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Abstract 

 Due to their unique properties and emerging applications in materials, the chemistry of the 

lanthanides and actinides has become a thriving area of research. While much work has been done 

to probe the electronic, magnetic, luminescent, and catalytic properties of molecular lanthanide 

and actinide species, one area that has received less attention than it deserves is that of surface 

immobilization. The ability to successfully and selectively immobilize complexes on surfaces is 

crucial to the advancement of materials in fields such as sensor technologies, separations science, 

and catalysis. While most surface immobilized complexes contain d-block metals, this work 

focuses on the surface immobilization of complexes containing metals from the f-block. 

While Chapter 1 serves as a broad overview of the field of surface immobilization, Chapter 

2 of this thesis discusses the synthesis and characterization of four new tripodal lanthanide 

complexes (Ln = Ce, Nd, Sm, Eu) capable of undergoing immobilization on graphitic surfaces. 

Characterization by NMR and XPS support that these lanthanide complexes retain their molecular 

structure in solution and after immobilization. Electrochemical studies of the redox active cerium 

complex allowed for the surface stability and interfacial electron transfer rates of the immobilized 

complex to be directly quantified. 

 Chapter 3 of this thesis discusses the synthesis and characterization of two new molecular 

actinide species capable of noncovalent surface immobilization. Specifically, two new uranyl 

([UO2]
2+) complexes have been synthesized and characterized by methods such as NMR and XRD. 

Following immobilization, electrochemical methods were used to probe the immobilized 

properties of these uranyl complexes using the presence of the U(VI/V) redox couple. These 

complexes demonstrated enhanced surface stabilities compared to the tripodal lanthanide 

complexes, as well as high rates of interfacial electron transfer.  
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1.1 An Overview of Surface Immobilization 

In recent years, surface immobilization has emerged as an effective strategy to probe 

various chemical, electronic, and physical properties of both surfaces and immobilized species. 

Utilizing spectroscopic and electrochemical techniques to interrogate immobilized species, 

researchers can gain valuable insights into the structure, surface area, conductivity, and electron 

transfer properties of an electrode surface. Additional information on the stability and the activity 

of the immobilized species can also be obtained through these methods, the importance of which 

is relevant to the study of catalysts, sensors, next-generation metal separations systems, and other 

applications. While a variety of surfaces have been used for immobilization studies, graphitic 

materials have attracted perhaps the most considerable interest in the past decade due to their 

unique structural and electronic properties and low cost.1-4  

Although graphitic materials had been studied long before 2004 when Novoselov and Geim 

first reported the electrochemical properties of graphene,5 fundamental innovations from recent 

work with graphene have led to the accelerated advancement of many disciplines that seek to 

utilize these materials for relevant applications.6-8 Specifically, much work has focused on the 

understanding and development of the many different allotropes of carbon such as graphite, 

diamond, and fullerenes,9 each of which can be used to synthesize a variety of materials that 

possess unique electronic and physical properties. Some examples of these materials are highly 

oriented pyrolytic graphite (HOPG),1, 10 glassy carbon (GC),11-12 carbon nanotubes (CNTs),13-15 

and boron doped diamond (BDD).16-17 Despite the similarities in their elemental compositions, 

each of these materials possesses unique properties that tailor them for specific applications.9, 18-19 

For example, as a result of their wide potential windows in both aqueous and non-aqueous media, 

chemical inertness, and relatively low cost, carbon materials like HOPG and GC electrode 
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materials have been used for electrochemical studies since the late 1960s.20-22 In recent years, the 

use of BDD electrodes has received considerable attention for applications in biosensor 

technologies and biocatalytic studies.16, 23-24 Compared to HOPG and GC electrodes, BDD 

electrodes possess greater biocompatibility, increased resistivity to adsorption and electrode 

fouling, and increased sensitivity to trace concentrations.17, 23, 25-26 Finally, CNT materials have 

been utilized as electrodes and similar materials, but also possess interesting conductive properties 

that make CNTs attractive for applications in supercapacitors, batteries, and photovoltaics.27-30 

