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Abstract 
 

 
 As the current age of nuclear reactors gets older, more waste and a greater 

possibility of leaks can occur. There is a need for an on-site real time ability to be able to 

detect actinides in the environment to prevent a greater problem, or to help remedy clean 

up. Due to competing metals such as copper or iron, designing a ligand to selectively 

detect actinides is often very difficult. 2-quinoxolinol backbone was synthesized and two 

3,5-di-t-butylsalicylaldehydes were attached as imines to provide a 2N-2O donor system 

as a binding pocket. This ligand by itself gave a signal in the UV-Vis at ~389 nm. When 

bound to uranyl, the peak shifted to higher energies to ~367 nm with a shoulder at 450 

nm. When bound to copper, the peak was lower energy shifted to 450 nm. The detection 

limits were ~25 ppm for uranyl and ~1 ppm for copper. This became the starting point for 

designing a better sensor using computational chemistry. What was found was that 

changing from a salicylaldehyde to a 2-aminobenzaldehyde should give greater 

selectivity in the UV-Vis spectrum. Much needs to be investigated to increase the signal 

to noise and lower the detection limit. Finally, extractions were performed to determine 

the ligands ability to separate actinides from lanthanides. Typical of mixed N,O-donor 

ligands, the Salqu ligand decomposed at >1 M HNO3 and  would only have efficient 

extractions between 1x10-1 – 1x10-3 M HNO3 with distribution for uranyl ~3 and 

separation factors ~5.  
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Chapter 1 

 

Introduction 

 

About 13-14% of the world’s electricity is produced from nuclear sources, and 

nuclear power is the dominant source of electrical power for most of Europe. Nuclear 

power should become a dominant source of electricity in the world because of the 

dependence on oil in manufacturing and petroleum products are highly sought after as 

chemical feedstocks.1 Experts are predicting that the maximum allowable oil 

production using current methods will occur in the next 5-25 years, and the needs of 

nuclear power and other alternative fuel sources is growing.2 A shift away from oil as 

an energy source is critical for ensuring that energy remains available and reasonably 

priced.2-4 

 

 As of the end of 2010, only 8.4% of the electrical supply of the United States 

civilian energy production was from nuclear power, 8% was from renewable sources 

such as wind and solar, with the remaining 83% from fossil fuels.1 Along with wind 

and solar, nuclear energy is an attractive source because it can generate a significant 

amount of energy with minimal atmospheric emissions;5 however, the use of actinides 

in both military and nuclear fuel applications has resulted in a plethora of waste and 

contamination issues.6-9 Critical issues currently being addressed include stockpile 
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stewardship, long- term nuclear waste storage, recycling of spent fuel, and 

remediation and detection of actinides in the environment.1,4,10

  

New technologies will be required to support the next generation of nuclear 

power production;2,3,8,9 however, reprocessing of nuclear fuel wastes is made much 

more difficult because of the gaps remaining in our fundamental understanding of f-

element chemistry. A resurgence of interest in the chemistry of the actinides (in 

particular uranium, neptunium, and plutonium) has been inspired by the needs to 

address these environmental concerns, to develop new separation technologies, and to 

continue to develop our fundamental understanding of the chemical behavior of 

actinides.11-28 Some fundamental misunderstandings involve coordination of f-

elements, radionuclide movement through the environment, and separation of nuclear 

waste streams for reprocessing.  

 

1.1 Coordination Chemistry of the Actinides and Lanthanides 

 

 Of the utmost concern in research for characterizing the 5f elements is the 

potential for radiological hazards and increasing expenses of working with and 

obtaining materials and equipment that must be dedicated for use with those 

materials.11 Other metal ions have been used as less hazardous analogs for 

characterization such at Th(IV) and U(VI) complexes as models for the more highly 

active Pu(IV,VI), increasing the analytical tools available.11 Because of their similar 

ionic radii, and, for the later actinides, similar oxidation states, lanthanide metals are 
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seen as potential coordination models for the actinide metals. Both 4f and 5f  elements 

prefer large coordination numbers (8 or 9), possess flexible ligand coordination 

geometries, and can  act as Lewis Acids in solution.7 It is incorrect to assume that 

since lanthanides and actinides are similar in a number of ways, that their chemistry 

would be similar. While the lanthanides can be useful models, the actinides with their 

larger 5f orbitals, have a more covalent interaction with ligands, particularly soft 

donors, and therefore can form more stable complexes.3,7,29 Covalent interaction in 

bonding of actinides is defined as mixing between two orbitals, in accordance with 

recently published studies.30,31 There is an inherent flaw in relying on modeling of 

lanthanides to determine the small difference between 4f and 5f elements that could 

be exploited for actinide selective extractions and sensing.11 Although the models can 

be great tools, many systems make critical but erroneous assumptions in the 

characterization of the f-elements; therefore a crucial need of modern techniques for 

characterizing the chemistry of the actinides and their complexes still exists.11 

 

1.2 5f Coordination Compounds 

 

 For complete understanding of separation processes or the usefulness of  

ligands in the detection of actinides, it is best to establish bonding parameters across 

the 5f series.32-34 Generally, a multidentate ligand that contains soft donors such as 

nitrogen and sulfur would be used for liquid-liquid separations of trivalent 

lanthanides and actinides of different oxidation states due to the greater binding 

affinity between actinides and soft base ligands. Because the behavior of the 5f 
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orbitals have been much less studied, it is difficult to determine ligand selectivity and 

optimum efficiency for separations or sensing, or optimal coordination environment 

for these 5f metal ions in the solid state.34 

 

1.3 Sensing of Actinides in the Environment 

 

Prior to the Manhattan Project, the only radioactive actinide elements believed to be 

on the planet were those that were naturally occurring (235,238U, 232Th), and the 

manmade isotopes that had been created in scientific research.35 The Manhattan 

Project and eventual Cold War of the 1940s-1970s introduced considerable amounts 

of new radioisotopes, including most significantly, thousands of kilogram quantities 

of transuranium elements into the environment.35 After the ban on atmospheric testing 

of nuclear weapons, the major significant injections of radioactivity into the 

environment have occurred due to the atomic testing program, and the disasters at 

Chernobyl in 1986, and Fukushima in 2011.36 These disasters are not the only fears 

people have of nuclear materials. Due to the current threat of a dirty bomb attack and 

the possibility of a nuclear waste spill during transport prove that there is a clear need 

for a water-borne counter-terrorist technology, one capable of providing a stand-alone 

alarm sensing solution around a priority asset such as a water treatment plant or 

government installation.11 
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1.4 Methods for Detecting Actinides 

  

1.41 Alpha Spectrometry 

 

Alpha spectrometry allows the analyst to identify and quantify individual α-

emitting radionuclide (isotopes) based on the detection of emitted α-particles and 

determination of α-particle energies specific to the radionuclide of interest.37 Among 

the methods suitable for isotopic determination of α-nuclides (mass spectrum, 

neutron activation, α-spectroscopy) α-spectroscopy has an advantage of being low-

cost and robust, and used in natural and technical samples. Although the range of α-

particles through matter is short (they can be stopped with a sheet of paper), analysis 

based on their detection possess advantages compared to the detection of β-particle 

and γ-rays due to the extremely low backgrounds achievable.37 Prior to alpha-

radiometric analysis, pre-concentration and separation of the radionuclide from the 

matrix was required because of the relatively low radionuclide concentration in the 

samples. In addition, interference of inactive substances with the emitted α-particles 

will lead to a lower spectral resolution and higher detection limits.38 The pre-

concentration and separation procedures involve co-precipitation, extraction, and/or 

ion-exchange.38 There are a number of spectral interference peaks from americium, 

plutonium, and neptunium when trying to detect thorium, uranium, neptunium, and 

plutonium isotopes. 
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Photon Electron Rejecting Liquid Alpha Spectroscopy (PERALS®) is a 

relatively new method that combines chemical separation by liquid-liquid extraction 

and the measurement of alpha activity by a water-immiscible scintillator.39,40 This 

technique lowers the limit of detection by a factor of 10 in comparison with classical 

alpha spectroscopy by rejecting up to 99.9% of β-γ background radiation;39 however 

the alpha energy resolution of the PERALS spectrometer is rather poor in comparison 

to that of α spectrometry. This analysis of α nuclides therefore combines chemical 

separation by liquid-liquid extraction with measurement of α activity by liquid 

scintillation in the same procedure.41 Dacheux et. al developed a procedure to 

separate uranium, thorium, plutonium, americium, and curium nuclides from each 

other before α liquid scintillation counting to improve the results.41 

 

1.42 Gamma Spectrometry 

 

Gamma Spectrometry allows an analyst to identify and quantify individual 

actinide nuclides based on the detection of emitted γ-rays possessing energies that are 

specific to the nuclear transition in the actinide of interest.37 Unlike α-particles, γ-rays 

are highly penetrating and the measurement of individual actinide ions is relatively 

straightforward because the peaks can be resolved individually by high-resolution 

detectors.37 This technique requires little sample preparation, is non-destructive, and 

multiple radionuclides can be detected simultaneously.37 Daughter products can also 

be detected and are sometimes the only route for determining 238U and 232Th, this 

requires an assumption of radioactive equilibrium.37 The sensitivity is dependent on 
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the half-life of the radionuclide and the percent γ-ray intensity.37 Of the transuranic 

actinides, 237Np, 239Pu, 240Pu, and 241Am can be detected. The plutonium isotopes have 

intensity yields < 1 x 10-3, making their direct determination in environmental 

samples impossible.37 Broader applications of gamma spectroscopy to most naturally 

occurring actinides and the environmentally important transuranic actinides are 

limited by typical long half-lives and/or low intensities for emitted γ-rays.37 

 

1.43 Atomic Absorption Techniques 

 

Atomic Absorption techniques are used for quantitative determination of 

chemical elements based on the absorption and emission of electromagnetic radiation 

from the atoms and ions. This technique requires a standard, but it works by exciting 

electrons into higher orbitals by absorbing energy. Each energy is related to a specific 

electron transition on each individual element.42 The actinides are able to be measured 

and determined by atomic absorption spectrometry (AAS), atomic emission 

spectrometry (AES), flame emission spectrometry (FES), and inductively couple 

plasma atomic emission spectrometry (ICP-AES).42 

 

1.44 Inductively Coupled Plasma 

 

The Inductively Coupled Plasma (ICP) source is an effective and efficient 

atomization and ionization source that works best with aqueous samples, usually in 

nitric acid. The high temperature of the ICP source is sufficient enough to ionize the 
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actinide elements for concentration determination. Progress in mass spectrometry has 

led to lowering the detection limits, while being fast and requiring less pre-analysis 

determination of the actinides from each other.39 It is still necessary to separate the 

actinides from the matrix, which contains elements that cause isobaric and polyatomic 

interferences.39,43 Interferences such as 238U, contributes to m/z during 237Np 

determinations.37 Isobaric interferences complicate total Pu isotopic analysis: 238U 

interferes with 238Pu, and 241Am interferes with 241Pu. These interferences can be 

minimized by utilizing chemical separation procedures such as coprecipitation, 

liquid-liquid extraction, ion exchange, extraction chromatography, or speciation 

separations.37 

 

1.45 Laser Induced Kinetic Phosphorimetry 

 

Phosphorimetry is a sensitive and selective analytical technique, with low 

detection limits and a large linear dynamic range for many phosphors.44 Under 

excitation by ultraviolet and visible radiation, many uranyl compounds phosphoresce 

with the emission of a characteristic green light, while uranium in the +3, +4, and +5 

oxidation states is non-luminescent due to the absence of –yl oxygens.44 In solution, 

uranyl will quench, and therefore it must be protected by complexing it with 

phosphoric acid to increase the lifetime to a few hundred microseconds.42 
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1.46 Ultra-Violet Visible Spectroscopy 

 

UV-Vis spectroscopy for use in trace metal analysis has been around for a 

long time. The important characteristics are wide applicability, high sensitivity, 

moderate to high selectivity, good accuracy, and most importantly for real-time field 

analysis, ease, and convenience.45 Chemosensors are non-living molecules that bind 

selectively and often reversibly with an analyte which causes a change in one or more 

properties of the system such as color, fluorescence, or redox potential.46 Recognition 

and signaling of ionic and neutral species of individual elements is one of the most 

extensively studied areas of supramolecular chemistry.46 Among different types of 

chemosensors, colorimetric sensors are especially attractive, since complexation can 

trigger a color change that can be seen without any equipment. This type of 

chemosensor can find direct applications in the development of optodes and 

disposable dip-stick arrays based on the absorption changes.46 In these colorimetric 

chemosensors, a bathochromic or hypsochromic shift of absorption spectra, or visual 

color change, is caused by the respective increase or decrease in electron densities on 

the ligand and complex, which is more effectively carried by the association of a 

charged analyte such as a cation or anion, than a neutral molecule;46 therefore, most 

chromogenic sensors are only useful for charged guests.46 

 

Expanded porphyrins have been recognized as ligands able to form complexes 

with cations that are too large to form stable 1:1 complexes with porphyrins.47 These 
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systems have been exploited as colorimetric sensors in the detection of high-valent 

actinides (UVI, NpV, and PuV).47 In 2004, Sessler and co-workers reported 

isoamethyrin, which undergoes a color change from yellow to pink on the exposure of 

the ions mentioned earlier.48 In MeOH, color changes with Np and Pu were 

instantaneous, while the response to U was only fully achieved after 24 hours.47 

Isoamethyrin in MeOH-CH2Cl2 95:5 (v/v), the ligand displayed a detection limit for 

the uranyl cation of ~6 ppm as determined by naked-eye analysis, and 30 ppb as 

recorded using a standard UV-Vis spectrometer.47 The kinetics of uranyl 

complexation (>1 day) make the system impractical as a viable method for the 

determination of uranyl cation concentration,49 and copper contamination can 

deactivate the sensor. 

