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Abstract 
 

There is a growing need to understand the fundamental aspects of chemistry concerning f-

elements. Whether it be through the use of softer donor systems to try and selectively coordinate 

actinide ions in solution which could be useful in the event of a spill or contamination event, using 

mixed donor systems to take advantage of the distinct photophysical properties of Ln (III) ions for 

new emissions agents for biological imaging compounds. The 4f or 5f orbitals play a pivotal role 

in their unique chemistry, emission, and optical properties, accessible to these elements. Here, we 

look at three different aspects of f-element chemistry that allow us to look at the nature of the f-

orbitals while looking at how this affects their emissive properties. 

 

The highly conjugated salimidizine ligand and 3 derivatives are examined for the electronic 

properties of the ligand and how these can be altered both for selective coordination of metal ions 

and somewhat tunable emissions. These properties would enable it to be potentially be used in 

colorimetric or fluorescence sensors for uranyl detection in solution. Examination of these organic 

frameworks is examined in the presence of copper (II) ions which are considered to be a common 

“false positive” metal ion due to similar charge to ionic size ratios. Overall, these organic 

frameworks are able to distinguish via fluorescence intensity the binding of uranyl versus copper.  

Further details and explanation for this is given through computational modeling of the complexes. 

 

Next, the ability of cyano substituted naphthylsalophens were examined as sensitizers or 

antennae with Ln (III) ions for 2 photon up-conversion processes. This Schiff base type (-2) ligand 

forms 3:2 ligand to lanthanide sandwich-type complexes that display characteristic metal centered 
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emission for Nd (III), Er (III), and Yb (III). Upon excitation at 980 nm, in mixed lanthanide 

complexes and Er (III) complexes, Er-centered up-conversion emission is observed at 543 nm and 

656 nm respectively. This is achieved with power densities as low as 2.18 W cm-2. 

 

Lastly, the naphthylpyrasal ligand in metal complexes was examined. These complexes were 

characterized through UV-vis spectroscopy, electrochemical analysis, and single crystal X-ray 

diffraction. This framework shows the ability in solid state to form N-oxide species in the solid 

state which is not commonly seen with actinides. Three distinct crystallographic species are 

formed showing a solvent dependance on crystallization solvent mixtures to produce different 

solid-state morphologies. This species seems to be formed through the presence of peroxides in 

the crystallization solvents. Through further examination of the solid state, we see that two of these 

structures produce close to a 5° bend from linearity in the typically linear -yl oxygen bonds 
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In recent years, a substantial push has been put into studying the 5f elements and being able 

to take advantage of their unique properties.1 The majority of research in this field centers around 

the safe use of actinides in commercial nuclear reactors due to our ever-growing need for cleaner 

energy sources in a highly energy-dependent economy.2 This coupled with the heightened need to 

lessen our carbon footprint make this a paramount area of focus. As of December of 2019, there 

were 96 operational nuclear reactors at 58 nuclear power plants in the U.S. alone,3 and hence, an 

increasing need to expand our knowledge of the actinides to maintain them. Although thorium, 

plutonium and uranium can be used in the nuclear fuel cycle, the most commonly used actinide 

for this purpose is uranium, and almost 11% of the world’s civilian energy generation comes from 

uranium fueled nuclear reactors.4 Naturally occurring uranium is made up of 238U (99.275%), 235U 

(0.720%), and 234U (0.005%); however, the only fissile isotope that could be used in fission 

reactors is 235U.5,6 Most reactors aim to keep a controlled fission reaction with “fertile” 238U 

capturing neutrons from “bred” 239Pu, producing 235U subsequently releasing more neutrons to 

continue the chain fission reaction.4,5 Some countries such as France reprocess their spent nuclear 

fuel rods; however, in the United States, reprocessing is not practiced, instead the fuel rods are 

either stored on site or at an underground disposal facility.7 

 

The global output of nuclear energy comes from 447 operational nuclear power plants in 

30 countries, and with 60 new facilities under construction, there is a push for even more renewable 

energy sources.8 With this push, the International Atomic Energy Agency (IAEA) has estimated a 

42% increase in globally installed nuclear power, and the World Nuclear Association has goals set 

for 25% of the world’s electricity to be provided by nuclear energy by 2050.8 This shows promise 

with 28 countries interested in introducing nuclear power and 16 of these building new reactors.8 
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Also, in 2014, the Environmental Protection Agency (EPA) instituted the Clean Air Act in 2014 

which is pushing the U.S. to lower their carbon emission output to levels 25% below what they 

were in 2005.9 As of 2018, the United states has come to produce about 20% of its electricity from 

nuclear power but this is still dwarfed by the 70% produced by France.2 The use of nuclear power 

is one means to reduce the carbon footprint and decrease the use of fossil fuels, and is thus being 

pushed for vigorously. Since the United States produces approximately 2,000 metric tons of spent 

fuel each year,10 accommodations need to be made for the spent fuel rods being produced, whether 

through storage or reprocessing.11,12 

 

Soft donors for Identification 

Many researchers are looking into ways to quickly and efficiently identify and quantify 

contaminants if a spill were to occur. Since Diamond and collaborators first showed the ability to 

selectively separate actinides from lanthanides via ion exchange, ways to make this distinction in 

solution have been examined.13 Researchers are now looking at using softer donors such as 

nitrogen or sulfur to bind the metals in a more covalent manner, helping with the design of ligands 

for better binding and higher selectivity of actinides.14,15 The Boncella group has looked at imine 

donors in a 2,2’-bipyridine adduct as a way to coordinate U(IV). They have also investigated using 

these complexes as substrates that can be used for two electron oxidative addition reactions 

allowing access to rare bis(imido) uranium (VI) complexes (Figure 1.1 a).17 Another interesting 

example of using such softer donors for actinide coordination comes from Karsten Meyer’s group. 

Their efforts to better understand the coordination environment and electronics of the uranyl ion 

for sequestering purposes has allowed them to use mixed oxygen-nitrogen donors to isolate and 

characterize uranium (VI) mono-oxo complexes (Figure 1.1 b).18 Finally, one additional example 
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of soft donor coordination comes from the Prendergast group. In the hopes of gaining a deeper 

understanding of the bonding covalency of uranyl using N-donor ligands to coordinate the metal, 

the ligand they designed utilizes two imidazole N-donors and a pyridine donor to form a rigid 

tridentate pocket to coordinate uranyl ions (Figure 1.1 c).19 This ligand has also been used to 

coordinate lanthanides and other low valent actinides as a way to examine the influence of ligand-

metal charge transfer effects and π-π interactions on luminescence.20–23 

 

 
 

Figure 1.1.Crystal structures of (a) bis(imido) uranium (VI) complexes,17 (b) uranium (VI) mono-oxo complex,18 and (c) planar 
all nitrogen containing U(VI)O2.19 

  

Salen Ligands and f-block coordination 

Salen type ligands are of interest in selective actinide coordination as imine donor ligands 

that are straightforward to prepare and manipulate but have been previously characterized in 

complexes with transition metals in several areas of chemistry. These ligands have shown the 

ability to form stable complexes with copper (II),24 manganese (III),25 and ruthenium (II)26 for 

catalysis in organic reactions.27 Many complexes have also been shown to be effective in 

asymmetric catalysis such as C-H insertion, cycloadditions, Mannich reactions, and aminations.28 

While this is an established area of research, new interest exist in exploring these ligands for 

binding f-block elements.  

b) c) a) 
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Use as Sensors 

Salen and salen-type ligands have also been shown to be effective in binding [UO2]2+.29–31 

The name “salen” is derived from the reagents used to form the ligand by way of a condensation 

reaction, salicylic aldehyde (sal) and ethylene diamine (en), which forms a mixed oxygen and 

nitrogen tetra-dentate donor pocket (Figure 1.2).32 The salen mixed donor binding pocket allows 

for the formation of a wide variety of metal complexes. Previously, the Gorden group has 

examined salen-type Schiff base ligands for metal complexation as a means of detecting actinide 

waste products.32 Due to the extended conjugation of the ligands their UV-Visible spectra 

experiences detectable alterations upon binding of metal ions.33 This is potentially one useful way 

to identify metal contaminants via examining the color/spectral changes produced by the ligand 

binding the metal ions.34 

 

 

Figure 1.2. Synthetic scheme of salen ligand “Salqu”.35 

 
The 2-quinoxalinol ligand, “Salqu” (Figure 1.2) was able to show some promise as a chemosensor. 

Research in this area demonstrated binding of several transition metals as well as uranyl and some 

selectivity of UO22+ binding over lanthanides due to its mixed donor binding pocket. However, 

N

N R1

OH

H2N

H2N

OH O

R2+

N

N R1

OH

N

NOH

OH

R2

R2

MeOH/DMF

1 R1= CH2Ph, R2= H
2 R1= CH2Ph, R2= 3-OH
3 R1= CH2(CH3)2, R2= H
4 R1= CH2Ph, R2= 3,5-Di-tert butyl
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binding of Cu2+ was competitive with that of UO22+ due to their similar charge to ionic size ratios.35 

This led to the hypothesis that there might be a way to tune the selectivity of the ligand binding 

pocket while still retaining the ability to follow changes using UV-Vis spectral or other emission 

methods. Recent examples in actinide coordination that take advantage of these unique emission 

methods have come from the Gorden group with ligands which fill up the equatorial plane of the 

uranyl ion such as pyridine Schiff base donors taking up 5 coordination sites. Occupying these five 

equatorial sites seems to allow for higher selectivity towards these uranyl metal centers over 

typical first row transition metals, while showing distinguishable changes via UV-Vis spectra. 

Also, florescence spectra were recorded in concert with UV-Vis spectra and all metals produced a 

quenching effect except Zn (II) ions which created a 5-fold increase in fluorescence and a Φ = 

1.6.36  

 

  
 

Figure 1.3. 2,6-bis[1-[(2-hydroxyphenyl)imino]ethyl] pyridine-UO2 Complex(left), UV-Vis titration of 2,6-bis[1-[(2-
hydroxyphenyl)imino]ethyl] pyridine with UO2 (NO3)2• 6H2O  in ethanol (Right).36  
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Another example of these selectively coordinating ligand with unique spectral qualities is 

Dibenzyl 5,5′-((1E,1′E)-(1,2-Phenylene Bis(azanylylidene))bis-(methanylylidene))bis(4-ethyl-3-

methyl-1H-pyrrole-2carboxylate)), called pyrrophen.37 This ligand takes advantage of the salen 

binding motif while introducing four more coordination sites resulting in a hexadentate binding 

pocket. The equatorial binding sites for uranyl allow for coordination of the six donor atoms to 

selectively bind to the metal center in an equidistant fashion. Furthermore, the affinity of this 

ligand for the uranyl metal center is so pronounced that the presence of U induces displacement of 

some transition metals from the binding pocket.37 These observations can be helpful to expand the 

knowledge required for better understanding of selective sensing of uranyl ions in solution.  

 
Figure 1.4.Crystal structure of the pyrrophen-UO2 complex (left), UV-Vis spectra of distinct metal complexes formed in solution 

as well as colorimetric response to the specific metal ions (right).37 

 

Utilization of lower valent Uranium species 

A key aspect of f-block chemistry is determining a route to access and stabilize lower valent 

uranium species, specifically that of U(V).38,39 Accessing this oxidation state of uranium is of 

interest because U(V) is relevant  to nuclear waste remediation and catalysis.40,41 The difficulty in 

this endeavor stems from the fact that U(V) is very unstable under environmental conditions, 

leading to a very short-lived oxidation state due to disproportionation yielding U(IV) and U(VI).42 

To attempt to stabilize these species, there are the extra precautions of working under inert 
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atmospheres that need to be taken followed by either oxidizing from U (III) 43,44 or U (IV)45, or 

reduction of  U (VI).46,47,39   

 

The path for reduction of [UO2]2+ in recent years seems to be made by functionalization of 

the -yl oxygens.40,47–51 These bonds are highly stable and very inert without some sort of electron 

density transfer to help lengthen these bonds as well as weaken them and increase their reactivity.6 

Work in the Arnold group has shown a suitable route to do this by using their “Pacman” salen 

containing ligand to help facilitate functionalization of the U-Oyl bonds.52,53 This method takes 

advantage of using strong donating ligands along the equatorial sites of the uranyl metal center as 

well as steric and positioning of the terminal oxo group towards an oxophilic lanthanide or 

transition metal ion to help promote the oxo interactions.  

The Hayton group has demonstrated this through using borane mediated reductive 

silylation of the U-Oyl bonds.54 Here, they elaborate on the use of strong equatorial donors as well 

as Lewis acid donors to activate the -yl oxygens which allows for functionalization with both a 

borane and a triphenyl silane coordinated.54 These are some examples of strategies used to 

functionalize these chemically “inert” uranyl oxygen bonds. 

 

 
Figure 1.5.(Left) Solid state data from pacman-UO2 Structure,53 (Right) Silyl and borane functionalize uranium-oxo bond.54 
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Lanthanide emissions  

 Lanthanide ion complexes are of interest due to the ability they have to emit specific and 

well defined spectra as well as having long lived emission lifetimes which arise from f-f 

transitions.55 Further, they are of particular interest for use in light sources,56–59 screens and 

displays,60–63 and medical imaging technology.64–67 The antenna effect is utilized in most of these 

cases as a means to help excite these metal center and achieve these emissive states since direct 

excitation usually requires high energy lasers.68  These “antenna” are usually organic frameworks 

that are easily sensitized. Once light is absorbed a ligand-based singlet excited state is achieved. 

The electron then progresses through intersystem crossing to afford a triplet excited state. From 

this sate the excited electron takes place in dipole-dipole or Förster’s interactions to finally end up 

in the emissive f-excited state.68 

 

 

Figure 1.6.Modified Jablonski Diagram demonstrating the antenna effect for lanthanide complexe.68 
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Examples of these systems and how they take advantage of the ligands to sensitize the lanthanide 

metal centers can be seen throughout the literature. For effective sensitization using organic 

ligands, the following properties are important: 1) high efficiency at absorbing light, 2) attain 

intersystem crossing yields near 100%, 3) have triplet energy states that are close to the energy 

level of the Ln (III) emission but not close enough for energy back transfer, 4) be able to protect 

the Ln (III) ion form quenching effects due to bound water.59   The de Bettencourt-Dias group at 

the University Nevada, Reno has been able follow these criteria through synthesizing and 

coordination of the ligand Pyridinebis-oxazoline, also known as pybox and its derivitives.69–73 

They have been able to produce high quantum efficiency Tb (III) complexes,70 as well as rare 

Tm (III) blue centered and mixed metal polymers.72  

 

 

 
Figure 1.7. (Left)Pybox ligand derivative, (middle)Solid state Absorbance (black line), excitation (red line), and emission (blue 

line) spectra of Tm (III) complex, (Right)Solid state Eu (III) and Tb (III) mixed metal complex emission spectra.72   

 

One area of research of note with these complexes are researched is in photon up 

conversion. Up conversion is the process by which a photon of lower energy is absorbed, and then 

electromagnetic radiation of higher energy is emitted.68,74 To adequately design ligands suitable 

for sensitizing, three major criteria must be met, they are as follows. First, they must be able to 

coordinate the target metal which in this case would be the Ln (III) ion. Second, the energy levels 

N

O

N

OO

N

Ph
[M]

n
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between the ligand and the metal center need to be positioned such that the sensitizers can have 

uninhibited transfer of the singlet and triplet excitation energy for specific lanthanide ion. Finally, 

these systems need to be low phonon systems to allow for efficient up conversion processes.68,72  

 

Most upconverting species are typically in the form of nanoparticles,75 fewer examples 

have been described as discrete molecules for this purpose.76–78 This transition to discrete 

molecules can allow for increase in solubility,79 lowering accumulation in vital organs,65,80 and 

increasing biocompatibility.81,82 Furthermore, finding ways to synthesize these discrete up 

converting molecules can lead to more efficient and easier ways of tuning emissions for use in 

vitro or in vivo by altering the Försters distances .83 

 

Described in this work are three distinct ligand classes and their metal complexes which 

were synthesized and characterized: salimidizine (Chapter 2), cyano-naphthylsalophen (Chapter 

3), and naphthylpyrasal (Chapter 4). These ligands were examined for their ability to coordinate 

the f-block metal ions. Chapter 2 explores salimidizine and its derivatives colorimetric and 

fluorescent sensor for uranyl. The copper (II) ion was also examined since it generally gives false 

positives for uranyl detection. Chapter 3 covers cyano-naphthylsalophen and its ability to 

coordinate several Ln (III) ions as well as its usefulness in partaking in two photon up conversion. 

Chapter 4 examines naphthylpyrasal and its coordination to uranyl. Formation of a unique actinide 

N-oxide complex is addressed as well as the effect of different N donor molecules on coordination 

and its solid-state structure. Chapter 5 gives a summary of preliminary work as well as a direction 

for these projects in the future. 
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Introduction  

Imidazole and benzimidazole-containing ligands are naturally present in biomolecules and are 

pertinent to biological and medical applications showing anti-inflammatory and anti-tumor 

activities.1,2 Complexes with two such ligands display π-π interactions,3 while 

benzimidazole derivatives have been used in polymer enhancing catalysis and as 

fluorescent probes in sensors to detect Fe (III) and nitric oxide.4–7 In recent years, imidazole 

containing d- and f-block metal complexes have been reported in applications organic light-

emitting diodes (OLEDs).8,9 Specific benzimidazole derivatives act as bidentate ligands 

exhibiting an N-C-C-C-O binding motif (N and O atoms connected with a three-C bridge 

coordinate to the metal). Such complexes have been reported for transition metals such as 

copper, nickel, and iron.10,11 Previous research has demonstrated that ligands can take 

advantage of soft donors like imine nitrogens such as these in coordination of the 

actinides.12,13 

Here, the ligand 2-(1H-imidazo[4,5-b]phenazin-2-yl)phenol (dubbed “salimidizine”) 

represents a class of benzimidazole derivatives with extended conjugation and presents a potential 

means to investigate coordination by comparing emission properties. This ligand was first 

synthesized by Amer et. al. in 199914, and later spectroscopically characterized in 2011 by Lei and 

co-workers with various substituents on the terminal benzene ring (X= H, CH3O, CH2OH, Br, and 

Cl).15 Here, we report crystal structures and fluorescence spectra for this ligand and its 

coordination complexes with uranyl (UO22+) and Cu2+. Uranyl (UO22+) and Cu2+ were selected 

because of their similar charge to ionic radius ratios, and their competitive binding behavior in an 

attempt to characterize clear distinctions between the metal ions. It was observed that upon 

coordination of uranyl, fluorescence intensity increased, but it was found to decrease dramatically 

with copper coordination.  This is a marked difference - notable in other systems proposed or 
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characterized with an interest in uranyl detection .16–19 For example Kim et. al. made use of a diaza-

18-crown-6-ether containing ligand with two terminal napthalamide units to increase fluorescence 

as possible uranyl sensor.17 In that report, they examined the fluorescence of the ligand when 

bound to several different group 1 and 2 metals. They observed no change when bound to the 

group 1 and 2 metals but encountered an extreme decrease in fluorescence when bound to uranyl. 

 

As alternative step in the synthesis to prepare new ligands is possible using 2-(1H-

imidazo[4,5-b]phenazine-2-yl)phenol or “salimidizine” and derivatives of this molecule (Figure 

2.8). This concept came from trying to extend the conjugation of the backbone with an aim to 

increase the emission intensity and the extinction coefficient of the metal complexes, while 

decreasing sample sizes required.20 Additional benefits include the simplicity of such ligand and 

that the procedure is very similar to that used preparing the two-armed Salqu-type ligand with 

either the phenazine backbone or the leucine methyl ester backbone. When the solution is left open 

to air and heated, the reaction is driven towards the thermodynamically favored imidazole product. 

