I > 2σ(I)] 0.1516 

Goodness-of-fit 

CCDC No. 

1.066 

1478942 

a R1= ∑│Fo- Fc│/ ∑│Fo│ 
b wR2= ∑[w(Fo

2- Fc
2 )2] / w(Fo

2)2]1/2 
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made crystal samples, shown in Figure 2.1. The crystal morphologies change slightly within the 

isoreticular series, yet the PXRD patterns contained identical peaks (Figure 2.1, 2.2). Crystal colors 

were consistent with the color of the dicarboxylate linker used in the solvothermal reaction. Only 

powder samples of LMOF-263 could be synthesized for this analysis. 

Figure 2.3 portrays the remarkable stability of LMOF-263 at various pH values and water 

exposure times. The material was stable in water for 2 weeks, and relatively stable in pH 4-10 for 

15 h.  

 

Figure 2.1. PXRD patterns of the LMOF isoreticular series (LMOF-261, -262 and -263). 

 

Figure 2.2. Crystal images of (a) LMOF-261 and (b) LMOF-262. 
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2.2.4  Additional Instrumental Details 

Thermogravimetric Analysis of LMOF-261, -262, and -263 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q5000 under 

constant N2 flow (20 mL/min). Approximately 4 mg of sample was placed into a platinum pan, 

which was then heated from 30-600 °C at a rate of 10 °C/min. Figure 2.4 displays the three TGA 

curves for each member of the isoreticular series. 

 

 

 

 

Figure 2.3. LMOF-263 is stable under a variety of conditions, including a) in water for 24 h and b) 2 

weeks. Also, LMOF-263 stayed relatively stable exposed to pH c) 4, d) 6, e) 8 and f) 10 for 15 h, with 

the low angle peaks showing increased crystallinity under basic conditions. 
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Optical Characterization Techniques 

UV-visible diffuse reflectance spectra were obtained for LMOF-261, -262, -263 and the 

fluorescent ligand 4-tppe at room temperature using a Shimadzu UV-3600 spectrophotometer. The 

diffuse reflectance data was converted to the Kubelka-Munk Function as follows: 

Using a Varian Cary Eclipse spectrophotometer, optical excitation and emission spectra 

were collected for as-made and outgassed solid samples of LMOF-261, -262 and -263. 

Additionally, internal quantum yield (IQY) was measured using a Hamamatsu C9220-03 

spectrophotometer with integrating sphere. Table 2.2 displays IQY data upon 360 nm excitation.  

 

 

 

Figure 2.4. Thermogravimetric (TG) analysis of as-made LMOF-261 (green), -262 (purple) and -263 

(red). 

𝐹(𝑅) =  
(1 − 𝑅)2

2𝑅
 

Equation 2.1. Kubelka-Munk function F(R), where R is the diffuse reflectance. 
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Gas Sorption 

Gas sorption isotherms of outgassed LMOF-261 and -263 were collected on a 

Quantachrome Instruments Autosorb-1 MP volumetric gas sorption analyzer using ultra high 

purity N2 (99.999%). Liquid nitrogen was used as coolant to achieve cryogenic temperature (77 

K). The N2 isotherm was collected in a pressure range from 10-7 to 1 atm. The BET surface area 

was obtained using Autosorb v1.50 software. 

Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were 

performed using a Spectro Arcos Analyzer with standards from VHG Labs (#SM45-500 and 

SM70B-500). ICP-OES was used to determine the concentrations of various metal ions (Hg2+, 

Pb2+, Ca2+ and Mg2+) in aqueous solutions after various LMOF-263 exposure conditions.  

X-ray Fluorescence Spectroscopy 

X-ray fluorescence spectroscopy (XRF) measurements were performed on a Horiba X-ray 

Analytical Microscope XGT-1000WR, with X-ray tube voltage and current at 50 kV and 60 µA, 

respectively. XRF was utilized to determine the relative amounts of Zn2+ and Hg2+ in LMOF-263 

after various Hg2+ exposure conditions. As a control, a mixture of ZnO and HgCl2 (50:50 weight 

ratio of Zn:Hg) was prepared to make sure the instrument was calibrated properly. The molar ratio 

Table 2.2. IQY data for as-made and outgassed samples of LMOF-261, -262 and -263 under 360 nm 

excitation. 

 

 
IQY (%) 

 
As-made Outgassed 

LMOF-261 18.2 9.5 

LMOF-262 10.7 10.2 

LMOF-263 89.2 76.6 
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between Zn and Hg in the mixture was 1:0.280, which corresponds to a relative mass of 53.83 and 

46.17%, respectively (Table 2.3). The difference between an exact 50:50 ratio can be attributed to 

error when weighing out the powders.  

For further control, relative masses of zinc and sulfur in as-made LMOF-263 were 

determined (Table 2.3). The LMOF-263 formula [Zn2(dbtdcO2)2tppe], derived from SCXRD 

analysis on the isoreticular LMOF-261, reveals an equimolar amount of zinc and sulfur. The 

relative weight percentages of zinc and sulfur in the as-made samples averaged to 67.22 and 

32.78%, respectively, or a molar ratio of 1:0.995, consistent with the structural analysis. 

Fourier Transform Infrared Spectroscopy 

 Fourier transform infrared (FTIR) spectroscopy was used to identify the different 

functional groups in LMOF-261 and LMOF-263. For these measurements, the LMOF-263 powder 

was gently pressed onto a KBr pellet (~1 cm diameter, 1-2 mm thick). The pellet was placed into 

a high-pressure, high-temperature cell (product number P/N 5850c, Specac Ltd., UK) at the focal 

point of an IR spectrometer (Nicolet 6700, Thermo Scientific, US). The samples were activated by 

annealing under vacuum (<50 mTorr) at 100 °C for at least 1 h, then cooled down to room 

temperature for FTIR analysis. 

X-ray Photoelectron Spectroscopy 

Table 2.3. XRF data from a 50:50 (w/w) mixture of HgCl2:ZnO and as-made LMOF-263. 

 

50:50 Mixture of  HgCl2:ZnO As-made LMOF-263 

Element Molar Ratio 
Weight Percentage 

(%) 
Element Molar Ratio 

Weight Percentage 
(%) 

Zn 1 53.83 Zn 1 67.22 

Hg 0.280 46.17 S 0.995 32.78 
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X-ray photoelectron spectroscopy (XPS) was employed to further investigate the 

interaction of Hg2+ or Mg2+.with LMOF-263. Information regarding changes in local electronic 

structure of S, C and O as a function of Hg2+ or Mg2+ can be inferred by monitoring the sulfur 

binding energy in LMOF-263. The samples were loaded on a KBr pellet (same procedure as in 

FTIR), using a Perkin Elmer PHI system equipped with a concentric hemispherical analyzer. An 

Al Kα (1486.6 eV) monochromatic X-ray source at a chamber base pressure of <1.0 nTorr was 

used to excite photoelectrons. Since LMOF-263 is insulating, potential charging was corrected by 

using a neutralizing flood gun and insuring that the C 1s core level is at 285.4 eV and correcting 

the other core levels accordingly. 

2.2.5  Fluorescence Titrations 

An as-made sample of LMOF-263 was placed into water (0.25 g/L) and gently sonicated. 

LMOF-263 was easily suspended in water. Photoluminescence (PL) titrations were carried out by 

incrementally adding aliquots of M2+ stock solutions to the LMOF-263 suspension and kept under 

continuous stirring. The fluorescence spectra were recorded 5 min after adding the appropriate 

amount of M2+ stock solution. This exposure time ensured that analyte entered the LMOF pores. 

Each measurement was repeated three times and the average value was used. 

2.3  Results and Discussion 

2.3.1  Crystal Structure Analysis 

An isoreticular LMOF series has been synthesized by using the tetradentate tppe ligand 

and several functionalized dicarboxylate linkers as co-ligands. The formation of a group of LMOFs 

with the same structure and topology using such co-ligands would allow us to study, compare, and 

understand the difference in their sensing behavior in a direct and systematic manner. Crystals of 

LMOF-261 were obtained through procedures reported above. 
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LMOF-261 or [Zn2(ofdc)2(tppe)]·S (S = solvent guest molecules) crystallizes in the 

tetragonal crystal system with space group I41/a. Each Zn2+ has distorted tetrahedral coordination 

to two carboxylate groups from ofdc linkers and two pyridine groups from tppe ligands, forming 

the PBU (Figure 2.5a).  Each PBU is connected to three other PBUs through ofdc linkers to create 

a distorted square, with four Zn2+ in the same plane (Figure 2.5b). This distorted square is further 

connected by tppe ligands to expand the framework in three dimensions. Viewed down the b-axis, 

an individual net of LMOF-261 exhibits 1D, edge sharing pentagonal and rhombohedral channels 

(Figure 2.5b). Along the c-axis, there are two types of 1D channels having square and octagon 

shaped cross sections, respectively. (Figure 2.5c). The tetrahedral channels have an aperture of 

~1.7 nm, while the octahedral channels have an aperture of ~3.7 nm. These channels proliferate 

down the c-axis, with carbonyl groups pointed directly into the LMOF channels. 

The overall structure of LMOF-261 involves a four-fold interpenetrated framework 

containing four of these identical nets (Figure 2.5d). When tppe and ofdc are simplified as 4-c 

nodes, the structure would be a 2-nodal, (4,4)-c net (mot-e type) with four-fold, class IIIa 

interpenetration. This is a unique net type, according to the ToposPro Database. The 

interpenetrated structure encloses two types of 1D channels down the c-axis: one having a 

pentagon-shaped cross section (8.1 Å aperture) and the other, with a narrower tetragon-shaped 

aperture 7.2 Å in diameter. 

The simulated pattern from single crystal X-ray diffraction (SCXRD) on LMOF-261 

matched the PXRD patterns of LMOF-262 and -263 samples (Figure 2.1), confirming their 

structures are isoreticular with respect to the parent LMOF-261.  
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2.3.2  Pore Characterization 

 

Figure 2.5. (a) The PBU of LMOF-261, depicting a pseudo-tetrahedrally coordinated Zn center bound 

to two fluorophoric tppe ligands and two ofdc linkers. (b) An individual net of the LMOF-261 

framework viewed along the b-axis, containing 1D, edge sharing pentagonal and rhombohedral 

channels. (c) The same net depicted down the c-axis, showcasing edge sharing octahedral and 

cylindrical channels. The ofdc linkers point directly into the cylindrical channels extending down the c-

axis. (d) Simplified LMOF-261 depicting four-fold interpenetration. Each of the three other nets 

occupies one octahedral pore of the fourth net to create narrow pentagonal channels, sharing edges from 

multiple nets. 
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Gas sorption isotherms of LMOF-261 and -263 were collected on a Quantachrome 

Instruments Autosorb-1 MP volumetric gas sorption analyzer using ultra high purity N2 (99.999%). 

Liquid nitrogen was the coolant used to reach cryogenic temperature (77 K). As-made samples of 

LMOF-261 and -263 were outgassed at 120 °C for 8 h and the subsequent degassed samples were 

used. LMOF-262 was not stable upon outgassing, so the material was excluded from gas 

adsorption analyses. N2 adsorption isotherms for LMOF-261 and -263 are depicted in Figure 2.6. 

BET surface areas were determined to be 977 and 1004 m2/g for LMOF-261 and -263, respectively. 

CO2 adsorption and desorption isotherms (room temperature) were obtained for LMOF-

261 and -263. Figure 2.7 shows the CO2 adsorption isotherm overlay. Uptake maxima were 

recorded at 1.60 and 2.22 mmol/g for LMOF-261 and -263, respectively. The higher CO2 uptake 

for LMOF-263 is consistent with its larger BET surface area.  The micropore volumes for LMOF-

 

Figure 2.6. N2 adsorption and desorption isotherms for a) LMOF-261 and b) LMOF-263. c) The H-K 

micropore size distribution analysis of LMOF-261, indicating micropores in the range of 5-10 Å. 
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261 and -263 were 0.27 and 0.32 cm3/g, respectively—also consistent with the BET surface area 

values. The micropores would be wide enough to incorporate partially or fully solvated Hg2+ ions, 

respectively.68-69 

2.3.3  Optical Properties of LMOF-261, -262, and -263 

The optical diffuse reflectance spectra of the tppe ligand and the isoreticular series of 

LMOFs were collected using a Shimadzu UV-3600 spectrophotometer, after which transformation 

to the Kubelka-Munk function allowed their optical band gaps to be estimated. The HOMO-

LUMO energy gaps of tppe, LMOF-261, -262 and -263 are estimated to be 2.3, 2.55, 2.65 and 2.7 

eV, respectively (Figure 2.8).  