 

’ 

 

Figure 1.1: Isoamethyrin 

 

In 2008, Melfi, Sessler and co-workers modified isoamethyrin and attached it 

to a plastic fiber optic for use in the detection of UVI cation in aqueous solution.50 
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Several experiments were used to characterize the structure of the silica-water 

interface, which demonstrated that cation concentrations may be enhanced at the 

interface owing to the presence of the native negative charge deriving from the pH 

dependence of the SiOH groups on the surface.50 Several chemophotonic molecules 

were developed as optical sensors for uranyl species; however, like most sensors, they 

are subject to competitive binding of other metal cations, (such as copper or iron), and 

therefore false-positive results.51,52 The ligands in the extraction processes described 

next are good starting points for sensors and vice-versa because they are often already 

selective for uranyl or actinides over other metal ions. 

 

1.5 Background for Nuclear Fuel Recycling 

 

 The operational life span of a fuel rod in a typical light water reactor is only 

about 3 years, with only 5% of the energy content contained in the fuel rod being 

used.3,8 During the past 60 years, more than 1800 metric tons of plutonium, and 

substantial quantities of the “minor” actinides, such as neptunium, americium, and 

curium have been generated in nuclear reactors.53 There are two strategies concerning 

the disposition of these heavy elements in nuclear reactors: (1) to “burn” or transmute 

the actinides using fast breeder reactors or accelerators;54 and (2) to “sequester” the 

actinides in chemically durable, radiation resistant materials that are suitable for 

geological disposal.55 Reprocessing, while not being performed in the United States 

currently, is not new, as fuel rods were first processed at the Savannah River Site, 

with commercial nuclear fuel being reprocessed at the West Valley Reprocessing 
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plant in New York.56 Because current reprocessing strategies generate and isolate 

"weapons-grade" plutonium (239Pu), President Carter suspended reprocessing of spent 

nuclear fuel (SNF) citing concerns for the potential for proliferation.56 This has not 

stopped other nations such as France, the United Kingdom, Russia, Japan, and India 

from using nuclear power technology and reprocessing their spent fuel.3 President 

Reagan lifted the reprocessing ban in 1981, but there was not a substantial enough 

subsidy to proceed on a private basis, rendering reprocessing commercially 

impractical.56 Two reasons cited for considering reprocessing are 1) to increase the 

available energy from fissile and fertile atoms and (2) to reduce hazards and costs for 

handling the high-level wastes from the resultant fission products (FPs).57  

 

 

 

Figure 1.2: Fuel cycle decay to get to Pu-239 

 

There is one additional problem with the reprocessing of spent nuclear fuel 

and that is the separation of the trivalent actinides from the trivalent lanthanides 

produced as FPs. This separation is difficult due to the similar oxidation states, 

chemical properties, and ionic radii. This separation is needed in order to reuse the 

actinides in either mixed-oxide (MOX) reactors (for uranium and plutonium) or fast-

breeder reactors (FBR) (for neptunium, americium, and curium) as part of the 

partitioning and transmutation (P&T) strategy that is being explored in France and 
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Japan.42 The lanthanides possess a large-cross section for neutron capture, thus as 

lanthanides build up from fission products, the nuclear chain reaction slows down.58 

 

1.6 Extraction Processes 

 

 1.61 PUREX 

 

The Plutonium Uranium Recovery by Extraction (PUREX) process is the 

most widely used recycling process for commercial uranium fuel rods.59,60 The 

extractant is tri-n-butyl phosphate (TBP) (30%) in either dodecane or kerosene as the 

solvent.55,61 TBP has good radiolytic and chemical stability, low aqueous solubility, 

and its chelating properties made it possible to efficiently eliminate the undesired 

fission products and minor actinide by-products, while cleanly separating uranium 

and plutonium.62 Like the first extraction processes in the 1940s, extraction is 

repeated several times throughout the cycle even though the first few steps remove 

over 99% of U(VI) and Pu(IV), 90% of Np(V), and leaving all but 0.1% of the fission 

products and minor actinides in the aqueous raffinate.61 After that, Pu and U are 

separated by reducing Pu(IV) to Pu(III) by a reducing agent such as hydroxylamine or 

N,N-diethyl-hydroxylamine causing it to precipitate out of solution.61 The final cycle 

consists of stripping the uranium using dilute acid, then passing through another cycle 

of extraction and precipitation for additional decontamination from plutonium and 

fission products.62 Currently studied extraction processes, such as the ones below, 
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hope to improve upon, use in conjunction with, or completely replace the PUREX 

process. 

 

 

 

Figure 1.3: tri-n-butlyphosphate (TBP) 

 

1.62 DIAMEX 

 

The Diamide Extraction (DIAMEX) process was developed in France in the late 

1980s as a follow-up process to PUREX. The goal of this system was to separate the 

trivalent actinides from the lanthanides directly from the high activity PUREX 

raffinate.63 As the name implies, this process uses a diamide, N,N’-dimethyl-N,N’-

dibutyltetradecylmalonamide (DMDBTDMA), a combustible solvating extractant in 

an aliphatic diluent as the solvent.64 A new diamide, N,N’-dimethyl-

N,N’dioctylhexylethoxymalonamide (DMDOHEMA) has been synthesized. It limits 

third phase formation due to increased molecular weight. It also enhances the affinity 

for minor actinides over lanthanide complexation and thereby increasing extraction 

efficiency.64 While DMDOHEMA is robust against hydrolysis and radiolysis, there is 

a narrow range of nitric acid concentrations that allow for good recovery of the 
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trivalent actinides.61 The other drawback is increased complexity as compared to 

TBP.61 

 

      

 

Figure 1.4: DMDBTDMA and DMDOHEMA 

 

1.63 TRUEX 

 

TRUEX stands for Transuranium Extraction, in other words, extraction for the 

actinides beyond uranium.65 This process uses (N,N’-diisobutylcarbamoylmethyl)-

octylphenylphosphine oxide (CMPO) wherein both the C=O and P=O groups act as 

bonding donors for extractions.66 For each metal ion, there are three CMPO 

molecules.66 Although the extractions for actinides were very good, the CMPO ligand 

could not differentiate between the 4f and 5f elements needed for the transuranium 

extractions by themselves.66 The first modification of this extraction process was to 

combine it with the established PUREX process to create an “all-purpose” actinide 

extractant from nitric acid waste solutions.61 While improvements were made 

immediately, such as the enhanced distribution ratios for AmIII, further investigation 

had problems with stripping and recovery of the metal.67 There was also the problem 
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of the lanthanides still being extracted by the CMPO, further complicating 

reprocessing.68 

 

 

 

Figure 1.5: CMPO 

 

Much of the focus of research into improving  the TRUEX process since 1999 

has been to attach CMPO to a fixed structures such as triphenoxy methane68, or the 

calixarenes, both the wide and narrow rim.66,69 The goal was to take advantage of the 

3 to 1 binding of the CMPO by preorganizing the supramolecular structure and 

creating a chelate effect to increase the selectivity for extractions in comparison to 

mono-CMPO extractants.68 For the triphenoxy methane platform, it was observed that 

the ligand would selectively bind thorium over lanthanides, but would have problems 

binding any higher actinides.68 The wide and narrow rim calix[4]arenes with CMPO 

both bound thorium over lanthanides, with the narrow-rim calixarene a considerably 

better extractant for thorium and maintained the ability to extract it in > 2 M HNO3.66 

Higher actinide selectivity was unpredictable with some lanthanides having 

selectivity equal to the actinides.68 
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1.64 Cyanex 

 

Cyanex 301 is the dithio analogue of the carboxylic acid Cyanex 272, which 

was originally developed for selective extraction of zinc from calcium containing 

effluent streams.70 Increasing the sulfur substitution increases the acidity of the 

extractants making them better suited to extract the softer Lewis acids of the actinides 

versus the lanthanides.71-73 While Cyanex 301 can only differentiate between AmIII 

and lanthanides in solutions at a pH lower than 3, the ligand will decompose in these 

acidic solutions.74-77 Further studies have been undertaken to investigate different 

dithiophosphinic acids for minor actinide extractions.76,77 A modification involving an 

aromatic dithiophosphinic acid was synthetically challenging but offered a more 

hydrolytically, radiolytically, and acidically stable system while exhibiting a 

separation factor (SF) of ~100000 at low pH.75 This goes against the carbon, 

hydrogen, oxygen, and nitrogen (CHON) principle. In this principle, it is considered 

highly desirable to only contain the elements carbon, hydrogen, oxygen or nitrogen 

(C-H-O-N) because, if the ligand were to be incinerated, it would be a direct cause of 

acid rain, and thus has been minimally investigated further. 

 

 

 

Figure 1.6: Cyanex 301 
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1.65 TALSPEAK 

 

Trivalent Actinide-Lanthanide Separation by Phosphorous reagent Extraction 

from Aqueous Komplexes (TALSPEAK) and reverse TALSPEAK are both, in 

principle, based on the extraction of lanthanides instead of actinides using di(2-

ethylhexyl)phosphoric acid (HDEHP) or a similar cation exchanger, from an aqueous 

phase that uses polyaminopolyacetic acid complexants to retain the actinides.78 

Reverse TALSPEAK selectively strips the actinides from a loaded organic phase, a 

process that could be used to recover actinides after reprocessing.78 HDEHP is a 

cation exchanger and a chelating agent that in the organic phase, will form a tris 

complex with lanthanides; distribution ratios were for both the actinides and 

lanthanides were found to be nearly 105.78 Using diethylenetriamine-N,N,N’,N”,N”-

pentacetic acid (DTPA), a complete group separation was achieved using due to the 

three amine nitrogen atoms in a specific coordination geometry.78 Recently, the Nash 

group discovered that a considerable potential for improvement of TALSPEAK-type 

separations would be achievable by matching the extractant and holdback reagent 

while reducing the acidity of the extractant.58 The greater extraction strength of 

HDEHP may actually be detrimental to the potential of TALSPEAK separations.58 
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Figure 1.7: HDEHP and DTPA 

 

1.66 SANEX 

 

Another recently developed and promising extraction process is the Selective 

Actinide Extraction process (SANEX).79 The first ligand studied was the bis-

1,2,4,triazin-3-yloligopyridine (BTP) which was identified as metal extractants 

specifically with the ability to separate actinides(III) from lanthanides(III) in nitric 

acid media.80-82 These early ligands were not able to withstand radiolytic degradation 

with attacks on the α-benzylic hydrogen atoms by nitrogen oxoacids.79,83 

 

 

 

Figure 1.8: BTP 
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To prevent degradation, the α-benzylic hydrogen atoms were replaced by 

alkyl groups, and eventually, a cyclohexane ring with four methyl groups to form the 

2,6-bis(5,5,8,8,-tetramethyl-5,6,7,8,-tetrahydrobenzo[1,2,4]triazine-3-yl)pyridine 

(CyMe4-BTP).79,83 While this ligand was kinetically slower for extractions, the 

distribution ratio of americium was higher, and the SF between AmIII and EuIII was an 

order of magnitude higher.79 This was the reference molecule until the 6,6’-bis(5,6-

dialkyl[1,2,4]triazine-3-yl)[2,2’]bipyridines were developed.83,84 Much like the BTPs, 

initially alkyl groups were attached to the annulated rings but the efficiency was 

lower than that for the BTPs. Putting the same aliphatic ring system from the CyMe4-

BTP on the BTBPs, the ligand exhibited affinity toward trivalent actinides and high 

SFs over the lanthanides while maintaining the stability in nitric acid and radiolytic 

degradation, allowing recycling of the organic phase in a continuous process.85,86 This 

ligand has since become the standard for the SANEX process.87 More ligands based 

on the triainzes are currently being developed include the bis-triazines attached to 

phenanthrolines.88 This will make the ligand more rigid, which should make complex 

formation more rapid and thermodynamically favored compared to the bipyridine 

analogues.88 The extraction kinetics were much improved as compared to BTBP, and 

further applications in coordination chemistry are being investigated.87 Combinations 

of various processes are being studied to be used as a group actinide extraction 

process (GANEX), with a combination of PUREX and SANEX leading the way.89 

The other combination is of TALSPEAK and the DIAMEX/SANEX process.89 
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Figure 1.9: CyMe4-BTP 

 

 

 

Figure 1.10: BTBP 

 

This research focuses on synthesizing a ligand for molecular recognition of 

the actinides as a sensor in the environment, and extraction of the actinides as an 

extractant in nuclear fuel waste. 
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Chapter 2: Bis-dithiophosphonate ligands for metal extraction 

 

Portions are previously published in DeVore II, M.A., Gorden, A.E.V.; Polyhedron 
2012, 42, 271-275 

 

2.1 Introduction 

 

 Organophosphorous extractants have played a major role in actinide 

extractions.1 Many of these extractants are commercially available, generally 

inexpensive and stable, and have been widely studied in the last few decades, in 

particular with respect to transition metal separation from weakly acidic media.2 Early 

work by Ritcey, Flett, and co-workers used di-(2-ethylhexyl)-phosphoric acid 

(D2EHPA) (figure 1), an alkylphosphoric acid.2 The development of phosphonic and 

phosphinic acid extractants, such as 2-ethylhexylphosphonic acid mono-2 ethylhexyl 

ester (PC88A) and bis-(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272), have led 

to further improved separations following the order: phosphoric < phosphonic < 

phosphinic acid.2-4 

 

In more recent years, Cyanex 301 and 302 (figure 2.1) have received 

considerable attention for their ability to differentiate between the trivalent 

lanthanides and actinides,5,6 as well as their ability to extract soft transition metals.2 
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What makes Cyanex 301 a good potential extraction agent is that it can clearly 

differentiate between actinides and lanthanides in solutions of a pH lower than 3.7   

Whereas several methods of spent nuclear fuel (SNF) separations have focused on 

extraction agents containing a single dithiophosphinic acid group like Cyanex 301, 

we report the preparation and simple extractions with bis-dithiophosphinites.8,9 The 

purpose of design herein is to incorporate two dithiophosphinic acid groups 

connected by a linker to take advantage of the chelate effect to increase selectivity for 

actinides. 

 

 

Figure 2.1: Organophosphorous reagents. 
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2.2 Experimental 

 

Lawesson’s reagent, uranyl nitrate, cuprous chloride, gadolinium chloride, 

1,3-propanediol, and 1,5-pentanediol, were purchased from Acros and used without 

any further purification. The pH was recorded on a Fischer Scientific AR15 pH meter. 