Such imidazole containing ligands have been used to coordinate nickel, lead, and iron in a 

bidentate fashion, and have been used to identify metal ions by inducing either a change in 

florescence, or UV-vis spectra.11,21,22 There have also been examples of lanthanide ions being 

coordinated with bite angles and donor atoms similar to those found in the imidazole ligands, 

which showed interesting near IR properties.8,9 The imidazole binding pocket has been previously 

shown to coordinate actinides and is of interest for selective coordination in terms of detection or 

isolation of actinides.12,13 Salimidizine, and three derivatives thereof, were prepared through a 

condensation reaction between a salicylaldehyde and 2,3-diaminophenazine followed by a 

subsequent intramolecular cyclization reaction, affording L1 (salimidizine), L2 (t-
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butylsalimidizine), L3 (cyanosalimidizine), and L4 (methoxysalimidizine) in moderate yields 

(Error! Reference source not found.). To better understand the different ligand-metal interactions 

with uranyl and Cu (II), quantum chemical calculations were performed to describe the ground 

and excited electronic states of their complexes with L1.   

 

 
Figure 2.8. Salimidizine synthetic scheme 

 
 
Results and Discussion 

 The general synthetic procedure for the salimidizine (L1), 3,5-ditertbutyl salimidizine 

(L2), methoxy salimidizine (L3), and cyano-salimidizine (L4) is as follows: 2,3-

diaminophenazine was dissolved in 5 ml of DMSO and stirred at 80°C for 10 minutes to ensure it 

dissolves completely. Next, the respective salicylaldehyde was added and the mixture was heated 

to 120°C with stirring for 6 h. The solution reaction was then allowed to cool to room temperature, 

followed by the addition of 45 ml of chilled EtOH to help the product precipitate out of solution. 

The solution was allowed to sit at 0oC in a freezer overnight, then filtered and washed with cold 

N

N NH2

NH2

O

OH

O

OH

NC

O
OH

O

OH

OMe

1. 5 mL DMSO, 6 h, 120oC
2. 45 mL Cold EtOH

1. 5 mL DMSO, 6 h, 120oC
2. 45 mL Cold EtOH

1. 5 mL DMSO, 6 h, 120oC
2. 45 mL Cold EtOH

1. 5 mL DMSO, 6 h, 120oC
2. 45 mL Cold EtOH

N

N

N

H
N

HO

N

N

N

H
N

HO

N

N

N

H
N

HO

N

N

N

H
N

HO

O

CN

(L1)

(L2)

(L3)

(L4)

85% 

38% 

49% 

86% 



 28 

EtOH. The filtered solid was then placed in the vacuum oven overnight hours to dry and to remove 

any excess solvent. 

An experiment to follow coordination using batch titrations was set up to allow for 

monitoring of the binding of metal to these ligands by UV-Vis spectra. Batch titrations were set 

up for all samples. Stock solutions of L1, L2, L3, and L4 were made to 0.001 M solution in 40 

mL of dimethylformamide (DMF). Metal stock solutions of both copper (II) acetate and uranyl 

acetate were made to 0.001 M in 25 mL of deionized H2O. For each titration experiment, a ligand 

blank with no metal was made as well as 14 other samples containing 1 equivalent of ligand. Each 

of these samples, not including the free base, received 0.1 equivalents of metal stock solution; and 

subsequent aliquots increased the concentration of metal in solution by 0.1 equivalents until 1 

equivalent of metal was reached. Further increases of metal occurred in increments of 1 full 

equivalent until reaching 5 equivalents of metal to ensure that excess metal was present in the 

sample. Following preparation all samples were aged for 24 hours to allow for complexation to 

occur, then the UV-vis spectra of each sample was measured. After the first spectra was recorded, 

3 µL of 0.1 M trimethylamine (TEA) in DMF was added to the samples to facilitate deprotonation 

of the ligand. The samples were mixed for 5 minutes and further aged for 1 hour after addition of 

TEA, followed by collecting their UV-Vis spectra. All samples were 5 mL in volume and 

contained 10% H2O. 

 

Titrations with the bare ligand, salimidizine (LI), were conducted with   UO22+ and with Cu2+. In 

the UV- Vis spectra below, some of the individual spectra were removed for clarity. The UV-vis 

spectra showed a peak at 439 nm characteristic of the bare ligand and no additional shift were 

detected after subsequent additions of UO22+, even after 5 full equivalents of metal. The only 
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observed spectral change involved an increase in absorbance with each equivalent of metal added 

(SI Figure 5). The Cu2+ titration showed a much more dramatic shift in the spectra as λmax shifted 

bathochromically from 416 nm to 455 nm after addition of the first 0.1 equivalent and remains 

unchanged until a ratio of 1:1 ligand to metal was reached. Between addition of the second 

equivalent of metal and up to 5 equivalents λmax shifts hypsochromically to 325 nm (Figure 2.9). 

Although there was no significant shift in the spectra to suggest binding of the uranyl by L1 under 

these conditions, we were able to obtain a crystal structure of the L1 ligand bound to the uranyl. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Upon further examination, the UV-Vis data of solutions containing the ditertbutyl-salimidizne 

ligand were most promising in terms of metal coordination. Addition of base was needed to 

facilitate coordination, as was made evident from the observed spectral shifts. Ditertbutyl-

salimidizne (L2) coordination with UO22+ was characterized by means of batch titration, and the 

following features were observed: the ligand free base showed a peak centered at 421 nm and 

after the first 0.1 equivalents of metal were added, a shift to 440 nm was noticed. This change 

intensified but was not fully defined until 0.3 equivalents were added to the sample (Figure 

2.10). This bathochromic shift seemed to demonstrate that a binding event had occurred; 

Figure 2.9. Salimidizine (L1) titration with Cu2+ acetate 
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however, the solutions showed no visible colorimetric change as all samples exhibited a similar 

pale-yellow color. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

This ligand also showed some affinity for Cu2+. The titrations with copper demonstrated 

significant changes with increases in metal ion concentration. Upon addition of 0.1 to 0.7 

equivalents of copper metal the resulting solutions retained a yellow color. From 0.8 to 1.0 

equivalents of metal there was a 64 nm bathochromic shift in the spectra, and the solutions 

turned a rose gold color. From 2.0 to 5.0 equivalents of metal the solutions went back to a 

yellow color although this was different than the earlier coloration. Further examination of 

the UV-vis spectra (Figure 2.10 Left) demonstrated that the initial signal of the ligand 

centered at 421 nm experienced a bathochromic shift when the first 0.1 equivalents of metal 

was added. Upon addition of 0.4 equivalents the initial signal was completely shifted with 

a maximum absorptivity now located at 485 nm. Looking at the absorbance vs. equivalents 

graph (Figure 2.10) it is evident that the shift starts after base and the first 0.1 equivalent of 

metal solution were added. The addition of base was needed to help with deprotonation of 

the ligand. The subsequent spectral shifts will either not happen or occur at a very slow rate 

without base. 

Figure 2.10. Ditertbutyl-salimidizine titration with Cu2+ acetate (Left); λ max vs. metal equivalents @ 486nm and 
421nm.(right)  
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Further examination of methoxysalimidizine (L3) titrated with Cu2+ showed a λmax for 

the ligand centered at 425 nm (Figure 2.12). After the addition of the first equivalent of 

metal, it bathochromically shift to its new location at 463 nm. Along with this shift, after 2 

full equivalents of metal are added the molar absobtivity in the λmax starts to decrease in 

intensity. When titrated with UO22+, the peak initially had a λmax centered at 425 nm and 

after the first addition of metal the peak shifts to 441 nm where is remains through the 

remainder of the titration.  

 

 
Figure 2.12. Methoxysalimidizine (L3) titrations with Cu2+ acetate (left) and UO2

2+ acetate (right). 

 
 
 

Figure 2.11. Ditertbutyl-salimidizine titration with UO2
2+ acetate
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 There are a few key details observed in the fluorescence spectra that should be noticed. 

These titrations were carried out in DMF with 10% H2O for copper (II) acetate and uranyl 

acetate similar to that of the batch UV-vis titrations. The bare salimidizine ligand showed some 

interesting features upon the introduction of metal. For the ligand alone excitation, with 

excitation at 408 nm, a major peak was produced at 536 nm. After the first addition of Cu2+ 

solution (0.1 equivalents), the emission intensity starts to decrease from 100 Raw Fluorescence 

Units (RFU) and this continues with each addition of the metal solution to the lowest point at 15 

RFU after the addition of 5 equivalents of metal (Figure 2.13 Left). 

 

 

 

 

More interesting data that can be pulled from the fluorescence spectra comes from the 

UO22+ titrations with the salimidizine ligand. In this case the initial peak is centered at 540 

nm with an intensity of 100 RFU. Upon addition each aliquot of metal solution, the signal 

intensified to reach 140 RFU (Figure 2.13 Right). It can also be noted that this trend holds 

across all the functionalized salimidizines and can be further examined below. Overall, the 

distinctive change in fluorescence intensity is quite remarkable in comparing the copper 

and uranyl complexes.  

Figure 2.13. Fluorescence spectra of Salimidizine (L1) with Cu2+ Acetate (Left) and UO2
2+ Acetate (Right) 

in DMF/ 10% H2O 
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Figure 2.14. Fluorescence spectra of: (L2)-Cu2+ Acetate (top L), (L2)-UO2
2+ Acetate (top R), (L3)-Cu2+ Acetate (mid L), (L3)-

UO2
2+ Acetate (mid R), (L4)-Cu2+ Acetate (bottom L), (L4)-UO2

2+ Acetate (bottom R) in DMF/ 10% H2O. 

 

Analysis of the solid-state structural data collected from X-ray diffraction yielded some 

interesting findings. Even though there was no significant shift in the spectra to suggest binding 

of the uranyl by L1, we were able to obtain a crystal structure of the L1 ligand bound to the uranyl. 

Crystal structures for the 3,5-ditertbutyl salimidizine (L2) free ligand, the bare salimidizine (L1) 
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free ligand, and the UO2[L1]OAc•DMSO metal complex were all examined. Crystals of L1 

(Figure 2.15a) were grown from layered DMSO and EtOH, crystals of L2 were grown from slow 

evaporation of THF (Figure 2.15b), and crystals of UO2[L1]OAc•DMSO (Figure 2.15c) were 

grown through slow diffusion of hexanes into a layered solution of free base (L1) in DMSO and 

UO2(OAc)2 in EtOH. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Upon examination of the crystal data, the uranium center in UO2[L1]OAc•DMSO is seven 

coordinate and adopts a pentagonal bipyramidal geometry. Six oxygen atoms in total and one 

nitrogen atom occupy these seven sites. The first two coordinating oxygen atoms are terminal oxo 

groups of the UO22+ subunit; the three additional oxygen atoms can be accounted for by the 

coordination of a DMSO solvent molecule and an acetate anion. The remaining oxygen and 

nitrogen atoms that fill the coordination sphere of the uranium are from the salimidizine ligand. 

The U-N distance is observed at 2.558(6) Å. The U-O distance is observed at 2.220(6) Å. The O1-

 

 

Figure 2.15. Projection of the asymmetric unit of L1 (a), L2 (b), & UO2[L1](OAc)•DMSO (c). Atoms shown are labelled: H in white, O in red, 
N in blue, C in grey, S in yellow, U in green. 
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N1 distance in UO2[L1]OAc•DMSO is 2.767(9) Å, which is larger in comparison to the O1-N1 

distance of 2.5866(19) Å in L1. Upon binding of this bidentate O-N binding site, the O-N distance 

expands to accommodate the metal. The crystal data shows that a binding event does occur with 

the bare salimidizine ligand. However, this coupled with the UV-vis data suggests that the process 

happens at such a slow rate that it is not detectable in the UV-Vis spectra like that of the ditertbutyl-

salimidizine with [UO2]2+ and Cu2+.  

 

To explain the opposite activity of the uranyl and copper (II) centers upon complexation, 

we first optimized the structure of the two complexes with L1 at their singlet (uranyl) and doublet 

(copper) ground states. To complete the first coordination sphere of the metals we added an acetate 

(AcO) and/or a water (W) ligand, constructing totally four complexes: L1UO22+(AcO), 

L1UO22+(AcO)(W), L1Cu2+(AcO), and L1Cu2+(AcO)(W). The copper and uranyl structures used 

for the calculations were derived from the crystal structure of UO2[L1](OAc)•DMSO. Both metals 

were coordinated by the ligand and an (OAc) counter ion to achieve a neutral species. The water 

is placed to better reflect the conditions of the spectroscopy experiments and is also needed in the 

case of the uranyl to fill its fifth coordination site. This enabled us to see the possible effect of the 

coordination of different solvent molecules. All of our optimized geometries are given in the 

Appendix 1. Using this geometry, we employed TD-DFT to identify the state with the highest 

oscillator strength in the region of the absorption frequency used for the experiments (439 nm). 

The tenth state showed the only non-zero oscillator strength in this region for all cases except 

L1UO22+(AcO)(W), for which it was the eleventh state (always of the same spin as the ground 

state). The theoretical absorption wavelengths were 415 and 419 nm for the two uranyl complexes, 
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and 455, 466 nm for the copper ones. These numbers show the little effect of the solvent 

coordination. 

 

 Next, we optimized the geometry of this excited state and we calculated the emission 

wavelength as the excitation energy of this state at its optimal geometry. It should be 

mentioned that after optimization, the highest oscillator strength state is the fifth and sixth 

excited state for the uranyl and copper complexes, respectively. In every case, the excitation 

corresponds to a ligand-ligand electron transfer. The contours of the natural transition 

orbitals for the L1UO22+(AcO)(W) and  L1Cu2+(AcO) molecules shown in Figure 2.16 are 

representative for the uranyl and copper systems, respectively. For copper, the electron 

transition is clearly a ligand-to-ligand transition. For uranyl, the same ligand to ligand 

transition has substantial involvement of some f-orbital or uranium. 

 

The geometries of the two states differ mainly in the distances of the metal and 

connected oxygen or nitrogen atoms belonging to L1. Going from the ground to the excited 

state geometry, U-O distances increase by about 0.2 Å but U-N shorten by 0.04 Å. 

Likewise, Cu-O distances increase by 0.08 Å for both L1Cu2+(AcO) and L1Cu2+(AcO)(W) 

complexes, but the Cu-N distances are not affected at least within 0.01 Å.  

 

The calculated emission wavelengths of 562 (L1Cu2+(AcO)), 600 

(L1Cu2+(AcO)(W)), 599 (L1Cu2+(AcO)), and 607 (L1UO22+(AcO)(W)) nm are 

overestimated relative to the experimental peak maxima, but are in reasonable agreement 

given the absence of solvent effects and the accuracy of TD-DFT. We then, constructed the 

potential energy profile of the first ten or eleven electronic states of each complex along 
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the “reaction” coordinate connecting the minima of the ground and high oscillator strength 

excited electronic state (Figure 2.17). As in Figure 2.16, the L1UO22+(AcO)(W) and  

L1Cu2+(AcO) molecules have been selected for Figure 2.17. Comparison of the two 

potential energy profiles makes clear the reason for the observed fluorescence quenching 

in the copper case. For uranyl, the initial excitation (left orange arrow) to the non-zero 

oscillator strength excited state is followed by relaxation to its minimum via a series of 

conical intersections (upper grey arrow). Radiative decay to ground state (right yellow 

arrow) generates the recorded fluorescence signal and the system returns to the global 

minimum of the ground state in a non-radiative manner (lower grey arrow). The same 

process can in principle occur for copper, but the minimum of the pertinent excited state is 

shallow. The molecule after a small energy barrier goes to a lower minimum of the same 

potential energy surface, which has nearly zero oscillator strength and the decay to the 

ground state happens in a non-radiative manner. Notice that uranyl has also a second 

minimum in the excited state, which however is higher in energy. The profiles for all four 

systems (uranyl/copper acetate and/or water) are shown in the Appendix 1. Coordination 

of water destabilizes the excited state geometry in both cases and enhances the fluorescence 

quenching in the copper case. 

 

Figure 2.16. Natural transition orbitals corresponding to the excitation from the ground state to the lowest excited state of 
L1UO2

2+(AcO)(W) and L1Cu2+(AcO) with non-zero oscillator strength. 
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Figure 2.17. Potential energy profiles of the lowest lying electronic states of L1UO2
2+(AcO)(W) and L1Cu2+(AcO) along the path 

connecting the geometries of ground state (G.S. geometry) and the excited state (E.S. geometry) with non-zero oscillator strength. 
Orange and grey arrows indicate radiative and non-radiative transitions. 

 

Conclusion  
 

In conclusion, four derivatives of 2-(1H-imidazo[4,5-b]phenazin-2-yl)phenol, 

(salimidizine) L1 and (di t-butylsalimidizine) L2, (cyanosalimidizine) L3, and 

(methoxysalimidizine) L4 have been synthesized. Metal complex UO2[L1](OAc)•DMSO 

was characterized in the solid state as well as free base of L1 and L2. Ligands L1, L2, L3, 

and L4 were characterized using ultraviolet-visible absorption and emission spectroscopies 

with uranyl and copper. An increase in absorption, in the case of UO22+ and two new modes 
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of absorbance were observed in the case of Cu. In the presence of greater than a 1 to 1 ratio 

of UO2:1 the emission more than doubled; in contrast, in the presence of any ratio of Cu:1 

emission was quenched by at least half. Based on the calculated potential energy profiles 

we were able to explain these observations. The minimum of the pertinent excited 

electronic state for copper is shallow and decays readily to a different minimum with zero 

oscillator strength, and thus the decay to the ground state follows a non-radiative path. This 

potentially indicates a degree of promise in the foundation of a selective fluorescent 

indicator for uranyl, as most other examples of these systems selectively quench in the 

presence of transition metals. 
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Synthesis  
 
Ligand synthesis 

Synthesis of 2-(1H-imidazo[4,5-b]phenazin-2-yl)phenol (Salimidizine, L1). 2,3-

Diaminophenazine (0.0006 mol.; 0.1261g) was dissolved in 5 ml of DMSO in a 50 mL 

round bottom flask and allowed to dissolve. Next, salicylaldehyde (0.0006 mol.;53 µL) was 

added to the stirring mixture. The reaction was taken up to 120°C and allowed to run for 6 

hr. The reaction was then taken off heat and allowed to cool to room temperature, then 45 

ml of chilled EtOH was added to the reaction to help the product precipitate out of solution. 

The solution was allowed to sit at 0oC overnight then filtered and washed with cold EtOH. 

The solid was filtered was then placed in the vacuum oven overnight to remove any excess 

solvent. Yield: 85%. NMR (600MHz, DMF-d7, ppm): 13.84 (s, 1H), 13.17 (s, 1H), 8.32-

8.48 (m, 4H), 8.24 (m, 2H), 7.91 (s, 2H), 7.57 (m, 1H), 7.13-7.17 (m, 2H). ESI+ MS m/z 

(M+ H): Calc: 313.1079; Found: 313.1076. 