Photoluminescence (PL) excitation and emission spectra were collected for samples of the 

LMOF series at room temperature. The ligand tppe showed strong green emission when excited 

by UV light (λex = 365 nm) with an emission maximum at 500 nm. The emissions of all three 

 

Figure 2.7. CO2 adsorption and desorption isotherms for LMOF-261 and -263. Uptake maxima 

increased from LMOF-261 to -263, with 1.60 and 2.22 mmol/g, respectively. 
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LMOFs are ligand based, with a maximum of intensity at 514, 516 and 464 nm, for LMOF-261, -

262 and -263, respectively (Figure 2.9).  

Similar spectra were also collected for outgassed solid samples of LMOF-261, -262 and -

263, depicted in Figure 2.10. The emission for each LMOF was red-shifted upon outgassing. 

Outgassed LMOF-263 demonstrates the most drastic red-shift from the as-made sample, changing 

 

Figure 2.8. Optical absorption spectra (converted to KM Function) of as-made LMOF-261 (green), -

262 (purple), -263 (red) and 4-tppe (blue). 

 

 

Figure 2.9. Optical emission (solid) and excitation (dotted) spectra of LMOF-261, -262 and -263.  
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from blue to green emission (λem, as-made = 464 nm, λem, outgassed = 516 nm) with 365 nm excitation. 

LMOF-261 red-shifted from green to yellow emission (λem, as-made = 514 nm, λem, outgassed = 538 nm) 

while the emission from LMOF-262 red-shifted from 515 nm to 528 nm upon outgassing. 

A comparison among three isoreticular counterparts indicated that LMOF-263 has the 

highest chemical stability (Figure 2.3) as well as fluorescence IQY (Table 2.2). In addition, the 

sulfone functional group on the co-ligand, clearly detected by FTIR (Figure 2.21), is likely to 

enhance the interactions between heavy metal ions and LMOF sensor, and therefore, was chosen 

as the target system for the subsequent sensing experiments. 

2.3.4  Heavy Metal Detection 

Heavy metals have been identified as serious water contaminants that lead to the 

dysfunction of vital biological processes. Simple and highly efficient probes that can be used for 

on-site measurements are vital to monitor low concentrations of heavy metals in water. On the 

 

Figure 2.10. Optical emission and excitation spectra for outgassed LMOF-261 (green), -262 (purple) 

and -263 (red). Values in parentheses provide the emission or excitation wavelength at which the 

displayed excitation or emission spectra, respectively, were monitored. The emission maxima of 

outgassed samples of LMOF-261, -262 and -263 are at 538, 528 and 516 nm, respectively. 
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other hand, light metals, such as Ca2+ or Mg2+, are commonly found in drinking water supplies and 

provide essential functions in biological processes. Therefore, selectivity for toxic metals over 

these harmless elements would be an important criterion for fluorescent detectors. 

Detection of various metal ions (Hg2+, Pb2+, Ca2+, Mg2+) was accomplished by observing 

the change in PL signal of an aqueous LMOF-263 suspension before and after addition of the 

analyte. Figure 2.11a shows the LMOF-263 emission wavelength (λem = 464 nm, λex = 365 nm) 

stays the same in the solid-state or as a suspension in water, yet the intensity is decreased when 

suspended in water. LMOF-263 was stable in water for 14 days and stable in pH 4-10 for up to 15 

hours (Figure 2.3). The emission intensity at 464 nm (λex = 365 nm) decreased when immersed in 

water, however that intensity was maintained 15 h after the initial immersion (Figure 2.11a). While 

Hg2+ detection could be plagued by formation of nonuniform suspensions,70 LMOF-263 forms a 

uniform suspension in water, promoting its ease as an on-site detection material. 
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Upon addition of M2+ solution aliquots, the emission intensity of LMOF-263 was quenched 

to varying degrees, depending on the M2+ analyte and concentration. Approximately 84% of the 

total intensity of LMOF-263 was quenched upon addition of only 19.6 µM of Hg2+ (Figure 2.11b), 

while 64% of the total intensity was quenched when exposed to 19.6 µM of Pb2+ (Figure 2.11c). 

The quenching efficiency was quantified using the Stern-Volmer (SV) equation, highlighted in 

Equation 2.2. 

 

Figure 2.11. (a) LMOF-263 optical emission in the solid-state and as a suspension in water (0.25 g/L). 

(b) Emission spectra of LMOF-263 after incremental additions of an aqueous Hg2+ solution and (c) Pb2+ 

solution. (d) Stern-Volmer curves (λex = 365 nm) for heavy and light metal ions, monitoring LMOF-263 

selectivity (inset—Hg2+ detection at low concentrations). 
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where I0 is the initial emission peak intensity (pre-exposure to analyte), I is the emission peak 

intensity after addition of analyte, [Q] is the molar concentration of the analyte (or quencher) and 

KSV is the Stern-Volmer constant, which can be used to quantitatively measure the performance of 

LMOF-263 as a sensor for heavy metals (Hg2+ and Pb2+). As shown in the inset of Figure 2.11d, 

at low concentrations, the value I0/I is directly proportional to metal ion concentration. The KSV 

was determined to be 459,446 and 55,017 M-1 for Hg2+ and Pb2+, respectively (Figure 2.12).  

 

Figure 2.12. (a) PL intensity ratios of LMOF-263 at each Hg2+ adsorption and desorption stage of the 

recycling cycle, and (b) the PXRD patterns after each full cycle to show LMOF-263 stability after the 

recycling process. The average standard deviations in intensity for the Hg2+ and Pb2+ exposures were 

1.811 a.u. and 1.799 a.u., respectively. 

𝐼0

𝐼
= 𝐾𝑆𝑉[𝑄] + 1 

Equation 2.2. Stern-Volmer relationship. 
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The limit of detection (LOD), defined as the concentration of metal ion at which the 

decrease in intensity was greater than the average standard deviation in repeated measurements of 

the same sample, was determined to be 3.3 ppb for Hg2+ and 19.7 ppb for Pb2+. These results were 

confirmed through low-concentration titration of LMOF-263 with aqueous solutions of Hg2+, 

shown in Figure 2.13 below. The addition of 5 ppb was clearly detected. The Hg2+ detection limit 

of LMOF-263 was on par with all photoluminescent MOFs that have been investigated for heavy 

metal fluorescence detection and exhibits the second highest MOF KSV value reported to date.48-

49, 52, 54, 71-74  

The only MOF to exhibit a higher quenching efficiency for Hg2+ was the heavily studied 

PCN-224, for which uptake capacity was not reported.75 Certain nanomaterials have also 

demonstrated higher Hg2+ KSV values than LMOF-263, however they have no reported adsorption 

capacity for heavy metals, limiting their use for water remediation efforts.52, 76-77 The Pb2+ 

fluorescence detection limit and KSV value exceed the performance of any other luminescent 

 

Figure 2.13. Emission spectra from the low concentration fluorescence titration of LMOF-263 with 

aliquots of Hg2+ solution, with enhanced detail provided in the inset. 
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MOF.51, 78-79 In addition to its high sensitivity toward heavy metals, LMOF-263 also exhibits 

excellent selectivity. Based on the Stern-Volmer plots shown in Figure 2.11d, the KSV values for 

Ca2+
 and Mg2+ were calculated to be 2,745 and 2,193 M-1, respectively, which correspond to a 

detection ratio of 167.4 and 209.5 for Hg2+/Ca2+ and Hg2+/Mg2+, respectively. These values clearly 

indicate that LMOF-263 acts as a highly selective detector for heavy metals only.  

To compare the effects of different functional groups on the dicarboxylate linkers, LMOF-

261, -262 and -263 were exposed to various Hg2+ concentrations (following fluorescence titration 

procedures). Figure 2.14 shows the Stern-Volmer curves for each member of the isoreticular series. 

LMOF-263, which contains the sulfone functional group, was quenched more efficiently compared 

to its counterparts. LMOF-261 and -262 contain carbonyl and methylene groups, respectively, on 

the central position of the dicarboxylate linker. These moieties don’t interact as effectively with 

Hg2+ compared to the sulfone group. 

 

Figure 2.14. Stern-Volmer curves for LMOF-261, -262 and -263 after exposure to Hg2+ through 

fluorescence titrations.  
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Recyclability of an adsorbent is a highly desirable feature for environmental remediation. 

After the initial exposure to 10 ppm Hg2+ solutions, two additional cycles were carried out on the 

same MOF sample. The luminescence was fully recovered after each desorption, as determined 

through PL quenching/enhancement (Figure 2.15a). The structure of LMOF-263 was well 

maintained during these cycles (Figure 2.15b). 

2.3.5  Heavy Metal Removal 

Materials with high performances for both detection and capture of toxic/hazardous species 

are rare. Like detection requirements, selectivity for heavy metals over light metals is important 

when removing these contaminants from water. To assess the heavy metal removal performance 

of LMOF-263, as-made samples (5, 10 and 15 mg; 0.20 mM, 0.41 mM and 0.62 mM, respectively) 

were placed in dilute aqueous solutions (35 mL) of HgCl2, PbCl2, CdCl2, CaCl2, and MgCl2 

(concentration of M2+, 10 ppm; ~0.350 mg of M2+). After these mixtures were stirred at room 

temperature for 12 h, the solutions were filtered from the adsorbent and the residual M2+ 

concentrations were determined via ICP-OES. Displayed in Figure 2.16, LMOF-263 lowers the 

 

Figure 2.15. (a) PL intensity ratios of LMOF-263 at each Hg2+ adsorption and desorption stage of the 

recycling cycle, and (b) the PXRD patterns after each full cycle to show LMOF-263 stability after the 

recycling process. 
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concentration of Hg2+ from 10 ppm to 36 ppb — the adsorbent effectively removes ~99.6% of 

Hg2+ from solution), which is among the highest performances for MOFs.57 

LMOF-263 (15 mg, 0.62 mM), when exposed to 35 mL solutions of 10 ppm M2+ (~0.350 

mg M2+), lowers the concentration of Pb2+, Cd2+, Ca2+, and Mg2+ to 1.96, 6.60, 10.03 and 7.34 

ppm, respectively. LMOF-263 exhibits distinct selectivity towards heavier metals (Hg2+, Pb2+) 

over lighter metals (Ca2+, Mg2+), as highlighted in Figure 2.16. Even with an increased amount of 

adsorbent, the concentrations of Ca2+ and Mg2+ in the post-exposure solutions did not significantly 

decrease. This is consistent with the detection results shown above. 

To further evaluate the selectivity of LMOF-263 for heavy metals over light metals, we 

carried out adsorption experiments on mixed-metal solutions.  Solutions of 10 ppm of Hg2+, Pb2+, 

Ca2+ and Mg2+ (35 mL, ~0.350 mg of each M2+) were prepared and exposed to 10 and 15 mg 

amounts of LMOF-263 for 15 h (0.41 and 0.62 mM LMOF-263, respectively). Similar amounts 

of LMOF-263 were also exposed to solutions of 10 ppm Hg2+ as a control and solutions of 10 ppm 

Hg2+, Ca2+ and Mg2+ to investigate the interference of Pb2+ ions. Figure 2.17 displays the LMOF-

263 adsorption performance under these competitive conditions. When all four heavy and light 

metals are mixed, LMOF-263 clearly shows preference towards Hg2+ adsorption—approximately 

 

Figure 2.16. Metal ion concentrations after exposure to 5, 10 or 15 mg of LMOF-263 in 35 mL 

solutions. 
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99.2% of the initial amount of Hg2+ was removed, lowering the concentration of Hg2+ from 10 

ppm to 78 ppb (Figure 2.17, 15 mg LMOF-263). When the same amount of adsorbent was exposed 

to 10 ppm Hg2+ (single-metal solution), 99.6% of the initial Hg2+ amount was extracted, lowering 

the solution Hg2+ concentration to 41 ppb. These results provide convincing evidence that LMOF-

263 selectively interacts with and captures Hg2+ over light metals. 

To emphasize its practical use as an on-site remediation material, LMOF-263 adsorption 

kinetics were analyzed. LMOF-263 (15 mg, 0.62 mM) was exposed to solutions of 10 ppm Hg2+ 

(35 mL) for specific time intervals. As shown in Figure 2.18, LMOF-263 displays fast second-

order adsorption kinetics55, 59 with 99.1% of Hg2+ removed from solution within 30 min and 99.4% 

removed after 15 h. The minimal improvement after 30 min indicates the efficiency of Hg2+ 

adsorption. The experimental data were fitted with the pseudo-second-order kinetic model, shown 

in Equation 2.3:80 

 

 

 

Figure 2.17. The remaining Hg2+ concentrations after exposure to various amounts of LMOF-263 in 

mixed metal solutions (initial concentrations: 10 ppm M2+, as specified in the legend). 
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The value of the adsorption rate constant k2 was determined to be 0.295 g mg-1 min-1, and a high 

correlation coefficient (>0.999) was obtained when the data was fit with the kinetic model (Figure 

2.18b).  