The ability to strategically modulate the various properties of carbon-based materials has 

received considerable interest in recent years.31-33 While a number of excellent techniques have 

been developed for the chemical modification of carbon-based materials, such as p- and n-type 

doping34-35 and chemical vapor deposition (CVD),36-37 the focus of this chapter will be covalent 

and noncovalent functionalization techniques. Both covalent and noncovalent methods have been 

quite successful for a variety of applications and have received considerable attention in the 

literature as a result.3, 33, 38-39 The most common methods for covalent functionalization of graphitic 

surfaces involve the formation of chemical bonds between the sp2 hybridized carbon atoms present 

on the surface and free radicals or dienophiles.1-2, 40 This method has proven advantageous for 

attaching various inorganic and organic functionalities onto graphitic surfaces, and enhanced 

surface stability of the attached functionalities is observed due to the presence of strong chemical 

bonds. However, the formation of chemical bonds between the surface and a given functionality 

leads to changes in the intrinsic properties of the surface material as a result of changes in 

hybridization from sp2 to sp3.32 Additionally, harsh conditions are often necessary to achieve 

covalent functionalization and can cause unanticipated decomposition of the surface or 
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immobilized species.41-42 Work to optimize the covalent functionalization of graphitic materials is 

ongoing and remedies to the challenges presented are still being pursued.33, 43-44 

While covalent strategies rely on the formation of chemical bonds, non-covalent surface 

functionalization strategies are governed by the strength of the π interactions between a graphitic 

surface and a molecule of interest.3, 45-46 While there are many different types of π interactions, 

such as H-π, cation-π, and anion-π, this work will focus on π-π stacking interactions in aromatic 

systems (Scheme 1.1).47-51 These π-π stacking interactions are facile and reversible interactions 

that rely on quadrupole interactions among the delocalized electrons in  π orbitals (Scheme 1.2).47, 

52-53 Aromatic systems are typically utilized to achieve these π-π stacking interactions; specifically, 

polycyclic aromatic hydrocarbons (PCAHs) such as anthracene, naphthalene, azulene, and pyrene 

have become popular for immobilizing functional moieties of interest onto graphitic surfaces.3, 31, 

54  

The work in this thesis will focus predominantly on the use of the pyrene moiety for the 

noncovalent surface immobilization of core molecular fragments onto carbonaceous surfaces. Due 

to its synthetic versatility and its ability to engage in strong π-π stacking interactions with a variety 

of graphitic surfaces, the pyrene moiety has become an effective means of achieving noncovalent 

surface immobilization.55-58 Additionally, studies have shown that complexes appended with 

pyrene moieties display greater surface stabilities than those appended with other PCAH systems, 

such as phenanthrene or naphthalene, the details of which will be discussed later in this chapter.59 

For these reasons, the pyrene group has become an effective and popular strategy for immobilizing 

metal complexes,43-44 molecular catalysts,57, 60 and enzymes61 onto graphitic surfaces 
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Scheme 1.2. Depiction of the relationship between the dipoles and 

quadrupoles of a benzene molecule. The six bond dipole moments 

of the benzene molecule give rise to a molecular quadrupole 

moment. Scheme adapted from reference 51. 

Scheme 1.1. Depiction of aromatic-aromatic interactions that give 

rise to π-π stacking geometries. Scheme adapted from reference 51.  
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1.2 Applications and Studies of Noncovalent Surface Immobilization 

As a result of their ability to catalyze reactions related to organic transformations and small 

molecule activation, there have been many examples of surface-immobilized d-block metal 

complexes. The ability to immobilize a molecular catalyst onto a surface has several advantages 

that relate to catalytic activity and stability. The immobilization of an electrocatalyst onto an 

electrode surface can, in principle, promote faster electron transfer and higher catalytic activity by 

alleviating mass transport limitations.62-63 By immobilizing an electrocatalyst onto the surface of 

an electrode, the performance of the system is no longer dependent on the diffusion of the 

electrocatalyst to the surface from the bulk solution, which can influence the overall rate of 

catalysis.64 The ability to heterogenize molecular catalysts also holds considerable promise in 

industrial applications, where homogeneous catalytic processes are often plagued by difficult 

product separations. By attaching molecular catalysts onto solid supports, products, which are 

often formed in solution, can be easily removed from the catalyst without the use of distillation, 

filtration, or advanced chromatographic techniques.65  Thus, one method of achieving surface 

immobilization that has received growing interest in the past decade is noncovalent surface 

immobilization. For example, the Artero and Jousselme groups examined a pyrene-appended 

nickel complex (Scheme 1.3) capable of 

performing hydrogen (H2) evolution and H2 

oxidation.66 Data obtained from X-ray 

photoelectron spectroscopy (XPS) and X-ray 

absorption near-edge structure (XANES) 

support the successful immobilization and 

molecular retention of the pyrene-appended  

Scheme 1.3. Depiction of the pyrene-appended nickel 

complex studied by the Artero and Jousselme groups 

from reference 64. 
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nickel complex on multi-walled carbon nanotubes (MWCNTs). Electrocatalytic experiments of 

the pyrene appended nickel complex showed catalytic rates similar to analogous un-appended 

nickel complexes and a turnover number of 8.5 x 104 over a 6 hour period at modest overpotentials. 