 

Synthesis of 2,4-di-tert-butyl-6-(1H-imidazo[4,5-b]phenazin-2-yl)phenol (DTB 

sutylsalimidizine, L2). 2,3-Diaminophenazine (0.0006 mol.; 0.1261 g) was dissolved in 5 

ml of DMSO and allowed to dissolve. Next, 3,5-ditertbutylsalicylaldehyde (0.0005 mol.; 

0.1172 g) was added to the stirring mixture. The reaction was taken up to 120°C and 

allowed to run for 6 hr. The reaction was then taken off heat and allowed to cool to room 

temperature, 45 ml of chilled EtOH was added to the reaction to help the product precipitate 

out of solution. The solution was allowed to sit at 0oC overnight then filtered and washed 

with cold EtOH. The filtered solid was then placed in the vacuum oven for 16 hours to 

remove any excess solvent (0.0971g). Yield: 38%. NMR (600MHz, DMF-d7, ppm): δ 1.42 

(9H, s), 1.55 (9H, s), 7.63 (1H, s), 7.94-7.95 (2H, m), 8.25-8.60 (5H, m), 14.10(1H, s). ESI+ 

MS m/z (M+ H): Calc:425.2346; Found:  425.2341.  
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Synthesis of 2-(1H-imidazo[4,5-b]phenazin-2-yl)-5-methoxyphenol (Methoxysalimidizine, 

L3). 2,3-Diaminophenazine (0.0006 mol.; 0.1261 g) was dissolved in 5 ml of DMSO in a 

50 mL round bottom flask and allowed to dissolve. Next, 2-hydroxy-4-

methoxybenzaldehyde (0.0005 mol.;0.0761 g) was added to the stirring mixture. The 

reaction was taken up to 120°C and allowed to run for 6 hr. The reaction was then taken 

off heat and allowed to cool to room temperature, then 45 ml of chilled EtOH was added to 

the reaction to help the product precipitate out of solution. The solution was allowed to sit 

at 0oC in a freezer overnight, then filtered and washed with cold EtOH. The filtered solid 

was then placed in the vacuum oven overnight to remove any excess solvent (0.0847g). 

Yield: 49%. NMR (600MHz, DMF, ppm): δ 13.47 (s, 1H), 8.33 (s, 2H), 8.21 (s, 3H), 8.02 

(s, 1H), 7.88 (s, 2H), 6.72 – 6.68 (m, 2H), 3.92 (m, 3H). ESI- MS m/z(M- H): 

Calc:341.1044; Found: 341.1182.  

 

Synthesis of 4-hydroxy-3-(1H-imidazo[4,5-b]phenazin-2-yl)benzonitrile (Cyanosalimidizine, 

L4). 2,3-Diaminophenazine (0.0006 mol.; 0.1261 g) was dissolved in 5 ml of DMSO in a 

50 mL round bottom flask and allowed to dissolve. Next, 2-hydroxy-5-cyanobenzaldehyde 

(0.0005 mol.; 0.0736 g) was added to the stirring mixture. The reaction was taken up to 

120°C and allowed to run for 6 hr. The reaction was then taken off heat and allowed to cool 

to room temperature, then 45 ml of chilled EtOH was added to the reaction to help the 

product precipitate out of solution. The solution was allowed to sit at 0 oC in a freezer 

overnight, then filtered and washed with cold EtOH. The filtered solid was then placed in 

the vacuum oven overnight hours to remove any excess solvent (0.1467g). Yield: 86%. 
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NMR (400MHz, DMSO, ppm): δ 7.12 (d, 1H), 7.71-8.10 (m, 3H), 8.19 (d, 2H), 8.41 (s, 

2H), 8.64 (s, 1H), 13.65 (s, 2H). ESI+ MS m/z(M+ H): Calc:338.1030; Found: 338.1028. 

 

Synthesis of 2-hydroxy-5-cyanobenzaldehyde. 4-hydroxybenzonitrile (0.020 mol.; 2.38 g) 

was dissolved in 8 mL of trifluoroacetic acid. Once dissolved, hexamethylenetetraamine 

(0.040 mol.; 5.61 g) was added to the solution. Gas will evolve upon addition; it was 

allowed to dissipate. The reaction was heated to 100°C and allow to run for 7 hr. Once 

taken off heat the reaction was put directly into an ice bath for 5 min. Then it was removed 

from the ice bath and allow to heat back up to room temperature. Once at room temperature 

a 10 mL of 50/50 solution of H2SO4/H2O was added to the reaction mixture followed by 60 

mL of H2O. The solution is allowed to stir at room temperature for 30 min. After the 30 

min. of mixing a light-yellow solid formed in the solution. The solid was filtered off and 

the mother liquor was mixed with CH2Cl2 for extraction. The organic layer was separated 

and placed in the refrigerator to allow for recrystallization to allow for recrystallization 

(0.9080g). Yield: 31%. NMR (400MHz, DMSO, ppm): δ 13.55 (s, 1H), 8.58 (s, 1H), 8.35 

(m, 2H), 8.13 (m, 3H), 7.82 (m, 3H), 7.21 (m, 1H). FT-IR (ATR): 1670 cm-1 (νC=O), 2230 

cm-1(νC≡N),3207 cm-1 (νR-OH). 

 

Synthesis of Salimidizine (L1)-Cu Complex. (L1) (0.000049 mol.; 0.0153g) was dissolved in 50 

mL of THF and was allowed to stir for 20 min at 50oC to help dissolve the ligand. Next 20 mL of 

MeOH was added to the reaction mixture followed by anhydrous Cu (OAc)2 (0.000049 mol.; 

0.0090 g), followed by triethylamine (0.000098 mol; 20 μL) to assist with deprotonation. The 

reaction was heated to 66oC for 48 hours. The reaction was followed by TLC by 3:1 EtOAc: Hex 

mixture. The reaction mixture was taken off heat and was then taken to dryness under reduced 



 43 

pressure yielding a brown/black solid the solid was scraped from the round bottom and washed 

with EtOH and filtered. (0.0213 g). Yield: 96%, Elemental Analysis: calc: C (58.26), H (3.28), 

N (11.39); found C (58.53), H (3.69), N (11.55). 

 

Synthesis of Salimidizine (L1)-UO2 Complex. (L1) (0.000049 mol.; 0.0153g) was dissolved in 

a mixture of 30 mL THF/15 mL MeOH and was allowed to stir for 20 min at 40oC to help dissolve 

the ligand. Next uranyl acetate dihydrate (0.000049 mol; 0.021g) was added to the reaction, 

followed by triethylamine (0.000098 mol; 20 μL) to assist in deprotonation of the ligand. The 

reaction was heated to 660C and allowed to react for 48 hours. The reaction was then taken to 

dryness under reduced pressure by rotary evaporation to yield a brown/red solid the solid was 

scraped from the round bottom and washed with EtOH and filtered. (0.0111 g). Yield: 34%, NMR 

(500 MHz, DMF-d7, ppm): δ 8.49 (s, 1H), 8.39 – 8.28 (m, 5H), 7.92 (s, 1H), 7.66 – 7.47 

(m, 3H), 7.16 (d, 3H), 6.97 – 6.65 (m, 2H), 1.40 (s, 3H), Elemental Analysis: calc: C 

(39.30), H (2.70), N (8.33); found C (38.82), H (3.11), N (8.32). 

 

Synthesis of DTB Salimidizine (L2)-Cu Complex. (L2) (0.000049 mol.; 0.0207g) was dissolved 

in a mixture of 30 mL THF/15 mL MeOH and was allowed to stir for 20 min at 40oC to help 

dissolve the ligand. Next copper (II) acetate (0.000049 mol; 0.009g) was added to the reaction, 

followed by triethylamine (0.000098 mol; 20 μL) to assist in deprotonation of the ligand. The 

reaction was heated to 660C and allowed to react for 48 hours. The reaction was followed by TLC 

by 3:1 EtOAc:Hex mixture. The reaction was then taken to dryness under reduced pressure by 

rotary evaporation to yield a brown/red solid the solid was scraped from the round bottom and 

washed with EtOH and filtered. (0.0262 g). Yield: 97%, ESI+ MS m/z(M+ H): Calc:547.138, 
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Found: 548.1805. Elemental Analysis: calc: C (39.30), H (2.70), N (8.33); found C (38.82), 

H (3.11), N (8.32). 

 

Synthesis of DTB Salimidizine (L2)-UO2 Complex. (L2) (0.000049 mol.; 0.0153g) was 

dissolved in a mixture of THF/MeOH and was allowed to stir for 20 min at 40oC to help dissolve 

the ligand. Next uranyl acetate dihydrate (0.000049 mol; 0.021g) was added to the reaction, 

followed by triethylamine (0.000098 mol; 20 μL) to assist in deprotonation of the ligand. The 

reaction was heated to 66 0C and allowed to react for 48 hours. The reaction was followed by TLC 

by 3:1 EtOAc:Hex mixture. The reaction was then taken to dryness under reduced pressure to yield 

a brown/red solid the solid was scraped from the round bottom and washed with EtOH and filtered. 

(0.0235 g). Yield: 62%, NMR (500 MHz, DMF-d7, ppm): δ 8.59 (s, 1H), 8.32 – 8.26 (m. 

3H), 7.94 -7.92 (dd, 3H, J=3.3, 3.5), 7.62 (d, 1H, J=2.2), 1.80 (s, 3H), 1.54 (s, 9H), 1.41 (s, 

9H). ESI+ MS m/z(M+ Na): Calc:911.305, Found; 911.3776, Elemental Analysis: calc: C 

(45.20), H (4.19), N (7.27); found C (45.42), H (4.55), N (6.92). 

 

Synthesis of OMe Salimidizine (L3)-Cu Complex. (0.000049 mol.; 0.0175g) was dissolved in a 

mixture of 12 mL DMF/ 8 mL of H2O and was allowed to stir for 20 min at 50oC to help dissolve 

the ligand. Next copper (II) acetate (0.000049 mol.; 0.009g) was added to the reaction, followed 

by triethylamine (0.000098mol.; 20 μL) to assist in deprotonation of the ligand. The reaction was 

heated to 1000C and allowed to react for 48 hours. The reaction was followed by TLC by 3:1 

EtOAc:Hex mixture. The reaction was then taken to dryness under high vac at 70 oC to yield a 

black solid the solid was scraped from the round bottom and washed with EtOH and filtered. 

(0.0119 g). Yield: 52%, ESI+ MS m/z(M+ H): Calc: 539.063, Found: 539.0908. Elemental 

Analysis: calc: C (54.83), H (3.76), N (12.08); found C (55.13), H (x3.65), N (12.30). 
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Synthesis of OMe Salimidizine (L3)-UO2 Complex. (L3) (0.00005mol.; 0.0172g) was dissolved 

in a mixture of 12 mL DMF/8 mL of H2O and was allowed to stir for 20 min at 50oC to help 

dissolve the ligand. Next uranyl acetate dihydrate (0.00005mol.; 0.021g) was added to the reaction, 

followed by triethylamine (0.000098 mol; 20 μL) to assist in deprotonation of the ligand. The 

reaction was heated to 1000C and allowed to react for 48 hours. The reaction was followed by TLC 

by 3:1 EtOAc:Hex mixture. The reaction was then taken to dryness under high vac at 70 oC to yield 

a brown solid the solid was scraped from the round bottom and washed with EtOH and filtered. 

(0.0283 g). Yield: 83%, NMR (500 MHz, DMSO, ppm): δ 8.95 (s, 1H), 8.30 – 8.12 (m, 3H), 

7.86 (s, 3H), 6.63 (s, 1H), 6.45 (s, 1H), 3.87 (s, 3H). ESI+ MS m/z(M+ H): Calc:842.557 

Found:845.3752. 

 

Synthesis of CN Salimidizine (L4)-Cu Complex. (L4) (0.000049 mol.; 0.0164g) was dissolved 

in a mixture of 12 mL DMF/ 8 mL of H2O and was allowed to stir for 20 min at 50oC to help 

dissolve the ligand. Next copper (II) acetate (0.000049 mol.; 0.009g) was added to the reaction, 

followed by triethylamine (0.000098 mol; 20 μL) to assist in deprotonation of the ligand. The 

reaction was heated to 1000C and allowed to react for 48 hours. The reaction was followed by TLC 

by 3:1 EtOAc:Hex mixture. The reaction was then taken to dryness under high vac at 70 oC to yield 

a black solid the solid was scraped from the round bottom and washed with EtOH and filtered. 

(0.0210 g). Yield: 93%, ESI+ MS m/z(M+ H): Calc:457.024, Found: 458.100; Elemental 

Analysis: calc: C (51.51), H (3.73), N (13.65); found C (51.59), H (3.14), N (13.97). 
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Synthesis of CN Salimidizine (L4)-UO2 Complex. (L4) (0.00005mol.; 0.0164g) was dissolved 

in a mixture of 12 mL DMF/8 mL of H2O and was allowed to stir for 20 min at 50oC to help 

dissolve the ligand. Next uranyl acetate dihydrate (0.00005mol.; 0.021g) was added to the reaction, 

followed by triethylamine (0.000098mol.; 20 μL) to assist in deprotonation of the ligand. The 

reaction was heated to 1000C and allowed to react for 48 hours. The reaction was then taken to 

dryness under high vac at 70 oC to yield a brown solid, the solid was scraped from the round bottom 

and washed with EtOH and filtered. (0.0283 g). Yield: 83%, NMR (500 MHz, DMF-d7, ppm): 

δ 10.23 (s, 3H), 8.86 (s, 1H), 8.54 – 8.25 (m, 3H), 7.88 (s, 4H), 3.51(bs, 3H), 1.28 (s, 3H). 

ESI+ MS m/z(M+ Na): Calc:819.214, Found:819.1835; Elemental Analysis: calc: C 

(37.62), H (2.68), N (9.97); found C (37.30), H (3.01), N (10.08). 
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Introduction  

The unique luminescence properties of lanthanide (LnIII) ions make their complexes 

interesting for a variety of applications.1–3 These properties include color purity, due to the core 

nature of the f orbitals involved in the emission process, and long luminescence lifetimes, due to 

the electronic-dipole forbidden nature of the f-f transitions, which enable time-delayed emission 

spectroscopy with increased signal-to-noise ratio.4–6 The forbidden nature of these transitions 

makes sensitization of the emission more efficiently achieved through coordinated ligands in a 

process called the antenna effect.4–6  

For low energy sensitization, excitation can be achieved through non-linear optical 

processes, such as two-photon absorption or cumulative effects of multiple first-order absorption 

phenomena, namely up-conversion (UC). The latter can occur through either excited-state 

absorption (ESA) or energy transfer up-conversion (ETU) (Figure 3.18a).7 The presence of spin 

allowed transitions results in a high absorption cross-section, and long- lived intermediate excited 

states enable the use of inexpensive and low power continuous-wave lasers to access them.8 In 

ETU a sensitizer ion absorbs low-energy photons, followed by energy transfer (ET) to the activator 

ion, which then emits in a characteristic wavelength. ErIII and YbIII-doped nanoparticles (NPs) are 

among the most efficient UC systems.9,10 The resonance between the excited states of YbIII (4F5/2, 

~10,624 cm-1) and ErIII (4I11/2, ~10,346 cm-1) improves the ET rates, and thus contributes to high 

UC emission intensities. While these NPs find wide application in bioimaging,11–14 as they can be 

excited in a region of the spectrum where tissues have low absorption,15,16 controlling their size, 

low cell penetrability, undesirable accumulation in the body, and stabilizing the crystalline phase 
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that yields the highest UC luminesce intensity, such as the b-phase of NaYF4,17,18 are challenges 

for their use in vivo.19,20  

 

Figure 3.18. a)Energy level diagram illustrating the up-conversion process through ESA (two black up-arrows on ErIII) and 
ETU (dashed arrows, red up-arrow on YbIII followed by top black up-arrow on ErIII). b) Structure of H2L-CN 

 

In contrast, in LnIII complexes toxicity and low cell penetrability are not inherent and 

emission properties do not depend on the crystalline phase. In addition, judiciously designed 

ligands allow tuning of solubility, biocompatibility, and photophysics of the complexes, among 

other properties.21–23 Salen ligands were chosen for this work due to a broad array of applications 

and the ability for efficient synthetic approach but also a robust catalogue of metal complexes.24–

27 

UC is important in bioimaging and sensing applications and there is substantial interest in 

small-molecule probes,28,29 yet examples using LnIII complexes are less common than those of Ln-

NaYF4-based NPs. The lattice on the latter is a low-phonon system, which is necessary for good 

UC efficiency.30 Piguet and co-workers pioneered the UC luminescence using LnIII complexes.31 

Charbonnière and co-workers demonstrated UC luminescence in deuterated water in a dimeric ErIII 

OHN

NNC OH

a) b) 
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complex, in which this ion is both activator and sensitizer.32 Hyppännen and co-workers and more 

recently33, Piguet and co-workers demonstrated that mononuclear ErIII complexes are capable of 

showing UC luminescence.34 Many of the known examples have low UC emission intensity 

despite deuteration of the ligand, or require a transition metal as sensitizer or use metalorganic 

frameworks to reduce vibrational quenching; others, due to the long distances between the metal 

ions, require high excitation laser power densities to increase the ET efficiency.35–39  Thus, the 

isolation of efficient LnIII-based UC molecules is a current challenge.40,41  

  

  

Figure 3.19. previously reported NS-LnIII Complexes. Projection of {Top Left} [Nd2(L)3(H2O)] and its metal binding 
environment. {Top Right}[Yb2(L)3(H2O)] and its metal binding environment. {Bottom Left}[Gd2(L)3(H2O)] and its metal 
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binding environment {Bottom Right}}[Ho2(L)3(H2O)] and its metal binding environment.27 Carbon atoms are shown in grey, 
nitrogen in blue, oxygen in red, and erbium in green.  

 

Recently, Gorden and co-workers showed that naphthylsalophen ligands form LnIII 

complexes with a rigid sandwich structure in a 2:3 (LnIII:ligand) stoichiometry as seen above in 

Figure 3.19.27 These salen type ligands show a broad array of applications and present an efficient 

synthetic approach but also a robust catalogue of metal complexes. Because the LnIII-LnIII distance 

in these compounds is in the range 3.768-4.016 Å, well within the range for optimal Förster ET,7,42 

these structures are good candidates for UC luminescence. Therefore, to increase our knowledge 

of ligand and complex architectures that enable UC properties in LnIII- based molecular systems, 

we synthesized mixed ErIII, YbIII and pure ErIII complexes containing a new naphthylsalophen 

ligand with the cyano-electron-withdrawing group in the backbone. These compounds indeed 

display UC luminescence, as described below, adding new examples to a small group of molecular 

LnIII complexes that exhibit this property.  

Results and Discussion 

The protonated cyano-naphthylsalophen H2L-CN (Figure 3.18b) is isolated by 

condensation of 3,4-diaminobenzonitrile with 2-hydroxynaphthaldehyde in EtOH. The LnIII 

complexes (GdIII, NdIII, ErIII, and YbIII) are prepared by addition of the LnIII metal salt, either the 

chloride or the acetate, in MeOH to the ligand in THF and addition of triethylamine (TEA) to 

deprotonate the ligand.  
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Figure 3.20. Synthesis of CN-Naphthylsalophen 

 

X-ray quality crystals of H2L-CN indicate that the compound crystalizes in the space group 

P 21/c (Figure 3.21 left) and does not display interactions with solvent molecules of crystallization. 