One measure of a sorbent’s affinity for some target metal ion is the distribution coefficient 

(Kd), defined in Equation 2.4:81 

where Ci is the initial metal concentration, Cf is the final equilibrium metal ion concentration, V is 

the volume of treated solution (mL) and m is the mass of sorbent used (g). Kd values of 1.0 105 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑡
 

Equation 2.3. Pseudo-second-order kinetic model, where k2 (g mg-1 min-1) is the adsorption rate 

constant, qt (mg g-1) is the amount of Hg2+ adsorbed at time t (min), and qe (mg g-1) is the amount of 

Hg2+ adsorbed at equilibrium. 

 

Figure 2.18. (a) Hg2+ concentrations after exposure to LMOF-263 for various time intervals. (b) The 

amount of adsorbed Hg2+ as a function of exposure time. The inset shows the pseudo-second-order 

kinetic plot for Hg2+ adsorption (initial Hg2+ concentration: 10 ppm). 

K𝑑 = [
𝐶𝑖 − 𝐶𝑓

𝐶𝑓
] 𝑥

𝑉

𝑚
 

Equation 2.4. Distribution coefficient relationship. 
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mL g-1 are usually considered to have excellent performance.82 The Kd value for LMOF-263 on 

Hg2+ in this analysis was determined to be 6.45  105 mL g-1. This is on the same order of 

magnitude as other high performance materials, including Zr-DMBD (9.99  105 mL g-1),57 sulfur-

functionalized mesoporous carbon (6.34-6.82  105 mL g-1)82 and commercial resins (104 ~ 5.10  

105 mL g-1).83 

As further confirmation of mercury uptake into LMOF-263, X-ray fluorescence 

spectroscopy (XRF) was employed to determine the amount of Hg2+ left in filtered LMOF samples 

after Hg2+ exposure. Approximately 15 mg of LMOF-263 was immersed in 35 mL water solutions 

of various concentrations of Hg2+ (10 through 30,000 ppm) for 36 h. After filtration and washing 

with copious amounts of water, XRF analysis was used to determine the relative weight ratios of 

Zn2+ and Hg2+ in the samples (Table 2.4). The structure of LMOF-263 was stable after exposure to 

Hg2+ for 36 h—Figure 2.19 exhibits the PXRD overlay of the filtered adsorbents after exposure to 

each Hg2+ concentration. The sharp peak observed around 4.5° 2θ in the simulated pattern is 

enhanced after Hg2+ exposure. This same phenomenon was seen after exposure to basic conditions 

(Figure 2.3). The presence of adsorbed species in MOF channels has been shown to increase low-

angle diffraction peaks,84 whether it be Hg2+ ions (from adsorption experiments) or by-products 

from the base-catalyzed hydrolysis of solvent guest molecules (base-exposure experiments). 

Figure 2.20 displays the molar ratios of Hg2+ to Zn2+ for samples treated at varied concentrations. 

After exposure to higher concentrations of Hg2+, the relative weight ratio of Hg2+ to Zn2+ 

approaches ~80% and ~20%, respectively, corresponding to approximately 1.3 Hg2+ ions per Zn2+ 

ion. 
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Figure 2.19. PXRD overlay of LMOF-263 samples, demonstrating structural effects with increased 

exposure to Hg2+. 

Table 2.4. Relative molar ratios of Hg2+:Zn2+ in LMOF-263 after exposure to various Hg2+ 

concentrations. Values represent averages over three trials. 

 

 Hg2+ Concentration (ppm) 

 10 100 1000 10,000 20,000 30,000 

Element Molar Ratio 

Zn 1 1 1 1 1 1 

Hg 0.25 0.47 0.76 0.88 1.19 1.30 

 

 

Figure 2.20. Molar ratio of Hg/Zn (blue dots) in LMOF-263 samples after exposure to 10, 100, 1,000, 

10,000, 20,000 and 30,000 ppm Hg2+ solutions. These values represent averages over three trials. The 

error bars represent the average standard deviation of the molar ratio (±0.152 Hg/Zn) over all 

concentrations. 



34 

 

 

 

For each unit cell of LMOF-263 there are equimolar amounts of Zn2+ and sulfone groups 

([Zn2(dbtdcO2)2tppe], from SCXRD analysis on LMOF-261 described above), so there are also 

1.3 Hg2+  per sulfone moiety. Previous work has demonstrated similar metal analyte interactions 

with sulfur (>1 metal ion per sulfur atom).85 From the XRF data, LMOF-263 exhibits an estimated 

maximum uptake capacity of ~380 mg Hg2+/g, which is at the similar scale compared with the 

best-performing MOFs for Hg2+ adsorption, although in all other cases no quantitative data were 

provided on their selectivity or sensitivity of fluorescent detection.57, 86,87-94 While unsaturated 

metal nodes in HKUST-1 or ligands within UiO-66 have been functionalized with thiol groups to 

enhance Hg2+ uptake (714 and 769 mg Hg2+/g, respectively), these MOFs were reported to have 

no fluorescence, thus negligible detection potential.55-56 LMOF-263 displays both a low detection 

limit and a high uptake performance, establishing itself as an ideal, dual-functional material for 

water purification applications. 

2.3.6  Hg2+ Interaction Mechanism 

Fourier transform infrared (FTIR) spectroscopy was used to identify the different 

functional groups in LMOF-261 and LMOF-263. Data were collected on pristine samples of 

LMOF-263 and LMOF-261 (the parent structure). Sulfur-related vibrational modes were clearly 

identified for the LMOF-263 sample, and carbonyl modes observed for LMOF-261. In Figure 

2.21, all the vibrational modes in the two pristine samples are shown in the 600-1800 cm-1 spectral 

range with the most important modes assigned and labeled as described below. The vibrational 

modes at 1311 (S=O str), 1170 (S=O str), 1133 (-SO2 sym), 877 and 854 (C-S str) and 735 cm-1 

(C-S-C) are associated with the presence of the sulfone moiety in LMOF-263 (Figure 2.21, red). 

LMOF-261 contains the carbonyl group in place of the sulfone moiety, characterized by vibrational 
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modes at 1720 (C=O str), 1090 (C-O str), 980 (C-O str) and 940 cm-1 (C-O str) (Figure 2.21, 

green).95-96 

 Details about the microscopic interaction of Hg2+ within LMOF-263 can be derived from 

X-ray photoelectron spectroscopy (XPS) measurements through analyses of the core level shifts. 

XPS was employed to further investigate the interaction of Hg2+ or Mg2+ with LMOF-263. 

Information regarding changes in local electronic structure of S, C and O as a function of Hg2+ or 

Mg2+ concentration can be inferred by monitoring the sulfur binding energy in LMOF-263. Figures 

2.22-2.27 display the XPS spectra for pristine and Hg2+-loaded LMOF-263 samples for various 

Hg2+ concentrations. The binding energies of carbon (1s), oxygen (1s), sulfur (2p3/2, 2p1/2) and 

mercury (4f7/2, 4f5/2) are noted in the spectra. Figure 2.28 exhibits the XPS spectra of LMOF-263 

exposed to 20,000 ppm Mg2+. 

 

Figure 2.21. FTIR spectra for LMOF-261 and LMOF-263. Black labels are used to identify peaks 

related to the sulfone and other sulfur related moieties (LMOF-263), while blue labels show peaks 

concerning the carbonyl group (LMOF-261). 
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Figure 2.22. XPS spectra for as-made LMOF-263. 

 

Figure 2.23. XPS spectra of LMOF-263 exposed to water (no Hg) as reference. No trace Hg2+ is detected 

after the water treatment throughout the analysis. 
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Figure 2.24. XPS spectra of LMOF-263 exposed to 100 ppm Hg2+. 

 

Figure 2.25. XPS spectra of LMOF-263 exposed to 1,000 ppm Hg2+. 
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Figure 2.26. XPS spectra of LMOF-263 exposed to 10,000 ppm Hg2+. 

 

Figure 2.27. XPS spectra of LMOF-263 exposed to 30,000 ppm Hg2+. 



39 

 

 

 

The sulfur (S orbitals 2p3/2, 2p1/2) binding energies increase with increased exposure to 

Hg2+. In Figures 2.22 and 2.23, the carbon, oxygen and sulfur binding energies are the same in 

both the as-made LMOF-263 and the water-exposed LMOF-263. This confirms that any 

perturbation in the observed binding energies must be from interactions with Hg2+, as shown in 

Figures 2.24-2.27. A secondary oxygen binding energy (532.9/532.8 eV) is measured in the Hg2+-

exposed samples that was not observed in the as-made, water-exposed or Mg2+-exposed samples. 

This lends evidence that the oxygen atom within the sulfone group is also affected by the presence 

of Hg2+. Additionally, since there is no observed shift of the C core level, the interaction is assumed 

to remain on the sulfone functionality. In contrast, upon LMOF-263 exposure to 20,000 ppm of 

Mg2+ (Figure 2.28), there are no changes in the sulfur binding energy, supporting the observation 

that LMOF-263 selectively interacts with heavy metals. Table 2.5 summarizes the data from 

Figures 2.22-2.28. The increase in sulfur binding energy as Hg2+ concentration increases is most 

clearly seen and monitored by overlaying the S core levels in Figure 2.29. 

 

Figure 2.28. XPS spectra of LMOF-263 exposed to 20,000 ppm Mg2+. 
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Table 2.6 exhibits the change in the oxygen binding energies as Hg2+ concentration 

increases. The gradual change indicates that Hg2+ interacts with both sulfur and oxygen atoms in 

the sulfone moiety. Upon Mg2+ exposure, the secondary oxygen binding energy peak is 

nonexistent, emphasizing minimal interactions between the sulfone group and the light metal. 

These findings are similar to previous studies of Hg2+ incorporation in materials (i.e. typical Hg2+ 

interactions with S),70-71, 97-98  The Hg2+ ions have a stronger affinity to sulfur than to O2, increasing 

Table 2.5. Summary of XPS data for LMOF-263 exposed to various Hg2+ and Mg2+ concentrations. 

 Binding Energy (eV) 

C O S Hg/Mg 

As-made 285.4 531.4 168/169 0 

H2O exposed 285.4 531.4 168/169 0 

100 ppm Hg2+ 285.4 531.5/532.9 168.1/169.24 99.74/103.69 

1,000 ppm Hg2+ 285.4 531.5/532.9 168.15/169.28 99.7/103.75 

10,000 ppm Hg2+  285.4 531.5/532.8 168.22/169.3 99.7/103.62 

30,000 ppm Hg2+ 285.4 531.5/532.8 168.3/169.4 99.8/103.8 

20,000 ppm Mg2+ 285.4 531.5 168/169 0 

 

 

Figure 2.29. Overlayed XPS spectra of LMOF-263 exposed to incremental Hg2+ concentrations. The 

sulfur binding energy increases (curves shift to the right) when exposed to higher Hg2+ concentrations. 
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the sulfur binding energy in the mercury-exposed samples relative to the as-made LMOF-263. 

Similar binding energies for Hg-S interactions have been reported in the literature.99 In conclusion, 

XPS confirms the selective interaction of Hg2+ with sulfone groups within LMOF-263, supporting 

conclusions from fluorescence titrations and ICP-OES measurements. 

Although oxygen and sulfur have similar binding energies with mercury (100.7 and 101 

eV, respectively), sulfur exhibits other bonding properties that give it a higher affinity for heavy 

metals, such as the availability of vacant d-orbitals as opposed to oxygen, lower ionization 

potential and electronegativity, and greater polarizability compared to oxygen, which has led to 

the classification of sulfur as a soft base and oxygen as a hard base. Soft bases have a higher affinity 

to soft acids like mercury and silver, and less affinity to hard acids like calcium and magnesium, 

based on the HSAB Pearson acid-base concept.100 Figure 2.30 illustrates the potential 

configuration and interaction of Hg2+ with the sulfone group linkers based on earlier work.101  

Table 2.6. The percent atomic concentration at each oxygen core level over multiple Hg2+ and Mg2+ 

exposure conditions. 

 O2 Binding Energy (eV) 

~531.5 ~534 

 Percent Atomic Concentration (%) 

0 ppm Hg2+ 97 3 

100 ppm Hg2+ 87 13 

1,000 ppm Hg2+ 91 9 

10,000 ppm Hg2+ 72.2 27.7 

30,000 ppm Hg2+ 68.3 31.7 

20,000 ppm Mg2+ 100 0 
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2.4  Conclusions 

We have designed, synthesized and structurally characterized a new series of isoreticular 

LMOFs containing tppe chromophore ligand and a functionalized co-ligand.  In addition, we have 

performed a systematic study to investigate, compare and understand their photoluminescent 

properties and to assess their potential as chemical sensors and adsorbents for heavy metals. 