In addition to H2 evolution and H2 oxidation catalysts,67-68 much work has been carried out in the 

area of immobilization of molecular catalysts for the reduction of carbon dioxide (CO2)
69-71 and 

oxygen (O2),
58, 72 as well as the oxidation of water (H2O).57  

While significant advancements have been made to be able to successfully immobilize a 

variety of molecular catalysts using the pyrene moiety, there are still many challenges to overcome. 

Developing new methods to characterize catalytic mechanisms for immobilized species and 

understanding the driving forces of surface stability are two crucial areas that are necessary for 

continued progress in the field of surface immobilization. Homogeneous molecular catalysts are 

often advantageous for studying catalytic mechanisms due to a plethora of available spectroscopic 

techniques, such as NMR, IR, XANES, XAFS, XRD, and many others. These techniques can 

provide valuable mechanistic information related to a catalyst’s kinetic and thermodynamic 

parameters, substrate and product selectivity, and catalytic efficiency.65 The information obtained 

from these experiments is crucial to understanding, developing, and modulating molecular 

catalysts in order to improve their catalytic properties. However, once a molecular catalyst is 

immobilized onto a surface, the number of techniques available for mechanistic investigations 

become limited.73 As a result of these limitations, many researchers often obtain the parameters 

for catalysis from a homogeneous model complex and then compare that data with the information 

obtained after the complex was immobilized.71, 74-77 However, observed changes in the activity of 

the immobilized complex, such as catalytic enhancement or attenuation upon immobilization, 

cannot be sufficiently explained without spectroscopic evidence. Recent work in the field of 
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heterogeneous catalysis has focused on developing novel techniques to probe the mechanistic 

workings of an immobilized catalyst, such as transient absorption spectroscopy (TAS) 

investigations for catalysts immobilized on semiconductor materials.76, 78-80 Additionally, density 

functional theory (DFT) has been implemented in numerous studies81-83 to provide reasonable and 

compelling arguments about the mechanism and reactivity of heterogeneous catalytic materials. 

Other challenges in the field of noncovalent surface immobilization utilizing pyrene are 

understanding the driving forces of surface stability in order to maintain long-term surface 

stability. Compared to the strength of the chemical bonds formed in covalent immobilization, the 

π-interactions between the surface and pyrene moiety are weaker.3, 33, 84 As a result, catalysts 

immobilized using the pyrene moiety have often displayed limited surface stabilities,57, 60, 85-86 a 

phenomenon that is not advantageous if such catalysts are to be developed for use on an industrial 

scale. To remedy the stability issues that revolve around noncovalent immobilization techniques, 

much work has focused on studying noncovalently immobilized metal complexes in order to gain 

more insight into the π-interactions between pyrene and a carbonaceous surface.  

In addition to their prowess as molecular catalysts, many d-block metal complexes possess 

the ability to quickly and reversible undergo redox cycling. Many studies have utilized the 

electrochemical properties of various d-block metal complexes, such as their fast electron transfer 

rates and Nernstian electrochemical profile, as probes to examine various surface properties. By 

examining the electrochemical profile of these metal complexes when immobilized, information 

on a complex’s heterogeneous electron transfer rate, adsorption thermodynamics, and desorption 

kinetics can be obtained. Each of these values have proven crucial to the understanding of surface 

immobilization and will be discussed in depth in later Chapters. 
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 Some of the first detailed studies on the 

kinetic and thermodynamic binding parameters 

of aromatic systems on graphene were carried 

out by Dichtel and co-workers. Utilizing both 

tripodal and monopodal pyrene-appended          

Co bis-terpyridyl complexes ([Co(typ)2]
n+) 

(Scheme 1.4) and cyclic voltammetry to probe a 

quasi-reversible Co(III/II) redox event, the 

Dichtel group was able to obtain crucial 

information related to adsorption and electron transfer rates for an immobilized species.55-56, 59 By 

utilizing the Langmuir isotherm model governed by the equation Γ =  Γ𝑠𝐾𝑐(𝐾𝑐 + 1)−1 (where Γ 

is the surface loading, Γs is the saturation coverage, K is the equilibrium constant of binding, and 

c is the concentration of adsorbate in solution),87 the free energy of adsorption (∆Gads) for the 

tripodal and the monopodal [Co(typ)2]
2+ complexes was found for both to be around                        