The structure of crystals of [Er2(L-CN)3(H2O)] (Figure 3.21 middle) shows features similar to 

previously reported LnIII triple decker complexes.27 The Er2 metal center is 8-coordinate and the 

coordination sphere is completed by the ligand, while the Er1 metal center is seven-coordinate, 

bound to ligand and with its coordination sphere completed by one water molecule (Figure 3.21 

right). The distance between both metal centers is 3.816 Å, within the Förster ET range.7,42  

 

Figure 3.21. {Left} Projection of the front view of L-CN. {Middle} Projection of the front view of [Er2(L-CN)3(H2O)]. {Right} 
Coordination environments of Er1(bottom) and Er2 (top). Carbon atoms are shown in grey, nitrogen in blue, oxygen in red, and 
erbium in green. 

 

Deconvolution of the fluorescence and phosphorescence spectra of the GdIII complexes 

into the vibrational components yields energies at 18,420 and 15,910 cm-1 for the excited singlet 

N N

CN

OH HO

H2N NH2

CN
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+
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TFA
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and triplet levels, respectively. The triplet energy level is suitably located to sensitize the NIR-

emitting LnIII (NdIII, YbIII and ErIII). The one-photon solution excitation and emission spectra of 

NdIII, YbIII and ErIII complexes are achieved in dichloromethane. The excitation spectra of the 

complexes are composed of broad bands, consistent with sensitization of LnIII emission through 

the ligand. The expected 4F3/2 ® 4IJ (J = 9/2 – 13/2) transitions are seen in the emission spectrum of 

the NdIII complex. For the YbIII and ErIII complexes the 2F5/2 ® 2F7/2 and 4I13/2 ® 4I15/2 transitions, 

respectively, are observed. The quantum yields of sensitized emission (fLLn) for the NdIII and YbIII 

complexes are summarized in Table 3.1. They are comparable with reported values for other 

complexes of these ions.43–45  

Complexes Solvent 1S[a] [cm-1] 3T[a] [cm-1] t[b] [µs] 𝛷!!" [%] 
[Nd2(L-CN)3(H2O)] CH2Cl2 18,420±70 15,910±50 too weak to quantify 0.0054±0.0009 
[Yb2(L-CN)3(H2O)] 1.230±0.027 (81.1) 

6.801±0.197 (18.9) 
0.154±0.013 

[Er2(L-CN)3(H2O)] too weak to quantify too weak to quantify 

Table 3.1. Singlet 1S and triplet 3T state energies of the ligands, excited state lifetime τ, and quantum yield Φ!
!" of sensitized 

efficiency for the NdIII, YbIII and ErIII complexes. λexc = 380 nm and [complex] = 1x10-4 M. [a] – Determined at 77 K, using the 
analogous Gd complexes.46 [b] – The values in parenthesis indicate the percent contribution of each lifetime. 

The emission lifetimes of the YbIII complexes, summarized in Table 3.1, are comparable 

as well with values reported for this ion.43,47,48 The excited state decay curves were fitted to a bi-

exponential, consistent with the presence of ions in two different coordination environments. We 

attribute the shortest lifetime to the YbIII site with a coordinated solvent molecule, and the longest 

one to the YbIII bound only to ligand. We isolated multi-LnIII complexes by adapting the procedure 

described for the homonuclear complexes synthesis. ErIII or YIII, YbIII and ErIII were added to the 

solution of the deprotonated ligand in 2:3 (Ln:L) molar ratio. The [(Y0.76Yb0.16Er0.08)2(L-
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CN)3(H2O)] complex can be excited by two low energy photons through an UC process.7 The 

resulting spectrum (Figure 3.22) shows ErIII-centered transitions in the green (2H11/2 ® 4I15/2 and 

4S3/2 ® 4I15/2) and red (4I9/2 ® 4I15/2) upon excitation at 980 nm. The quadratic dependence of the 

emission intensity (I) on the laser power (P) (inset of Figure 3.22) confirms the 2-photon nature of 

the process. By graphing the slopes for the plots of the log(I) versus log(P), we are able to see the 

linear fits of the transitions at 543 nm (4S3/2 → 4I15/2) and 655.5 nm (4I9/2 → 4I15/2) which have R2 

values of 0.982 and 0.984 respectively. This linear fit further confirms this process.  UC emission 

is observed for power densities as low as 2.18 W cm-2, which compares favorably with known 

efficient systems (29 W cm-2).32,37,34,49 Emission following UC excitation is also observed for 

[(Yb0.78Er0.22)2(L-CN)3(H2O)] and [Er2(L-CN)3(H2O)] (Figure 3.23). Although there is an increase 

of the emission intensity for [(Yb0.78Er0.22)2(L-CN)3(H2O)] as compared with 

[(Y0.76Yb0.16Er0.08)2(L-CN)3(H2O)], the concentration of ErIII is 2.8-fold higher in the former.  

 

Figure 3.22. Two-photon UC emission spectra of [(Y0.76Yb0.16Er0.08)2(L-CN)3(H2O)] in the solid state using variable laser power. 
Inset shows plot of the log of the emission intensity I at 543 nm (green dots) or 655.5 nm (red dots) as a function of the log of the 

laser power P. lexc = 980 nm, P = 0.873 – 2.500 W. 
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In [(Yb0.78Er0.22)2(L-CN)3(H2O)] and [Er2(L-CN)3(H2O)] UC emission was observed with 

power densities as low as 2.18 W cm-2 and 6.25 W cm-2, respectively. The UC emission intensity 

of the latter is lower, due to non-radiative cross-relaxation.50  

 

Figure 3.23. Two-photon UC emission spectra of (a) [(Yb0.78Er0.22)2(L-CN)3(H2O)] (black upper trace) and [Er2(L-
CN)3(H2O)] (red bottom trace) in the solid state. λ exc = 980 nm, P = 2.5 W. 

 

We were also able to examine the differences in solid state structure by comparing the 

unsubstituted naphthylsalophen-Er complex with the Cyanonaphthylsalophen complex. This 

allowed us to shed light on how the electron with drawl of the ligand would affect the packing in 

the crystal stricture. This could lead way into tuning the Förster distance between these metals and 

furthermore tuning the emission properties of the complex.51 To examine our ability fine tune 

theses distance, yellow/orange plates suitable for X-ray diffraction were grown by slow diffusion 

of pentane into carbon tetrachloride for the [Er2(L-CN)3(H2O)] complex, and crystals for 

[Er2(L)3(MeOH)3] were grown from slow diffusion of MeOH into carbon DCM as well.  
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Figure 3.24. Projection of [Er2(L-CN)3(H2O)] grown out of 1,4-dioxane/pentane. Carbon atoms are shown in grey, nitrogen in 
blue, oxygen in red, and erbium in green. 

  

 

 

Figure 3.25. Projection of [Er2(L)3(MeOH)3] Carbon atoms are shown in grey, nitrogen in blue, oxygen in red, and erbium in 
green. 

 

 Looking at Figure 3.7 and Figure 3.8 above pulling specific bond lengths from [Er2(L-

CN)3(H2O)], we can note that the Er1-Er2 distance is 3.816 (6)Å and in the [Er2(L)3(MeOH)3] it 

is 3.830 (2) Å. This length shows the greatest possible deviation with that of 0.014 Å, all other 

lengths including O-ErAverage ,N-ErAverage, and the Er-solvent bond lengths are nearly identical 

(Table 3.2). With this data we can hypothesize that tuning of this distance is achievable with the 
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2 
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8 coordinate 

7 coordinate 

Er
1 
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1 
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addition of electron donating and electron withdrawing substituents on the backbone of the ligand. 

However, further data will need to be collected on an electron donating complex to further explore 

and solidify this claim. This will be further explained in chapter five. 

 

 

 

 

 

 

 

Table 3.2. Selected bond lengths from [Er2(L-CN)3(H2O)] and [Er2(L)3(MeOH)3] 

 

Conclusion 

In conclusion, we isolated three LnIII complexes with a cyano-naphthylsalophen ligand 

with a 2:3 stoichiometry and sandwich structure. These complexes display efficient one-photon 

emission NdIII- and YbIII-centered and weak ErIII-centered emission. Complexes containing a 

mixture of ErIII and YbIII, or ErIII, YbIII and YIII or just ErIII also display Er-centered red and green 

emission upon excitation with a 980 nm laser at low power densities, indicative of UC, making 

these systems rare examples of upconverting LnIII-based molecules. This work increases our 

knowledge of molecular complexes of LnIII ions that can be excited at low energy with a low 

intensity laser and are thus of potential interest for biological imaging applications. We have also 

shown the ability to alter the Förster distances with altering the electronics of the ligand. 

Bond lengths [Er2(L-CN)3(H2O)] [Er2(L)3(MeOH)3] 

O-ErAverage 2.273 (4)Å 2.267 (14)Å 

N-ErAverage 2.468 (5)Å 2.469 (17)Å 

Er1-Er2 3.816 (6)Å 3.830 (2)Å 

Er1-H2O 2.379 (4)Å 2.371 (17)Å 
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Synthesis 

Synthesis of Cyanonaphthylsalophen (L-CN) Aliquots of 3,4-diaminobenzonitrile 

(0.136 g, 1.02 mmol), TFA (162 μL, 2.11 mmol), and 2-hydroxynaphthaldehyde (0.363 g, 2.11 

mmol) were added to 50 mL of EtOH in a 100ml round bottom flask charged with a magnetic stir 

bar and refluxed for 6 hours. During this time, the solution changed from yellow to orange and an 

orange precipitate formed. The solution was allowed to cool to room temperature. The resulting 

solid was filtered and washed with hexanes to yield an orange powder (0.4614 g, 61%). TOF MS 

(ESI+) m/z (M + H) Calc. 442.1556, Found 442.1568; 1H NMR (400 MHz, DMFd7)δ 7.07 (d, 

1H, J = 9.2 Hz), 7.13 (d, 1H, J = 9.1 Hz), 7.42 (dd, 2H, J = 8.4, 7.3 Hz), 7.86 – 7.93(m, 4H), 8.06 

(d, 1H, J = 9.6 Hz), 8.12 (d, 1H, J = 8.3 Hz), 8.41 (s, 1H), 8.66 (dd, 2H, J = 12.5,8.5 Hz), 9.87 (s, 

1H), 9.96 (s, 1H), 14.97 (s, 2H). FT-IR (ATR): 2224 cm-1(νC≡N),3045 cm-1(νR-OH). Elemental 

Analysis (calcd. %) for C29H19N3O2: C, 78.90; H, 4.34; N, 9.52; Found: C, 78.71; H, 4.41; N, 9.67. 

 

Synthesis of (Er)2(L-CN)3(H2O). The ligand L-CN (0.174 mmol, 0.0768g, 0.0768g) was 

dissolved in 100 mL of THF in a 250ml round bottom flask and charged with a magnetic stir bar. 

ErIII chloride (0.087 mmol, 0.0332g) was dissolved in MeOH and added to the solution, followed 

by the addition of triethylamine (TEA) (1.43 mmol, 200 μL). The solution was refluxed for 6 

hours. During this time, the color changed from light orange to dark orange. The excess solvent 

was removed under reduced pressure yielding the solid sample. The solid was recrystallized from 

a mixture of THF and hexanes, then filtered and washed with ethanol. Yield: 79%. (TOF MS 

(ESI+) m/z (M + 2H) Calc. 1652.2646, Found 1652.2726.) Elemental Analysis as 

C87H51N9O6Er2•10H2O Calc’d(%): C, 57.01; H, 3.90; N, 6.88; Found: C, 57.04; H, 4.18; N,6.76. 
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Synthesis of (Yb)2(L-CN)3(H2O). The ligand L-CN (0.174 mmol, 0.0768g) was dissolved 

in 100 mL of THF in a 250ml round bottom flask and charged with a magnetic stir bar. YbIII 

chloride (0.087 mmol, 0.0337g) was dissolved in MeOH and added to the solution, followed by 

the addition of triethylamine (TEA) (1.43 mmol, 200 μL). The solution was refluxed for 6 hours. 

During this time, the color changed from light orange to light yellow. The excess solvent was 

removed under reduced pressure yielding the solid sample. The solid was recrystallized from a 

mixture of THF and hexanes, then filtered and washed with ethanol. Yield: 73%. (TOF MS (ESI+) 

m/z (M + H) Calc. 1665.2767, Found 1665.2777.) Elemental Analysis as C87H51N9O6Yb2•2 

H2O Calc’d(%): C, 61.45; H, 3.26; N, 7.41; Found: C, 61.67; H, 3.71; N, 7.67. 

 

Synthesis of (Nd)2(L-CN)3(H2O). The ligand L-CN (0.174 mmol, 0.0768g) was dissolved 

in 100 mL of THF in a 250ml round bottom flask and charged with a magnetic stir bar. NdIII 

chloride (0.087 mmol, 0.0312g) was dissolved in MeOH and added to the solution, followed by 

the addition of triethylamine (TEA) (1.43 mmol, 200 μL). The solution was refluxed for 6 hours. 

During this time, the color changed from light orange to dark orange. The excess solvent was 

removed under reduced pressure yielding the solid sample. The solid was recrystallized from a 

mixture of THF and hexanes, then filtered and washed with ethanol. Yield: 74%. (TOF MS (ESI+) 

m/z (M + H) Calc. 1606.9060, Found 1606.2124.) 

 

Synthesis of (Gd)2(L-CN)3(H2O). The ligand L-CN (0.174 mmol, 0.0768g) was dissolved 

in 100 mL of THF in a 250ml round bottom flask and charged with a magnetic stir bar. GdIII 

chloride (0.087 mmol, 0.0323g) was dissolved in MeOH and added to the solution, followed by 
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the addition of triethylamine (TEA) (200 μL, 1.43 mmol). The solution was refluxed for 6 hours. 

During this time, the color changed from light orange to dark green. The excess solvent was 

removed under reduced pressure yielding the solid sample. The solid was recrystallized from a 

mixture of THF and hexanes, then filtered and washed with ethanol. Yield: 62%. (TOF MS (ESI+) 

m/z (M + H) Calc. 1633.2444, Found 1634.2382.) 

 

Synthesis of (Yb0.78Er0.22)2(L-CN)3(H2O). The ligand L-CN (0.0603 mmol, 0.0266g) was 

dissolved in 50 mL of THF in a 100mL round bottom flask and charged with a magnetic stir bar. 

YbIII chloride (0.0344 mmol, 0.0133g), and ErIII chloride (0.0056 mmol, 0.0021g) were dissolved 

in MeOH and added to the solution, followed by the addition of triethylamine (TEA) (1.43 mmol, 

200 μL). The solution was refluxed for 6 hours. During this time, the color changed from light 

orange to dark orange. The excess solvent was removed under reduced pressure yielding the solid 

sample. The solid was recrystallized from a mixture of THF and hexanes, then filtered and washed 

with ethanol. EDS measurements were taken from multiple spots on a sample for statical analysis. 

Analysis in table below. 

 

CN-Yb*Er Yb (atomic%) Er (atomic%) 
1 78.04 21.96 
2 76.78 23.22 
3 80.5 19.5 
4 76.66 23.34 
5 78.55 21.45 

Avg 78.106 21.894 
Std Dev 1.563803057 1.563803057 
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Synthesis of (Y0.76Yb0.16Er0.08)2(L-CN)3(H2O). The ligand L-CN (0. 0.0603 mmol, 

0.0266g) was dissolved in 50 mL of THF in a 100mL round bottom flask and charged with a 

magnetic stir bar. YIII chloride (0.0308mmol, 0.0094g), YbIII chloride (0.0121 mmol, 0.0046g), 

and ErIII chloride (0.0012 mmol, 0.0050g) were dissolved in MeOH and added to the solution, 

followed by the addition of triethylamine (TEA) (1.43 mmol, 200 μL). The solution was refluxed 

for 6 hours. During this time, the color changed from light orange to dark orange. The excess 

solvent was removed under reduced pressure yielding the solid sample. The solid was 

recrystallized from a mixture of THF and hexanes, then filtered and washed with ethanol. EDS 

measurements were taken from multiple spots on a sample for statical analysis. Analysis in table 

below. 

 

 

 

 

 

 

 

 

 

CN-Y*Yb*Er Y (atomic%) Yb (atomic%) Er (atomic%) 
1 76.64 16.04 7.33 
2 75.43 17.45 7.12 
3 77.4 14.67 7.94 
4 73.86 17.36 8.78 

Avg 75.8325 16.38 7.7925 
Std Dev 1.545086297 1.309580085 0.744552438 
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Introduction  

 

Interest in the area of actinide coordination has increased recently due to renewed fervor 

to understand the reactivity of uranyl and its -yl oxygens.1,2 With the advancement in scientific 

technique and experimental capability coupled with the wide range of oxidation states accessible 

to these elements, 3+, 4+, 5+ and non -yl 6+ oxidation states of uranium are being explored as to 

gain an even deeper understanding of fundamental f-block chemistry.3–6 Our focus has been 

centered on the coordination of the UO22+ cation to try and further understand the unique binding 

and fundamental chemistry of the f-element complexes produced.7–9 These complexes are of 

interest to learn more about bonding covalency and their unique chemistry in the hopes of taking 

what is learned to develop new means of identification and coordination of these metal ions.10,11 

Using salen type ligands has been shown to be a way to increase selectivity towards actinide metals 

over lanthanide metals in solution due to the softer doners present in the organic framework for 

the salen type ligand.9 

 

 

Figure 4.26. Formation of Salens with Salicylaldehydes  

 

Another aspect proven successful in our group that has been examined is the ability to alter the 

electronics of the salen ligands. We have accomplished this, as seen in the previous chapter, by 
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incorporating electron donating (EDG) or withdrawing (EWG) substituents to the meta position(s) 

on the o-phenylenediamine backbone.9 The next logical step of interest was to examine the effects 

of heterocyclic moieties in the backbone as a way to alter the electronics. This leverages the 

electron withdrawing nature of the nitrogen in the pyrazine backbone. It was hypothesized that 

these ligands could provide a route to stabilization of lower valent uranium species. It has been 

shown by the Bart group at Purdue University that the introduction of heterocycles and conjugated 

coordinating amines can stabilize radicals on the ligand frame works by which they access lower 

uranium oxidation states and tune the electronic properties of the metal center as well as 

functionalize the -yl bonds.12–15 With this work, direct comparisons will be made between the 

naphthylsalophen (1,1-((1E,1E)-(1,2-phenylenebis(azanylylidene))bis(methanylylidene))bis(na-

phthalen-2-ol) ligand and naphthylpyrasal (1,1'-((1E,1'E)-(pyrazine-2,3-

diylbis(azaneylylidene))bis(methaneylylidene))bis(naphthalen-2-ol)) ligand to examine the 

efficacy of this ligand to stabilize a [UO2]+ species and help understand the effects of changes in 

the coordination sphere.  

 

 

Figure 4.27. Synthetic scheme for naphthylpyrasal  

 

N-Oxide formation is very common in transition metal complexes,16–22 slightly less 

common with lanthanides,23–25 but not common at all in actinide complexes. A brief survey of the 

literature showed that there were only 3 instances of N-oxide formation with actinides reported.26–
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28 These N-oxides transition metal complexes have been reported to be used in a variety of way 

such as catalysis,29 optics,30 ion exchange,31 and magnets.32 More specifically in heterocyclic N-

oxide donors, they can be used as push and pull electron donors and acceptors which allows them 

to for use in solar cells.33  

 

 

Figure 4.28. Crystal structures with the incorporation of N-Oxide coordination involving Cu(II),34 Yb(III),24 U(IV?).26  

 
With the assistance of both the heterocyclic backbone of the naphthylpyrasal ligand and the 

formation of these N-Oxide coordination, we hope to examine the ability of these complexes to 

make way to future isolation of U (V) species and insight into its unique chemistry. We also hope 

this will provide additional understanding into the fundamental coordination and f-block bonding 

interactions. 