LMOF-263, specifically, is a porous, water-stable, blue-emitting MOF with a high IQY (89.2%) 

and a BET surface area of 1004 m2/g. LMOF-263 acts as a highly sensitive and selective sensor, 

capable of detecting heavy metal ions in water at very low concentrations (e.g. 3.3 ppb for Hg2+ 

and 19.7 ppb for Pb2+) and has a high Hg2+ uptake capacity of ~380 mg/g. The detection ratio for 

Hg2+ compared to light metals Mg2+ and Ca2+ are 209.5 and 167.4, respectively, illustrating the 

excellent selectivity of LMOF-263 for heavy metal ions. The achieved KSV values are among the 

highest in their class for Hg2+ (459,446 M-1) and Pb2+ (55, 017 M-1).  No other MOFs reported to 

date have had such high performances in both the detection and adsorption of toxic heavy metals. 

The Hg2+ adsorption process follows a fast, second-order kinetics model (rate constant: 0.295 g 

mg-1 min-1), removing 99.1% of the total contaminant amount within 30 min. LMOF-263 

selectively adsorbed Hg2+ when exposed to a mixture of heavy and light metals. 

 

Figure 2.30. Interaction mechanism of Hg2+ with the sulfone functional group. 
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These results suggest that LMOF-263 is well suitable for the simultaneous optical detection 

(through luminescence quenching) and selective removal of heavy metals (e.g. Hg2+, Pb2+) from 

aqueous solution. XPS data provide direct evidence for the interaction of Hg2+ with the sulfone 

moiety, underscoring the role of sulfur in these LMOF materials. Materials that can detect low 

concentrations and selectively adsorb heavy metals can greatly benefit environmental remediation 

efforts. Simple and cost-effective optical detection methods using these materials would prove to 

be valuable for populations across the globe. 

 

CHAPTER 3: Ligand-based Emission towards the Detection of Carbon Tetrachloride 

3.1  Introduction 

Extensive research has been dedicated to the design and synthesis of luminescent metal-

organic frameworks (LMOFs) throughout the last decade. LMOFs have received this attention due 

to their endless potential in a variety of optical applications.18, 44, 102-104 Recently, LMOFs as 

chemical sensors have been a vital focus due to their porosity, surface tunability and moderate 

synthetic conditions.41-43, 45-47 Multi-linker MOFs allow for fine-tuning of the pore environment,105 

which enables specific analytes to enter the MOF pores and interact with the framework, aiding in 

effective detection. It has been shown that the combination of Zn(II) ions, a tricarboxylate co-

ligand, and a chromophoric ligand generates an LMOF with targeted emission energy and 

enhanced fluorescence IQY compared to the molecular chromophore.17 Based on our previous 

work, MOFs built from Group 12 metals generally give rise to ligand-based or ligand-to-ligand 

charge transfer processes.49, 64, 106-111 Similarly, a Zn-based material was synthesized with a 

functionalized co-linker and a chromophoric ligand that was used for the simultaneous sensing and 

removal of toxic heavy metals from water,27 yet the same chromophoric linker was paired with a 
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comparably sized co-linker with different functionalization to detect agricultural toxins.63 Slight 

differences in linker shape and varied functional moieties, coupled with a chromophoric species, 

can result in a vast library of potential sensor materials with distinctive applications. The presence 

of both functionalized and fluorescent organic linkers helps to promote a specific emission 

response from the LMOF-analyte interaction. 

The LMOF-analyte interaction prompts a luminescence quenching or enhancement 

response, depending on the electronic properties of the target analyte and the primary interaction 

site on the LMOF. Luminescence quenching (“turn-off”) detection has been more common for 

LMOF sensors, however, the presence of electron-rich aromatic species in the host framework has 

been shown to promote luminescence enhancement (“turn-on”) detection.18, 110, 112 Luminescence 

enhancement sensing simplifies optical detection methods by making the system easier to observe 

against a dark background, with the naked eye. 

The industrial age has evoked innumerable organic contaminants that plague our 

environment. Carbon tetrachloride (CTC) is a relatively stable chemical and persistent under 

normal environmental conditions. Thus, there has been a gradual accumulation of CTC in the 

environment as a repercussion to industrial activities.113 The use of CTC as a fumigant pesticide 

was banned in 1986, however the haloalkane has been used in the production of 

chlorofluorocarbons and cleaning fluids more recently. Although these substances are getting 

phased out of production as well, the stability of CTC allows it to enter the ecosystem if these 

products aren’t handled appropriately. A large amount of the CTC released into the environment 

enters the atmosphere due to its high vapor pressure, and a fair portion interacts with soil, either 

adsorbing to organic matter or leaching into groundwater.114 In the atmosphere, CTC reacts with 

ozone or oxygen to form chlorine monoxide radicals that vastly degrade the ozone layer, while 
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human exposure from groundwater results in liver or kidney malfunction.113, 115 Similar volatile 

organic solvents, namely chloroform (CLF) and dichloromethane (DCM), also pose some danger 

to the environment and human health. However, these solvents are more commonly used in 

industry due to their lower toxicity levels compared to CTC.116  

Previously, CTC has been selectively detected using “cataluminescent” probes, however 

this strategy relies on temperature-sensitive catalytic oxidation and reduction reactions, limiting 

its simplicity.117-118 Additionally, nanocomposite thin films have been utilized to selectively detect 

carbon tetrachloride from other VOCs,119 but this fabrication method is expensive and utilizes 

advanced equipment that would not be ideal for practical settings. Dual-ligand LMOFs provide a 

unique surface where analytes can interact with target functional moieties and luminescent species 

in extreme proximity to achieve required sensitivity and selectivity. The strong tunability of 

LMOFs insures the inclusion of these vital properties.18, 62 We have recently designed and 

synthesized a LMOF with an immobilized chromophore and an anthracene-based co-linker that 

promotes effective van der Waals and electronic interactions to selectively detect CTC over 

similarly structured CLF and DCM. 

3.2  Experimental Details 

3.2.1  Synthesis of LMOF-271 
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The tetradentate linker 1,1,2,2-tetrakis(4-(pyridine-4-yl)phenyl)ethane (tppe) was 

synthesized following previous procedures, outlined in Section 2.2.1. In 20 mL glass vials, 

mixtures of Zn(NO3)2·6H2O (0.015 g, 0.05 mmol), 9,10-anthracenedicarboxylic acid (H2adc; 

0.013 g, 0.05 mmol) and tppe (0.007 g, 0.01 mmol) dissolved in DMF:iPrOH:DMSO (4:1:1) were 

prepared and heated to 150 °C for 15 h. The reactions were cooled slowly to room temperature, at 

which point yellow block crystals (Figure 3.1) were collected via vacuum filtration and washed 

thoroughly with DMF. 

Crystals of LMOF-271 [Zn4(adc)4(tppe)] maintain high quality while still immersed in the 

mother liquor (Figure 3.1a). After filtration and washing with DMF, the block crystals lower in 

quality, as seen in Figure 3.1b. For SCXRD, samples of LMOF-271 were kept in the mother liquor 

to ensure the crystal quality was maintained. Figure 3.1c portrays crystals of LMOF-271 under 

365 nm excitation, emphasizing uniform luminescence in the solid state. 

3.2.2  Structural Analysis of LMOF-271 

 

Figure 3.1. (a) Pristine LMOF-271 crystals in the mother liquor, (b) filtered and washed with DMF 

and (c) under 365 nm excitation. 
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Single-crystal X-ray diffraction (SCXRD) data for LMOF-271 were collected on a Bruker 

PHOTON100 CMOS diffractometer using the synchrotron source (λ = 0.7749 Å) at the Advanced 

Light Source 11.3.1 Chemical Crystallography beamline (Table 3.1). 

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were placed 

geometrically, constrained and refined with a riding model. The unresolvable electron density from 

the void space in the structure was removed by SQUEEZE. The powder X-ray diffraction (PXRD) 

patterns were collected using a Rigaku Ultima-IV diffractometer using monochromatic Cu Kα 

Table 3.1. Single crystal data of LMOF-271 

Compound LMOF-271 

Formula C55H32N2O8Zn2 

M 979.56 

Crystal system Orthorhombic 

Space group Imma 

a/Å 21.6011(15) 

b/Å 21.8271(15) 

c/Å 43.822(3) 

α/o 90 

β/o 90 

γ/o 90 

V/Å3 20662(2) 

Z 8 

Temperature/K 270(2) 

λ (radiation wavelength)/Å 0.7749 

D (g/cm3) 0.630 

Reflections collected 61380 

R1a [I > 2σ(I)] 0.0730 

wR2b [I > 2σ(I)] 0.1419 

Goodness-of-fit 

CCDC No. 

1.028 

1526908 

a R1= ∑│Fo- Fc│/ ∑│Fo│ 
b wR2= ∑[w(Fo

2- Fc
2 )2] / w(Fo

2)2]1/2 
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radiation (λ = 1.5406 Å). Data were collected between 3 and 45° 2θ with step size 0.02° and 

scanning rate 2.0°/min. 

3.2.3  Porosity Investigation 

 Gas sorption isotherms of LMOF-271 were collected on an Autosorb-1 MP volumetric gas 

sorption analyzer (Quantachrome Instruments) utilizing ultra-high-purity N2 (99.999%). Liquid 

nitrogen was used as the coolant to reach cryogenic temperatures (77 K). As-made LMOF-271 (75 

mg) was immersed in 15 mL of tetrahydrofuran (THF) in a glass vial for 5 h. At this point, the 

supernatant was decanted from LMOF-271, and fresh THF was added. This process was repeated 

five times. This amount of THF-exchanged sample was activated at 343 K for 8 h under vacuum. 

The N2 isotherm was measured in a pressure range between 10-7 and 1 atm at 77 K (Figure 3.2). 

The Brunauer-Emmett-Teller (BET) surface area of LMOF-271 was estimated to be 660 m2/g with 

a pore volume of 0.271 cm3/g using Autosorb V1.50 software. The nonuniform pore size 

distribution indicates that LMOF-271 exhibits multiple types of pores, with different dimensions, 

depending on the orientation of the crystal. This is supported by the structure plots in Figure 3.6.  

 

Figure 3.2. (a) N2 adsorption (solid) and desorption (void) isotherms for LMOF-271. (c) The H-K 

micropore size distribution analysis. The nonuniform pore size indicates various pore dimensions 

along LMOF-271. 
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3.2.4  Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) was completed via a TA Instruments Q5000 under 

constant N2 flow (20 mL/min). Approximately 5 mg of pristine LMOF-271 was placed into a 

platinum pan, which was then heated from 30-600 °C at a rate of 10 °C/min. The weight loss from 

LMOF-271 was monitored over the temperature increase (Figure 3.3). 

3.2.5  Optical Characterization of LMOF-271 

In the interest of determining absorbance properties of LMOF-271, UV-visible diffuse 

reflectance spectra were obtained for LMOF-271 and the chromophoric ligand tppe at room 

temperature (Figure 3.4). Measurements were made using a Shimadzu UV-3600 

spectrophotometer. The diffuse reflectance data was converted to the Kubelka-Munk function, 

according to Equation 2.1. 

As portrayed in Figure 3.4, the estimated bandgap of LMOF-271 (~2.5 eV) is redshifted 

from that of the ligand tppe (~2.3 eV). Figure 3.5 depicts the optical excitation and emission 

spectra for pristine and activated samples of LMOF-271. These spectra were measured using a 

 

Figure 3.3. Thermogravimetric analysis (TGA) of pristine LMOF-271. 
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Varian Cary Eclipse spectrophotometer under 365 nm excitation. The emission energy was 

redshifted upon activation, from 475 to 516 nm. There are negligible changes in the optical 

excitation spectrum between the activated and pristine samples. Internal quantum yield (IQY) 

values were calculated using a Hamamatsu C9220-03 spectrophotometer with integrating sphere. 

IQY values for pristine and activated LMOF-271 are 18.6% and 16.2%, respectively. 

 

Figure 3.4. Optical absorption spectra (converted to KM function) of LMOF-271 (blue) and tppe 

(orange). 

 

Figure 3.5. Optical emission and excitation spectra for pristine (blue) and activated (red) LMOF-271. 