˗9.3 kcal mol-1.59 In addition to probing the adsorption properties of the mono- and tripodal 

complexes, the Dichtel group also examined the desorption kinetics of these species utilizing 

cyclic voltammetry. By integrating the charge, Q, of the resulting Co(III/II) couple at designated 

time intervals, the surface coverage, Γ, could be calculated using the equation Γ = Q(nFA)-1,64 

where n is the number of electrons, F is Faraday’s constant, and A is the area of the electrode. The 

resulting plot of the data obtained from this analysis is shown in Figure 1.1. As one might expect, 

the tripodal Co complex has a significantly greater surface stability than that of the monopodal Co 

complex, suggesting that the presence of more pyrene groups leads to a greater surface stability. 

Finally, utilizing Laviron analysis,88 which will be discussed in greater detail in Chapter 2, Dichtel 

Scheme 1.4. Depiction of the Co bis-terpyridyl 

complexes studied by the Dichtel group. Scheme 

adapted from reference 59. 
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and co-workers were able to obtain 

heterogeneous electron transfer rate constants 

(kET) for both complexes as well: kET = 13.5 s-1 

for the tripodal complex and kET = 18 s-1 for the 

monopodal complex.59 The greater kET value 

obtained for the monopodal complex suggests 

that the Co metal center is in a closer proximity 

to the electrode surface than the tripodal complex. 

This interpretation is likely correct, as the 

heterogeneous electron transfer rate constant is a 

measurement of the rate of electron transfer 

between the electrode and the immobilized 

species. In comparison with the tripodal Co 

complex, the structure of the monopodal complex 

is slightly truncated due to the lack of the alkyne 

bridge, suggesting that the Co metal center of the 

monopodal complex could be in greater proximity 

to the surface of the electrode.  

Later work from the Dichtel group sought 

to expand this family of Co complexes to study 

the properties of other PCAH-appended species. Complementing their work on pyrene, the Dichtel 

group also reported on the properties of analogous tripodal naphthalene- and phenanthrene-

appended Co complexes (Scheme 1.5).56 The adsorption properties of the naphthalene- and 

Figure 1.1. Plot of the fractional coverage (Γ) 

versus time for the monopodal (2●3PF6, red) and 

tripodal (1●2PF6, blue) complexes. Complexes 

were adsorbed onto graphene electrodes and then 

transferred into a blank electrolyte solution of 0.1 

M NH4PF6 in THF. Resulting surface coverage was 

determined by integration of the Co(III/II) redox 

event to obtain charge, Q. Reprinted with 

permission from Mann, J. A.; Dichtel, W. R., J. 

Am. Chem. Soc. 2011, 133, 17614-17617. 

Copyright 2011 American Chemical Society. 

Scheme 1.5. Depiction of the phenanthrene (left) 

and naphthalene (right) appended Co complexes 

reported on by the Dichtel group in reference 56. 
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phenanthrene-appended Co complexes were 

examined utilizing the same Langmuir isotherm 

model used in the earlier work done on pyrene.87 

Surprisingly, the free energies of adsorption for the 

pyrene-, naphthalene-, and phenanthrene-

appended complexes all displayed roughly the 

same values for the free energies of adsorption  

(∆Gads ≈ –9.3 kcal mol-1) (Figure 1.2). Despite the 

similarities in the free energy of adsorption for 

these complexes, there were significant 

differences in their surface coverages and 

stabilities. The resulting saturation coverages for 

the pyrene-, phenanthrene-, and naphthalene-

appended complexes were 74 pmol cm-2, 106 ± 6 

pmol cm-2, and 114 ± 3 pmol cm-2 respectively. These values were calculated utilizing the 

previously mentioned equation, Γ =  Γ𝑠𝐾𝑐(𝐾𝑐 + 1)−1, and the data obtained from the Langmuir 

isotherm analysis. The values obtained for the saturation coverage of the complexes show an 

inverse correlation between the size of the PCAH appendage and the surface coverage, where 

naphthalene would be expected to have the smallest footprint and largest surface coverage, pyrene 

the largest footprint and smallest surface coverage, and naphthalene somewhere in-between the 

two.  Further investigation of these phenomena using cyclic voltammetry revealed a strong 

dependence on the size of the anchoring group and the surface stability of the complex. The 

reported desorption kinetics of these complexes shows that utilizing pyrene as an anchoring group 