UV-Vis data was collected on a Cary 50 UV-Vis spectrophotometer with a xenon 

lamp in the range of 200-1100 nm. The 1H, 13C, and 31P NMR data were recorded on a 

Bruker AV 250 spectrophotometer with CD3OD, CDCl3 or d6-DMSO as the solvent 

using tetramethylsilane as the reference. 100 ppm standards were purchased and 

diluted to ~2 ppm and used for calibration of the inductively couple plasma-optical 

emission spectrometer (ICP-OES). Distribution is defined as [Metal]org / [Metal]aq. 

separation factor (SF) is defined as DCu / DUranyl. 

 

2.3 Synthesis of the ligands  

 

Ligands were prepared according to literature procedures.8,9 To a solution of 

diol (10 mmol) in toluene (30 mL), 4.0 g (10 mmol) of Lawesson’s Reagent was 

added. The mixture was stirred at 70°C until all the solids had dissolved and left to 

stir overnight. The solvent was removed on a roto-vap until the remaining volume 

was ~10 mL. Hexane  (30 mL) was added to precipitate the product as a green oil 
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confirmed by 1H NMR (Scheme 2.1). The product could then be precipitated as a salt 

by bubbling NH3 into the solution. 

 

 

 

 

 

 

 

 

 

Scheme 2.1: Synthesis of the ligands 
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2.4 Extraction and Hydrolysis Studies 

 

Two-phase extraction studies in methylene chloride/water (DCM/H2O) were 

performed to determine the extraction capability for the removal of Cu2+ ions from 

aqueous solution. The ligands SH2L1 and SH2L2, which are quantitatively soluble in 

DCM, were used for extraction studies. Fresh solutions of CuCl2•2H2O, 

UO2(NO3)2•6H2O, or GdCl3 were prepared in DI water, and the pH was adjusted with 

HNO3 and KOH (±0.05). Simple extractions were tested at pH 4 with a ratio of 1:1 

metal to ligand for compounds SH2L1 and SH2L2. The phases were agitated by 

stirring for the time periods indicated, then given 24 hours to equilibrate. After the 

equilibrium was complete, the organic layer drawn off into a separate vial. 

 

2.5 Results and Discussion 

 

The ligands SH2L1 and SH2L2 each possess four potential donor atoms to 

complex with metal atoms and are designed to take advantage of the chelate effect to 

enhance the efficiency of extractions. Although there are only a few examples of 

metal complexes of similar ligands, mass spectrometry has shown that the complexes 

can be either mononuclear or dinuclear.9 Dithiophosphinate ligands without the 
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carbon bridge, such as Cyanex 301, can form many crystallographic species. Verani 

and co-workers reported crystal structure with Pt2+, Pd2+, and Ni2+, were shown to 

have 1:2 metal to ligand complexes10,11, whereas Karakus and co-workers have 

described a 2:4 metal to ligand crystal structure with cadmium in which two ligands 

have both donors coordinating to a single cadmium ion, while the other two ligands 

bridge the two metal centers.12 Crystals suitable for X-ray diffraction were not able to 

be grown from SH2L1 and SH2L2. 

 

Stock solutions of SH2L1 and SH2L2 were prepared by dissolving the 

respective ligand in DCM while an equivalent volume of an aqueous solution at pH 1-

14 (± 0.05, adjusted with HNO3 and KOH) was added to separate vials each 

containing SH2L1 or SH2L2 in DCM and shaken for 60 seconds. The solutions were 

left undisturbed over night, the organic layer isolated and the UV-Vis spectra taken. 

The extent of the hydrolysis was interpreted relative to the spectra for the ligand at 

neutral pH. 

 

The two-phase hydrolysis study of SH2L1 indicated the ligand hydrolyzes in 

the extreme pH conditions of 1-2 and 12-14 whereas SH2L2 is hydrolyzed at pH 1-2 

and 11-14. The UV-Vis spectra can be seen in Figures 2.2 and 2.3. 
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Figure 2.2: UV-Vis of the hydrolysis of SH2L1. X indicates neutral pH 
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Figure 2.3: UV-Vis of the hydrolysis of SH2L2. X indicates neutral pH. 

The two phase extraction studies described herein were performed at pH 4.0 

since the ligands only hydrolyze in extreme acidic conditions, typical of current 

extraction processes. The ligands were dissolved in DCM while the metal salts were 

dissolved in the aqueous phase, both at a concentration of 10 µM. The two phases 

were mixed by constant stirring on a magnetic stir plate for the indicated time. If the 

concentrations of the ligands went above 10 µM, a third layer could clearly be visible, 

therefore using UV-Vis spectroscopy to track extractions based on the uranyl peak 

was undesirable.   

 

SH2L1 was able to extract about 48% (± 0.5) of the copper ions after 8 hours 

and 57% (± 0.5) after 12 hours; however, after 24 hours, the metal ion concentration 

in the aqueous phase increased to about 50% (± 0.3) of the original solution, 

indicative of a third phase formation (Figure 2.5). The extraction of uranyl was a 

modest 41% (± 0.7) after 8 and 12 hours, and just as with copper, there was a increase 

in the uranyl concentration in the aqueous phase. As would be predicted by hard-soft 

acid base theory (HSAB), the soft base sulfur donors have a poor affinity for the hard 

acid gadolinium and only 17%  (± 1) was extracted was after 8 hours.  
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Figure 2.4: Percent extraction of copper ( •), gadolinium (- - ), and uranyl (-) by 

SH2L1 at 8,12, and 24 hours. 

 

The distribution ratio of copper with SH2L1 was found to be ~1 but is much 

less for the other metal ions, meaning that approximately half the copper ions were 

extracted while less than half of other metal ions were extracted into the organic 

phase. However, the separation factor of uranyl over gadolinium is between 3-5, 

which indicates there is a extraction preference of uranyl over gadolinium for possible 

separation of trivalent actinides from lanthanides, with suitable modifications to the 

ligand. 
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Table 2.1: Distribution of metal ions after extraction by SH2L1 at 8,12, and 24 hours. 

 

SH2L2 has a five carbon linker chain and a bigger binding pocket for a metal 

ion complexation. After 8 hours, 80% (± 1) of the copper and after 24 hours, 95% (± 

1) of the copper had been extracted into the organic phase. This proved interesting, so 

a shorter time scale was used to determine how quickly the copper could be extracted. 

After only 5 minutes of stirring, 87% (± 2) of the copper ions had been extracted from 

the aqueous phase. The extraction stays consistent at ~87% until about 8 hours before 

it drops to 80% (± 0.2) and increases again at 12 and 24 hours. 

 

Metal 8'Hour 12'Hour 24'Hour
Copper 0.91 1.28 0.98

Gadolinium 0.21 0.13 0.18
Uranyl 0.72 0.70 0.47
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Figure 2.5: Percent extraction of copper ( •), gadolinium (- - ), and uranyl (-) by  

SH2L2 at 8,12, and 24 hours.  
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Figure 2.6: Copper % extraction at shorter time lengths for SH2L2. 

 

The bigger pocket of SH2L2 does help the extraction of uranyl, gadolinium is 

also better extracted as it increases from ~20% with SH2L1 to 50% SH2L2. SH2L2 

also had issues of a third layer formation at higher concentrations, although not as 

severe as SH2L1. The third phase caused many problems, most notably not being able 

to track extraction by UV-Vis. 

 

Distribution of the copper ion increases after 8 hours to max of 20 after 24 

hours, whereas gadolinium peaks at 12 hours and falls at 24 hours. The distribution of 

uranyl decreases between 8 and 12 hours, but then increases at 24 hours. The 
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separation factor for SH2L2 for copper over uranyl increases with time. Although, it 

would be better to have uranyl bind over copper, this is still confirmation of a 

problem of uranyl and copper coordinating in the same binding pocket of a ligand.13 

 

 

 

Table 2.2: Distribution of metal ions after extraction by SH2L2 at 8, 12, and 24 hours. 

 

 

 

Table 2.3: Separation factor of copper over uranyl for SH2L2 

 

2.6 Conclusions 

 

Extractions were performed using three metals (Cu2+, Gd3+, and UO2
2+) with 

two bisdithiophosphinate ligands SH2L1 and SH2L2. These ligands undergo 

Metal 8'Hour 12'Hour 24'Hour
Copper 4.17 11.69 20.68

Gadolinium 0.85 1.30 0.76
Uranyl 1.00 0.81 0.95

Separation*Factors 8*Hours 12*Hours 24*Hours
DCu/DU 4.18 14.52 21.85
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hydrolysis under very acidic conditions, unlike Cyanex 301, and therefore extractions 

were performed at pH 4. As expected, SH2L1 was not good at extractions of 

gadolinium as anticipated from the Pearson theory of Hard and Soft Acids and 

Bases.14 It did have moderate extraction of both copper and uranyl at 50 and 40% 

respectively. SH2L2 with the two extra carbons for the linking chain, which increases 

the binding pocket, was a much better ligand for the extraction of all three metals. 

Copper had the highest extraction with nearly 100% extraction. More improvements 

to the ligands need to be made so that they are soluble in more common organic 

solvents such as kerosene, to deter the formation of a third phase that would hinder 

extractions. 
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Chapter 3: Quinoxolinol salen ligands for colorimetric sensors 

 

3.1 Introduction 

 

 Uranium is a naturally occurring element found at trace levels in the 

environment,1,2 and it is a significant soil and water contaminant at sites associated 

with uranium mining, nuclear fuel production, and disposal.3 Because uranyl is stable, 

water soluble, and mobile, it is readily transported through most soil matrices. The 

rate of uranyl migration depends on several parameters, including soil porosity and 

composition, water content, and temperature.2-4 Methods that have been used for the 

detection of uranium include thin layer chromatography,1,5 phosphorimetry,6 

fluorescence,7,8 x-ray fluorescence,9 inductively coupled mass spectrometry (ICP-

MS),10,11 surface enhanced Raman scattering (SERS),12 and colorimetry.13 Fluorimetry 

is a sensitive technique that is applicable even to low levels of uranium,4,14 but the 

environment around a sensor or the presence of other naturally occurring metals could 

quench  the fluorescence, and designing a selective turn-on sensor is difficult.6,15-17 X-

ray fluorescence, a wavelength dispersive method, is not sensitive enough for 

estimation at low levels. Phosphorimetry, SERS, and ICP are not readily mobile, are 

expensive, and often require a labor-intensive sequence of sampling, chemical 

treatment, preparation, measurement, and data treatment,12,18-20 making on-site, real-

time sensing difficult.2  
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 Colorimetric sensors have the potential advantage of on-site, real-time 

sampling and determination without complicated separations or costly instruments. 

Spectrophotometry has been increasingly employed in process control since it is 

simple and adaptable technique.4 UV-Vis units can be small and portable, and thus, 

only require the ligand to bind to the metal. Only a few sensors for uranium have 

been reported,2,13 and these probes are not selective for uranyl over copper or other 

metal ions.4,21-25 Here, we report the application of a previously synthesized ligand in 

the molecular recognition of uranyl. 

 

3.2 Experimental 

 

3.21 General Procedure 

Dimethylformamide (DMF) was purchased and used without further 

purification. Uranyl(VI) acetate, copper(II) acetate, gadolinium(III) chloride, 

cobalt(II) nitrate, nickel(II) nitrate, and cerium(III) acetate were used without further 

purification. UV-Vis spectroscopy was performed on a Cary 50 UV-Vis spectrometer 

with a Xenon lamp with absorbance spectra from 200-1100 nm with a 1.0 cm width 

quartz cuvette. Fluorescence spectroscopy was performed on a Shimadzu RF-5301 

PC fluorospectrophotometer with a 1.0 cm width quartz cuvette with an excitation 

wavelength of 350 nm and an emission spectrum of 375-900 nm. 
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3.22 Synthesis of Ligands26 

 

The "salqu" ligand was synthesized as previously described by our group and 

dissolved in DMF.26 2,4-Difluoro-3,5-dinitro benzene was dissolved in THF and d-

leucine methyl ester and 2.2 equiv. of DIPEA were mixed together. Ammonium 

hydroxide in water (3 equiv.), was employed in the substitution of the second 

fluorine. After reduction using wet Pd/C, the target intermediate was recrystallized 

from 95% ethanol (Scheme 1). For H2L1 and H2L2, 3,5-di-tert-butyl salicylaldehyde 

was dissolved in EtOH with the intermediate and 5 mol% trifluroacetic acid (TFA) at 

80 oC overnight to form the di-substituted ligand (Scheme 2). For H3L3, 3,5-di-tert-

butyl salicylaldehyde was dissolved in EtOH with the intermediate at 80 oC for 24 

hours to form the mono-substituted salqu ligand (Scheme 3). 

 

3.23 Metal Titration and Kb Studies 

 

The ligands, H2L1 and H3L2, were dissolved in DMF for metal titration and 

Kb studies. Fresh solutions of Cu(OAc)2•2H2O, UO2(OAc)2, Co(NO3)2•4H2O, 

Gd(OAc)3, Ce(OAc)3, and Ni(NO3)2  were dissolved in deionized water and diluted to 

the appropriate concentrations with deionized water. Batch titrations were performed 

with constant ligand concentration and water content. Serial titrations were performed 

with no regard for dilution and final ligand concentration. Kb studies were undertaken 

using non-linear regression with a minimum sum of the least squares, by varying the 
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ligand concentration and keeping the metal concentration controlled. All individual 

metal UV-Vis spectra for the descibed experiments are located in Appendix 1. 

 

 

 

 

Scheme 3.1: Synthesis of quinoxolinol backbone 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2: Synthesis of di-substituted ligand 
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Scheme 3.3: Synthesis of mono-substituted ligand 

 

3.3 Results 

 

The advantage to using the quinoxolinol salen (Salqu) ligands is that the 

conjugated pi-system results in more intense UV-Vis spectra, thereby, allowing lower 

concentrations to be used in sensing experiments. Batch titrations were performed to 

determine the selectivity and photo-physical responses of the ligands for various 

metals, with special attention paid to distinguishing the differences between copper 

and uranyl, and uranyl and the ligand. Although the ligands themselves are not water-

soluble, it was best to do as little pre-treatment to the metal solutions as possible. The 
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ligands were tested for solubility in water, acetonitrile, dimethylsulfoxide (DMSO), 

N,N’-dimethylformamide (DMF), pyridine, methylene chloride (DCM), methanol, 

hexane, toluene, tetrahydrofuran (THF) and octanol. THF had the highest solubility of 

the ligands and was chosen as the starting solvent. There were only slight changes in 

the UV-Vis spectra of the metal complexes, and there was also the problem of the 

solvent evaporating. This evaporation creates potential problems if this ligand is used 

as pre-made solutions that need to be stored for a long time. The next logical step was 

to characterize the ligands in a higher boiling point solvent, such as DMF, that is still 

miscible with water.  