The displayed emission spectra were monitored under λex = 365 nm, while the excitation spectrum was 

monitored at 475 nm. The LMOF-271 excitation spectrum does not change after activation. 
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3.2.6  Fluorescence Titrations 

Stock solutions (20 ppm) of carbon tetrachloride (CTC), dichloromethane (DCM) and 

chloroform (CLF) were prepared by adding the appropriate amount of each haloalkane to THF. 

An outgassed sample of LMOF-271 was placed in THF (0.25 g/L) and gently sonicated, effectively 

suspending the solid. Photoluminescence (PL) titrations were conducted by adding aliquots of the 

haloalkane/THF mixtures (CTC, CLF and DCM) to the suspension of LMOF-271. The system 

was kept under constant stirring to ensure uniform distribution of the analytes. Emission spectra 

were measured 8 min after adding the most recent aliquot of the stock solution. Each emission 

measurement was repeated three times and the average value was used. 

3.3  Results and Discussion 

3.3.1  Crystal Structure Analysis 

LMOF-271, with formula [Zn4(adc)4(tppe)]·S (S = solvent guest molecules), crystallizes 

in a body-centered orthorhombic system with space group Imma. Each Zn2+ bonds to four oxygen 

atoms, each from individual adc linkers, and one nitrogen atom from tppe (Figure 3.6a). 

As seen in Figure 3.6b, two adjacent five-coordinate Zn atoms are connected by bridging 

carboxylate groups from adc linkers to make a paddle-wheel type SBU—these adc linkers extend 

out into the ab-plane, while tppe affixes the 2D sheets together to expand the framework in three 

dimensions. The vinylic phenyl group within tppe exhibits 2-fold disorder, which is common 

among MOF crystal structures.  
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Figure 3.6c displays LMOF-271 viewed along the b-axis. The edge-sharing hexagonal 1D 

channels have an aperture of ~10 Å and proliferate down the b-axis—both tppe ligands and 

anthracene groups from the adc linkers line the walls of the channel, showcasing the benefits for a 

dual-linker system and the versatility of the potential chemistry within the pores of the framework. 

The simplified network is displayed in green, emphasizing the fact that this system has no 

 
 

Figure 3.6. (a) Each Zn2+ is five-coordinate, having a Zn-N bond with one chromophoric tppe and four 

Zn-O bonds with four adc linkers. (b) The Zn-based SBU is a paddle-wheel-type structure with adc 

linkers extending into the ab-plane, and tppe ligands expanding the framework along the c-axis. (c) 

LMOF-271 viewed along the b-axis, showing edge-sharing hexagonal and triangular 1D channels. This 

further depicts the 2D sheets of Zn SBUs and adc linkers that are connected through tppe ligands. (d) 

The same net portrayed down the c-axis, showing tetragonal 1D channels that are heavily occupied with 

anthracene groups from the adc linkers. Anthracene groups have different orientations throughout the 

1D channel. 
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interpenetration, an interesting phenomenon as MOFs with large pores, higher synthetic 

temperatures and no sterically obstructed ligands are known to form interpenetrated 

frameworks.120 LMOF-271 also exhibits tetragonal 1D channels extending down the c-axis (Figure 

3.6d), however the pore window is minimized due to the dense array of anthracene groups lining 

the channel. Although the aperture is diminished, the anthracene functionalities have random 

orientations along the c-axis, providing an interesting landscape for analyte interactions within the 

LMOF channels. The structure is represented by a 2-nodal, (4,6)-c net (sqc124 type) with (4-c)(6-

c)2 stoichiometry. The simulated pattern from SCXRD on LMOF-271 matches the corresponding 

PXRD patterns of pristine LMOF-271 and samples exposed to various experimental conditions 

(Figure 3.7), indicating LMOF-271 stability throughout the study. 

3.3.2  Optical Detection 

 

Figure 3.7. PXRD pattern of simulated LMOF-271 overlaid with those of LMOF-271 exposed to 

various experimental conditions. The small peak at ~4° 2θ that was determined through the simulated 

pattern only arises after LMOF-271 activation (green pattern). 



54 

 

 

 

CTC has been identified as a carcinogenic solvent, often the byproduct of industrial 

processes and has been recognized as a harmful contaminant in the atmosphere and soil. Although 

CLF and DCM can be harmful solvents as well, they have lower toxicity compared to CTC.116, 121 

A sensitive and selective probe for CTC is valuable to ensure that the concentrations do not 

approach harmful levels (EPA limit in drinking water—5 ppb)113 and affect ecosystems/human 

health.  

 Detection analyses of various solvents (CTC, CLF and DCM) were performed by 

measuring the change in the emission intensity of an LMOF-271 suspension in THF. Figure 3.8a 

displays the change in the emission (solid line) intensity as pristine LMOF-271 is immersed in 

THF (0.25 g/L). Although the emission wavelength is the same when LMOF-271 is suspended, 

the intensity is increased (λex = 365 nm). This emission wavelength and intensity are maintained 

in THF after submersion for 72 h, so any subsequent changes in the PL profile are due to analyte 

influences. The excitation spectrum (dotted line) for LMOF-271 does not change after addition to 

THF. Additionally, LMOF-271 is stable in THF for at least 72 h, as identified through activation 

procedures, and forms a uniform suspension—thus, THF provides an appropriate environment  

for sensing analyses to occur. 
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After the addition of analyte, the LMOF-271 emission intensity increases depending on the 

type of solvent and its concentration. This emission intensity enhances by a factor of 4.9 when 

exposed to 18.6 µM (2.86 ppm) of CTC (Figure 3.8b), while the intensity increases by only a factor 

of 1.27 when exposed to 18.6 µM of CLF. Upon exposure to DCM, the LMOF-271 emission 

intensity raises negligibly (1.025x). The PL enhancement was quantified using the Stern-Volmer 

relationship (Equation 2.2).  

 

Figure 3.8. (a) The optical emission spectra of pristine (black) and THF-suspended LMOF-271 

(orange—0 h, blue—15 h, λex = 365 nm). (b) The emission enhancement of LMOF-271 as the sensor is 

exposed to incremental amounts of CTC (λex = 365 nm). Emission spectra were recorded 8 min after the 

increase in CTC concentration. (c) Stern-Volmer curves for various chloromethane solvents. LMOF-

271 displays a highly selective signal response to CTC (blue) over CLF (orange) and DCM (green). 
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The Stern-Volmer coefficient (KSV) quantitatively measures the proficiency of LMOF-271 

as a sensor for CTC. According to Figure 3.9, at low analyte concentrations there is a direct 

relationship between I/I0 and CTC concentration, while the slope of the line is the KSV. The CTC 

KSV was determined to be 48,903 M-1, which is the highest reported value among known CTC 

detection materials.122-123  

This study represents the first example of using an LMOF for CTC detection. For CLF, the 

KSV value is less than half of that for CTC (19,971 M-1), highlighting the selectivity of LMOF-271 

for CTC. The limit of detection (LOD) is defined as the concentration of analyte at which the 

decrease in intensity is greater than the average standard deviation in repeated measurements of 

the same sample. The average emission intensity standard deviation for CTC exposures was 2.374 

a.u. Using the S-V curve in Figure 3.9, the limit of detection for CTC was calculated to be 22 ppb. 

To confirm this LOD, Figure 3.10 portrays a low-concentration PL titration of LMOF-271 with 

CTC. The addition of 25 ppb was clearly detected. This LOD is on the same order of magnitude 

with the maximum contaminant level (MCL) levied by the EPA (5 ppb).113 

 

Figure 3.9. Stern-Volmer curve for LMOF-271 when exposed to CTC. Error bars indicate the average 

standard deviation of I/I0 values between multiple trials of PL titrations. The inset equation describes 

the linear relationship between I/I0 and CTC concentration at low values. The slope represents the 

fluorescence enhancement efficiency, KSV. 
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Recyclability is vital to the practical application of a detection material, especially for 

environmental remediation efforts. Once a suspension of LMOF-271 was exposed to 2.86 ppm 

(18.6 µM) of CTC, the solid was separated from the supernatant through centrifugation, then 

washed copiously with DMF and THF. The solid was then dried under vacuum at room 

temperature for 2 h. After submerging in THF again, the fluorescence signal returned to that of the 

original suspension—this was considered one cycle (Figure 3.11). As CTC is volatile, whatever is 

not washed after exposure to THF and DMF should evaporate at room temperature under vacuum, 

leaving LMOF-271 available for further sensing analyses. 

Figure 3.11 portrays changes in the fluorescence signal from LMOF-271 as the material is 

exposed to CTC (solid dot) and after it undergoes the washing/evaporation (void dot) procedures 

reported above. Recyclability tests were done on LMOF-271 for two full cycles of CTC exposure. 

During the third cycle, upon CTC exposure, the color of solid LMOF-271 drastically changed 

 

Figure 3.10. The overlay of emission spectra from the low concentration fluorescence titration of 

LMOF-271 with aliquots of CTC. Detection of 25 ppb (blue) is clearly detected. 
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(yellow to dark orange), possibly indicating the onset of structure degradation. Additionally, the 

PL signal from this sample in the 3rd cycle is also reduced.  

The higher selectivity for CTC over CLF and DCM is attributed to the nonpolar 

environment in the LMOF-271 channels.  Previous studies have demonstrated the effectiveness of 

making use of MOFs with functionalized, nonpolar channels to detect volatile organic compounds 

(VOCs).124-125 The aromatic anthracene-based colinker and nonpolar CTC can interact through van 

der Waals forces, while the more polar CLF and DCM do not combine effectively with the 

framework.126 Emission quenching can be a result of electronic influences between immobilized 

polyaromatic molecules, so the presence of guest species that interfere with π-π interactions could 

promote an enhanced emission intensity from LMOF-271.127-128 In pristine samples of LMOF-271, 

anthracene groups may competitively absorb UV irradiation with the chromophore tppe, acting as 

built-in quenchers.129 Upon exposure to CTC, the analyte enters the LMOF pores and interacts 

with anthracene moieties through charge-transfer mechanisms that diminish the absorbance of 

 

Figure 3.11. PL intensity ratios of LMOF-271 at each stage of the CTC exposure and washing portions 

of the recycling analysis. The red dot indicates that the fluorescence signal was not enhanced to the 

same level as the previous two cycles. At this stage there was drastic color change in the solid LMOF-

271, indicating degradation of the structure. 
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anthracene.130-131 Thus, anthracene groups can no longer inhibit tppe absorption, resulting in 

enhanced emission intensity.132-133 These results clearly support LMOF-271 as an effective optical 

detection material for CTC. 

3.4  Conclusions 

We have designed and synthesized a dual-linker LMOF that is tailored to interact with 

specific analytes through the functionalized dicarboxylate co-linker and give a specific emission 

from the chromophoric tppe. Through several characterization techniques, we have shown the 

ability for LMOF-271 to selectively interact with CTC over similar chloroalkane solvents (CLF 

and DCM). LMOF-271 exhibits a KSV of 49,903 M-1, which is the highest reported value to date 

for CTC detection, and an excellent detection limit of 22 ppb. Cost-effective optical materials that 

can detect ultra-low concentrations of toxic VOCs can simplify our efforts to protect the 

environment and human health on a global scale. 

 

CHAPTER 4: LMOFs for Lithium Harvesting Applications 

4.1  Introduction 

Throughout the last decade, advancements in lithium-ion batteries have been a driving 

force for technological growth. Lithium extraction from natural resources has drawn increasing 

interest over that period as the demand for these batteries has escalated to satisfy rapid product 

development.134-135 Salt-lake brines are the primary source for lithium extraction, accounting for 

approximately 60% of the global lithium reserves,136 and have the potential for larger-scale 

generation over an extended time compared to pegmatite deposits.137 Common interferents within 

the salt-lake brines (Na+, Mg2+, Ca2+) diminish the selectivity of established lithium extraction 

techniques, including precipitation, ion-exchange, solvent extraction, nanofiltration, and 
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electrodialysis.138-141 Separation of lithium from seawater is also affected by the presence of 

competing cations, and the challenges are intensified due to the lower average lithium 

concentration (0.17 mg/L, compared to approximately 1,226 mg/L in salt-lake brines).142-143 

Despite the low concentration, seawater could provide a compliment to global lithium reserves 

since the amount of lithium is a few orders of magnitude higher than other critical and precious 

metals,142 however, the selectivity demonstrated by separation materials needs to be advanced. 

Identifying potential salt-brine lakes for lithium extraction has proven to be arduous since 

many factors contribute to lithium concentration, including geothermal activity from volcanic 

systems and anatexis (differential melting of rocks),143 among others. Lithium concentration also 

varies according to depth within a salt-brine lake144 which complicates the harvesting process. The 

initial steps of lithium estimation, which must precede any harvesting, has been a very extended 

process based on innumerable samplings, chemical analyses, precipitation tests and expensive 

industrial operations.134 The ability to quickly and easily detect low concentrations of lithium 

would lead to drastic cost reductions during the estimation phase. Additionally, using the same 

material for the sensing and extraction of lithium from water would be a valuable commodity for 

industrial applications. 