 

 

Results and Discussion 

The general procedure for the synthesis of the ligand naphthylpyrasal is as follows: 2,3-

diaminopyrazine was dissolved in 20 mL DCM and 20 mL EtOH. The addition of 2-hydroxy-1-
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naphthaldehyde and 2 molar equivalents of TFA was added, and the reaction is then heated to 

reflux temperature for 16 hours. A bright orange solid was produced. This solid was filtered from 

the solution and washed with EtOH.  

 

To set up the complexing reactions, 0.0597 mmol of ligand was dissolved in THF followed 

by the addition of 2 molar equivalents of trimethylamine. The Et3N was replaced in subsequent 

reactions with DIPEA (N,N-Diisopropylethylamine). or TEMPO ((2,2,6,6-Tetramethylpiperidin-

1-yl)oxyl) to help with deprotonation of the ligand. Next, 0.0597 mmol of uranyl acetate dissolved 

in MeOH was added to the reaction mixture, and the reaction weas heated to reflux temperature 

for 8 hours. Upon addition of the metal salt to the solution, the reaction mixture went from being 

an orange color to being a deep red color which is characteristic of uranyl complexation in solution. 

REF To further characterize the properties of the complex, mass spec, NMR, UV-Vis, and 

crystallization samples were prepared. 

 

 

Figure 4.29. UV-Vis spectra of Naphthylpyrasal and Naphthylpyrasal+UO2+TEA 
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Samples of the free ligand and the ligand with uranyl (UO22+) as the acetate salt were prepared for 

UV-Vis spectroscopy at a concentration of 20 μM in 1,4-dioxane (Figure 4.29). The UV-vis 

spectra of the ligand is initially centered at 435 nm, but in the sample containing the complex the 

primary ligand peak shifts bathochromically 25 nm to being centered at 460 nm. In addition, a 

second feature from the ligand starts at 315 nm and shifts bathochromically to a new position at 

355 nm after addition of metal. Both of these features increase in molar absorptivity as well. These 

features along with the characteristic red color formation in solution suggest successful 

coordination of uranyl with naphthylpyrasal. 

 

Crystals suitable for x-ray diffraction were grown from two different solvent systems, 1,4-

dioxane with slow diffusion of pentane as well as DCM with slow diffusion of hexanes. Crystals 

grown from the 1,4-dioxane with slow diffusion of pentane yielded deep red crystals, as can be 

seen in Figure 4.30. This crystal grew in the space group P 21/c. From this data, the U-Ophenol bond 

lengths average of 2.292 Å and are well within an acceptable range of previously reported bond 

lengths for U-O bond lengths. The average U-Nimine bond lengths of 2.554 Å also fall within 

expected values.7 Further examination of the -yl bond lengths shows that the two lengths to be 

1.786 Å and 1.779 Å respectively, again typical for such complexes.7 The -yl oxygens are slightly 

distorted from linearity at 180° by 4.79°. This deviation seems to arise from possible from small 

antibonding interactions between the -yl oxygens and the metal center as observed previously in 

work by Ephritikhine and co-workers.35 On further examination, it was observed that the naphthyl 

arms are extremely distorted from planarity. This appears due to the electron withdrawing nature 

of the pyrazine backbone but more to accommodate the uranyl metal center and the crystal packing. 
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When compared to the bare naphthylsalophen-uranyl structure,7 you can see that the naphthyl the 

arms are very similar to that of the naphthylpyrasal-uranyl complex. Next, we can see the 

formation of the directly coordinated N-oxide substituent. The U-ON-oxide Bond length is 2.328 Å. 

This is slightly shorter than the value previously reported from Pool et. al.; however, that system 

possessed heterocyclic N donors such as pyridine N-oxides that were not only bound through the 

N-oxide, but also bound through an carbon adjacent to the uranium metal center through C-H 

activation.26 

 

 

Figure 4.30. Single crystal structural representation of the Naphthylpyrasal- UO2 crystal structure as grown from 1:1 1,4-
dioxane/pentane top view(Left) and side view (Right). Atoms shown are labeled: H in white, O in red, N in blue, C in grey, U in 

green. Solvent molecules within the unit cell are removed for clarity.  

  

A second crystal suitable for diffraction was grown out of dichloromethane with slow diffusion of 

hexanes to yield orange/red crystals. The structural diagram can be seen below in Figure 4.31. The 

crystal was grown in the space group P 21/c. The average U-Nimine bond length of 2.554 Å is similar 

in both structures as well as the average U-Ophenol bond lengths of 2.289 Å. Again, these are typical 
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for uranyl complexes of this type.7 There are several distinct differences that can be observed 

which when comparing each crystal structure, the first that is of consequence is the removal of the 

N-oxide that was bound directly to the metal center. In the second structure (Figure 6), the fifth 

coordination site is filled with an acetate anion left over from the uranyl metal salt that was used 

in the complexation reaction. The bond length is 2.337 Å, which is similar to that of the U-O bond 

length in the N-oxide structure, it also falls within the range of similar reported structures.36 

Another feature observed is the presence of the hydrogen bound triethylamine which sits 1.793 Å 

away from the  bound acetate. Looking at the -yl bond length in this structure, the lengths are 

overall shorter than those observed in the N-oxide containing structure, at 1.768 Å and 1.762 Å, 

respectively. There is also less distortion in the linearity of these -yl oxygens from the previous 

structure. The -yl (O-U-O) angle in this structure sits slightly distorted at 177.1°. Although it does 

not possess an N-oxide substituent in this case, the triethylamine unit still shows up as part of the 

asymmetric unit in the crystal structure. Also similar to the previous structure, the naphthyl arms 

are significantly rotated from planarity due to the electron withdrawing nature of the pyrazine unit 

as well as ruffling to accommodate the uranyl metal center as is comparable to other salophen type 

structures.7 
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Figure 4.31. Naphthylpyrasal- UO2 crystal structure grown from DCM/Hexane. Atoms shown are labeled: H in white, O in red, 
N in blue, C in grey, U in green. 

 

In order to better understand how these N-Oxides and the N-Oxide complexes were being formed, 

it was tested if they form with the addition of different nitrogen in lieu of adding triethylamine as 

base. Before experiments with alternate N donors, where the oxygen was coming from to form the 

nitrogen-oxygen bond in the N-oxide was explored. Initially, it was plausible that the N-oxide was 

produced from wet 1,4-dioxanes used for the experiment, but this product formed even with 

dioxanes dried with molecular sieves. Detailed investigation into the characteristics of 1,4-dioxane 

revealed a better reason for this process. In a paper by Panwar and coworkers, these N-oxides were 

formed with tertiary amines in the presence of H2O2.37 As an ether, the solvent 1,4-dioxane is a 

peroxide forming substance. From this, it is possible trace peroxides formed in of the 1,4-dioxane 

during the crystallization (not protected from light) that facilitated the formation of the coordinated 

N-oxide. Furthermore, both the Cahill group and Forbes group have demonstrated the ability to 

produce in situ peroxides from photoexcitation of the uranyl ion.38,39 They hypothesized the 

conditions required for these phenomena to occur. There must be O2 or H2O present, sunlight or 
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ambient lab light. The mechanism proposed for this phenomena is: 1) excitation of U (VI), 2) 

followed by hydrogen abstraction from intermediate organic radical , 3) reduction of O2 to form U 

(V), 4) subsequent production of the oxidized product with formation of H2O2, 5) thereby 

regenerating U(VI), and 6) finally formation of the uranyl-peroxo species  and hydrogen.38 

 
Figure 4.32. Proposed photocatalytic pathway for production of H2O2 with uranyl and incorporation into Uranyl compound.38 

 

From these proposed mechanisms, it follows that in the formation of our N-oxide species a similar 

path as detailed previously above. However, due to steric hinderance from the ligands naphthyl 

arms, there is no opportunity to bind side on. Instead, the oxygen species only binds end on, 

allowing it to then further react with a free hydrogen left as a byproduct in solution. From here, a 

similar process as described by Strukul and coworkers where the presence of the peroxide and the 

metal center lead to oxidation of the tertiary amine of TEA to form the N-oxide.40 This N-oxide is 

then bound to the uranium metal center. Thus, two plausible sources of the formation of the N-

oxide species in the crystal data are clear. Further calculations will be used to support this 

mechanism.  
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In subsequent experiments, TEMPO and DIPEA were added as the nitrogen donors in the 

experiments with all the same conditions of the previously described experimental procedure. The 

UV-Vis spectra of both the reaction with TEMPO and the reaction with DIPEA, as we can see 

below in Figure 4.33, have very similar spectra to the original reaction with TEA. The initial ligand 

peak has peaks centered at 315 nm and 435 nm. Also, similar to that of the TEA reaction, once the 

metal complex is made the ligand peak at 315 shifts bathochromically to 355 nm and the peak at 

435 nm to shifts bathochromically to 460 nm. Both of these also increase in molar absobtivity with 

addition of metal as well.  

 
 

 
 

Figure 4.33. UV-Vis spectra of Naphthylpyrasal and Naphthylpyrasal+UO2+TEMPO and Naphthylpyrasal+UO2+DIPEA 

 
 

The complexes were also characterized electrochemically be means of cyclic voltammetry. All 

samples were made to be 500 μM concentration TBAPF6 was used as the supporting electrolyte in 

DCM. DCM was chosen to help with poor aqueous solubility of the ligand. All reported values are 

referenced to the Fc+/Fc couple. In Figure 4.34 below, the ligand shows two oxidation events at 
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0.25 V and 0.55 V and a reduction event at -2.00 V that is broad and not well defined. When we 

slow down the scan rate from 100 mV s-1 to 50 mV s-1, we can see these features become more 

pronounced. The oxidation peaks at 0.25 V and 0.55V show more definition and seem to be the 

reverse features of the peaks at -2.45 V and -2.74 V. These feature becomes more defined and  line 

up with previously reported salen processes of a 2 electron reductions of the ligand which were 

stated to be quasi-reversible.7,41 With electrochemical characterization of the ligand done, we 

moved on to examine  the complex and how the addition of TEA, DIPEA, and TEMPO would 

affect these compounds both chemically and in coordination environment.  

 

Figure 4.34. Cyclicvoltammagrams of Naphthylpyrasal ligand and alternate reaction (TEA, DIPEA, TEMPO) conditions in DCM 
400 μM with TBAPF6  
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When examining the reactions containing TEA, DIPEA, and TEMPO the semi reversible 

oxidation and reduction of the ligand are still observed. These features all seem to be scan rate 

dependent, as changes between the two different rates can be observed with some features 

becoming more well defined and others less defined.  In the CV with TEA added (Figure 4.34, top 

right) at 100 mV s-1, the first oxidation feature is at 0.01 V and the peak at 0.743 V - most likely 

due to merely the oxidations of the ligand as this feature persists in this region from the ligand 

data. The return peak at -1.4 V and -1.8 V are both within the range to be either reduction of the 

ligand or reduction of the uranyl that has been reported previously in the literature for similar 

compounds.41,42Additional definition of these reductive peaks is observed with a slower scan rate 

50 mV s-1.  

 

In the diisopropylethylamine reaction CV (DIPEA, Figure 4.34, bottom left), while 

scanning at 100 mV s-1, a large jump in current being passed on the first ligand oxidation at 1.06 

V is observed. The first reductive feature of the ligand at 0.09 V is maintained; however, on the 

return sweep, no distinguishable features arise. Slowing the scan rate does appear to resolve the 

peak at 0.09 V, but the definition at the reduction peak at 1.06 V is diminished. Looking at the last 

CV, in the reaction with TEMPO present (Figure 4.34, bottom right), the 100 mV s-1 data shows 

no defined features at all; however, the 50 mV s-1 does reveal a little more. The feature at 0.01 V 

on the oxidative sweep is still present as well as the feature at 1.77 V due to ligand oxidation. On 

the return sweep, the formation of two unresolved features at 0.02V and -0.85 V are observed, 

likely the ligand reductions although this requires further resolution. It should be noted that over 

the scan rate of 200 mV s-1, all of the samples resulted in cyclic voltammograms with severely 

rounded features until the reverse sweep and were unreadable. This is in contrast to most single 
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and double electron processes in small molecules that tend to resolve with quicker scan rates. 

Solubility of great concern here, and this will require additional electrochemical characterization 

possibly with a more coordinating solvent to further explore the nature of these compounds. This 

may require additional synthetic modifications of the ligand. In our current solvent system, 

interference may occur with slow diffusion of our complex across the electrode resulting in the 

broadening at higher scan rates. Another aspect requiring investigation is the effect of the ligand 

metal complex in air as uranium is easily oxidizable, potentially lower valent uranium species 

could be reached with maintaining an inert atmosphere. 

 
 

Here recently, a third variation of this complex was prepared in a crystal suitable for 

diffraction of the Naphthylpyrasal-(UO22+) complex with DIPEA that was (Figure 4.35). This 

crystal was grown out of 1,4-dioxane with slow diffusion of pentane and produces single crystals 

as orange plates. This crystal was also grown in the space group P 21/n. However, this structure 

was found to be very different that the previous two. Once again, the U-Nimine average bond lengths 

of 2.552 Å and the U-Ophenol average bond lengths of 2.287 Å are on par for uranyl coordination. 

Looking at the -yl bond lengths in this structure as compared to the previous two, these lengths are 

the longest at 1.786 Å and 1.718 Å.  Similar to the N-oxide structure, a distortion from planarity 

in the Oyl—U—Oyl bond angle is observed. The angle of distortion is 175.06° (4.94°). Once again, 

we suspect that this is due to antibonding orbital interactions between the O-yl and the metal 

center.35 Another notable feature of this complex is the coordination of a water molecule to fill the 

fifth coordination site. This water coordination is believed to occur due to the steric bulk of the 

DIPEA as opposed to that of the triethylamine. The U-Owater bond length is 2.389 Å which is 

typical length for coordinating water in a [UO2]2+ complex. With the introduction of the less 
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sterically hindering substituent, the orientation of the naphthyl arms change drastically. In the two 

previous structures, the arms tilted up to for a bowl to facilitate with coordination of the of the 

metal center as well as to mitigate steric strain from the triethylamine substituent. The arms are 

allowed now to sit closer to parallel with the backbone, however, they do remain slightly twisted 

in an up and down configuration to accommodate the uranyl metal center. 

 

 
Figure 4.35. Naphthylpyrasal-UO2 + DIPEA crystal structure grown from 1,4-Dioxane/Pentane. Atoms shown are labeled: H in 

white, O in red, N in blue, C in grey, U in green. 

 
Conclusions 

 In conclusion, we have shown the ability to form a new N-oxide actinide complex though 

selection of crystallization conditions. We have also set forth a plausible hypothesis to the 

formation of these units in the solid state and characterized the products of these conditions. It has 

shown to both slightly lengthen both -yl oxygen bonds as well as distort the linearity of the uranyl 

moiety up to nearly 5°. Furthermore, this naphthylpyrasal ligand in comparison to 

naphthylsalophen and its uranyl complexes seems to show a slightly greater ability to gain access 

to a U (V) species under the correct conditions. This suggest that this complex should be 
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exceptional as a ligand to facilitate access to a U (V) structure. Further experimentation will need 

to be conducted under inert atmosphere to further corroborate these finding. Also, a more suitable 

solvent will need to be used to further refine the electrochemical characterization that does not 

further hinder solubility. 
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Synthesis 
 
Caution! The uranium metal salt – UO2(OAc)2·2H2O – used in this study contained depleted 

uranium. Standard precautions for handling radioactive materials or heavy metals such as uranyl 

nitrate and lead sulfate were followed. 

Electrochemical measurements were carried out using a CH Instruments 660 E potentiostat in 

dichloromethane with tetrabutylammonium perchlorate (TBAPF6) supporting electrolyte (0.1 M). 

Ligand and complex solutions (800 μM) were purged with N2 for 45 minutes immediately prior to 

experiments. A three-electrode cell consisting of a glassy-carbon-disk working electrode, Pt-wire 

counter electrode, and Ag/AgCl/saturated KCl/H2O reference electrode was used. Data were 

corrected to versus ferrocene based on averaged values for E1/2(Fc+/Fc) collected using the same 

three-electrode cell before and after each set of experiments. All data reported was using an initial 

anodic sweep and return cathodic sweep.  

 
 
Synthesis of Naphthylpyrasal 0.001 mol of 2,3-diaminopyrazine was dissolved in 20 mL DCM 

and 20 mL EtOH in a 100 mL round bottom flask. The addition of 0.002 mol of 2-hydroxy-1-

naphthaldehyde and 2 molar equivalents of TFA were completed, and the reaction is then heated 

to reflux temperature for 16 hours. Once the reaction was completed, a bright orange solid was 

produced. This was filtered from the remaining solution and washed with EtOH. Yield: 42%; TOF 

MS (ESI+) m/z (M + H) Calc. 419.1508, Found:419.1493; 1H NMR (600 MHz, CDCl3) δ 7.34 

(d,5H), 7.56 (s, 2H), 7.69 (s, 2H), 7.83 (s, 2H), 8.28 (d, 5H), 10.22 (s, 2H). 
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Synthesis of Naphthylpyrasal-UO2{TEA} In a 100 mL round bottom flask containing a stir bar, 

0.0597 mmol of ligand was dissolved in THF followed by the addition of 2 molar equivalents of 

triethylamine to aid in deprotonation of the ligand. Next, 0.0597 mmol of uranyl acetate dissolved 

in MeOH was added to the mixture, and the reaction was heated to reflux temperature for 8 hours. 

Next, the reaction was taken to dryness under reduced pressure via rotary evaporation. The solid 

was then washed with EtOH followed by hexanes. The solid was allowed to dry in an oven under 

reduced pressure. Yield: 74%; TOF MS (ESI+) m/z (M + 2Na) Calc.: 1474.3992, Found: 

1474.4580; 1H NMR (500 MHz, CDCl3) δ 

 

Synthesis of Naphthylpyrasal-UO2{DIPEA} In a 100 mL round bottom flask containing a stir 

bar, 0.0597 mmol of ligand was dissolved in THF followed by 2 molar equivalents of 

diisopropylethylamine to aid in deprotonation of the ligand. Next 0.0597 mmol of uranyl acetate 

dissolved in MeOH was added and the reaction was heated to reflux temperature for 8 hours. Next, 

the reaction was taken to dryness under reduced pressure by means of a rotary evaporator. The 

solid was then washed with EtOH followed by hexanes. The solid was allowed to dry in a vacuum 

oven under reduced pressure. Yield: 66% ; TOF MS (ESI+) m/z (M + K) Calc.: 757.1578, Found 

757.4818; 1H NMR (500 MHz, DMF-d7) δ 7.39 -7.46 (m, 4H), 7.69 (t, 2H, J = 7.5), 7.95 (d, 2H, J 

= 7.8), 8.35 (d, 2H, J = 9.1), 8.51 (d, 2H, J = 8.4), 8.67 (s, 2H), 11.12 (s, 2H). 

 

Synthesis of Naphthylpyrasal-UO2{TEMPO} In a 100 mL round bottom flask containing a stir 

bar, 0.0597 mmol of ligand was dissolved in THF followed 2 molar equivalents of TEMPO were 

added to the reaction. Next, 0.0597 mmol of uranyl acetate dissolved in MeOH was added, and the 

reaction was heated to reflux temperature for 8 hours. Next, the reaction was taken to dryness 



 92 

under reduced pressure by means of rotary evaporation. The solid was then washed with EtOH 

followed by hexanes. The solid was allowed to dry in a vacuum oven under reduced pressure. 