 

Batch and serial titrations were performed to determine any changes of the 

UV-Vis spectrum of the ligand as the metal concentrations increased. A batch 

titration was set up as ten vials all with the same ligand concentration and final water 

volume. Then, different concentrations of metal ranging from 20 µM metal (1:1 metal 

to ligand) to 200 µM (10:1 metal to ligand) were added to the vials labeled 1-10 

respectively for the metal concentration they contained. The solutions were then 

stirred for 2 hours. During this time, the colors of the solutions changed, indicative of 

metal ion complexation. The procedure for the batch titration applied is detailed in 

Chart 3.1. 
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Chart 3.1: Batch titration set up for 20% water/DMF solution and 40 µM 

ligand stock and 1 mM metal stock solution for final concentrations of 20 µM ligand 

and the desired final concentration of metal. Total volume for each solution is 10 mL. 

 

 

 

Figure 3.1: Example of batch titration with uranyl and H2L1. The uranyl 

concentration was increased from a 1:1 metal to ligand ratio to a 10:1 metal to ligand 

ratio. 

Metal to Ligand Ratio Ligand in DMF(mL) Metal in water (mL) Water (mL) DMF (mL) Final Metal Concentration
1 : 1 5 0.2 1.8 3 20 uM
2 : 1 5 0.4 1.6 3 40 uM
3 : 1 5 0.6 1.4 3 60 uM
4 : 1 5 0.8 1.2 3 80 uM
5 : 1 5 1 1 3 100 uM
6 : 1 5 1.2 0.8 3 120 uM
7 : 1 5 1.4 0.6 3 140 uM
8 : 1 5 1.6 0.4 3 160 uM
9 : 1 5 1.8 0.2 3 180 uM

10 : 1 5 2 0 3 200 uM
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 To determine additional real-time data, serial titrations were performed. A 

typical procedure would start with a solution of ligand, to which an aliquot of 

aqueous metal solution would be added (0.1:1 metal to ligand for each aliquot). The 

resulting solution would be stirred for 5 minutes, measured, and then, the next aliquot 

added. This however, gives no regard as to the concentration of the water, and thus it 

had to be performed at low final water percentage to prevent the ligand from 

precipitating.  

 

 

 

Figure 3.2:  Example of serial titration with uranyl and H2L1. Uranyl concentration 

was increased from a 0.1:1 metal to ligand to 100:1 metal to ligand ratio 

 

The first method tested was to perform the UV-Vis characterization with 

solute and chromophore dissolved in DMF. This, of course, would require first 

concentrating whatever water sample was obtained, and then adding DMF to it and 
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assuming all trace metal dissolves. While the full approach was not taken, the metals 

were dissolved in a small amount of water, and then diluted to the appropriate 

concentrations with DMF a few times to have less than 1% water in the total system 

with no precipitate observed. The graph for H2L1, with copper, and with uranyl can 

be seen in Figure 3.3.  The ligand had a maximum absorbance at 387 nm with an 

extinction coefficient of 2.6 x 104 M-1 • cm-1. There is a substantial increase in 

absorption upon reaction with copper(II) acetate at 450 nm and 328 nm, with molar 

extinction coefficients of 3.9 x 104 M-1 • cm-1 and 2.9 x 103 M-1 • cm-1, respectively. 

Concomitant with these increases, the band attributed to the free ligand decreases in 

intensity. Uranyl had a maximum absorbance peak at 376 nm, with an extinction 

coefficient of 2.8 x 104 M-1 • cm-1, a shift of 11 nm from the ligand peak. This 

separation between the ligand and uranyl, and between uranyl and copper, could be 

used to differentiate the metals and distinguish actinides in the environment from 

other metals. 
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Figure 3.3: Combined UV-Vis spectra of H2L1 (20 µM) with copper (20 µM) and 

uranyl (200 µM) in DMF after 2 hour stir.  

 

The water concentration was slowly increased by 5% until 25%, at which 

point, the ligand precipitated from solution. At 5% water/DMF, the ligand maximum 

absorbance is at 386 nm, a difference of 1 nm from <1% water. The uranyl peak has a 

maximum at 369 nm, a shift of 17 nm from the ligand, while the copper and cobalt 

peaks are at 448 nm and 430 nm respectively.  
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Figure 3.4: Combined batch metal titration for copper (40 µM), uranyl (120 µM), 

and cobalt (40 µM) with H2L1 (20 µM) in 5% Water/DMF (v/v) 

 

At 10% water/DMF, the ligand has a maximum absorbance at 385 nm, a shift 

of 2 nm from the previous 5% water/DMF.  Copper had a maximum absorbance at 

450 nm, with a 3.2x104 M-1 • cm-1 extinction coefficient. Cobalt had an absorbance 

maximum of 429 nm, with an extinction coefficient of 2.5 x104 M-1 • cm-1, while 

uranyl had an absorbance maximum peak of 367 nm, with a 2.5 x104 M-1 • cm-1 

extinction coefficient.  
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Figure 3.5: Combined batch metal titration for copper (40 µM), uranyl (200 µM), 

and cobalt (100 µM) with H2L1 (20 µM) in 10% Water/DMF (v/v) 

 

For 15% water/DMF the ligand maximum absorbance peak was at 389 nm, 

with an extinction coefficient of 2.5 x104 M-1 • cm-1. The copper absorbance 

maximum increased to 452 nm, with a fairly consistent 3.2 x104 M-1 • cm-1 extinction 

coefficient. The cobalt complex had a higher energy increase in absorbance maximum 

to 417 nm, and an extinction coefficient of 2.3 x104 M-1 • cm-1. Uranyl had a 

maximum absorbance at 369 nm, and an extinction coefficient close to that of the 

ligand of 2.6 x104 M-1 • cm-1.  
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Figure 3.6: Combined batch metal titration for copper (40 µM), uranyl (100 µM), 

and cobalt (60 µM) with H2L1 (20 µM) in 15% Water/DMF (v/v) 

 

 H2L1 in 20% water/DMF (v/v) had a maximum extinction coefficient for 

uranyl of 2.6 x104 M-1 • cm-1, at 367 nm. The cobalt complex has a peak at 436 nm, 

with an extinction coefficient of 2.1 x104 M-1 • cm-1. The copper complex has an 

extinction coefficient of 2.4 x104 M-1 • cm-1, at 450 nm.  The other metals in figure 

3.7 have little to no shift from the ligand peak, at 390 nm, in the spectrum.  
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Figure 3.7: H2L1 with various metals in 20% water/DMF (v/v). 20 µM ligand 

concentrations, 80 µM metal concentration 

 

 

 

Table 3.2: Maximum absorbance and extinction coefficient for H2L1, copper and 

uranyl summary based on % water/DMF. 

 

H2L1 was also tested in acetone to determine if a different solvent could 

improve the kinetics of binding and/or alter the UV-Vis absorption. The ligand in 

acetone was not shown to improve, with either an increase in signal selectivity nor 

separation of the peaks, on any of the previous work performed in DMF, and was 
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actually worse for kinetics. The first complexation of the metals by a color change 

took place after constantly stirring for 24 hours, indicating that the kinetics of the 

binding was greatly slowed, or possibly affected by the decrease in pH between DMF 

and acetone. Secondly, because the kinetics had slowed, the UV-Vis spectra did not 

show as significant of a change from the ligand maximum absorbance. After 5 hours, 

the copper peak at ~450 nm still appears, but uranyl and cobalt give rise to spectra 

that are similar to that of the free ligand.  Acetone also evaporates quickly at ambient 

conditions, and it is difficult to maintain the specific concentrations of stock solutions 

over long periods of time.  

 

 

 

Figure 3.8: H2L1 with various metals in 20% water/Acetone (v/v). 20 µM ligand 

concentrations, 80 µM metal concentration after a 5 hour stir 
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The di-substituted ligand with phenyl alanine (H2L2) was also tested at 20% 

water/DMF (v/v). The hypothesis was that the extra phenyl ring on the backbone 

could increase the sensitivity of the ligand and lower the detection limit of the metals 

It was observed that the shoulder in the spectra for H2L1 became a distinct peak at 

450 nm for H2L2, conversely the peak for H2L1 at 367 nm is a shoulder for H2L2. The 

cobalt complex’s maximum absorbance shifted from 430 nm in H2L1 to 466 nm for 

H2L2, and the copper complex shifted only 6 nm from H2L1 to 456 nm for H2L2.  

 

 

 

Figure 3.9: H2L2 with various metals in 20% water/DMF (v/v). 20 µM ligand 

concentrations, 80 µM metal concentration 

 

The mono-substituted ligand (H3L3) was also investigated. This ligand was 

able to withstand up to 40% water without precipitating; however, the batch titration 

with uranyl at >1% water provided no evidence of uranyl binding due to no color 
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change or a shift in the absorbance maximum. The lack of a distinct peak could be a 

solvent interaction, or a dimerization preventing the change in absorbance, or it could 

be that the three donor atoms are not sufficient to bind the metal strongly. The least 

likely explanation is that the uranyl ion is too big to fit in the three donor binding 

pocket effectively. Copper did bind, but at a higher concentration as compared to the 

di-substituted ligand, H2L1. Copper had a maximum absorbance at 406 nm, a shift of 

30 nm to lower energy from the ligand peak.  

 

 

 

Figure 3.10: H3L3 with various metals in DMF. 20 µM ligand concentrations, 80 µM 

metal concentration 

 

The water content was increased to 10% for the mono-substituted ligand, 
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there was no change in the UV-Vis absorbance. The main ligand peak at 406 nm was 

still present for the copper complex, but there were broad peaks for equivalents 1-4 

that turned into two shoulders as the concentration of the copper increased above 80 

uM (Figure A3.24). The broad peaks are at 518 nm, whereas the shoulders are around 

530 nm and 450 nm. Cobalt exhibited only a small shift in the absorbance maximum 

at 412 nm, a shift of about 6 nm.  

 

 

 

Figure 3.11: H3L3 with various metals in 10% water/DMF (v/v). 20 µM ligand 

concentrations, 200 µM metal concentration 
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preferred to avoid pre-purification, a similar ligand with good extraction kinetics that 

could be used on-site could be useful. Then, the analysis on the water sample for 

actinides could be preformed with H2L1. This leads to a pre-treatment of the sample 

of sorts, but it is a simple pre-treatment as compared to ion exchange resins or other 

techniques that may be used.  

 

 For the 20% water/DMF (v/v) with H3L3, the copper spectrum was in general, 

much the same as it was for the 10% water/DMF. There are broad peaks all the way 

up to 7 equivalents, more equivalents than for 10% water/DMF. For 8, 9, and 10 

equivalents, there is a shoulder at lower, and a peak at higher in energy than the broad 

peaks. The broad peaks have a maximum absorbance at ~508 nm. The shoulder is at 

~520 nm while the peaks are at 463 nm. The cobalt complex spectrum is nothing like 

the 10% water/DMF spectra, the only major peak is obscured the by the main ligand 

peak. There is an increase in absorbance between 450 and 600 nm, indicating a 

charge-transfer band, but there is not a distinct absorbance peak like before. 
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Figure 3.12: H3L3 with various metals in 20% water/DMF (v/v). 20 µM ligand 

concentrations, 200 µM metal concentration 

 

The copper complex with H3L3 in 30% water/DMF (v/v), had broad peaks up 

to 4 equivalents with shoulders and a higher energy peak for all the other equivalents 

up to 10 equivalents. The broad peaks have a maximum absorbance of ~496 nm, 

whereas the shoulders are at about ~520 nm, and the higher energy peaks have a 

maximum absorbance ~463 nm. For the cobalt complex, the UV-Vis spectrum 

follows the same structure as was seen for the 20% water/DMF.  The charge-transfer 

band, and a color change indicate the ligand did bind to copper. The cobalt complex 

has a small shift off the ligand peak, with a shoulder around 500 and 550 nm.  
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Figure 3.13: H3L3 with various metals in 30% water/DMF (v/v). 20 µM ligand 

concentration, 200 µM metal concentration 

 

The highest percentage of water that could be tolerated without ligand 

precipitation was 40%. All the metals tested with H2L1 in 20% water/DMF were also 

tested with H3L3 in 40% water/DMF (v/v). Uranyl with the H3L3 ligand shows no 

change in the UV-Vis spectra, indicative of uranyl not bonding to the ligand, or not 

bonding strongly. Even the addition of up to 50 µL (~18 equiv.) of triethylamine does 

not elicit a UV-Vis response from the uranyl complex. Gadolinium, cerium, and 

nickel, likewise, do not appear to bind H3L3 either, as evidenced by the lack of 

change in the UV-Vis spectrum with up to 10 equivalents of metal. One reason this 

could be the case is that Ni2+ prefers to be in a square planar geometry and the ligand 

may not be able to accommodate that, whereas Cu2+ can bind in square planar or in a 
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tetrahedral. The maximum absorbance peak for the copper complex is 459 nm, a shift 

of 50 nm from the ligand. Cobalt has a shoulder located at ~ 480 nm.  