Metal-organic frameworks (MOFs) are functional materials produced via the self-assembly 

of inorganic nodes (metal cations or complexes) with organic ligands. These coordination networks 

can be permanently porous, depending on their composition and pre-synthetic conditions.145 

Recently, luminescent metal-organic frameworks (LMOFs) have rapidly developed as effective 

sensors for various analytes.7, 18, 27, 41, 44-45, 146 Luminescence-based detection utilizes the change in 

photoluminescence from LMOFs to sense the presence of a target analyte and is an attractive 

transduction method due to its simplicity and wide applicability.147 LMOFs have been previously 
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used for dual-performance applications in the selective sensing and extraction of metal ions,27 

taking advantage of ligand functionalization and permanent porosity. To date, no LMOFs have 

been used for lithium detection applications. 

Fluorescent materials used for low-concentration lithium sensing encountered difficulties 

in selectivity over competing alkali and alkaline earth metals under aqueous conditions.148-150 

Often, selective fluorescence sensors for lithium have functioned in homogeneous systems where 

water solubility is a desired technical characteristic.151-153 Heterogeneous sensors are more 

advantageous for cost-reducing applications due to their facile recyclability. It is vital to develop 

sensor materials that address all the issues surrounding lithium sensing and extraction. 

Zr-MOFs represent a chemically and thermally robust subcategory group of MOF 

materials,154-155 but there have been cases reporting difficulties in maintaining framework stability 

after increased surface modifications,156 especially if pore dimensions need to be restricted for 

specific applications.157 Dual-ligand Zr-MOFs provide an alternative to congested functionalities 

in single-linker systems. Active groups are separated onto different components and steric 

hindrance is minimized. However, dual-ligand MOFs have been arduous to synthesize due to the 

competition between kinetically- and thermodynamically-favored products. Bond formation 

between Zr4+ and carboxylates is exothermic and MOFs with highly-connected Zr6 SBUs are 

preferred, limiting ligands with less desirable coordination characteristics from framework 

incorporation.24-26 Effective multivariate Zr-MOF preparation methods have been recently studied 

and open paths toward valuable material science solutions.25, 158 

The Zr-based LMOF-321 was successfully synthesized and is isoreticular to PCN-133.24 

Using size-matching strategies, we developed a functional dicarboxylate co-linker (H2dsab) with 

a similar morphology and length to the bridging dicarboxylate ligand in PCN-133. H2dsab contains 
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a central bis(sulfonyl)imide moiety that has demonstrated direct interactions with lithium under a 

variety of aqueous conditions. As a result, perturbations within the LMOF prompted an emission 

quenching proportional to lithium concentration exposure. Detection and extraction performances 

were monitored and highlight LMOF-321 as a promising material for lithium harvesting 

endeavors. 

4.2  Experimental Details 

4.2.1  Ligand Syntheses 

Synthesis of H2dsab 

The synthesis of 4,4’-((hydrosulfonylamino)sulfonyl)dibenzoic acid (H2dsab) was 

followed from reported procedures.159 Toluene-4-sulfonamide (3.5 g, 20.4 mmol) was dissolved 

in NaOH(aq) (35 mL H2O, 863 mg/21.4 mmol NaOH) at 95 °C. Once dissolved, slowly add an 

equimolar mount of p-toluenesulfonyl chloride (3.9 g, 20.4 mmol). The mixture was stirred at 

reflux overnight. White precipitate (4,4’-dimethyldiphenylsulfonimide) formed under acidic 

conditions via the dropwise addition of conc. HCl to the reaction mixture. 

Once the intermediate (1.5 g, 4.61 mmol) was filtered, washed extensively with water, and 

dried, it was subsequently dissolved with equimolar lithium hydroxide monohydrate (0.189 g, 4.61 

mmol) in 30 mL water at 95 °C. Potassium permanganate (1.82 g, 11.5 mmol) was slowly added 

to the solution over 2 h and the system was stirred at reflux overnight. Residual solids (MnO2, 

unreacted KMnO4) were filtered and discarded, while the filtrate was acidified with conc. HCl 
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added dropwise. The final product (H2dsab) was filtered, washed with water, and dried at 70 °C 

overnight. Figure 4.1 displays the 1H-NMR for H2dsab. 

Synthesis of H3btb 

The linker benzene tribenzoic acid (H3btb) was synthesized according to previous 

studies.24, 160 The intermediate 1,3,5-tris[(4-methoxycarbonyl)phenyl]benzene was formed through 

a Suzuki coupling from 1,3,5-tribromobenzene, which then underwent a hydrolysis reaction under 

basic conditions to form H3btb. 

4.2.2  Synthesis of Zr6O4(OH)4(btb)2(dsab)3 (LMOF-321) 

LMOF-321 was synthesized via a two-step solvothermal reaction. Initially, anhydrous 

ZrCl4 (0.030 g, 0.13 mmol) and H3btb (0.017 g, 0.040 mmol) were dissolved in a mixed-solvent 

system (DMF:iPrOH:DMSO, 4:1:1) and heated at 100 °C for 1 h. Next, H2dsab (0.025 g, 0.065 

mmol) was added to the mixture with an equal aliquot of the solvent system from the previous 

step. Formic acid was used at this stage as a modulating agent (3 mL). The mixture was sonicated 

 

Figure 4.1. 1H-NMR of H2dsab with integrations and functional group assignments (inset). The shifts 

at 3.3, 2.5, and 2.09 ppm correspond to water and residual solvents (DMSO, acetone). 
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to ensure all solids were dissolved, then the vials were maintained at 120 °C for 72 h. After the 

reaction mixture was cooled to room temperature, pale-yellow needle crystals were collected via 

vacuum filtration and washed with DMF. This process was adopted from the sequential linker 

installation from Yuan et al.24 

4.2.3  Structural Analysis of LMOF-321 

The powder X-ray diffraction (PXRD) patterns were collected on a Rigaku Ultima-IV 

diffractometer (at room temperature) using monochromatic Cu Kα radiation (λ = 1.5406 Å). Data 

were collected between 3-40° 2θ with step size 0.02° and scanning rate 1.5°/min. The diffraction 

pattern from LMOF-321 matches the diffraction pattern reported from Yuan et al,24 indicating the 

formation of a material that is isoreticular to PCN-133. The PXRD pattern overlay is provided in 

Figure 4.2.  

The unit cell parameters for LMOF-321 were determined to be 20.062, 20.062, and 17.138 

Å, respectively, for the a-, b-, and c-axes. The a- and b-axes shifted negligibly from the parameters 

in PCN-133,24 however the elongation in the c-axis is consistent with the longer pillar ligand 

 

Figure 4.2. PXRD pattern comparison between PCN-13324 and LMOF-321 exposed to various 

conditions. 
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(H2dsab) used in place of the shorter dcdps linker in PCN-133 to extend the Zr-btb 2D sheets into 

three-dimensions. 

4.2.4  Pore Characterization 

Nitrogen adsorption-desorption isotherms of activated LMOF-321 were collected on a 

Quantachrome Instruments Autosorb-1 MP volumetric gas sorption analyzer using ultra high 

purity N2 (99.999%). Liquid nitrogen was used as coolant to achieve cryogenic temperature (77 

K). The N2 isotherms were collected in a pressure range from 10-7 to 1 atm. The BET surface area 

was obtained using Autosorb v1.50 software. LMOF-321 was outgassed by first conducting a 

solvent-exchange with methylene chloride (3 d). Next, the sample was exposed to 70 °C for 6 h 

under reduced atmosphere. The N2 adsorption isotherm for LMOF-321 is depicted in Figure 4.3, 

along with the H-K pore size distribution analysis. The BET surface area was determined to be 

430 m2/g, and the average pore size 5.8-6.1 Å. The pore volume for LMOF-321 was 0.22 cm3/g. 

The pore diameters are wide enough to incorporate Li+ according to average ionic radii but may 

be size selective towards the larger hydrated alkali and alkaline metal ions.161  

 

Figure 4.3. (left) N2 adsorption and desorption isotherms for LMOF-321. (right) The H-K micropore 

size distribution analysis of LMOF-321, indicating nanopores in the range of 5.8-6.1 Å. 
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4.2.5  Additional Instrumental Details 

Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q5000 under 

constant N2 flow (20 mL/min). Approximately 5 mg of sample was placed into a platinum pan, 

which was then heated from 30-500 °C at a rate of 10 °C/min. Figure 4.4 displays the TGA curve 

for as-made and activated LMOF-321. The material was activated after a solvent-exchange using 

DCM over 3 d, then heating at 70 °C under vacuum for 6 h. 

Optical Characterization 

UV-visible diffuse reflectance spectra were obtained for LMOF-321 and the fluorescent 

ligand H3btb at room temperature using a Shimadzu UV-3600 spectrophotometer. The diffuse 

reflectance data was converted to the Kubelka-Munk Function following Equation 2.1. Plotted in 

Figure 4.5 are solid-state diffuse reflectance spectra for LMOF-321 and H3btb. The estimated 

bandgap is blue-shifted as the fluorophore is incorporated into the framework. 

 

 

 

Figure 4.4. Thermogravimetric (TG) analysis of as-made (solid) and activated (dotted) LMOF-321.  
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Using a Varian Cary Eclipse spectrophotometer, optical excitation and emission spectra 

were collected for as-made and activated LMOF-321, as well as H3btb, depicted in Figure 4.6. 

The emission of LMOF-321 was red-shifted upon outgassing (λem, as-made = 435 nm, λem, outgassed = 

455 nm) under UV excitation (365 nm). The fluorophore H3btb emits at 450 nm under the same 

excitation. 

 

Figure 4.5. Optical absorption spectra (converted to KM Function) of as-made LMOF-321 (orange) and 

H3btb (blue). 

 

 

 

 

Figure 4.6. Optical emission and excitation spectra for LMOF-321 (as-made and activated) and H3btb. 

Values in parentheses provide the emission or excitation wavelength at which the displayed excitation 

or emission spectra, respectively, were monitored. 
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Internal quantum yield (IQY) was measured using a Quantaurus Absolute PL Quantum 

Yield Spectrophotometer C11347 with integrating sphere. Table 4.1 displays IQY data upon 360 

nm excitation. When the fluorophore H3btb is incorporated into PCN-133, negligible IQY 

enhancement is observed. However, upon immobilization into LMOF-321, the IQY is doubled 

from that of the molecular fluorophore. 

Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were 

performed using a Spectro Arcos Analyzer. ICP-OES was used to determine the concentrations of 

various metal ions (Li+, Na+, Ca2+ and Mg2+) in aqueous solutions after various conditions, 

including single-metal, mixed-metal, timed-, and equilibrium concentration-exposures in 

suspensions of LMOF-321. 

Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy was used to identify any perturbations 

from phonon modes of LMOF-321 before and after Li+ exposure. For these measurements, the 

LMOF-321 samples were gently pressed onto a KBr pellet (~1 cm diameter, 1-2 mm thick). The 

pellet was placed into a high-pressure, high-temperature cell (product number P/N 5850c, Specac 

Ltd., UK) at the focal point of an IR spectrometer (Nicolet 6700, Thermo Scientific, US). 

Table 4.1. IQY data for as-made and outgassed samples of LMOF-321, H3btb, and PCN-133. 

 
IQY (%) 

 
As-made Outgassed 

LMOF-321 12.4 13.5 

H3btb 5.0 - 

PCN-133 6.1 - 
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X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) was employed to further investigate the 

interaction of Li+ with LMOF-321. Information regarding changes in the electronic structure of N, 

the central atom of the bis(sulfonyl)imide functionality that represents the primary interaction site, 

before and after Li+ exposure can be inferred by monitoring the nitrogen binding energy in LMOF-

321. The samples were loaded on a KBr pellet (same procedure as in FTIR), using a Perkin Elmer 

PHI system equipped with a concentric hemispherical analyzer. An Al Kα (1486.6 eV) 

monochromatic X-ray source at a chamber base pressure of <1.0 mTorr was used to excite 

photoelectrons. 

4.2.6  Fluorescence Titrations 

As-made LMOF-321 was placed into water and sonicated for 1 h. After forming a uniform 

suspension of LMOF-321 in water, photoluminescence (PL) titrations were carried out by 

incrementally adding aliquots of metal ion solutions to the sensor suspension under steady stirring. 