Yield: 62%; 1H NMR (500 MHz, DMF-d7) δ 7.39 – 7.46 (m, 4H), 7.69 (t, 2H, J = 7.8), 7.95 (d, 

2H, J = 8.5), 8.67 (s, 2H), 11.12 (s, 2H). 
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Conclusions 
 

This work has covered three new types of ligands that take advantage of mixed donor 

systems and show the capability to coordinate f-block elements efficiently. These were found to 

produce unique photophysical phenomena in response to said coordination events. The 

salimidizine type, naphthylsalophen type, and naphthylpyrasal type ligands have been synthesized 

and characterized using UV-Vis and fluorescence spectroscopy, X-ray diffraction, and 

electrochemical techniques. Initially. these ligands were conceived to selectively coordinate and 

identify uranyl ions in solution but have been shown to coordinate lanthanides as well. 

 

Figure 5.36.Crystal structures of Salimidizine-UO2 complex, [Er2(L-CN)3(H2O)], Naphthylpyrasal-UO2-N-oxide complex 

 
Salimidizine and its derivatives were shown to be exceptional fluorescence sensors in 

identifying uranyl ions in solution. This is due to the extended conjugation and mixed donor 

bidentate salen type binding pocket. Although we were unable to selectively coordinate uranyl, we 

were able to induce unique fluorescence responses from both copper (II) and uranyl respectively. 

This allowed for differentiation of each metal ion. Further characterization was completed via X-

ray crystallography on the salimidizine and DTB-salimidizine free base ligands as well as the 

uranyl coordinated salimidizine complex which was used to shed light on the binding environment 

when complexed with the metal.  
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Cyanonaphthylsalophen was shown to facilitate two photon up-conversion in an efficient 

manner. When complexed with Nd (III), Er (III), and Yb (III) ions these complexes form 3:2 ligand 

to metal complexes or triple decker sandwich complexes. Though the use of the antenna effect for 

sensitization, and the correct Förster distance as well as properly positioned energy levels, this 

complex functions well as a single molecule up-converter. Studying these complexes with both 

solid and solution state fluorescence allowed for explanation into the capability of these complexes 

to participate in these up-conversion. These complexes display efficient one photon Nd (III) and 

Yb (III) centered emission and weak Er (III) centered emission.  Mixed metal complexes 

containing Er (III), Yb (III), and Y (III) in specific percentages were also synthesized. These 

complexes were able to emit red and green centered emissions when stimulated with a low power 

980 nm laser. This coupled with the X-ray diffraction data has allowed for further explanation into 

putting physical parameters of these Förster distances in this complex. 

 

Naphthylpyrasal was shown to coordinate uranyl and form unusual actinide and N-oxide 

containing compounds. This ligand also shows promise for being able to possibly stabilize radicals 

that may be of interest in the preparation of lower valent uranium species. Examination of this 

ligand in solid state allowed observation of altering the coordination sphere of the uranyl ion by 

changing the crystallization solvents. Triethylamine coupled with the presence of peroxides in the 

crystallization solvents seem to be the source of the N-oxide formation since it has been shown to 

form these N-oxides with triethylamine and transition metals present.1 Further investigation led to 

reactions being set up with DIPEA and TEMPO to see the effects of bulkier substituents would 

still form these N-oxide complexes. Characterization using X-ray crystallography led to structural 

identification of three separate and distinct naphthylpyrasal-UO2 crystal structures. No other N-
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oxide complexes were formed which leased to the assumption that DIPEA was too bulky to 

coordinate in the fifth site and. Also, in the crystallographic data, there was also no elongation of 

the -yl oxygens which would suggest that any reduction of the uranyl center was taking place, 

however, in two of the structures there was ~5° bends in the typically linear -yl bond which should 

be noted. Further investigation into the feasibility of stabilizing the lower valent uranium species 

will need to be attempted. Reactions will need to be attempted under air and water free conditions 

to examine the behavior in the presence of these lower oxidation states of uranium. Furthermore, 

attempts to synthesize and isolate a functionalized -yl oxygen containing uranium complex with 

the naphthylpyrasal ligand should be attempted. Finally examining the ability of the 

naphthylpyrasal-UO2 to form peroxides should be examined. There will need to be reactions 

similar to what was laid out in Thangavelu et. al.2 and Jayasunghe et. al.3 to examine the complexes 

ability under various reaction conditions while following the formation of peroxides in solution.  

 

Future work and Preliminary Findings 

Modification of Naphthylsalophen Ligands 
 

As covered in chapter 3, we have seen that the cyanonaphthylsalophen has shown the 

ability to efficiently facilitate two photon up-conversion processes. Moving forward we are 

examining ways of altering these ligands further in an attempt to tune the Förster distance between 

the metal centers. We have been able to synthesize eight new ligands that utilize placement of 

electron donating and withdrawing groups on the backbone portion of the ligand. These ligands 

are made similarly to that of the cyanonaphthylsalophen by taking advantage of the condensation 

reaction between the different diamino backbones and 2-hydroxyl-1-naphthylaldehydes. 

 



 104 

 
Figure 5.37. Functionalized naphthylsalophen ligands 

  
 
  
Listed above in Figure 5.37 are 4-methylnaphthylsalophen, 3-methylnaphthylsalophen, 

dimethylnaphthylsalophen, fluoronaphthylsalophen, difluoronaphthylsalophen, 

chloronaphthylsalophen, dichloronaphthylsalophen, dicyanonaphthylsalophen, and 

methoxynaphthylsalophen. The next step with this project is to first synthesize several different 

Ln (III) ions to form these triple decker charge balance complexes with all the ligands listed above. 

Following these syntheses, it will be needed to characterize the solid-state fluorescence, solution 

state fluorescence, and to determine the potential for up conversion processes. It would also be of 
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interest us use calculations to determine singlet and triplet energy levels. This will allow for new 

data to predict metal ligand interactions that will result in the optimal energy level overlap for 

taking advantage of the antenna in the respective complexes. Such work will need to take into 

account the distance between the donor and acceptor as it will be crucial to examine all these 

ligands several Ln(III) ions to probe this potential means to tune this Förster distance/radius to 

increase the efficiency of up conversion processes.4–6 Below (Table 5.3 ) is a list of compounds 

that have already been prepared and characterized by mass spec.  

 

Methoxynaphthylsalophen Methylnaphthylsalophen Dimethylnaphthylsalophen Cyanonaphthylsalophen Dicyanonaphthylsalophen 

Nd Gd Nd Nd Tb 

Gd Er Tb Gd Er 

Er Yb Er Tb Yb 

Yb   Yb Dy  

Lu    Tm  

   Lu  

Chloronaphthylsalophen Dichloronaphthylsalophen  Fluoronaphthylsalophen  Difluoronaphthylsalophen   
Nd Er Nd Nd   
Gd Yb  Gd  Gd   
 Er   Er    Er     
 Yb   Yb  Yb   

Table 5.3. Synthesized Metal Complexes with Substituted Naphthylsalophen Ligands 

 

 There remains room for examining the ability of these ligands to coordinate uranyl ions. 

By altering the electronic properties of the ligand through substitution to the outer portion of the 

ligand, there is the potential to alter binding affinity and coordination environment of the metal 

ion in these complexes. The ability to alter the strength of the ligands donor atoms coordinated to 

the equatorial sites of uranyl plays a huge role in terms of being able to potentially reduce uranium 

metal center.7 This can be significant in altering reactivity of the metal itself for reduction or 
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altering the ability to functionalize the -yl bonds. These aspects warrant further investigation into 

the effects of the substituted naphthylsalophens coordination of uranyl ions. 

 

 Further modification to this ligand has led us to synthesize a water-soluble version of these 

naphthylsalophens. Due to the current poor solubility of the cyano-naphthylsalophen, reactions 

must be run in harsh organic solvents such as THF and 1,4-dioxane. Taking into consideration the 

potential uses of these up converting complexes, we need be able to have higher solubility in 

aqueous media. The plan moving forward to overcome this obstacle is to make a water-soluble 

version of the naphthylsalophen ligand. Furthermore, the ability to have a water soluble adduct for 

aqueous uranium chemistry can be of use in various environmental, geological, and nuclear 

technologies.8       

 

 The first strategy for synthesizing this water soluble naphthylsalophen adduct is to sulfinate 

the 2-hydroxy-1-naphthaldehyde arms of the ligand. This method has been shown to increase a 

water solubility for metal coordination with similar systems.9,10 Until we have isolated a pure 

product and to show proof of concept on an analogues ligand framework, reaction have been 

carried out with o-phenylenediamine due to the lower cost compared to the 3,4-

diaminobenzonitrile. Once proof of concept is established, reactions will commence to synthesize 

the sulfonated cyanonaphthylsalophen. We have successfully synthesized the sulfonated hydroxy 

naphthaldehyde and are currently working on synthesizing the sulfonated naphthylsalophen ligand 

(Figure 5.37) 
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Figure 5.38. Sulfonated naphthylsalophen 

 
 
Naphthylpyrasal project 
 

The naphthylpyrasal ligand, previously seen in chapter 4, has the potential to help stabilize 

lower valent uranium species through its heterocyclic backbone.11 First, there will need to be an 

adequate solvent found for better electrochemical analysis of these compounds. The ability to 

maintain solubility while also having the interaction of a coordination solvent could be beneficial 

not only in the investigation of its redox activity but also in the ability to help stabilize the lower 

valent uranium species. With that step accomplished, the remainder of this research will need to 

be conducted under inert atmosphere to help with preventing oxidation of the uranium metal center 

while allowed easier access to the lower valent uranium species. This can be accomplished by 

either running a reaction with U (III) complexes and taking advantage of reagents capable of 2 

electron oxidation such as NO or N2O.12 There is also the avenue to reduce the uranium metal 

center through either reductive functionalization of the UO22+ or light mediated reduction.13 The 

isolation and characterization of these compounds will help shed further light on routes of isolation 

of U (V) species, but also the fundamental interactions of f-block chemistry.    
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Synthesis  
 
Caution! The uranium metal salt – UO2(OAc)2·2H2O – used in this study contained depleted 

uranium. Standard precautions for handling radioactive materials or heavy metals such as uranyl 

nitrate and lead sulfate must be followed 

 

Synthesis of Chloronaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4-chloro-

o-phenelyene diamine (0.0015 mol, 0.2139g) was dissolved in EtOH. Next, 230 μL (0.0030 mol) 

of TFA was added to the solution followed by 2-hydroxy-1-naphthaldehyde (0.0030 mol, 

0.5165g). The reaction was heated to reflux temperature for 6 hr. Orange solid formed in the 

reaction to suggest the reaction was gone to completion. After the reaction was finished, the 

resulting orange solid was filtered and washed with more EtOH. Yield: 90%, TOF MS (ESI+) m/z 

(M + H) Calc.: 451.1213, Found:451.1211; 1H NMR (600 MHz, THF-d8) δ 7.09 (dd, 2H, J = 9.1, 

6.4), 7.32 (m, 2H), 7.39 (dd, 1H, J = 8.5, 6.6), 7.49 (q, 2H, J = 7.74), 7.60 (d, 1H, J = 8.5), 7.71 (s, 

1H), 7.76 (d, 2H, J =7.9), 7.87(dd, 2H, J = 9.1, 5.0), 8.36 (d, 1H, J = 8.4), 8.42 (d, 1H, J = 8.5), 

9.70 (d, 2H, J = 9.78), 14.91 (s, 1H), 14.94 (s, 1H); 13C NMR (600 MHz, THF-d8) δ 120.29, 

120.36, 120.56, 121.14, 121.21, 121.53, 123.91, 123.98, 127.34, 128.30, 128.35, 128.58, 132.77, 

133.93, 134.00, 136.38, 136.64, 140.94, 143.10, 159.73, 160.11, 166.72, 167.11. 

 

Synthesis of Dichloronaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4,5-

dichloro-o-phenelyene diamine (0.0015 mol, 0.2655g) was dissolved in EtOH. Next, 230 μL 

(0.0030 mol) of TFA was added to the solution followed by 2-hydroxy-1-naphthaldehyde (0.0030 

mol, 0.5165g). The solution was heated to reflux temperature for 6 hr. An orange solid formed in 

the reaction suggesting that the reaction was completed. After the reaction was finished, the 
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resulting orange solid was filtered and washed with more EtOH. Yield: 86%, TOF MS (ESI+) m/z 

(M + H) Calc.: 485.0824, Found: 485.0842; 1H NMR (500 MHz, DMF-d7) δ 7.11 (d, 2H, J = 9.1), 

7.40 – 7.45 (m, 2H), 7.59 (t, 2H, J = 8.0), 7.88 (d, 2H, J = 9.5), 8.03 – 8.07 (m, 2H), 8.24 (s, 2H), 

8.67 (d, 2H, J = 8.5), 9.91 (s, 2H), 15.02 (s, 2H); 13C NMR (500 MHz, DMF-d7) δ 109.96, 115.87, 

119.86, 120.84, 121.01, 121.60, 123.76, 123.93, 127.70, 128.10, 128.33, 129.19, 129.64, 133.44, 

135.65, 137.07, 140.16. 

 

Synthesis of Dicyanonaphthylsalophen. In a 100 mL round bottom containing stir bar, 4,5-

diaminophthalanitrile (0.0017 mol, 0.100g) was dissolved in EtOH. Next, 265 μL (0.0034 mol) of 

TFA was added to the backbone followed by 2-hydroxy-1-naphthaldehyde (0.0034 mol, 0.5921g). 

The solution was heated to the reflux temperature for 6 hr. An orange solid formed in the reaction 

to suggesting that the reaction was completed. After the reaction was finished, the resulting orange 

solid was filtered and washed with more EtOH. Yield: 37%, TOF MS (ESI+) m/z (M + H) Calc.: 

467.1508, Found: 467.1513; 1H NMR (XXX MHz, DMF-d7) δ 7.06 (s, 2H), 7.41 (s, 2H), 7.61 (t, 

2H, J = 8.2), 7.82 - 7.93 (m, 2H), 8.51 (t, 2H, J = 8.2), 8.64 (s, 2H), 8.70 (s, 2H), 9.80 - 9.93 (m, 

2H), 14.66 (s, 2H). 

 

Synthesis of Methoxynaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4-

methoxy-o-phenelyene diamine (0.0015 mol, 0.2073g) was dissolved in EtOH. Next, 230 μL 

(0.0030 mol) of TFA was added to the backbone followed by 2-hydroxy-1-naphthaldehyde 

(0.0030 mol, 0.5165g). The solution was heated to the reflux temperature for 6 hr. An orange solid 

formed in the reaction suggesting that the reaction was completed. After the reaction was finished, 

the resulting orange solid was filtered and washed with more EtOH. Yield: 53%, TOF MS (ESI+) 
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m/z (M + Na) Calc.: 469.1528, Found: 469.1512; 1H NMR (600 MHz, THF d-8) δ 3.87 (s, 3H), 

7.04 (d, 1H, J = 7.1), 7.15 (d, 2H, J = 9.0), 7.22 (s, 1H), 7.36 (m, 2H), 7.54 (t, 2H, J = 7.5), 7.63 

(d, 1H, J = 8.6), 7.81 (d, 2H, J = 7.7), 7.91 (dd, 2H, J = 13.6), 15.15 (s, 1H), 15.22 (s, 1H); 13C 

NMR (600 MHz, THF d-8) δ 27.86, 32.29, 53.13, 103.08, 107.68, 107.83, 110.68, 117.82, 117.87, 

118.36, 118.54, 119.03, 121.13, 121.30, 123.08, 125.55, 125.73, 125.81, 127.04, 127.07, 131.39, 

131.56, 132.93, 133.82, 140.55, 155.43, 157.69, 163, 32, 165.05. 

 

Synthesis of 4-methylnaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4-

methyl-o-phenelyene diamine (0.0015 mol, 0.2043g) was dissolved in EtOH. Next, 230 μL 

(0.0030 mol) of TFA was added to the backbone followed by 2-hydroxy-1-naphthaldehyde 

(0.0030 mol, 0.5165g). The solution was heated to reflux temperature for 6 hr. An orange solid 

formed in the reaction suggesting that the reaction was completed.  After the reaction was finished, 

the resulting orange solid was filtered and washed with more EtOH. Yield: 93%, TOF MS (ESI+) 

m/z (M + Na) Calc.: 453.1579, Found: 453.1566; 1H NMR (600 MHz, CDCl3) δ 2.43 (s, 3H), 7.14 

(m, 4H), 7.28 (m, 3H), 7.46 (s, 2H), 7.68 (s, 2H), 7.75 (d, 2H, J = 7.6), 8.09 (s, 2H), 9.36 (d, 2H, J 

= 12.7), 15.11 (s, 2H); 13C NMR (600 MHz, CDCl3) δ 20.20, 108.24, 117.65, 117.98, 118.39, 

120.99, 121.28, 122.40, 122.46, 126.32, 126.35, 126.88, 126.95, 128.26, 132.09, 132.17, 135.27, 

135.59, 135.87, 137.95, 145.32, 154.40, 167.77, 168.70. 

 

 

Synthesis of 3-methylnaphthylsalophen. In a 100 mL round bottom charged with a stir bar, 2,3-

diaminotiluene (0.0014 mol, 0.1662g) was dissolved in EtOH. Next, 215 μL (0.0028 mol) of TFA 

was added to the backbone followed by 2-hydroxy-1-naphthaldehyde (0.0030 mol, 0.5165g). The 
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solution was heated to reflux temperature for 6 hr. An orange solid formed in the reaction 

suggesting that the reaction was completed.  After the reaction was finished, the resulting orange 

solid was filtered and washed with more EtOH. Yield: 37%, TOF MS (ESI+) m/z (M + H) Calc.: 

431.1760, Found:431.1750; 1H NMR (500 MHz, CDCl3) δ 2.43 (s, 3H), 6.97 (d, 1H, J = 9.1), 7.17 

(d, 1H, J = 9.2), 7.24-7.26 (m, 6H), 7.35 (t, 1H, J = 7.8), 7.53 (t, 1H, J = 8.3), 7.69-7.76 (m, 3H), 

7.81-7.82 (m, 2H), 8.19 (d, 1H, J = 8.5), 9.36 (s, 1H), 9.55 (s, 1H), 14.86 (s, 1H), 15.18 (s,1H); 

13c NMR (500 MHz, CDCl3) δ 18.84, 108.93, 109.37, 117.34, 119.16, 119.26, 120.82, 121.14, 

123.37, 123.59, 126.33, 127.49, 127.62, 127.87, 128.00, 129.02, 129.11, 129.35, 131.99, 132.89, 

133.19, 135.82, 136.13, 139.45, 139.94, 157.74, 163.20, 166.08, 167.25. 