 

 

 

Figure 3.14: H3L3 with various metals in 40% water/DMF (v/v). 20 µM ligand 

concentration, 200 µM metal concentration 

 

 

 

Table 3.3: Maximum absorbance and extinction coefficient for H2L1 and metals 

summary based on % water/DMF. 
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% water H3L3 ε*104 M-1 cm-1 Copper ε*104 M-1 cm-1 Uranyl ε*104 M-1 cm-1 Cobalt ε*104 M-1 cm-1

< 1% 405 2.8 405 2.1 405 2.8 - -
10% 406 2.4 413 1.9 406 2.2 310 1.5
20% 407 2.1 413, 470 1.6, 1.3 - - 410 1.5
30% 408 2.1 416, 464 1.5, 1.5 - - 408 1.5
40% 408 2.3 457 1.7 - - 399 1.3
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One possibility is that aggregation of the ligands could hinder the kinetics. In 

an attempt to limit aggregation of the ligand and improve the complexation kinetics, 

the use of HEPES (2-4[-(2-hydroxyethyl)piperazine-1-yl]ethanesulfonic acid) buffer 

was employed. HEPES is an inexpensive phosphate containing buffer component that 

has an effective pH range between 6.8-8.2, more typical of what you might find in a 

natural water flow from a river. Metals are also unlikely to bind the HEPES anion 

even at a 50 µM total concentration. It was added to the individual metal solution 

before addition of ligand and adjusted to pH 7. In acetone, the addition of HEPES 

buffer greatly improved the kinetics over no buffer. Copper complexation took place 

in about 6 hours; whereas the uranyl and cobalt complexation took about 12 hours. 

The buffer also made the copper complex peak at 450 nm more defined. The cobalt 

peak can be seen increasing absorbance, whereas the uranyl peak shows a slight shift 

to higher energy from the ligand peak.  

 

For the HEPES buffer metal solution with the H2L1 in DMF, complexation of 

uranyl occurred in 1 hour, as opposed to the 2 hours required without the buffer. The 

addition of copper and cobalt still elicited the same color change immediately after 

addition, as before. The uranyl complex peak was further shifted to 349 nm, but this 

would be overlapped by the copper complex peak at 355 nm. The main copper peak 

from before at 450 nm, was also higher energy shifted to 446 nm. 
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Figure 3.15: H2L1 (20 µM) with various metals (80 µM) in 20% water/DMF (v/v) 

with 50 µM HEPES buffer.  

 

3.4 Fluorescence 

 

 Fluorescence spectroscopy is a valuable technique used in the detection of 

trace metals due to its sensitivity.7 H2L1 and H3L3 both fluoresce at 350 nm 

wavelength excitation to give peaks at ~565 nm and 525 nm respectively. Within 5 

seconds, quenching of the fluorescence was seen upon the addition of copper in both 

H2L1 and H3L3 whereas only a decrease in the emission was seen upon the addition 

of uranyl within 5 seconds. It took one equivalent of copper to cause a complete 

quench of H2L1 and two equivalents to cause a complete quench of H3L3. The uranyl 

intensity does not change after 2 hours. Such a significant rapid quenching of the 

copper signal would be useful to use in the distinguishing between copper and uranyl 
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ions in the sample or in combination with UV-Vis to detect metal and fluorescence to 

confirm the contribution of uranyl. There could be a problem of a small amount of 

copper could that cause incomplete quenching, and therefore mimic the uranyl signal. 

This should be investigated further. 

 

 

 

Figure 3.16: Fluorescence of H2L1 with uranyl complex and copper complex after 2 

hour stirring in 20% water/DMF (v/v) at 350 nm excitation 
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Figure 3.17: Fluorescence of H3L3 with uranyl complex and copper complex after 2 

hour stirring in 40% water/DMF (v/v) at 350 nm excitation 

 

3.5 Calculations 

 

Calculations in Gaussian 0927 were used to determine the interactions between 

the HOMO and LUMO at the excitations that are causing the shifts seen in the 

spectra. The calculations were optimized using B3LYP28 at the 6-31g(d) basis set and 

solvated in DMF, followed by time-dependent DFT (TDDFT) to determine the 

excitations and a predicted UV-Vis in Gaussview. Although the calculated UV-Vis 

does not exactly match up to the experimental spectra (figure 3.19), the overall shape 

of the spectra is very similar with respect to the shifts of the complexes to higher and 

lower energies. Natural Transition Orbitals (NTO)29 were used to identify the 

contributing orbitals in the HOMO-LUMO interaction. 
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Figure 3.18: Optimized structures for uranyl and copper complex with bond 

distances comparing the uranyl crystal structure.30 

 

 

 

 

U-N1 2.551(3) 
U-N2 2.577(3) 
U-O1 2.254(2) 
U-O2 2.255(2) 
U-O3yl 1.774(2) 
U-O4yl 1.779(2) 

U-N1 2.539 
U-N2 2.550 
U-O1 2.257 
U-O2 2.255 
U-O3yl 1.794 
U-O4yl 1.790 

Cu-N1 1.940 
Cu-N2 1.941 
Cu-O1 1.904 
Cu-O2 1.906 

!
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Figure 3.19: Combined experimental and calculated UV-Vis spectra for H2L1. 

Calculated has a 30 nm shift to better match up with experimental spectrum. 

 

For the uranyl complex, the HOMO orbital’s major contribution was from the 

ligand with a single electron going into the LUMO f-orbital on the metal. This higher 

energy excitation caused the absorbance to blue shift from the ligand peak. For the 

copper complex, the HOMO orbital was the d-orbital on the metal going to the ligand 

LUMO orbital, causing the lower energy shift from the ligand. 
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Figure 3.20: Hole (HOMO) and particle (LUMO) for NTO analysis of the uranyl 

complex. 

 

 

 

Figure 3.21: Hole (HOMO) and particle (LUMO) for NTO analysis of the copper 

complex 
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These different excitations are caused as the two metals interact with the 

ligand, and is a step to predicting the best ligand for selectivity and sensing. Other 

ligands detailed in Chapter 4 that were not selective, all had the same interaction with 

the metals whether it was metal to ligand, or ligand to metal in the HOMO to LUMO. 

 

3.6 Binding Constants 

 

 

 

Table 3.4: Average of binding constants from two replications of data collection and 

extinction coefficients for H2L1 with uranyl copper and cobalt  

 

 

 

Table 3.5: Average of binding constants from two replications of data collection and 

extinction coefficients for H3L3 complexes with copper and cobalt. 

 

The binding constants and extinction coefficients were calculated using non-

linear regression with the sum of the least squares of the UV-Vis spectra, changing 

the ligand concentration with the metal concentration remaining constant. The 

Log K ε Log K ε Log K ε Log K ε
Uranyl 3.88 3.20E+04 3.57 6.50E+04 3.80 2.97E+04 3.52 3.38E+04
Copper 4.22 4.43E+04 4.16 4.16E+04 4.27 3.90E+04 4.28 2.99E+04
Cobalt 3.77 4.31E+04 3.83 5.89E+04 3.62 8.29E+04 3.79 5.52E+04

DMF 5% Water 10% Water 20% WaterH2L1

Log K ε Log K ε
Copper 3.74 4.78E+04 3.04 2.13E+05
Cobalt 3.09 2.30E+05 3.44 2.93E+04

DMF 10% water
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titrations were allowed to stir for 24 hours to ensure complete complexation. The 

solver program in Excel was used to determine the smallest number for the sum of the 

squares and have the model fit the experimental data as best as it could. The data gave 

a K and extinction coefficient in the answer. 

 

3.7 Colorimetry 

 

 

 

Figure 3.22: H3L3 colorimetry 40% water/DMF 

 

 

 

Figure 3.23: H2L1 colorimetry 20% water/DMF 

 

The other advantage of the Quinoxolinol salen ligands is that upon metal 

complexation, the ligand changed from a light green-yellow to a yellow, orange, or 

red color depending on the ligand and metal coordinated. Ni has a small shift in 
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maximum absorbance from the ligand and an increasing absorbance at ~450 nm that 

caused the color change. 

 

3.8 Conclusion 

 

A series of batch and serial titrations were analyzed at varying metal 

concentrations with two ligands, H2L1 and H3L3. H2L1 was shown that it could be 

used as a UV-Vis sensor for uranyl due to the higher energy shift of the absorbance 

peak in the uranyl complex, compared to copper, which gave a lower energy shift in 

the spectrum relative to the ligand. The uranyl peak was also separated from the 

ligand by ~20 nm. The ligand could be used in up to 20% water before precipitation. 

Other metals such as gadolinium, nickel, and cerium gave little to no shift from the 

ligand peak. 

 

H3L3, while able to withstand a higher water content (40%), was not a good 

sensor for uranyl. The spectrum did not change between the ligand and uranyl. The 

same metals tested by titration with H2L1 were also tested with H3L3 and only copper 

and cobalt gave any change in the UV-Vis spectrum. 

 

 

Calculations were performed to determine the viability of the current ligand 

system (H2L1), and to also determine what modifications to the quinoxolinol and 

binding pocket could be made to improve either, the selectivity or sensitivity of the 
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ligand, or both. NTO analysis on the current ligand system showed that the uranyl 

peak is caused by an excitation from the ligand HOMO to a LUMO f-orbital of 

uranyl, while the copper excitation was caused by a HOMO d-orbital on the metal 

being excited to the ligand LUMO. Further calculations for the modifications of the 

ligand are reported in Chapter 4.  

!
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Chapter 4: Quinoxolinol based sensors for molecular recognition: A TDDFT 

computational study 

 

4.1 Introduction 

 

 Since the 1950s, nuclear weapons, power reactors, medical, and research 

activities have introduced many different radionuclides into the environment.1 It is 

important to fundamentally study the actinides because of their use in nuclear energy 

and nuclear materials, where such issues as long-term storage of nuclear waste, 

environmental cleanup, and actinide separations need to be addressed.2 The 

development of sensors for the detection of metal ions is an ongoing challenge that is 

attracting the attention of researchers across a range of disciplines.3 In the case of 

chemical agents that trigger an easy-to-monitor response (e.g., optical, fluorescent, 

electrochemical), otherwise known as chemosensors (sensors for short), both 

sensitivity and selectivity are critical elements of a successful design.3 This is 

particularly true for sensors developed for f-elements, since specific action 

recognition is critical to identifying species that might be present in the environment 

as the result of a radioactive spill or a terrorist attack involving a dirty bomb.3  

!
Typical analytical methods used include inductively coupled plasma mass-

spectrometry (ICP-MS),4,5 capillary electrophoresis, fluorescence,6 X-ray fluorescence 
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(XRF),7  phosphorimetry,8 and colorimetry.9 These methods tend to be costly, involve 

multiple sample manipulations, and often have insufficient selectivity and/or 

sensitivity.3,10-12 One of the methods proposed for nuclear waste treatment and actinide 

separation involves the coordination of actinide ions with polydentate ligands, 

exploiting this chelate effect.2,13 Previous ligands proposed as chemosensors for 

actinides include expanded porphyrins14,15 and related Schiff-base macrocycles16, 

calixarenes17, crown-ethers18-20, aza-crowns21, and Arsenazo III.3,22 With this study, we 

sought to use a two fused ring system (quinoxaline) to increase the binding and 

modify the coordination pocket to increase the selectivity for uranyl over copper. This 

backbone also fluoresces, providing an additional means of identifying a sensor, but 

those calculations are not performed or described here.  

 

4.2 Methods 

 

Calculations in Gaussian 0923 to determine the source of the shifts of H2L1 

were performed using the hybrid DFT B3LYP24 basis set and solvated using the 

SCRF keyword with N,N’-dimethylformamide. The Stuttgart effective core potential 

basis set was used for uranium, replacing 60 core electrons to account for scalar-

relativistic effects.25,26 The 6-31g(d)27,28 basis set was used for all carbon, nitrogen, 

oxygen, hydrogen and copper atoms. All structures were converged with the default 

self-consistent-field (tight) convergence cutoffs.29 The optimized structure of the 

uranyl complex was in close relation to the published uranyl crystal structure. After 

optimization, time-dependent DFT (TDDFT)30-37 was used to determine the excited 
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states and predicted UV-Vis spectra for the ligand and metal complex. The calculated 

UV-Vis did match the general spectrum shape but was shifted to higher energies. 

Natural transition orbitals (NTO)38 were investigated to determine the HOMO to 

LUMO interaction causing the changes in the absorbance maximum and the 

differences between the metal complexes. 

 

4.3 Results 

 

This series of calculations was undertaken to try to characterize how the 

quinoxolinol ligand system UV-Vis spectra differentiates between the copper and 

uranyl complexes and to predict the spectroscopic signal response generated. Further, 

it was investigated as to how this system might be modified to further improve the 

separation of the peaks and increase the extinction coefficient, thus improving the 

sensitivity. The current salqu system has a shift to higher energy excitations from the 

ligand peak for uranyl, whereas there is a shift to lower energy excitations for copper 

as seen below in Figure 4.1. The uranyl complex has a peak at 370 nm and a shoulder 

at 450 nm corresponding to extinction coefficients of 2.6 x104 M-1 • cm-1 and 1.9 

x104 M-1 • cm-1 respectively for those peaks. Copper has peaks at 450 nm and 327 nm 

corresponding to a 2.5 x104 M-1 • cm-1 extinction coefficient for both peaks.  
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Figure 4.1: Experimental salqu with copper and uranyl complex 

 

The calculated absorbance spectrum (figure 4.1), although shifted to slightly 

higher energies (~30 nm), matches the general shape of the spectrum found in the 

experimental. The uranyl extinction coefficient is 4.8 x104 M-1 • cm-1 at the peak and 

3.7 x104 M-1 • cm-1 at the shoulder. The most influential excitation for the peak at 343 

nm is an excitation at 308 nm. The copper extinction coefficient is 4.7 x104 M-1 • cm-1 

at 343 nm and 3.9 x104 M-1 • cm-1 at 421 nm. For copper, the most influential 

excitation is at 421 nm. 

To begin to understand the excitations causing the shift in the spectra, natural 

transition orbitals were applied to the excitation states. These would provide 

information as to what singlet excitation was causing the shifts, whether it was simply 

a pi to pi*, metal to ligand, or ligand to metal transitions. According to the NTO 

calculations, the carbon atoms on carbons on the lower quinoxolinol ring and on the 
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phenyl rings occupy the majority of the hole and the uranium f-orbital atom occupies 

over 70% of the particle orbital.  Looking at the next orbitals of the hole – 1 and 

particle + 1 it is even more of a ligand to metal transition with uranium f-orbital 

occupying over 90% orbital particle + 1 orbital. The copper complex has the opposite 

singlet excitation. Copper occupies >70% of the d-orbital in the hole and the ligand 

occupies the majority of the particle orbital. Hole -1 and particle +1 also show a more 

defined metal to ligand transition.  