The emission spectra were recorded 5 min after adding the appropriate amount of metal ion 

solution. This exposure time ensured that metal ions entered the LMOF pores. Each measurement 

was repeated three-fold and the average value was used. Similar experiments were carried out in 

seawater (Easthampton, NY). 

4.3  Results and Discussion 

4.3.1  Synthesis of an Isoreticular Zr-MOF 

As previously stated, LMOF-321 was determined to be isoreticular to PCN-13324 from 

diffraction pattern comparisons (Figure 4.2). Unit cell parameters for LMOF-321 were calculated 

to be 20.062(7), 20.062, and 17.138(9) Å for the a-, b- and c-axes, respectively. There were 

negligible differences between the a- and b-axis parameters of LMOF-321 and PCN-133 because 



70 

 

 

 

the same tridentate linker (H3btb) was used to form the 2D sheet. However, incorporation of a 

larger pillar ligand (H2dsab) into LMOF-321 generated an elongation of the c-axis relative to PCN-

133.24 Through a heterostructural mixed linker approach162 and appropriate pre-synthetic 

modifications of the organic building blocks, a robust Zr-based LMOF was synthesized to 

selectively interact with lithium under aqueous conditions. 

4.3.2  Lithium-Ligand Interactions 

The optimization of materials for lithium-ion batteries has been a popular research focus 

for decades, including the search for exemplary electrolytes. Ideal battery electrolytes  must be 

stable under specific conditions, however, most importantly, the electrolytes much reach certain 

ionic conductivity levels for the system to function. Bis(sulfonyl)imide groups have been identified 

as ideal components of electrolytic salts, as they interact efficiently with Li+ ions under standard 

conditions of battery operation and ionic conductivities are higher compared to sulfonimide or 

traditional electrolytes (hexafluorophosphate salts, etc).163 The high ionic conductivity of these 

salts was attributed to the outer trifluoromethyl moieties in bis(trifluoromethylsulfonyl)imide, 

which support electron-withdrawing effects and higher ionization degrees on the lithium-

interaction sites.163  

Replacement of the outer functional group on the compound should promote different 

lithium conductivity performances. The ligand H2dsab contains the central bis(sulfonyl)imide 

group with exterior benzoic groups—this linker structure promoted coordination in the dual-ligand 

Zr-MOF system and while also promoting interaction with Li+ through the central moiety. 

Additionally, the presence of benzoic acid groups (electron-donating) instead of trifluoromethyl 

moeities (electron-withdrawing) lowered ionic conductivity and the dissociation rate of Li+ from 
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the organic ligand. This resulted in stronger interactions with Li+, observed from sensing and 

extraction performances outlined below. 

4.3.3  Optical Properties 

Photoluminescence (PL) excitation and emission spectra were collected for LMOF-321 

and the fluorophoric ligand H3btb at room temperature (Figure 4.6). The ligand H3btb showed blue 

emission when excited by UV light (λex = 365 nm) with an emission maximum at 450 nm, while 

LMOF-321 exhibits a maximum at 435 nm. After outgassing for 15 h under vacuum at 70 °C, the 

emission from LMOF-321 red-shifted to 455 nm. A Hamamatsu Quantaurus Absolute PL 

Quantum Yield Spectrophotometer C11347 with integrating sphere was used to determine internal 

quantum yield (IQY) of LMOF-321, PCN-133 and H3btb under 360 nm excitation (Table 4.1). 

Immobilization of a molecular chromophore has been shown to decrease nonradiative decay and 

promote higher quantum efficiencies.16 PCN-133 has an IQY just above that of H3btb, however 

the LMOF-321 IQY increases two-fold from the molecular ligand. Thus, with the 

bis(sulfonyl)imide functionality and adequate IQY, LMOF-321 should be a suitable candidate for 

Li+ sensing applications. The optical diffuse reflectance spectra of H3btb and LMOF-321 were 

collected using a Shimadzu UV-3600 spectrophotometer, after which transformation to the 

Kubelka-Munk function allowed their optical band gaps to be estimated. The HOMO-LUMO 

energy gaps of H3btb and LMOF-321 are estimated to be 2.8 and 3.2 eV, respectively (Figure 4.5). 

4.3.4  Lithium Detection 

Lithium has been projected to be a valuable resource to our global economy for decades to 

come. To increase the efficiency at which lithium is harvested from natural resources, effective 

probes need to be implemented to target specific areas/depths of brine lakes or oceans that have 

adequate lithium concentrations. Other alkali and alkaline earth metals (Na+, Ca2+, Mg2+) are 
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present in high concentrations, so selectivity for lithium is paramount for fluorescent detection 

materials. 

Detection of lithium was performed by observing the changes in PL intensity from an 

aqueous LMOF-321 suspension, before and after addition of Li+ solution. As a sensor for aqueous 

environments, it is important that LMOF-321 emission does not change after immersion in water. 

Figure 4.7a depicts the stagnant LMOF-321 emission (λem = 435 nm, λex = 365 nm) after immersion 

in water for 15 h. LMOF-321 was stable in neutral, acidic, basic, and seawater samples, 

highlighting ideal traits for use in practical applications. The PL signal from the uniform LMOF-

321 suspension diminished proportionally to the amount of Li+
 added to the system. Influence on 

the emission intensity varied depending on the metal analyte under observation. 

 

Figure 4.7. (a) LMOF-321 optical emission when immersed in water (0.25 g/L) initially and after 15 h. 

The inset depicts LMOF-321 emission stability during seawater exposure. (b) Emission spectra of 

LMOF-321 after incremental additions of an aqueous Li+ solution under pH 7, (c) pH 8, and (d) pH 10. 

(e) PL titrations of LMOF-321 with Li+ in seawater (pH 7.6). All emission spectra had λex = 365 nm. 
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LMOF-321 interacted with metal ions through the central bis(sulfonyl)imide functional 

group in the co-linker H2dsab. It is vital that we examined the properties of the battery electrolyte 

from which the functionalized ligand is derived to understand the conditions for the best lithium-

ligand interactions. The bis(trifluoromethylsulfonyl)imide group in the electrolyte is a strong 

acid,164 aided by the charge stabilization from the outer, electron-withdrawing trifluromethyl 

groups. The co-linker H2dsab contains the bis(sulfonyl)imide group accompanied by benzoic acid 

moieties, so the electron-donating outer groups contribute to a weaker acidity compared to the 

parent electrolyte. To ensure deprotonation of the imide in H2dsab, LMOF-321 aqueous 

suspensions were exposed to a variety of basic conditions and lithium-detection capabilities were 

compared. 

Lithium detection was monitored through PL intensity changes from LMOF-321 under a 

pH of 7, 8, and 10 (Figure 4.7b-d). Furthermore, as shown in Figure 4.7e, LMOF-321 samples 

were suspended in seawater and titrated with Li+-doped seawater samples to display the 

practicality of the detection materials. The seawater samples had a pH of 7.6, measured on an 

American Marine Inc. Pinpoint pH meter. The maximum reduction of PL intensity from LMOF-

321 was proportional to pH—the more basic system (pH = 10) prompted the highest quenching 

efficiency after exposure to lithium. The higher pH prompted increased access to the deprotonated 

imide within H2dsab, allowing for more interactions with lithium. Further mechanistic insights are 

described below. 

Upon addition of 614 ppb (88.5 μM) Li+, emission from the LMOF-321 suspension was 

quenched by a maximum of 40% from the original intensity, achieved through PL titrations under 

pH 10. Compared to other metal ions (Na+, Ca2+, Mg2+), LMOF-321 was most responsive to Li+ 

under all conditions (Figure 4.8a). As a control, PCN-133 was suspended in water and used in 
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lithium detection trials (Figure 4.8b). There was no change in the PL signal from PCN-133, due to 

the absence of the H2dsab linker and the bis(sulfonyl)imide interaction site. The quenching 

efficiency of LMOF-321 was calculated via the Stern-Volmer relationship, presented in Equation 

2.2. The Stern-Volmer constant (KSV) was used as the quantitative indicator of quenching 

efficiency and LMOF-321 performance as a sensor for metal ions in aqueous solution. 

At low concentrations, I0/I increased linearly with metal ion concentration (Figure 4.8c). 

The maximum KSV for Li+ was 6,549 M-1, and the detection limit was determined to be 3.9 ppb in 

pH 10, which is below the average concentration of Li+ in seawater and brine-lakes.142-143 LMOF-

321 demonstrated a selective interaction with Li+ over other interferent ions, with detection ratios 

of 7.7, 14.3, and 44.9 over Na+, Ca2+, and Mg2+, respectively. To date, MOFs have not been utilized 

 

Figure 4.8. (a) Stern-Volmer (S-V) curves (λex = 365 nm) of LMOF-321 for alkali and alkaline earth 

metals. High selectivity for Li+ is clearly visible. (b) S-V curves comparing the PL signal change from 

LMOF-321 and PCN-133 during Li+ exposure. (c) Low-concentration Li+ titrations immersed in pH 7 

(green), seawater (pH 7.6, blue), pH 8 (orange) and pH 10 (purple). Equations represent the S-V 

relationship, with KSV values provided under each condition. Average standard deviation values for pH 

= 7, 7.6, 8, and 10 titrations were 0.897, 0.849, 0.775, and 0.665 a.u., respectively. 
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for lithium detection, so LMOF-321 sets the standard among this class of materials. LMOF-321 is 

well-matched with other types of fluorescent sensor materials that target lithium, including 

fluoroionophores,153 nanoparticles,150 and metallacrown-complexes,151-152, 165-167 among other 

compounds,148-149, 168-169 presenting comparable quantitative detection values. 

Select metallacrown-complexes have exhibited impressive detection limits in deionized, 

tap, lake, and saline water,150, 167 however, the recyclability of these materials were never 

discussed. Pre-production costs for lithium-ion batteries need to be diminished so focus can be 

applied towards research and development. Reusable lithium sensors would be a valuable 

commodity for industrial endeavors.  

The proposed interaction site on H2dsab is the bis(sulfonyl)imide functional group, which 

is protonated under acidic conditions. The LMOF-321 detection capability is improved under basic 

conditions due to the deprotonation of the central imide, leaving a vacant site for Li+ interaction. 

To remove Li+ from the framework, Li+@LMOF-321 was stirred into 0.01 M HCl for 2 h. 

Protonation of the imide causes Li+ to dissociate from the imide and evacuate the pores. After Li+ 

exposure, the PL from LMOF-321 is quenched proportional to the Li+ concentration. However, 

the intensity reverts to the as-made signal in an acidic environment. Five full cycles of Li+- and 

HCl-exposure were conducted while observing the structural and PL stability of the system (Figure 

4.9). 
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The structure of LMOF-321 was maintained through five full cycles, depicted in Figure 

4.9b. After the sixth cycle, the framework degrades according to the diffraction pattern and is also 

evident from the PL spectrum—upon Li+ exposure the emission intensity was not quenched to the 

same extent as the five previous cycles, and similarly the PL intensity was not reverted to the 

pristine condition when reintroduced to an acidic environment (purple and pink spectra, Figure 

4.9a,c). 

In addition to recycling properties, LMOF-321 was utilized for the extraction of lithium 

from aqueous solution, an application not demonstrated among other sensor materials. 

4.3.5  Lithium Extraction 

 

Figure 4.9. (a) Optical emission spectra of LMOF-321 as-made (black) and after successive Li+- (blue) 

and HCl-exposures (red). A maximum emission within ±6% of the as-made and initially Li+-quenched 

spectra were considered recycled. Pink and purple spectra correspond to PL emissions from degraded 

products. (b) PXRD overlay of LMOF-321 samples after each successive regeneration cycle. The red 

diffraction pattern represents a breakdown of the framework after five full cycles. (c) PL intensity ratios 

of LMOF-321 at each Li+-adsorption and -desorption stage of the regeneration cycle. 
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Previous lithium detection materials have not exhibited simultaneous extraction abilities. 

Dual-performance compounds would be crucial to increasing the lithium harvesting efficiency that 

should become necessary as demand for the resource intensifies.  

Evident from detection analyses, selectivity is vital for lithium separation materials, 

especially in environments such as brine-lakes or seawater when interferent concentrations are 

orders of magnitude higher than lithium. To analyze the lithium extraction ability of LMOF-321, 

activated samples (5.6, 11.2, and 16.8 mg; 0.059 mM, 0.119 mM, and 0.178 mM, respectively) 

were placed in aqueous solutions of either LiCl, NaCl, CaCl2, or MgCl2 (35 mL, M+/2+ 

concentration of 10 ppm, or ~350 μg of M+/2+). The suspensions were agitated at room temperature 

for 15 h, after which the supernatant was separated from the adsorbent. The residual metal ion 

concentrations were measured via ICP-OES using a Spectro Arcos analyzer. As depicted in Figure 

4.10a, LMOF-321 removes 38.3% of Li+ from solution, effectively lowering the concentration 

from 10 ppm (35 mL) to 6.16 ppm (16.8 mg LMOF-321, 0.178 mM). Under the same conditions, 

the adsorbent reduces the concentration of Na+, Ca2+, and Mg2+ from 10 ppm to 7.71, 9.67, and 

8.32 ppm, respectively. Molar selectivity for Li+/Na+, Li+/Ca2+, and Li+/Mg2+ were 5.6, 67.2, and 

8.0, respectively, emphasizing the preference of LMOF-321 towards lithium. 