 

Synthesis of Dimethylnaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4-

methoxy-o-phenelyene diamine (0.0015 mol, 0.2043g) was dissolved in EtOH. Next, 230 μL 

(0.0030 mol) of TFA was added to the backbone followed by 2-hydroxy-1-naphthaldehyde 

(0.0030 mol, 0.5165g). The solution was heated to reflux temperature for 6 hr. An orange solid 

formed in the reaction suggesting that the reaction was completed.  After the reaction was finished, 

the resulting orange solid was filtered and washed with more EtOH. Yield: 93%, TOF MS (ESI+) 

m/z (M + Na) Calc.: 467.1735, Found: 467.1718; 1H NMR (600 MHz, CDCl3) δ 2.33 (s, 6H), 7.12 

(d, 4H, J = 11.0), 7.30 (m, 2H), 7.46 (m, 2H), 7.68 (d, 2H, J = 7.4), 7.75 (d, 2H, J = 9.0), 8.10 (d, 

2H, J = 8.1), 9.34 (s, 2H), 15.18 (s, 2H); 13C NMR (600 MHz, CDCl3) δ 18.63, 75.99, 108.18, 

117.98, 118.79, 121.21, 122.35, 126.29, 126.84, 128.23, 132.15, 135.10, 135.25, 135.62, 153.95, 

168.29. 
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Synthesis of Fluoronaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4-fluoro-

o-phenelyene diamine (0.0017 mol, 0.2169g) was dissolved in EtOH. Next, 265 μL (0.0030 mol) 

of TFA was added to the backbone followed by 2-hydroxy-1-naphthaldehyde (0.0034 mol, 

0.5923g). The solution was heated to reflux temperature for 6 hr. An orange solid formed in the 

reaction suggesting that the reaction was completed.  After the reaction was finished, the resulting 

orange solid was filtered and washed with more EtOH. Yield: 82%, TOF MS (ESI+) m/z (M + H) 

Calc.: 435.1509, Found: 435.1520; 1H NMR (600 MHz, DMF-d7) δ 7.10 (d, 1H, J = 9.1), 7.17 (d, 

1H, J = 9.1), 7.35 (t, 1H, J = 7.5, 7.0), 7.44 (dd, 2H, J = 7.2, 5.6), 7.62 (t, 2H, J = 7.5), 7.89-8.04 

(m, 8H), 8.68 (t, 2H, J = 9.0), 15.29 (s, 2H); 13C NMR (600 MHz, DMF-d7) δ 106.60, 106.77, 

109.71, 109.82, 113.66, 113.81, 120.70, 120.83, 121.55, 121.76, 123.75, 123.87, 127.51, 127.64, 

128.23, 126.36, 129.20, 133.40, 133.56, 136.45, 136.82, 137.29, 140.79, 158.29, 159.35, 161.06, 

162.68, 166.85, 169.35. 

 

Synthesis of Difluoronaphthylsalophen. In a 100 mL round bottom containing a stir bar, 4,5-

difluoro-o-phenelyene diamine (0.0017 mol, 0.2479g) was dissolved in EtOH. Next, 265 μL 

(0.0034 mol) of TFA was added to the backbone followed by 2-hydroxy-1-naphthaldehyde 

(0.0034 mol, 0.5923g). The solution was heated to reflux temperature for 6 hr. An orange solid 

formed in the reaction suggesting that the reaction was completed.  After the reaction was finished, 

the resulting orange solid was filtered and washed with more EtOH. Yield: 91%, TOF MS (ESI+) 

m/z (M + Na) Calc.: 475.1234, Found: 475.1203; 1H NMR (600 MHz, DMF-d7) δ 7.16 (d, 2H, J 

= 9.0), 7.44 (t, 2H, J = 7.3), 7.63 (t, 2H, J = 7.6), 7.92 (d, 2H, J = 7.8), 8.07 (t, 2H, J = 12.5, 9.0), 

8.21 (t, 2H, J = 9.7), 8.71 (d, 2H, J =8.3), 15.12 (s, 2H); 13C NMR (600 MHz, DMF-d7) δ 108.88, 
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109.84, 120.82, 123.85, 127.64, 128.31, 129.20, 133.43, 136.86, 137.18, 148.05, 149.50, 159.69, 

167.41. 

 

Synthesis of Sulfonated naphthaldehyde. Following a modified procedure taking from the 

literature in a paper by Jiang et.al.,14 in a 50 mL round-bottom flask charged with a magnetic stir 

bar was added 2-hydroxy-1-naphthaldehyde (2.5179 g; 14.623 mmol) before adding concentrated 

sulfuric acid (12.5 mL) dropwise over ice. The solution was allowed to warm to room temperature 

before heating to 40 °C and allowing to stir for 20hrs. The reaction mixture was then added to 40 

mL ice water and a pale beige precipitate formed. The mixture was then reheated to 70 °C before 

filtering through glass wool to yield a red-orange solution to which was then added NaCl (8.0541 

g) and cooling in an ice bath to precipitate a pink product. This product was then isolated by 

vacuum filtration and allowed to dry to yield a pink powder. The crude powder was then 

recrystallized out of minimal amounts of H2O to afford 1.2587 g of hermosa pink product Yield: 

31%, 1H NMR (500 MHz, D2O) δ 1H-NMR (D2O, 500MHz): 𝛿(ppm)= 6.93(d, 1H), 7.80(dd, 1H), 

7.85(d, 1H), 8.05(s, 1H), 8.20(d, 1H), 10.32(s, 1H). 

 

Gerneral Procedure for Synthesis of a Naphthylsalophen Metal complex. The substituted 

naphthylsalophen ligand (0.174 mmol) was dissolved in 100 mL of THF in a 250ml round bottom 

flask. The LnIII acetate or chloride (LnIII = NdIII, GdIII, TbIII, DyIII, TmIII, ErIII, or YbIII) (0.087 

mmol) was dissolved in MeOH and added to the solution, followed by the addition of triethylamine 

(TEA) (200 µL, 1.43 mmol). The solution was refluxed for 6 hours. During this time, the color 

changed from light orange to either light yellow or dark orange. The excess solvent was removed 
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under reduced pressure yielding the solid sample. The solid was recrystallized from a mixture of 

THF and hexanes, then filtered and washed with ethanol.  

 

• Methoxy-Naphthylsalophen 

o Nd: TOF MS (ESI+) m/z (M+H) Calc.: 1621.9540, Found: 1621.2760 

§ Yield: 90%  

o Gd: TOF MS (ESI+) m/z (M+H) Calc.: 1649.2982, Found: 1649.2865 

§ Yield: 58%  

o Er: TOF MS (ESI+) m/z (M+H) Calc.: 1668.3190, Found: 1668.3185 

§ Yield: 46%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1680.3199, Found: 1680.3301 

§ Yield: 50%  

o Lu: TOF MS (ESI+) m/z (M+H) Calc.: 1683.3315, Found: 1683.3173 

§ Yield: 68%  

• Methyl-Naphthylsalophen 

o Gd: TOF MS (ESI+) m/z (M+H) Calc.: 1600.9810, Found: 1600.2943 

§ Yield: 32%  

o Er: TOF MS (ESI+) m/z (M+H) Calc.: 1619.9910, Found: 1619.3230 

§ Yield: 53%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1632.5810, Found: 1632.3317 

§ Yield: 25%  

• Dimethyl-Naphthylsalophen 

o Nd: TOF MS (ESI+) m/z (M+H) Calc.: 1616.0380, Found: 1616.3013 
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§ Yield: 75%  

o Tb: TOF MS (ESI+) m/z (M+H) Calc.: 1645.3629, Found: 1645.3606 

§ Yield: 55%  

o Er: TOF MS (ESI+) m/z (M+3H) Calc.: 1661.3884, Found: 1661.3706 

§ Yield: 55%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1674.3821, Found: 1674.3921 

§ Yield: 40%  

• Cyano-Naphthylsalophen 

o Nd: TOF MS (ESI+) m/z (M+H) Calc.: 1606.2195, Found: 1606.2124 

§ Yield: 26%  

o Gd: TOF MS (ESI+) m/z (M+H) Calc.: 1634.2570, Found: 1634.2382 

§ Yield: 65%  

o Tb: TOF MS (ESI+) m/z (M+H) Calc.: 1636.2547, Found: 1636.2499 

§ Yield: 85%  

o Dy: TOF MS (ESI+) m/z (M+H) Calc.: 1644.2656, Found: 1644.2645  

§ Yield: 62%  

o Tm: TOF MS (ESI+) m/z (M+H) Calc.: 1656.2725, Found: 1656.2760 

§ Yield: 84%  

o Lu: TOF MS (ESI+) m/z (M+H) Calc.: 1669.2856, Found: 1669. 2668 

§ Yield: 69% 

• Dicyano-Naphthylsalophen 

o Tb: TOF MS (ESI+) m/z (M+Na) Calc.: 1733.2224, Found: 1733.2098 

§ Yield: 25%  
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o Er: TOF MS (ESI+) m/z (M+H) Calc.: 1728.2561, Found: 1728.2430 

§ Yield: 60%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1741.2575, Found: 1741.2430 

§ Yield: 60%  

• Chloro-Naphthylsalophen 

o Nd: TOF MS (ESI+) m/z (M+H) Calc.: 1635.2020, Found: 1635.1029 

§ Yield: 81%  

o Gd: TOF MS (ESI+) m/z (M+H) Calc.: 1661.1496, Found: 1661.1411 

§ Yield: 49%  

o Er: TOF MS (ESI+) m/z (M+Na) Calc.: 1703.1442, Found: 1703.1337 

§ Yield: 75%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1693.1747, Found: 1693.1654 

§ Yield: 81%  

• Dichloro-Naphthylsalophen 

o Er: TOF MS (ESI+) m/z (M+H) Calc.: 1807.5518, Found: 1807.0084 

§ Yield: 70%  

o Yb: TOF MS (ESI+) m/z (M+2H) Calc.: 1661.1496, Found: 1661.1411 

§ Yield: 78%  

• Fluoro-Naphthylsalophen 

o Nd: TOF MS (ESI+) m/z (M+H) Calc.: 1585.8472, Found: 1585.1827 

§ Yield: 79%  

o Gd: TOF MS (ESI+) m/z (M+2Na) Calc.: 1660.2129, Found: 1660.2197 

§ Yield: 79%  
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o Er: TOF MS (ESI+) m/z (M+Na) Calc.: 1653.2332, Found: 1653.2142 

§ Yield: 78%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1643.4712, Found: 1643.2521 

§ Yield: 92%  

• Difluoro-Naphthylsalophen 

o Nd: TOF MS (ESI+) m/z (M+H) Calc.: 1639.1851, Found: 1639.1802 

§ Yield: 83%  

o Gd: TOF MS (ESI+) m/z (M+H) Calc.: 1667.2146, Found: 1667.2098 

§ Yield: 75%  

o Er: TOF MS (ESI+) m/z (M+H) Calc.: 1686.2229, Found: 1686.2202 

§ Yield: 72%  

o Yb: TOF MS (ESI+) m/z (M+H) Calc.: 1698.2422, Found: 1698.2428 

§ Yield: 83%  
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Appendix 1 
 

B3LYP/cc-pVDZ(-PP) Cartesian coordinates (in Å) of the optimal geometries for the ground and 

pertinent excited electronic state of the investigated uranyl and copper complexes. 

 
L1Cu2+(AcO) 

Ground State Excited State 
C     5.942091   -2.399390    0.000228 
C     5.552291   -1.075670    0.000218 
C     4.981401   -3.434910    0.000108 
C     4.176431   -0.696130    0.000078 
C     3.199051   -1.751660    0.000018 
C     3.641861   -3.102570    0.000008 
H     7.006511   -2.647610    0.000338 
H     6.281631   -0.264240    0.000288 
H     2.912391   -3.916330   -0.000112 
H     5.290600   -4.480900    0.000078 
C     1.786801   -1.456360    0.000048 
N     1.210981   -0.242540    0.000058 
N     0.817981   -2.433790    0.000108 
C    -0.177549   -0.430700    0.000058 
C    -0.435629   -1.845650    0.000068 
C    -1.212049    0.476940    0.000038 
C    -1.698709   -2.382040    0.000048 
C    -2.794659   -1.468950   -0.000002 
C    -2.545609   -0.031620    0.000008 
N    -3.564129    0.848260   -0.000022 
N    -4.044619   -1.964670   -0.000022 
C    -4.807909    0.347780   -0.000052 
C    -5.052499   -1.079140   -0.000042 
C    -5.925569    1.242910   -0.000082 
C    -6.403969   -1.550450   -0.000082 
C    -7.205719    0.751030   -0.000102 
C    -7.447029   -0.659590   -0.000102 
H    -1.047789    1.553040    0.000068 
H    -1.905199   -3.452730    0.000038 
H    -5.711569    2.313180   -0.000082 
H    -8.055719    1.437020   -0.000122 
H    -8.476889   -1.023760   -0.000122 
H    -6.560179   -2.630710   -0.000082 
O     3.902781    0.576380   -0.000012 
H     0.999741   -3.426850   -0.000102 

C     5.993400   -2.400341    0.004794 
C     5.571285   -1.113640   -0.305673 
C     5.048269   -3.359241    0.371211 
C     4.182433   -0.740403   -0.257984 
C     3.207124   -1.763420    0.065838 
C     3.666026   -3.022558    0.400444 
H     7.054083   -2.654147   -0.028358 
H     6.273034   -0.325655   -0.582315 
H     2.959957   -3.797059    0.706179 
H     5.354621   -4.372482    0.633624 
C     1.754273   -1.467339    0.043146 
N     1.195145   -0.260658    0.104400 
N     0.805169   -2.436356   -0.015819 
C    -0.204811   -0.446049    0.082724 
C    -0.460167   -1.833504    0.000964 
C    -1.250102    0.475355    0.107105 
C    -1.739831   -2.365196   -0.059829 
C    -2.828495   -1.455347   -0.035591 
C    -2.576830   -0.019181    0.047368 
N    -3.596715    0.876876    0.072147 
N    -4.086180   -1.955392   -0.092660 
C    -4.846648    0.371343    0.016958 
C    -5.094640   -1.055574   -0.067222 
C    -5.961642    1.258538    0.040795 
C    -6.441373   -1.512788   -0.124032 
C    -7.255538    0.775580   -0.015712 
C    -7.497232   -0.619766   -0.098870 
H    -1.088344    1.549433    0.177057 
H    -1.950590   -3.433203   -0.125937 
H    -5.746205    2.327091    0.105229 
H    -8.099177    1.469794    0.003622 
H    -8.524981   -0.988353   -0.142936 
H    -6.599552   -2.591421   -0.187342 
O     3.879294    0.484778   -0.486618 
H     0.982011   -3.421232   -0.155750 
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Cu   2.224141    1.435370   -0.000232 
C     1.322201    5.205280    0.000818 
C     1.691961    3.750090   -0.000212 
H     2.219371    5.835850   -0.008362 
H     0.714551    5.424670    0.892288 
H     0.697001    5.422160   -0.878942 
O     2.900071    3.365030   -0.002272 
O     0.781011    2.849270    0.001568 

Cu   2.198700    1.412708   -0.069877 
C     1.525467    5.203537    0.224477 
C     1.793888    3.734978    0.106009 
H     2.346810    5.786474   -0.209025 
H     1.403926    5.460667    1.288314 
H     0.575940    5.442106   -0.277165 
O     2.895494    3.282595   -0.349185 
O     0.920847    2.874908    0.468705 

L1Cu2+(AcO)(W) 
Ground State Excited State 

C    -5.394811   -3.203752   -0.068122 
C    -5.152433   -1.849497   -0.170893 
C    -4.331481   -4.119269    0.102071 
C    -3.829005   -1.314540   -0.106381 
C    -2.747669   -2.251165    0.038908 
C    -3.038950   -3.638365    0.150172 
H    -6.423166   -3.571453   -0.113597 
H    -5.963501   -1.130662   -0.296657 
H    -2.227040   -4.354224    0.302640 
H    -4.527656   -5.187874    0.198709 
C    -1.380335   -1.798092    0.045078 
N    -0.941144   -0.527953    0.084022 
N    -0.313492   -2.666577    0.002447 
C     0.460862   -0.568792    0.052780 
C     0.868944   -1.947926   -0.004689 
C     1.399890    0.438404    0.055662 
C     2.180290   -2.348305   -0.057989 
C     3.176336   -1.327382   -0.054589 
C     2.778900    0.074045    0.003779 
N     3.698678    1.056386    0.011153 
N     4.470378   -1.688558   -0.105281 
C     4.987699    0.690432   -0.040062 
C     5.379874   -0.702016   -0.099370 
C     6.004914    1.697998   -0.035909 
C     6.772462   -1.027868   -0.152051 
C     7.328916    1.344029   -0.087524 
C     7.716185   -0.032345   -0.146142 
H     1.127657    1.490701    0.106090 
H     2.495106   -3.391294   -0.104420 
H     5.680541    2.739160    0.008830 
H     8.102126    2.115509   -0.084546 
H     8.777988   -0.285584   -0.186678 
H     7.040742   -2.084933   -0.196360 
O    -3.691732   -0.026406   -0.192668 

C    -5.466654   -3.166207   -0.012159 
C    -5.180929   -1.841719   -0.323732 
C    -4.430093   -4.022399    0.359549 
C    -3.839660   -1.324653   -0.271992 
C    -2.768481   -2.242566    0.054244 
C    -3.091125   -3.543086    0.390801 
H    -6.495340   -3.528767   -0.048860 
H    -5.961486   -1.133440   -0.604926 
H    -2.307348   -4.238338    0.698672 
H    -4.630996   -5.061410    0.622987 
C    -1.355957   -1.792672    0.026802 
N    -0.927679   -0.534839    0.089868 
N    -0.313669   -2.659563   -0.044846 
C     0.487227   -0.576905    0.056475 
C     0.883213   -1.930541   -0.031925 
C     1.437524    0.442557    0.071996 
C     2.209214   -2.331119   -0.099624 
C     3.202331   -1.318260   -0.074736 
C     2.808152    0.084110    0.010040 
N     3.731479    1.078357    0.035576 
N     4.503965   -1.689254   -0.133759 
C     5.025962    0.701944   -0.023354 
C     5.416160   -0.692894   -0.109601 
C     6.045543    1.697384   -0.000660 
C     6.802493   -1.012287   -0.168673 
C     7.380878    1.346961   -0.059889 
C     7.762037   -0.017380   -0.144424 
H     1.175096    1.497054    0.132929 
H     2.524384   -3.372734   -0.171741 
H     5.723821    2.738794    0.064158 
H     8.150438    2.122423   -0.042152 
H     8.821704   -0.279925   -0.190637 
H     7.068568   -2.069345   -0.233289 
O    -3.658344   -0.076460   -0.500333 
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H    -0.393278   -3.666990   -0.110063 
Cu  -2.142818    1.057305    0.075016 
O    -0.844718    2.304377    0.949531 
H    -1.394228    3.237666    0.918241 
H    -0.635106    2.096140    1.872422 
C    -4.159367    4.754154   -0.730664 
C    -3.123312    3.813244   -0.153972 
H    -4.121690    4.712376   -1.829933 
H    -3.986703    5.780006   -0.382632 
H    -5.163318    4.416439   -0.429588 
O    -2.268557    4.266757    0.654102 
O    -3.199386    2.594288   -0.540323 

H    -0.391855   -3.655455   -0.196468 
Cu  -2.105586    1.061632   -0.003671 
O    -0.948918    2.256791    1.066788 
H    -1.538126    3.134415    1.162847 
H    -0.564883    1.970221    1.907516 
C    -4.171763    4.717098   -0.718750 
C    -3.191971    3.761891   -0.074879 
H    -3.894247    4.865359   -1.773998 
H    -4.171488    5.678926   -0.191790 
H    -5.179619    4.274777   -0.708525 
O    -2.510830    4.140239    0.907456 
O    -3.133148    2.588389   -0.609060 

L1UO2
2+(AcO) 