 

Three rules were developed to determine if the modified ligands were 

acceptable; (1) the copper complex peak must not overlap with the uranyl complex 

peak, (2) the uranyl complex peaks needs to be at least 10-15 nm from any other 

peak, (3) a higher extinction coefficient of the uranyl complex over any other peaks 

should be considered as this is a measure or sensitivity. The H2L1 ligand by itself has 

a pi to pi* transition as would be expected. For the uranyl complex with H2L1, there 

is a ligand to metal excitation into the f-orbital of the uranium. The copper(II) 

complex with H2L1 has a d-orbital metal to ligand excitation from the HOMO to the 

LUMO. 

 

4.31 Salicylaldehydes 

 

The first series of calculations to modify the ligand was to incorporate 

different salicylaldehyde moieties and thereby determine if the difference was 

electronic in nature. The first test was for no substituents on the salicylaldehyde, and 
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then these results were used to determine what additional modifications to make. A 

range of commercially available salicylaldehydes was with electron-donating and 

electron-withdrawing groups in the 3, 4, 5, and 6 positions, including some with 

substituents on multiple positions was characterized. These included 3-ethoxy, 3,5-

dichloro, 4-amino, 4-chloro, 4-hydroxy, 4-methoxy, 4,6-hydroxy, 5-amino, 5-

hydroxy, 5-methyl, and 5-t-butyl. Of these, none were more selective or sensitive than 

the experimental ligand, with the salicylaldehyde being the best of the computed 

ligands. The 4-chlorosalicylaldheyde is a possible improvement as it has a higher 

extinction coefficient at higher energy than the free ligand, which would need to be 

further probed experimentally. 

 

 

 

Figure 4.2: Salicylaldehyde representation 
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Table 4.1: Salicylaldehyde derivatives with absorbance maximums. Green highlight 

is the best and yellow is a possibility. 

 

 

 

Figure 4.3: Calculated salicylaldehyde spectrum with copper and uranyl complex in 

DMF 

 

 

Ligand ε*104 M-1 cm-1 Copper ε*104 M-1 cm-1 Uranyl ε*104 M-1 cm-1

H 220, 257, 353 4.0, 3.7, 4.1 220, 336, 404 4.9, 4.2, 4.1 220, 320 4.4, 4.1
3-ethoxy 219, 357 5.7, 4.9 231, 358 5.4, 5.5 226, 334 5.5, 4.7

3,5-dichloro 223, 367 6.2, 4.2 236, 347, 403 5.4, 4.6, 4.0 231, 266, 336 4.6, 3.6, 4.1
4-amino 218, 334 3.9, 5.6 216, 393 4.5, 6.8 221, 376 2.6, 5.9
4-chloro 220, 260, 362 4.1, 4.1, 4.5 223, 399 4.7, 5.3 224, 276, 368 4.0, 3.8, 4.8

4-hydroxy 217, 264,351 4.0, 3.4, 4.7 221, 388 4.3, 5.7 224, 365 3.4, 5.0
4-methoxy 218, 271, 353 3.9, 3.5, 5.1 222, 383 4.7, 6.3 224, 363 3.4, 5.6

4,6-hydroxy 322, 359 4.5, 4.5 225, 383 5.2, 6.6 225, 275, 355 3.0, 2.9, 5.3
5-amino 235, 362 6.0, 3.6 242, 344, 506 5.0, 4.9, 2.1 217, 266, 325 5.6, 3.9, 4.5

5-hydroxy 219, 288, 377 4.1, 3.2, 4.3 227, 341, 465 4.9, 4.7, 2.6 222, 264, 341 3.5, 3.7, 4.6
5-methyl 217, 278, 363 4.3, 2.9, 4.7 225, 336, 417 5.4, 4.3, 3.7 222, 268,344 4.0, 3.6, 4.5
5-t-butyl 216, 277, 361 4.7, 3.0, 4.0 227, 340, 411 5.6, 4.8, 3.5 226, 268, 343 3.9, 4.0, 4.7

R1 λmax Abs (nm)
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4.32 Schiff Bases 

 

  Changing the substituents on the phenyl rings did not appear to improve upon 

the selectivity already established with the experimental ligand. One additional point 

of diversity to change is the binding pocket while keeping the imine to keep the 

synthesis simple. To make a comparable series, the components chosen for the 

binding pocket are all softer base-donating nitrogens, from pyrroles, pyridines, 

bipyridines, 2-amionobenzaldehyde. Softer donors were chosen as they have been 

recently shown by k-edge XAS to better interact with the 5f-orbitals of the actinides, 

creating more covalent bonds.39 Also, softer donors are being considered as both a 

replacement and a co-extractant in Europe for the PUREX process.40 The European 

system dubbed SANEX uses bis-triazines attached to a softer donor backbone, such 

as pyridines41, bi-pyridines42, and phenanthrolines.43 

 

 

 

Figure 4.4: Schiff base changes to the ligand 

 

NN

NN

R1R1



! 84!

 

 

Table 4.2: Schiff base derivatives with their maximum absorption peaks. 

 

The 2-aminobenzaldehyde based salqu ligand (Figure 4.4) was the best of the 

Schiff bases measured and it is the candidate to replace the 3,5-di-tert-

butylsalicylaldehyde currently in use. While 2-aminobenzaldehyde is expensive, 2-

nitrobenzaldehyde is not and can be easily reduced to the amine by catalytic 

hydrogenation by palladium on carbon, or ferrous sulfate and ammonia before being 

distilled off as pure product.44 As can been seen in the figure below, the copper, 

uranyl, and ligand peaks are separated at ~280 – 380 nm. The copper complex has a 

higher energy peak that could be used to help differentiate it from the uranyl complex 

at 530 nm. 

 

 

 

 

Ligand ε*104 M-1 cm-1 Copper ε*104 M-1 cm-1 Uranyl ε*104 M-1 cm-1

pyrrole 204, 262, 346 2.8, 2.4, 5.8 234, 362 3.6, 5.3 364 5.5
pyridine 211, 287, 358 3.2, 3.9, 3.3 215, 245, 388 3.0, 3.5, 5.7 214, 270, 387 2.7, 3.1, 5.4

bipyridine 249, 359 7.0, 4.6 246, 383 5.3, 5.5 239, 395 5.5, 5.6
2-amino benzaldehyde 222, 374 4.3, 4.0 226, 282, 507 3.8, 5.3, 5.1 225, 265, 331, 464 4.8, 3.7, 5.3, 1.6

R1 λmax Abs (nm)
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Figure 4.4: 2-aminobenzaldehyde with quinoxolinol backbone 

 

 

 

Figure 4.5: Calculated 2-aminobenzaldehyde Schiff base spectrum with the copper 

and uranyl complex.  
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4.33 Triazine 

 

 To continue the investigation with ligands based on those used in the SANEX 

process, 2,3,6-triazine groups were incorporated with the quinoxolinol backbone for 

comparison. Synthetically, this adds four steps to the synthesis. The first step is a 

Sandmeyer reaction to replace the amines with nitriles. Hydrazine hydrate is then 

used to add two nitrogens, followed by an α-diketone addition to complete the rings. 

Because of the pyridine rings, only one nitrogen on each triazine binds to the metal, 

but since pyridines are not incorporated into the quinoxolinol, the calculations were 

done with the 1,2 nitrogens of the triazine both binding the metals. The procedure for 

making this synthetically is very challenging and has not been completed to date for 

the quinoxolinol backbone. The coordination shown in figure 4.6 is not currently in 

the literature. Any coordination to the 1,2,4-triazine is coordinated to the 2-N and a 

pyridine or some other coordinating molecule attached to the triazine by a linker is 

also bound to the metal.45,46 Since there is not another group attached, for the purpose 

of these calculations, the 1,2-nitrogens to help fill the coordination sphere. Future 

experiments will determine if this coordination is feasible and calculations can be 

modified to reflect the changes. 
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Scheme 4.1: Synthesis of triazine from quinoxaline 
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Figure 4.7: Showing the binding with two of the three triazine nitrogens for uranyl in 

the calculations. Copper is bound the same way for the calculations. 

 

  

 

Table 4.3: R1 groups to complete the triazine, maximum absorbance and extinction 

coefficient. 

 

The best α-diketone was diacetyl to complete the triazine ring. Copper and 

uranyl both give the same shift away from the ligand, but the difference is around 225 

nm when uranyl has a higher energy peak as compared to the copper complex. At 450 

Ligand ε*104 M-1 cm-1 Copper ε*104 M-1 cm-1 Uranyl ε*104 M-1 cm-1

H 240, 304 1.0, 5.4 314, 486 3.8, 0.3 309 5.6
t-butyl 201, 277 4.0, 6.8 225, 303, 521 3.3, 5.4, 0.3 239, 308 2.8, 6.2
i-butyl 257, 326 6.7, 3.5 260, 490 9.9, 0.6 265, 572 9.4, 0.7
methyl 275 6.8 242, 302, 500 2.3, 6.7, 0.1 222, 303, 442 2.8, 6.8, 0.2
phenyl 222, 298 4.3, 7.6 342 7.6 336 8.4
hexyl 275 6.9 231, 301, 499 2.7, 5.2, 0.5 229, 303 2.8, 6.9

1,2-cylcohexane 274 6.8 234, 299, 509 2.7, 5.6, 0.4 242, 302 2.3, 6.7

R1 λmax Abs (nm)
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nm, both complexes have a shoulder but the uranyl has a higher extinction 

coefficient, so that could possibly be another way to differentiate the two metals. The 

diketone consisting of iso-butyl groups and a di-aldehyde would be worth pursuing 

for synthesis and further characterization by experiment.  

 

 

 

Figure 4.8: Calculated di-acetyl spectrum for triazine quinoxolinol with copper and 

uranyl complex. 

 

4.34 Pyridine Amides 

 

Macrocycles such as crown ethers, aza-crowns, and expanded porphyrins have 

long been proposed for selective coordination to actinide metal ions.2,3 In keeping 

with the commonly held premise that the softer donors are more selective for 

actinides, a 2,6-pyridine-dicarboxylic acid or the di-acid chloride could be used to 

NN

OH

N

N

N

N

NN



! 90!

potentially create a 6-N macrocycle, with the size big enough to fit the actinides, but 

would force a twist in the ligand to bind to transition metals. Although the goal is the 

macrocycle, three other ligands could be made as well; a mono-substituted with one 

pyridine and one quinoxolinol, a di-substituted around the quinoxolinol and a di-

substituted around the pyridine (Figure 4.). These macrocycles are also known for 

being anion receptors for ions such as chlorine, fluorine, and nitrate.47  

 

 

 

 

 

Figure 4.9: Pyridine-amide ligand designes 

After optimization of the coordinated geometry of the complexes, actinides fit 

into the macrocycle much better than the transition metals. The transition metals only 
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bind to one side of the macrocycle and to fill a 4th coordination site if needed, the 

ligand twists under itself. This may not happen experimentally because of the strain 

(not calculated here) on the molecule, thus the last coordination site would likely be 

filled with a solvent molecule. The actinides fit with only a slight twist of the 

macrocycle to accommodate the later actinides such as plutonium and americium 

 

 

 

Figure 4.10: Optimized geometry of uranyl complex of pyridine amide macrocycle 
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Figure 4.11: Optimized geometry of copper complex of pyridine amide macrocycle 

 

 

 

Figure 4.12: Calculated spectrum of amide pyridine macrocycle with copper and 

uranyl complex 

 

While the uranyl and copper complex peaks overlap, the uranyl has a higher 

extinction coefficient which could be one way to distinguish between the two metals. 
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There is a small difference between the peaks at 379 for copper and 387 for uranyl. 

The di-substituted ligand on the pyridine has the potential to be a good ligand 

depending on experimental outcomes. In this case, the uranyl peak also has a higher 

extinction coefficient than the copper complex, and there is an absorbance maximum 

unique to the copper complex. The di-substituted on the quinoxolinol is a different 

story. The uranyl complex has less extinction coefficient and the peaks overlap with 

the copper complex. Future work will continue with the mono-substituted ligand. 

 

 

4.35 Isopththaldehyde 

 

A second macrocycle was proposed using isophthaldehyde. The geometry of 

the complexes was questionable for actinides, with the metal being either above or 

below the macrocycle. The transition metals fit in the middle of the macrocycle 

perfectly. There is not bending other than the backbone when the transition metal is 

bound. 

 

 

 

Figure 4.13: Optimized geometry of isophthaldehyde macrocycle with uranyl. 
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4.4 Conclusions 

 

After preliminary examination of H2L1 to see if the calculations would be 

satisfactory, a number of ligands were investigated for their use as potential UV-Vis 

sensors for uranyl and compared to a known interference metal, copper for 

comparison. The first calculations were to modify the existing salicylaldehyde, with 

different substituents and see if the electronics could enhance selectivity or 

sensitivity. These calculations did not improve upon either the selectivity or 

sensitivity as compared to the calculated spectra for H2L1. Next different 

salicylaldehydes with softer N-donors were tested with the quinoxolinol backbone. 

These were chosen to enhance the ligand to metal excitation and would hopefully 

give better selectivity, with sensitivity remaining about the same as compared to 

H2L1. The calculations predict that 2-aminobenzaldehyde with the quinoxolinol 

backbone would give the best separation of absorbance peaks between the uranyl 

complex, copper complex, and the ligand. Finally, following the SANEX process for 

nuclear fuel separations in Europe, triazines was investigated with different 

substituents in the 4,5 positions. The best was methyl groups at the 4,5-position to 

improve selectivity, sensitivity appeared to decrease. Other ligands that would be of 

interest would include the pyridine amide macrocycle (Figure 4.14) the pyridine 

amide disubstituted on the pyridine (Figure 4.15), and the diacetyl triazine (Figure 

4.6). The diacetyl triazine provides a greater extinction coefficient at lower energies, 

but the limits of detection would not be lower to do the lower overall extinction 

coefficient. The diacetyl also has a uranyl complex peak at very high energy that 
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could differentiate it from the ligand or copper complex. Whereas a normal 

salicylaldehyde would be comparable to the experimental 3,5-di-tert-butyl 

salicylaldehyde, it does not appear to be better than the ones currently being 

experimentally used. Further experimental work should focus on softer donor ligands 

such as the triazine and the 2-aminobenzaldehyde. 
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Chapter 5: Uranyl vs. Europium extractions from nitric acid 
 
 
5.1 Introduction 

  

Nuclear fuel reprocessing is going to play an important part in the future, as 

more and more reactors are built to provide the necessary electricity demanded by 

society, and renewable energy still as yet cannot keep up with the demand for energy. 