 

Figure 4.10. (a) The remaining metal concentrations after exposure to various amounts of LMOF-321. 

(b) Residual Li+ concentrations from mixed-metal solution exposures. 
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To function in practical environments, LMOF-321 must demonstrate similar Li+ extraction 

performances when immersed with interferents. Solutions with 10 ppm Li+ and Na+ were exposed 

to LMOF-321 to further evaluate lithium selectivity (Figure 4.10b). Additionally, the adsorbent 

was mixed with a solution containing 10 ppm of Li+, Ca2+, and Mg2+ as well as a system including 

all four metal ions (10 ppm). Under competitive conditions, the Li+ concentration was reduced to 

6.98, 6.82, and 6.98 ppm when LMOF-321 was exposed to ions Li+/Na+, Li+/Ca2+/Mg2+, and 

Li+/Na+/Ca2+/Mg2+, respectively. Interferent ions have minimal effects on the Li+-extraction 

performance of LMOF-321, which still removes 82.8% of the amount of Li+ that was removed 

under non-competitive conditions. The order of selectivity in LMOF-321 follows Li+ > Na+ > Mg2+ 

≥ Ca2+, which was consistent with observations from the detection analysis. 

The rate kinetics of LMOF-321 for lithium were examined. LMOF-321 (16 mg, 0.170 mM) 

was exposed to an aqueous solution of 10 ppm Li+ for specific time intervals. Portrayed in Figure 

4.11, LMOF-321 exhibited pseudo-second-order adsorption kinetics with a relatively rapid uptake 

(5.61 mg mg-1 min-1). The experimental data were fitted with the pseudo-second-order kinetic 

model using Equation 2.3. Approximately 85% of the total Li+ removed from solution was 

extracted by LMOF-321 within 2 h. The composite adsorbent PSS@HKUST-1 exhibited a higher 

selectivity towards lithium compared to other metals, but extraction kinetics were not analyzed 

and the material was not reported to have sensing capabilities.170 
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Adsorption of lithium within LMOF-321 was best evaluated using the Langmuir model, 

following the relationship displayed in Equation 4.1. 

where Ce is the concentration of Li+
 under equilibrium, Qm is the maximum quantity of Li+ 

adsorbed onto LMOF-321 (monolayer capacity), KL is the Langmuir constant and Qe is the 

quantity of Li+ adsorbed under equilibrium. The better fit from the Langmuir model suggests 

monolayer adsorption onto homogeneous interaction sites, consistent with the crystalline structure 

of LMOF-321, with bis(sulfonyl)imide groups in regular locations throughout the framework. 

Figure 4.12 displays the Langmuir isotherm, from which we determined the maximum adsorption 

capacity of Li+ onto LMOF-321 to be 12.18 mg/g (KL: 0.23 L/mg). Although other types of 

materials have reported higher lithium maximum adsorption capacities,171-173 LMOF-321 

 

Figure 4.11. (a) Li+ concentrations after exposure to LMOF-321 for various time intervals. (b) The 

amount of adsorbed Li+ as a function of exposure time. The inset shows the pseudo-second-order kinetic 

plot for Li+ adsorption (initial Li+ concentration: 10 ppm), which was used to determine the kinetic rate 

constant (0.0056 g mg-1 min-1). 

 

 

 

𝑄𝑚 =  
𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

Equation 4.1. Langmuir adsorption model. 
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exhibited comparable performances with MnxOy species174 and is the only adsorbent that was also 

used as an effective and simple lithium detector. This represents the first time a MOF has been 

used for the selective detection and simultaneous extraction of lithium from water. 

4.3.6  Interaction Mechanism 

Details regarding the specific interaction of Li+ with LMOF-321 have been obtained from 

IR and XPS spectroscopic investigation. FTIR spectroscopy was used to monitor vibrational 

modes from the sulfonyl groups to highlight the contact between Li+ and bis(sulfonyl)imide moiety 

within the functional co-ligand H2dsab. Figure 4.13 portrays the FTIR spectrum of pristine H2dsab 

before LMOF-321 incorporation. The peaks at 1090, 1288, and 3350 cm-1 correspond to symmetric 

and asymmetric vibrational modes of the sulfonyl groups, as well as the stretching mode of the 

central imide, respectively. This imide stretching peak was not present in the bulk LMOF samples 

due to its overlapping with broad ν(OH) band from adsorbed water inside MOFs. Difference 

spectrum in Figure 4.13 shows that the νas,s(SO2) bands at 1090 and 1288 cm-1 exhibited significant 

perturbations after exposure to Li+, indicating contact and/or interaction between the metal and the 

sulfone groups within H2dsab. X-ray photoelectron spectroscopy (XPS), focusing on the N 1s 

 

Figure 4.12. Adsorption isotherm of Li+ on LMOF-321. The inset shows experimental values fit with 

the Langmuir model. 
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binding energy, can help to elucidate the interaction between Li+ and the central imide within the 

bis(sulfonyl)imide group. 

To further confirm the interaction between Li+ and the bis(sulfonyl)imide moiety, XPS was 

used to monitor the nitrogen (N 1s) binding energy in water-immersed, Ca2+-, and Li+-exposed 

LMOF-321 samples. The imide stretching modes were absent in the bulk LMOF FTIR spectra, so 

this is mandatory to understand the adsorption between metal ions and the bis(sulfonyl)imide 

group. Information regarding changes in the electronic structure of nitrogen, the central atom of 

the bis(sulfonyl)imide functionality that represents the primary interaction site, before and after 

Li+ exposure can be inferred by monitoring the N 1s binding energy in LMOF-321. Figure 4.14 

displays the shifting of N 1s binding energies. After Ca2+-exposure, the N 1s binding energy shifted 

by 0.4 eV from the water-exposed sample. Similarly, after immersion in a Li+ solution, this N 1s 

 

Figure 4.13. FTIR spectra for pristine H2dsab and LMOF-321 samples [reference to KBr pellet in 

vacuum (<20 mTorr)]. Black labels are used to identify peaks related to the sulfone and imide moieties. 

(a) The spectrum for the pristine H2dsab ligand, highlighting peaks representing the imide and sulfone 

groups. (b) The spectrum of LMOF-321 exposed to water is compared with (c) LMOF-321 after 

exposure to Li+
(aq) solution. The top difference spectrum, obtained by subtracting spectrum b from c, 

shows the perturbations of the asymmetric and symmetric sulfone vibrational modes after Li+-exposure. 
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binding energy shifted by 0.1 eV. The higher valence state associated with Ca2+ attracts more 

electrons from the central imide group, shifting the core level binding energy more compared to 

Li+. This binding energy shift, paired with FTIR results, supports the observations from detection 

and extraction analyses. LMOF-321 selectively interacts with metals through direct contact with 

the bis(sulfonyl)imide moiety in the H2dsab co-linker, exhibiting selectivity for lithium over other 

alkali and alkaline earth elements. 

4.4  Conclusions 

We have designed, synthesized and structurally characterized a new and robust Zr6-based, 

dual-linker LMOF that contained a fluorophore paired with a pillaring dicarboxylate co-ligand. 

This linker included a central functionality that accentuated selective interactions with lithium over 

common interferent ions (Na+, Ca2+, Mg2+). Detection analyses were carried out on aqueous 

 

Figure 4.14. XPS spectra of LMOF-321 exposed to water (no M+/2+) as reference, and 1,000 ppm 

solutions of Ca2+ and Li+. The shift in N 1s binding energy observed in both exposures indicates direct 

interaction with the imide in the bis(sulfonyl)imide functional group. 
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suspensions of LMOF-321 under several alkaline conditions, monitoring the performance of the 

sensor as the central imide group was deprotonated and made available for enhanced interactions 

with Li+. The limit of detection for this system was determined to be 3.9 ppb with an impressive 

and selective uptake for lithium (12.18 mg Li+/g).  The selectivity towards lithium was consistent 

between photoluminescence sensing experiments and extraction analyses. XPS and FTIR 

confirmed the interaction between Li+ and the bis(sulfonyl)imide moiety on the central position in 

H2dsab. 

There are no lithium adsorbent materials that have demonstrated a simple and effective 

sensing response. The sensitivity of this response, coupled with extraction capabilities, propels 

LMOF-321 as a standard for industrial lithium harvesting materials, especially in the resource 

estimation phase (before harvesting). Using a single material to identify areas of the ocean and/or 

salt-lake brines that are ideal candidates for lithium removal while simultaneously executing the 

extraction process would lower industrial costs early in the economic timeline. The resulting 

decline of prices for lithium-ion batteries and associated devices would not only benefit current 

consumers, but the increased supply of this resource could also generate innovation and 

development of technologies to a previously unimagined level. 

 

CHAPTER 5: Conclusions and Outlook 

 My dissertation has focused on the use of LMOFs for environmental sensing, waste 

removal, and industrial harvesting applications. The crystallinity of LMOFs offers the opportunity 

to observe precise locations of framework-analyte interaction, enabling systematic optimization 

during the design and synthetic stages of this research. Materials have been chemically modified 
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and tailored to adsorb specific species in aqueous and organic media, while exhibiting optical 

activity that prompts changes in photoemission properties after exposure to the targeted analyte. 

 LMOFs towards the chemosensing of vital environmental contaminants compared 

favorably with current detection materials available today. However, it has been extremely rare 

for sensing methods to effectively remove pollutants simultaneously. The porosity, notable surface 

area, and precise functionality within LMOFs facilitate their efficacy as dual-performance 

materials, boasting low limits of detection and high adsorption capacities for specific analytes. 

Beyond their vital use for environmental remediation, materials presented in this work provide 

important roles in industrial operations. These LMOFs have been used to target and extract vital 

elements for the energy sector in an efficient manner. These applications could increase supplies, 

lower costs, and empower further scientific advancement to new frontiers. 

 The facile chemical modifications for LMOFs highlight their capability for enhanced 

performances. The projects presented in this dissertation represent valuable steps for 

environmental and industrial processes, but they are among only the first stages. Pore sizes can be 

tailored for physical constraint, and functional groups can be optimized for specific chemical 

environments within the channels and voids of the frameworks under observation. The possibilities 

for LMOF design and synthesis are infinite and can be beneficial towards adverse issues. 

 Overall, my graduate research has allowed me to investigate advanced organic syntheses 

to create new ligands with distinct functionalities, while also incorporating these organic 

compounds into interesting hybrid inorganic-organic materials. The opportunity to develop and 

advance the fields of solid-state chemistry and metal-organic frameworks towards environmental 

applications that provide global benefits has been incredibly rewarding, and I hope this work brings 

motivation to subsequent researchers.  
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List of Abbreviations 

DMA N,N’-dimethylacetamide 

DMF N,N’-dimethylformamide 

DMSO dimethylsulfoxide 

FTIR fourier-transform infrared spectroscopy 

H2adc 9,10-anthracene dicarboxylic acid 

H3btb benzene tribenzoic acid 

HCl hydrochloric acid 

H2dbtdcO2 dibenzo[b,d]thiophene-3,7-dicarboxylic acid-5,5-dioxide 

H2dsab 4,4’-((hydrosulfonylamino)sulfonyl)dibenzoic acid 

H2hfdc 9H-fluorene-2,7-dicarboxylate 

H2ofdc 9-oxo-9H-fluorene-2,7-dicarboxylic acid 

HOMO highest occupied molecular orbital 

ICP-OES inductively-coupled plasma optical emission spectroscopy 

iPrOH isopropanol 

IQY internal quantum yield 

LMOF luminescent metal-organic framework 

LUMO lowest unoccupied molecular orbital 

MOF metal-organic framework 

NaOH sodium hydroxide 

PBU primary building unit 

PL photoluminescence 

PXRD powder X-ray diffraction 

SBU secondary building unit 

TGA thermogravimetric analysis 

tpe 1,1,2,2-tetraphenylethene 

tppe 1,1,2,2-tetrakis(4-(pyridine-4-yl)phenyl)ethane 

UV-Vis ultraviolet-visible spectroscopy 

XPS X-ray photoelectron spectroscopy 

XRF X-ray fluorescence spectroscopy 
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