Ground State Excited State 
C     4.544877    3.984935   -0.003402 
C     4.366077    2.699401   -0.493735 
C     3.468760    4.696165    0.555993 
C     3.103003    2.067001   -0.441600 
C     1.998909    2.795265    0.104019 
C     2.216805    4.101872    0.600268 
H     5.535449    4.443923   -0.047028 
H     5.193435    2.136326   -0.928188 
H     1.391345    4.645178    1.067326 
H     3.616048    5.698416    0.960646 
C     0.654894    2.234403    0.112100 
N     0.304414    0.945980    0.036950 
N    -0.460293    3.036758    0.187336 
C    -1.092362    0.900455    0.037931 
C    -1.596846    2.243890    0.134557 
C    -1.950062   -0.174137   -0.031706 
C    -2.935474    2.545036    0.155090 
C    -3.850120    1.452419    0.080535 
C    -3.352236    0.084642   -0.011520 
N    -4.197706   -0.960099   -0.081025 
N    -5.168721    1.716894    0.098561 
C    -5.509720   -0.689297   -0.062421 
C    -6.003276    0.669802    0.028895 
C    -6.451081   -1.766142   -0.134288 
C    -7.417091    0.894030    0.044646 
C    -7.797516   -1.508316   -0.116324 
C    -8.285028   -0.165278   -0.025960 
H    -1.614538   -1.209510   -0.109692 
H    -3.331899    3.558505    0.222961 
H    -6.051482   -2.779395   -0.202669 

C    -4.831834    3.890710   -0.088207 
C    -4.611812    2.618782    0.421394 
C    -3.761341    4.603957   -0.631784 
C    -3.302421    2.019187    0.395413 
C    -2.186489    2.798335   -0.110354 
C    -2.449890    4.041243   -0.641540 
H    -5.832477    4.324780   -0.072254 
H    -5.417439    2.016810    0.843437 
H    -1.640896    4.623184   -1.086934 
H    -3.913320    5.601115   -1.046555 
C    -0.794453    2.269093   -0.069695 
N    -0.421989    1.000398   -0.199861 
N     0.280911    3.087248    0.070925 
C     0.987510    0.985695   -0.145773 
C     1.446456    2.307694    0.033336 
C     1.881700   -0.081877   -0.228860 
C     2.792375    2.631170    0.140293 
C     3.729897    1.568317    0.063002 
C     3.267309    0.193835   -0.121451 
N     4.138146   -0.842272   -0.202555 
N     5.047219    1.865093    0.162059 
C     5.450508   -0.537922   -0.102107 
C     5.908992    0.825319    0.082920 
C     6.417751   -1.580093   -0.178798 
C     7.307334    1.068074    0.181654 
C     7.769069   -1.304282   -0.078417 
C     8.216991    0.028675    0.103006 
H     1.578146   -1.120331   -0.381965 
H     3.164429    3.646850    0.278591 
H     6.045012   -2.596847   -0.318408 
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H    -8.512927   -2.331791   -0.171376 
H    -9.363124    0.009804   -0.013800 
H    -7.762290    1.927082    0.113975 
O     2.954695    0.847320   -0.927701 
H    -0.440883    4.045960    0.131062 
U     1.956854   -0.966379   -0.129624 
O     2.534189   -0.521772    1.502393 
O     1.304075   -1.402793   -1.734778 
C     2.333134   -5.146308    0.754614 
C     2.218654   -3.674516    0.475241 
H     1.936187   -5.695184   -0.115641 
H     1.729167   -5.415368    1.631488 
H     3.384470   -5.429013    0.894611 
O     1.128946   -3.055287    0.731992 
O     3.194444   -3.035807   -0.044230 

H     8.498016   -2.115997   -0.138671 
H     9.287503    0.233324    0.180775 
H     7.625293    2.103398    0.320824 
O    -3.156408    0.811140    0.790719 
H     0.238569    4.076144    0.277041 
U    -1.825032   -1.039369    0.084815 
O    -2.484705   -0.777294   -1.549689 
O    -1.216661   -1.222008    1.744978 
C    -1.945651   -5.278686   -0.369022 
C    -1.927209   -3.785838   -0.236825 
H    -1.377726   -5.706930    0.473464 
H    -1.440534   -5.578353   -1.297663 
H    -2.974843   -5.657078   -0.336599 
O    -0.886614   -3.119239   -0.571768 
O    -2.935056   -3.153810    0.233115 

 
L1UO2

2+(AcO)(W) 
Ground State Excited State 

C     4.156296    4.431063   -0.087906 
C     4.086260    3.099635   -0.471907 
C     3.010374    5.109403    0.363084 
C     2.866507    2.386829   -0.417123 
C     1.692807    3.078732    0.018230 
C     1.799949    4.434150    0.407874 
H     5.115084    4.953321   -0.130948 
H     4.968392    2.561484   -0.822053 
H     0.919765    4.956021    0.792058 
H     3.071423    6.150119    0.684284 
C     0.392311    2.423208    0.026294 
N     0.135417    1.111425    0.044246 
N    -0.777700    3.147664    0.008075 
C    -1.255404    0.966496    0.020957 
C    -1.854118    2.274215   -0.006757 
C    -2.034893   -0.168833    0.029504 
C    -3.210355    2.481022   -0.040998 
C    -4.045406    1.324272   -0.040644 
C    -3.451594   -0.007461   -0.000665 
N    -4.221688   -1.111455    0.009061 
N    -5.379177    1.495353   -0.073087 
C    -5.549260   -0.933693   -0.023887 
C    -6.137469    0.389536   -0.066293 
C    -6.412087   -2.076766   -0.017272 
C    -7.563293    0.513193   -0.100582 
C    -7.773113   -1.914832   -0.051046 

C     4.288344    4.463747   -0.035373 
C     4.207573    3.152249   -0.481563 
C     3.142400    5.089946    0.459952 
C     2.966446    2.421222   -0.439149 
C     1.769028    3.109141    0.010737 
C     1.895854    4.397385    0.481930 
H     5.239845    4.996838   -0.061869 
H     5.077580    2.615871   -0.862295 
H     1.024101    4.914402    0.887276 
H     3.185803    6.116330    0.826226 
C     0.435769    2.444684   -0.024471 
N     0.178178    1.155312    0.159430 
N    -0.705297    3.158807   -0.214844 
C    -1.226969    1.013784    0.090696 
C    -1.797201    2.281935   -0.153942 
C    -2.029068   -0.120240    0.215188 
C    -3.163589    2.484363   -0.288299 
C    -4.008684    1.351302   -0.165953 
C    -3.431868    0.034014    0.088019 
N    -4.213117   -1.068774    0.216409 
N    -5.346515    1.529635   -0.289068 
C    -5.544587   -0.883082    0.093727 
C    -6.116235    0.425434   -0.162914 
C    -6.420950   -1.999340    0.217995 
C    -7.529763    0.541297   -0.282015 
C    -7.789731   -1.845977    0.096469 
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C    -8.354138   -0.607112   -0.093113 
H    -1.622061   -1.178110    0.059964 
H    -3.676797    3.466244   -0.067348 
H    -5.941866   -3.061150    0.014060 
H    -8.428316   -2.788718   -0.046624 
H    -9.441665   -0.508544   -0.119722 
H    -7.980540    1.521210   -0.132509 
O     2.820573    1.125206   -0.800455 
H    -0.826748    4.148301   -0.126655 
U     1.898699   -0.724840    0.009307 
O     2.350459   -0.232474    1.672913 
O     1.326782   -1.264606   -1.596828 
O     0.501475   -2.491257    0.981619 
H     1.036749   -3.349673    0.673275 
H     0.474411   -2.540659    1.949705 
C     4.302001   -4.657024   -0.449192 
C     3.123817   -3.814775   -0.024955 
H     4.570883   -4.396782   -1.485506 
H     4.059114   -5.724562   -0.385954 
H     5.172329   -4.420115    0.181145 
O     2.022373   -4.348820    0.229193 
O     3.330387   -2.536996    0.056917 

C    -8.347979   -0.566973   -0.155327 
H    -1.630432   -1.116882    0.409944 
H    -3.617538    3.457347   -0.479668 
H    -5.963915   -2.972138    0.410703 
H    -8.447383   -2.713167    0.193939 
H    -9.431308   -0.459108   -0.249413 
H    -7.933655    1.537202   -0.475679 
O     2.951392    1.186561   -0.765308 
H    -0.745365    4.134867   -0.474652 
U     1.794508   -0.762587    0.077209 
O     2.401458   -0.312398    1.701358 
O     1.266758   -1.170907   -1.579046 
O     0.615876   -2.451873    0.936463 
H     1.362134   -3.666133    0.437151 
H     0.471018   -2.538428    1.891773 
C     4.244165   -4.755596   -0.703216 
C     3.166491   -3.834219   -0.214290 
H     4.225571   -4.745781   -1.805948 
H     4.070045   -5.782420   -0.359156 
H     5.225810   -4.386408   -0.379093 
O     2.037423   -4.389624    0.096722 
O     3.370030   -2.597969   -0.140833 
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Figure Appendix 39. Potential energy profiles for the investigated copper and uranyl complexes. 
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Appendix 2 
 

Crystallographic Tables  
 

CIFs for the following structures can be obtained from the Cambridge Crystallographic Data 

Centre (CCDC) in addition to tables containing the following information:  contain the following 

information: fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (å2×103), anisotropic displacement parameters (å2×103), bond lengths, bond angles, 

torsion angles, and hydrogen atom coordinates (å×104) and isotropic displacement parameters 

(å2×103). 
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Table 1 Crystal data and structure refinement for Hiti070117_0m. 
Identification code Hiti070117_0m 
Empirical formula C19H12N4O 
Formula weight 312.33 
Temperature/K ? 
Crystal system monoclinic 
Space group P21/n 
a/Å 6.6597(6) 
b/Å 30.064(3) 
c/Å 7.2617(6) 
α/° 90 
β/° 108.293(2) 
γ/° 90 
Volume/Å3 1380.5(2) 
Z 4 
ρcalcg/cm3 1.5027 
μ/mm-1 0.098 
F(000) 648.3 
Crystal size/mm3 0.2 × 0.15 × 0.05 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 5.42 to 54.96 
Index ranges -8 ≤ h ≤ 8, -39 ≤ k ≤ 39, -9 ≤ l ≤ 9 
Reflections collected 13927 
Independent reflections 3173 [Rint = 0.0386, Rsigma = 0.0348] 
Data/restraints/parameters 3173/0/218 
Goodness-of-fit on F2 1.067 
Final R indexes [I>=2σ (I)] R1 = 0.0582, wR2 = 0.1239 
Final R indexes [all data] R1 = 0.0784, wR2 = 0.1332 
Largest diff. peak/hole / e Å-3 0.41/-0.33 
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Table 1 Crystal data and structure refinement for bam115bJN091119. 
 
Identification code bam115bJN091119 
Empirical formula C25H26N4O7S2U 
Formula weight 796.65 
Temperature/K 273.(2) 
Crystal system monoclinic 
Space group P21/n 
a/Å 8.585(5) 
b/Å 20.419(11) 
c/Å 16.091(9) 
α/° 90 
β/° 101.633(8) 
γ/° 90 
Volume/Å3 2763.(3) 
Z 4 
ρcalcg/cm3 1.915 
μ/mm-1 6.077 
F(000) 1536.0 
Crystal size/mm3 0.100 × 0.100 × 0.100 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 3.26 to 53.14 
Index ranges -10 ≤ h ≤ 10, -25 ≤ k ≤ 25, -20 ≤ l ≤ 20 
Reflections collected 33110 
Independent reflections 5707 [Rint = 0.0639, Rsigma = 0.0441] 
Data/restraints/parameters 5707/11/357 
Goodness-of-fit on F2 1.069 
Final R indexes [I>=2σ (I)] R1 = 0.0450, wR2 = 0.1157 
Final R indexes [all data] R1 = 0.0602, wR2 = 0.1281 
Largest diff. peak/hole / e Å-3 3.75/-1.15 
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Table 1. Crystal data and structure refinement for Ethan102519Final. 
 
Identification code Ethan102519Final 
Empirical formula C29H19N3O2 
Formula weight 441.47 
Temperature/K 100.(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å 10.8315(7) 
b/Å 7.1085(4) 
c/Å 27.6783(18) 
α/° 90 
β/° 90.302(4) 
γ/° 90 
Volume/Å3 2131.1(2) 
Z 4 
ρcalcg/cm3 1.376 
μ/mm-1 0.703 
F(000) 920.0 
Crystal size/mm3 0.153 × 0.035 × 0.008 
Radiation Cu Kα (λ = 1.54178) 
2Θ range for data collection/° 6.38 to 144.22 
Index ranges -13 ≤ h ≤ 13, -8 ≤ k ≤ 7, -34 ≤ l ≤ 34 
Reflections collected 31468 
Independent reflections 4186 [Rint = 0.0932, Rsigma = 0.0570] 
Data/restraints/parameters 4186/0/308 
Goodness-of-fit on F2 1.051 
Final R indexes [I>=2σ (I)] R1 = 0.0609, wR2 = 0.1570 
Final R indexes [all data] R1 = 0.0949, wR2 = 0.1780 
Largest diff. peak/hole / e Å-3 0.48/-0.24 
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Table 1 Crystal data and structure refinement for Ethan102519bFinal. 
Identification code Ethan102519bFinal 
Empirical formula C87H55Er2N9O8 
Formula weight 1688.92 
Temperature/K 100.(2) 
Crystal system triclinic 
Space group P-1 
a/Å 10.3689(8) 
b/Å 18.7929(18) 
c/Å 18.9759(17) 
α/° 107.514(6) 
β/° 95.038(5) 
γ/° 104.652(5) 
Volume/Å3 3357.3(5) 
Z 2 
ρcalcg/cm3 1.671 
μ/mm-1 5.078 
F(000) 1680.0 
Crystal size/mm3 0.136 × 0.080 × 0.010 
Radiation Cu Kα (λ = 1.54178) 
2Θ range for data collection/° 4.96 to 130.64 
Index ranges -12 ≤ h ≤ 12, -22 ≤ k ≤ 22, -22 ≤ l ≤ 22 
Reflections collected 129841 
Independent reflections 11507 [Rint = 0.0926, Rsigma = 0.0409] 
Data/restraints/parameters 11507/3/955 
Goodness-of-fit on F2 1.051 
Final R indexes [I>=2σ (I)] R1 = 0.0521, wR2 = 0.1357 
Final R indexes [all data] R1 = 0.0743, wR2 = 0.1499 
Largest diff. peak/hole / e Å-3 2.12/-1.50 
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Table 1 Crystal data and structure refinement for Ethan051820Final. 
dentification code Ethan051820Final 
Empirical formula C87H66Er2N6O9 
Formula weight 1673.97 
Temperature/K 110.(2) 
Crystal system triclinic 
Space group P-1 
a/Å 10.2859(3) 
b/Å 17.5752(4) 
c/Å 18.8837(5) 
α/° 82.6280(10) 
β/° 86.2010(10) 
γ/° 82.4910(10) 
Volume/Å3 3352.23(15) 
Z 2 
ρcalcg/cm3 1.658 
μ/mm-1 2.557 
F(000) 1676.0 
Crystal size/mm3 0.210 × 0.170 × 0.100 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 4.38 to 61.12 
Index ranges -14 ≤ h ≤ 14, -25 ≤ k ≤ 24, -27 ≤ l ≤ 27 
Reflections collected 248191 
Independent reflections 20541 [Rint = 0.0232, Rsigma = 0.0119] 
Data/restraints/parameters 20541/3/945 
Goodness-of-fit on F2 1.045 
Final R indexes [I>=2σ (I)] R1 = 0.0169, wR2 = 0.0434 
Final R indexes [all data] R1 = 0.0178, wR2 = 0.0439 
Largest diff. peak/hole / e Å-3 1.20/-1.02 
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Table 1 Crystal data and structure refinement for Ethan051620Final. 
Identification code Ethan051620Final 
Empirical formula C32H31N5O5U 
Formula weight 803.65 
Temperature/K 110.(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å 8.2479(4) 
b/Å 15.3041(7) 
c/Å 22.7377(11) 
α/° 90 
β/° 93.167(2) 
γ/° 90 
Volume/Å3 2865.7(2) 
Z 4 
ρcalcg/cm3 1.863 
μ/mm-1 5.716 
F(000) 1560.0 
Crystal size/mm3 0.320 × 0.150 × 0.010 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 4.46 to 72.84 
Index ranges -13 ≤ h ≤ 13, -25 ≤ k ≤ 25, -37 ≤ l ≤ 37 
Reflections collected 114715 
Independent reflections 13974 [Rint = 0.0494, Rsigma = 0.0284] 
Data/restraints/parameters 13974/0/391 
Goodness-of-fit on F2 1.017 
Final R indexes [I>=2σ (I)] R1 = 0.0295, wR2 = 0.0784 
Final R indexes [all data] R1 = 0.0399, wR2 = 0.0835 
Largest diff. peak/hole / e Å-3 4.05/-2.53 
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Table 1 Crystal data and structure refinement for Ethan121110Final. 
Identification code Ethan121110Final 
Empirical formula C34H35N5O6U 
Formula weight 847.70 
Temperature/K 120.(2) 
Crystal system monoclinic 
Space group P21/c 
a/Å 19.1996(6) 
b/Å 9.7082(3) 
c/Å 19.0766(5) 
α/° 90 
β/° 116.209(2) 
γ/° 90 
Volume/Å3 3190.18(17) 
Z 4 
ρcalcg/cm3 1.765 
μ/mm-1 14.766 
F(000) 1656.0 
Crystal size/mm3 0.060 × 0.050 × 0.005 
Radiation Cu Kα (λ = 1.54178) 
2Θ range for data collection/° 5.12 to 136.48 
Index ranges -23 ≤ h ≤ 23, -11 ≤ k ≤ 11, -22 ≤ l ≤ 22 
Reflections collected 61888 
Independent reflections 5822 [Rint = 0.1696, Rsigma = 0.0736] 
Data/restraints/parameters 5822/470/440 
Goodness-of-fit on F2 1.091 
Final R indexes [I>=2σ (I)] R1 = 0.0577, wR2 = 0.1397 
Final R indexes [all data] R1 = 0.0852, wR2 = 0.1526 
Largest diff. peak/hole / e Å-3 1.90/-2.40 
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Table 1 Crystal data and structure refinement for AGor21_03. 
Identification code AGor21_03 
Empirical formula C26H18N4O5U 
Formula weight 704.47 
Temperature/K 99.9(3) 
Crystal system monoclinic 
Space group P21/n 
a/Å 7.25260(10) 
b/Å 23.0277(2) 
c/Å 13.52000(10) 
α/° 90 
β/° 101.9970(10) 
γ/° 90 
Volume/Å3 2208.67(4) 
Z 4 
ρcalcg/cm3 2.119 
μ/mm-1 21.110 
F(000) 1336.0 
Crystal size/mm3 0.073 × 0.028 × 0.022 
Radiation Cu Kα (λ = 1.54184) 
2Θ range for data collection/° 7.678 to 154.982 
Index ranges -9 ≤ h ≤ 9, -27 ≤ k ≤ 28, -17 ≤ l ≤ 13 
Reflections collected 24486 
Independent reflections 4615 [Rint = 0.0444, Rsigma = 0.0298] 
Data/restraints/parameters 4615/1/329 
Goodness-of-fit on F2 1.080 
Final R indexes [I>=2σ (I)] R1 = 0.0245, wR2 = 0.0617 
Final R indexes [all data] R1 = 0.0266, wR2 = 0.0628 
Largest diff. peak/hole / e Å-3 1.25/-1.18 
 