At present, over half of the world’s spent nuclear fuel is produced in a “once-through 

cycle.”1,2 There are two approaches considered when managing the radioactive 

byproducts of nuclear fission: the open fuel cycle in which spent fuel elements are 

managed as waste, and the closed-loop fuel cycle in which spent fuel undergoes 

separation to recover byproducts for reuse and recycle (leaving the less useful 

materials for disposal as waste).3 In the open loop (once-through) fuel cycle, the fuel 

elements remain intact and are the waste form, stored in concrete and steel casks till 

geological disposal.3 Currently practiced in France, the closed loop fuel cycle recycles 

U and Pu isotopes only using tri-n-butyl phosphate, while all other materials are 

converted to glass for disposal.3 The current problem with this recycling is the 

separation and isolation of weapons grade plutonium (239Pu) in any separations 

process, leading to proliferation and security issues,4 as well as the minor actinides 

left in the processed waste.5 
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The processed nuclear fuel could be stored in a deep geological depository but 

the fuel will remain radioactive for millions of years, and storage is not favored by the 

public.6 There is an alternative method to the leftover spent fuel after the recycling 

process that could render the fuel safer and more suitable for geological storage. Of 

the transuranium elements, the minor actinides americium and curium have especially 

high radiotoxicities, making them desirable to remove them from spent nuclear fuel 

and deal with them separately.7,8 The removal of U and Pu reduced the radiotoxicity 

significantly as is, but the additional removal of the minor actinides would reduce the 

storage time to 300 years, from 9000 years.6 It is still important to separate Am and 

Cm from the lanthanides because of the neutron capture ability of the lanthanides is 

40 times greater than the actinides.6 One possible future scenario is the conversion or 

transmutation of these long-lived minor actinides, into short-lived isotopes by 

irradiation with neutrons in a fast reactor.9,10 

 

Many extraction processes have been studied as indicated in chapter 1, such as 

PUREX,11 DIAMEX,12 TRUEX,13 TALSPEAK,3 and SANEX14 but there remains 

room for improvement, and it is the hope that the ligands used in sensing could have a 

dual use in extractions. The research below was to test the sensing ligand “Salqu” as 

an extractant for uranyl versus europium, as a model for actinides versus lanthanides. 
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5.2 Experimental 

 

 The Salqu (H2L1) ligand was synthesized as previously described and 

dissolved in 1-octanol to the desired concentration (See figure 5.1.) The extractions 

were performed by shaking equal volumes of aqueous (0.1 – 1.0 x10-5 M HNO3) and 

organic phase for 1 minute and allowing the phases 2 hours to settle. The aqueous 

phase was removed and taken to ICP-OES to determine the metal concentration. The 

ligand was also compared to a normal Salen ligand, and the quinoxalinol backbone 

dissolved in 1-octanol at the same molar concentrations. Distribution and separation 

factors were calculated to determine the extraction ability and selectivity of the 

ligands for the two metals.  Distribution (D) is defined as the concentration of the 

organic phase divided by the concentration in the aqueous phase. Separation factor 

(SF) is defined as DU / DEu. 
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  2-quinoxalinol backbone 

 

Figure 5.1: Ligands used in extractions 
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5.3 Results 

 

 With the selectivity for uranyl over lanthanides according to the UV-Vis 

spectra, this H2L1 ligand should be a good step towards ideas of future ligands for the 

reprocessing of nuclear fuel. The first test was to determine if the ligand would not 

decompose in 3 M nitric acid, the concentration of the aqueous phase at which current 

separations of nuclear fuel take place. There was an immediate color change of the 

ligand in octanol from yellow to red as the two phases were shaken and mixed. This 

would typically indicate the double bond of the Schiff base breaking down to a single 

bond and would hinder binding. Thus, the ligand was decomposing and would not be 

useable under extreme acidic conditions. The highest concentration of nitric acid able 

to be used was 0.1 M HNO3 and extractions were tested all the way to 1 x 10-5 M 

HNO3, typical of a mixed N-, O-donor extractant.6 

 

At a 1 to 1 molar ratio of metal to ligand, all three ligands are increase the 

extraction of both metals as the nitric acid concentration decreases with the highest 

increases between 0.01 and 0.0001 M HNO3. Unexpectedly, the softer donors of the 

amines on the quinoxalinol increased the europium extraction as well, as nitrogens do 

not typically form strong bonds with lanthanides. The separation factors were within 

the same range between 5 and 7 and the majority is below 10, which is a general 

threshold for good selectivity. The only one above 10 is the quinoxalinol at a very 

low nitric acid concentration, which is not suitable for nuclear fuel waste extractions. 

To increase the extraction efficiency and amount of uranyl extracted, higher 
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concentrations of ligands were used: 0.5 mM, 0.75 mM, and 1.0 mM. This should 

increase the distribution of uranyl with the same distribution for europium, thereby 

increasing the separation factor. 

 

 

 

Figure 5.2 a: H2L1 distribution of uranyl and europium at 1 to 1 molar concentrations 
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Figure 5.2 b: Salen distribution of uranyl and europium at 1 to 1 molar 

concentrations 

 

 

 

Figure 5.2 c: Quinoxalinol distribution of uranyl and europium at 1 to 1 molar 

concentrations 
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Figure 5.3: Separation factor for the three ligands at 1 to 1 molar ratio 
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play a role in binding? One would not expect that the quinoxalinol alone would be 

very good for extraction in general, but it should still extract more uranyl than 

europium, because the amines would act more favorably as donors to uranyl than 

europium. By looking at 0.75 mM of quinoxalinol, the same increase in europium 

extraction occurred so maybe the quinoxalinol really did do the extractions that well 

at that concentration of nitric acid. Perhaps, at the lower concentrations of nitric acid, 

the metal salt is being stripped of the nitrates and able to bind more tightly to the 

ligands. 

 

 

 

Figure 5.4 a: H2L1 (0.5 mM) distribution ratio for uranyl and europium 
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Figure 5.4 b: Salen (0.5 mM) distribution ratio for uranyl and europium 

 

 

 

Figure 5.4 c: Quinoxalinol backbone (0.5 mM) distribution ratio for uranyl and 

europium. 
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As would be expected with the increasing extraction of europium by all the 

ligands as the nitric acid concentration became less, but was still in the range for 

higher nitric acid concentrations as with the 1:1 metal to ligand ratio. No ligand had 

less selectivity than H2L1 as it greatly increased the extraction of europium at lower 

nitric acid concentrations. As of this point, increasing the ligand concentration does 

not increase the extraction of uranyl, nor does it increase the selectivity. 

 

 

 

Figure 5.5: Separation factors for the three ligands at 0.5 mM concentration 

 

5.32 0.75 mM ligand concentration 

 

Increasing the H2L1 ligand concentration to 0.75 mM also did not improve the 

extraction of uranyl, but greatly increased the extraction of europium at lower 

concentrations of nitric acid, to a point that the selectivity of uranyl is less than for 

0!

1!

2!

3!

4!

5!

6!

7!

8!

0.00001!0.0001!0.001!0.01!0.1!1!

D
U
/D
Eu
!

[HNO3]!

Selectivity!

H2L1!
Salen!
Quinoxolinol!



! 110!

europium (Figure 5.6a). Unlike the other extractions seen so far, but what seems 

typical for salen, is that the extraction ability stayed relatively the same at about a 

distribution of 3. The europium was extracted more at lower nitric acid concentrations 

to around 0.6. The higher nitric acid concentrations only had a distribution of 0.5 

(Figure 5.6b). The quinoxalinol follows the same trend as at 0.5 mM concentration 

but there is more europium than uranyl extracted at 1x10-4 but decreases at 1x10-5 M 

HNO3 (Figure 5.6c). The uranyl was extracted more as well as can be seen at the 

higher distribution at those concentrations, but quinoxalinol is not a good ligand for 

separating the groups at these nitric acid concentrations. It is still odd that the uranyl 

does not have a higher distribution ratio than europium due to the hard soft acid base 

theory. 

 

 

 

Figure 5.6 a: H2L1 (0.75 mM) distribution ratio for uranyl and europium 
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Figure 5.6 b: Salen (0.75 mM) distribution for uranyl and europium 

 

 

 

Figure 5.6 c: Quinoxalinol backbone (0.75 mM) distribution of uranyl and europium. 
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As the graph below suggests (Figure 5.7), there is a downward trend in 

selectivity, as the concentration of nitric acid decreases. This is because more 

europium is being extracted at those concentrations limiting the selectivity. The 

quinoxalinol had the worst at the 1x10-5 M HNO3 while the separation is similar for 

0.1 to 1x10-3 M HNO3. 

 

 

 

Figure 5.7: Separation factors for the three ligands at 0.75 mM concentration 

 

5.33 1.0 mM ligand concentration 
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more extracted but this is shown to not be the case. Salen extraction of uranyl 

remained roughly the same as the nitric acid concentration changed (Figure 5.8b). 

The europium extraction was also very close to being the same except at 0.0001 M 

HNO3. For the first time with quinoxaline, the europium extraction does not have a 

distribution ratio greater than 1 (Figure 5.8c). The uranyl extraction is relatively 

steady till 0.00001 M HNO3 concentration where it increases up to around 3.5, much 

higher than the ~1.5 from higher nitric acid concentrations.  

 

 

 

Figure 5.8 a: H2L1 (1.0 mM) distribution of uranyl and europium 
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Figure 5.8 b: Salen (1.0 mM) distribution ratio for uranyl and europium 

 

 

 

Figure 5.8 c: Quinoxalinol (1.0 mM) distribution for uranyl and europium 
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The H2L1 ligand has a sharp decrease in selectivity as more europium was 

extracted at lower concentrations of nitric acid (Figure 5.9). The Salen ligand 

remained relatively unchanged except for at 0.0001 M HNO3 due to the increase in 

europium extraction and unchanged uranyl extraction at that concentration. The 

quinoxalinol ligand was unchanged until the lowest nitric acid concentration when it 

reaches above 10 for the separation factor. This is due to the greater extraction of 

uranyl with a low extraction of europium. Further study into improved systems and 

new ligands with the calculations will be discussed in the next chapter.  

 

 

 

Figure 5.9: Separation factors for H2L1, Salen, and Quinoxalinol at concentration of 

1.0 mM 
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decreases.  The increasing europium extraction was something unexpected that 

happened with all the ligands. These ligands are not suitable for nuclear fuel 

extractions. 

 

5.4 Conclusions 

 

The ability of H2L1 and salen to extract more uranyl at lower concentrations 

of nitric acid is consistent with other mixed N, O – donor ligands from previous 

extractants. This hinders these ligands as nuclear fuel waste extractants because they 

cannot be used at 3M nitric acid concentrations. Across the board the extractions were 

similar for every experiment with the uranyl distribution above 1 and the europium 

distribution below 1. The only exceptions was for europium having a distribution 

greater than 1 was for increased concentrations of H2L1, and lower nitric acid 

concentrations for the quinoxalinol backbone.  The separation factors, although above 

1, were not above 10, which is considered the threshold of good selectivity for 

separations. The next step if so desired, would be to use H2L1 as a stripping agent 

from a loaded organic phase. Much work still needs to be done to increase the 

selectivity of these ligands for use as nuclear fuel extractants. 
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Chapter 6 Conclusions and Future Work 
 

 

 Much research has focused on creating sensors for the selective recognition of 

actinide metals that is inherently difficult due to the strong coordination of transition 

metal ions to the same sorts of binding pockets. Perhaps, it is better investigate 

ligands that would provide a unique signal for the actinides as they would for other 

metals, a green light for actinides, and a red light for transition metals, and yellow 

light for lanthanides. The other way to differentiate them is through UV-Vis 

spectroscopy, where the ligand when bound to the metal, would give a maximum 

absorbance that is different from the ligand and any competing metals. It would be 

fine if all the actinide absorbencies overlapped so long as they were different than the 

ligand and competing metals.  

 

 This investigation began with the ligand H2L1, a quinoxolinol salen ligand. 

With many pi-bonds, this ligand should create a high signal to noise ratio to help with 

sensitivity. H2L1 proved to be a good sensor for uranyl over copper and other metals 

that were tested.  This ligand dissolved in dimethylformamide (DMF), had a 

maximum absorbance of ~389 nm depending on the concentration of water in the 

sample with an extinction coefficient of 2.6x104 M-1 • cm-1 at a ligand concentration 

of 20 µM. Maximum water concentration could only be 20% before precipitation. 

Upon the addition of 1 equivalent of copper acetate solution, the ligand color would 



! 119!

change from a fluorescent yellow to a orange-yellow and the UV-Vis spectrum would 

indicate a maximum absorbance at 450 nm with an extinction coefficient of ~3.2 x104 

M-1 • cm-1 across all concentrations of water. The detection limit for copper with this 

ligand was ~1 ppm. With the addition of 4 equivalents of uranyl, after two hours of 

constant stirring, the ligand would change in color from a fluorescent yellow to a 

more dull yellow. Equivalents 1-3 show no color change to the naked eye but the UV-

Vis spectrum would show an increasing shoulder at 450 nm and a small higher energy 

shift from the ligand. The higher energy shift reached a maximum at 4 equivalents of 

uranyl, with a maximum absorbance of  ~368 nm and an extinction coefficient of 

2.6x104 M-1 • cm-1, giving a detection limit of ~20 ppm.  The addition of 1 equivalent 

of cobalt solution causes a change in the ligand solution color to an orange with a 

maximum absorbance at ~433 nm and an extinction coefficient of 2.1x104 M-1 • cm-1, 

with a detection limit equal to copper, of ~1 ppm. Other metals such as nickel, cerium 

and gadolinium, have < 3 nm or no shift from the ligand and only nickel has a color 

change due to an increasing absorbance ~450 nm. 

 

The mono-substituted ligand H3L3 was also investigated in DMF with varying 

metals and percentage of water. This ligand could withstand up to 40% water in 

solution. The ligand, however, was not a good sensor for uranyl. This could be due to 

binding not being strong enough, or it doesn’t bind at all. Copper and cobalt were still 

investigated for increasing concentrations of water, and all metals that were tested for 

H2L1 were tested at 40% water/DMF for H3L3. Copper and cobalt had color changes 

and changes in the UV-Vis spectrum. Uranyl did not exhibit a color change and there 
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was not a change in the UV-Vis spectrum after 24 hours of stirring. Future mono-

substituted ligands, should be investigated as potential sensors, but this ligand is not 

one of them. A mono-substituted bi-pyridine would fill the coordination sphere of 

uranyl better than a salicylaldehyde can, and thus should be investigated. 

 

 H2L1 became the starting point to design new ligand to test as sensors for 

actinides. In order to understand H2L1 and facilitate any new ligand designs, 

computational chemistry of the ligands was explored and in particular time-dependent 

density functional theory (TD-DFT) was used to predict the UV-Vis spectrum of the 

free ligand, with uranyl, and with copper. While the calculations do not agree with the 

experiment 100%, they have proven to be fairly useful tool in this research. The 

calculations can be performed generally in less than a week using the supercomputer 

and are a quick way to determine if a particular ligand could be useful for detection of 

actinides versus other metals in the UV-Vis. The calculations have drawbacks such as 

the use of a mixed solvent system. A true mixed solvent system explicitly adds to the 

cost of the calculation, greatly decreasing efficiency. Even the interaction of just three 

solvent molecules increases the computational complexity and cost significantly.  

 

 From the calculations, it was determined that the ligand by itself was a pi to 

pi* interaction as would be expected of the system. The uranyl complex absorbance 

peak at 369 nm was the cause of a ligand to metal f-orbital singlet excitation from the 

HOMO to the LUMO. The copper complex absorbance at 450 nm was the cause of a 

metal d-orbital to the ligand excitation from the HOMO to the LUMO. The first 
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attempts to try to increase this shift were purely electric in changing the substituents 

around the salicylaldehyde from t-butyl groups to other electron donating and 

withdrawing groups, with a normal salicylaldehyde having no other substituents 

being the best, but not better than the original ligand. Next, using ligands known for 

their ligand to metal excitations such as bi-pyridine and other soft nitrogen containing 

donors were tested. The best of this group was the 2-aminobenzaldehyde providing 

the best separation of absorbance peaks. The final test was to try to mimic the 

SANEX extraction process by using 2,3,6-triazines. The best was the 4,5-dimethyl-

2,3,6-triazine but the ligand synthesis has been complicated and thus has not been 

prepared. Studies are currently underway to attach the 2-aminobenzaldehyde to the 2-

quinoxolinol backbone after synthesizing the 2-aminobenzaldehyde from 2-

nitrobenzaldehyde using ferrous sulfate and ammonia. 
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bis-4,5-dimethyl-2,3,6-triazine 

 

 

 

2-aminobenzaldehyde with quinoxolinol backbone 

 

Figure 6.1: Best ligands according to the calculations. 
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extraction was at lower nitric acid concentrations (< 0.1 M). The ligand did extract 

more uranyl than europium that is needed of an extractant for nuclear fuel waste, but 

the selectivity determined by the separation factor was below 10, considered the 

threshold for a good extractant. Excess ligand caused problems at the lowest nitric 

acid concentration (1x10-5 M) tested, when as much europium was extracted as 

uranyl, causing the separation factor to decrease to 1. This does not support a case for 

extractants being good sensors and vice versa, nor do it dispel it, having a dual 

sensor/extractant does not work with this ligand. 

 

6.1 Future Work 

 

 The sensors and computational component of them have the best potential for 

the future. Sensors for actinides are being studied much less than for extractants of 

nuclear fuel waste. Any new ligands synthesized should be tested for both molecular 

recognition and extractions, even if the ligand decomposes in stronger nitric acid (> 1 

M).  

 

 The next group should be have the utmost concern with decreasing the 

detection limit from ~25 ppm to ~20 ppb. This can be achieved by increasing the 

number of conjugated pi-bonds in the ligand system, which will increase the signal to 

noise ratio, increasing the selectivity. A good starting point would be to use 2,3-

diaminosphenazine or 2,3-diaminoanthracene with 3,5-di-t-butylsalicylaldehyde or 2-

aminobenzaldehyde. Calculations on these ligands should only take a couple of extra 
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days due to the larger system.  The synthesis would be similar to H2L1 by adding 3,5-

di-t-butylsalicylaldehyde to the diamino in ethanol and heating to reflux.  

 

 

  

Figure 6.2: Salazine with 3,5-di-t-butylsalicylaldehyde 

 

If that does not reduce the detection limit enough, macrocycles would be the 

best way to go before the ligand precipitates, and doesn’t dissolve in any solvent.. 

The macrocycles need to be big enough to accommodate the actinides which should 

make any competing transition metals only bind to one side of the macrocycle if at 

all. Early attempts to make the free macrocycle have failed. A chlorine anion was 

determined to be bound in the pyridine amide macrocycle (Figure 6.2). Attempts to 

template around uranyl to form the macrocycle have also been unsuccessful. 

Calculations show that this could be a promising ligand. Pyridine dicarboxylic acid 

should form an amide with the amines for the backbones, but the conversion of the 

carboxylic acids to acid chlorides is a better starting to point to achieve the desired 
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N N
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amides. An increase in sensitivity for the macrocycles could be to use phenazine as 

backbone (Figure6.3). 

 

 

 

Figure 6.3: Phenazine with pyridine amides to form a 6N-donor macrocycle. 
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Appendix 1 for Chapter 3 

 

 

 

Figure A3.1: Batch copper titration for H2L1 (20 µM) in 5% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.2: Batch uranyl titration for H2L1 (20 µM) in 5% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

Figure A3.3: Batch cobalt titration for H2L1 (20 µM) in 5% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.4: Batch copper titration for H2L1 (20 µM) in 10% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.5: Batch uranyl titration for H2L1 (20 µM) in 10% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.6: Batch cobalt titration for H2L1 (20 µM) in 10% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.7: Batch copper titration for H2L1 (20 µM) in 15% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.8: Batch uranyl titration for H2L1 (20 µM) in 15% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.9: Batch cobalt titration for H2L1 (20 µM) in 15% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.10: Batch copper titration for H2L1 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.11: Batch uranyl titration for H2L1 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.12: Batch cobalt titration for H2L1 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.13: Batch cerium titration for H2L1 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.14: Batch nickel titration for H2L1 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.15: Batch gadolinium titration for H2L1 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.16: Batch copper titration for H2L1 (20 µM) in 20% water/acetone (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.17: Batch uranyl titration for H2L1 (20 µM) in 20% water/acetone (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.18: Batch cobalt titration for H2L1 (20 µM) in 20% water/acetone (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.19: Batch copper titration for H2L2 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.20: Batch uranyl titration for H2L2 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.21: Batch cobalt titration for H2L2 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.22: Batch copper titration for H3L3 (20 µM) in < 1% DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.23: Batch uranyl titration for H3L3 (20 µM) in < 1% DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.24: Batch copper titration for H3L3 (20 µM) in 10% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.25: Batch uranyl titration for H3L3 (20 µM) in 10% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.26: Batch cobalt titration for H3L3 (20 µM) in 10% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.27: Batch copper titration for H3L3 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.28: Batch cobalt titration for H3L3 (20 µM) in 20% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.29: Batch copper titration for H3L3 (20 µM) in 30% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.30: Batch cobalt titration for H3L3 (20 µM) in 30% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.31: Batch copper titration for H3L3 (20 µM) in 40% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.32: Batch uranyl titration for H3L3 (20 µM) in 40% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.33: Batch cobalt titration for H3L3 (20 µM) in 40% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.34: Batch cerium titration for H3L3 (20 µM) in 40% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.35: Batch nickel titration for H3L3 (20 µM) in 40% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 
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Figure A3.36: Batch gadolinium titration for H3L3 (20 µM) in 40% water/DMF (v/v). 

Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.37: Batch copper titration for H2L1 (20 µM) in 20% water/DMF (v/v) with 50 

µM HEPES buffer. Concentrations shown are final concentrations of metal. 
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Figure A3.38: Batch uranyl titration for H2L1 (20 µM) in 20% water/DMF (v/v) with 50 

µM HEPES buffer. Concentrations shown are final concentrations of metal. 

 

 

 

Figure A3.39: Batch cobalt titration for H2L1 (20 µM) in 20% water/DMF (v/v) with 50 

µM HEPES buffer. Concentrations shown are final concentrations of metal. 
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Figure A3.40: Fluorescence batch titration of H2L1 with copper in 20% water/DMF (v/v) 

at 350 nm excitation. Concentrations are final metal concentrations 

 

 

 

Figure A3.41: Fluorescence batch titration of H2L1 with uranyl in 20% water/DMF (v/v) 

at 350 nm excitation. Concentrations are final metal concentrations 
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Figure A3.42: Fluorescence batch titration of H3L3 with copper in 40% water/DMF (v/v) 

at 350 nm excitation. Concentrations are final metal concentrations 

 

 

 

Figure A3.43: Fluorescence batch titration of H3L3 with copper in 40% water/DMF (v/v) 

at 350 nm excitation. Concentrations are final metal concentrations. 
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Appendix 2 for Chapter 4 

 

 

 

Figure A4.1: Calculated 4-aminosalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.2: Calculated 4-aminosalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.3: Calculated 5-aminosalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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 Figure A4.4: Calculated 5-aminosalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.5: Calculated 3-ethoxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.6: Calculated 3-ethoxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.7: Calculated 3-hydroxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.8: Calculated 3-hydroxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.9: Calculated 4-hydroxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.10: Calculated 4-hydroxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.11: Calculated 4-chlorosalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.12: Calculated 4-methoxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 

 

 

 

Figure A4.13: Calculated 4-methoxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 
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Figure A4.14: Calculated 5-hydroxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 

 

 

 

Figure A4.15: Calculated 5-hydroxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 
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Figure A4.16: Calculated 5-t-butylsalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 

 

 

 

Figure A4.17: Calculated 5-methylsalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.18: Calculated 5-methylsalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.19: Calculated 2,4,6-trihydroxysalicylaldehyde, copper complex, and 

uranyl complex UV-Vis spectrum in DMF 
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Figure A4.20: Calculated 2,4,6-trihydroxysalicylaldehyde, copper complex, and 

uranyl complex UV-Vis spectrum in acetone 

 

 

 

Figure A4.21: Calculated 3,5-dichlorosalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.22: Calculated triazine, copper complex, and uranyl complex UV-Vis 

spectrum in DMF 

 

 

 

Figure A4.23: Calculated triazine, copper complex, and uranyl complex UV-Vis 

spectrum in acetone 
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Figure A4.24: Calculated triazine, copper complex, and uranyl complex UV-Vis 

spectrum in acetic acid 

 

 

 

Figure A4.25: Calculated triazine, copper complex, and uranyl complex UV-Vis 

spectrum in acetonitrile 
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Figure A4.26: Calculated 4,5-dimethyl triazine, copper complex, and uranyl complex 

UV-Vis spectrum in DMF 

 

 

 

Figure A4.27: Calculated 4,5-di-t-butyltriazine, copper complex, and uranyl complex 

UV-Vis spectrum in DMF 
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Figure A4.28: Calculated 4,5-di-i-butyltriazine, copper complex, and uranyl complex 

UV-Vis spectrum in DMF 
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Figure A4.29: Calculated 3-ethoxysalicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 

 

 

 

Figure A4.30: Calculated 4,5-cylcohexane, copper complex, and uranyl complex 

UV-Vis spectrum in DMF 
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Figure A4.31: Calculated 4,5-cyclohexane, copper complex, and uranyl complex 

UV-Vis spectrum in acetone 

 

 

 

Figure A4.32: Calculated 4,5-diphenyltriazine, copper complex, and uranyl complex 

UV-Vis spectrum in DMF 
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Figure A4.33: Calculated 2-thiobenzaldehyde, copper complex, and uranyl complex 

UV-Vis spectrum in DMF 

 

 

 

Figure A4.34: Calculated bipyridine salicylaldehyde, copper complex, and uranyl 

complex UV-Vis spectrum in DMF 
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Figure A4.35: Calculated bis-bipyridine, copper complex, and uranyl complex UV-

Vis spectrum in DMF 

 

 

 

Figure A4.36: Calculated pyrrole, copper complex, and uranyl complex UV-Vis 

spectrum in DMF 

0!

10!

20!

30!

40!

50!

60!

70!

80!

200! 250! 300! 350! 400! 450! 500! 550! 600!

ε*
10

3  M
-1

 cm
-1

 "

Wavelength (nm)"

Dibypyridine DMF"

Ligand!

Copper!

Uranyl!

0!

10!

20!

30!

40!

50!

60!

70!

200! 250! 300! 350! 400! 450! 500! 550! 600!

ε*
10

3  M
-1

 cm
-1

 "

Wavelength (nm)"

Pyrrole DMF"

Ligand!

Copper!

Uranyl!



! 167!

 

 

Figure A4.37: Calculated pyrrole, copper complex, and uranyl complex UV-Vis 

spectrum in acetone 

 

 

 

Figure A4.38: Calculated pyridine, copper complex, and uranyl complex UV-Vis 

spectrum in DMF 
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Figure A3.39: Calculated pyridine, copper complex, and uranyl complex UV-Vis 

spectrum in acetone 

 

 

 

Figure A3.40: Calculated di-substituted pyridine amide on quinoxaline, copper 

complex, and uranyl complex UV-Vis spectrum in DMF 
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Figure A4.41: Calculated disubstituted pyridine amide on pyridine, copper complex, 

and uranyl complex UV-Vis spectrum in DMF 
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