Figure 1.2. Langmuir binding isotherms 

calculated from cyclic voltammetry measurements 

for surface coverage of all Co complexes at 

varying concentrations. The solution 

concentrations of the pyrene- (red), phenanthrene- 

(blue), and naphthalene-appended (yellow) 

tripodal Co complexes and the monopodal Co 

complex (purple) are plotted versus the coverage 

calculated from voltammetry measurements. All 

electrochemical experiments were run in 0.1 M 

NH4PF6 in THF and were performed in triplicated 

to determine error bars. Reprinted with permission 

from Mann, J. A.; Dichtel, W. R., ACS Nano 

2013, 7, 7193-7199. Copyright 2013 American 

Chemical Society. 
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is advantageous over phenanthrene and naphthalene 

due to its ability to remain on the surface for longer 

time periods (Figure 1.3). This behavior was 

attributed to the size of the PCAH group and the 

ability for larger groups to achieve high surface-

area contacts with a given surface in order to form 

stable monolayers. 

While the work done by the Dichtel group 

has served as an important foundation for studying 

noncovalently immobilized species, many 

researchers have worked to expand beyond mono- 

and tripodal complexes to examine the properties of 

pyrene adsorption in added depth. Related work 

done by Haga, Ozawa, and co-workers89-90 utilized 

a family of pyrene-appended ruthenium complexes 

(Scheme 1.6) to examine a variety of properties on highly oriented pyrolytic graphite (HOPG), 

single-walled carbon nanotubes (SWCNTs), and multi-walled carbon nanotubes (MWCNTs). 

Similar to the methods used by Dichtel and co-workers, a quasi-reversible Ru(III/II) redox couple 

was used as a means to extract pertinent electrochemical and thermodynamic parameters. Similar 

to the results observed in Dichtel’s work, the desorption kinetics of the complexes revealed a direct 

relationship between the number of pyrene groups in the ruthenium complex and the resulting 

Figure 1.3. Plot of the fractional coverage (Γ/Γ0) 

versus time for the family of Co complexes in 

reference 56. The pyrene- (red), phenanthrene- 

(blue), and naphthalene-appended (yellow) tripodal 

Co complexes and the monopodal Co complex 

(purple) are plotted. Complexes were adsorbed onto 

graphene electrodes and subsequently transferred 

into a blank electrolyte solution of 0.1 M NH4PF6 in 

THF. Cyclic voltammograms were taken at 

designated time intervals and resulting surface 

coverages were determined by integration of the 

Co(III/II) redox event. Reprinted with permission 

from Mann, J. A.; Dichtel, W. R., ACS Nano 2013, 

7, 7193-7199. Copyright 2013 American Chemical 

Society. 
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surface stability (Figure 1.4). Complex 1 maintains nearly 60% of its surface coverage over the 

course of 10 hours while complex 2 maintains only 30%, and complexes 3 and 4 are completely 

lost to the solution after 8 hours and 30 minutes, respectively. These results directly correlated 

with the number of pyrene groups on each complex, 

supporting the conclusion that increasing the number of 

pyrene groups results in an increase in surface stability.  

Additional electrochemical analysis of 

electrodes functionalized with these complexes 

examined the dependence of the heterogeneous electron 

transfer rate constants (kET) on the identity of the 

substrate material. Perhaps surprisingly, electrochemical 

determination of the heterogeneous electron transfer rate 

constants utilizing Laviron analysis56, 59, 88 suggests a 

strong dependence on the subtrate (HOPG, MWCNTs, 

SWCNTs). The fastest calculated value for kET came 

Scheme 1.6. Depiction of the pyrene-appended Ru complexes synthesized by Haga, Ozawa, and co-workers 

from references 73 and 74. 

Figure 1.4. Desorption kinetics of the 

pyrene appended Ru complexes on HOPG 

electrodes. Complexes 1, 2, 3, and 4 are 

color coded red, blue, green, and orange, 

respectively. To immobilize the Ru 

complexes, clean HOPG electrodes were 

submerged in 1 mM solution of a given 

complex and subsequently rinsed with 

neat solvent. Electrochemical experiments 

were performed in a solution of 0.1 M 

TBAPF6 in CH3CN. Reprinted with 

permission from . Kohmoto, M.; Ozawa, 

H.; Yang, L.; Hagio, T.; Matsunaga, M.; 

Haga, M.-a.,  Langmuir 2016, 32, 4141-

4152. 
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from the studies done on basal plane HOPG (110 s˗1) followed by 14.9 s˗1 for MWCNTs (tube 

diameter = 110-170 nm), 4.0 s˗1 for MWCNTs (tube diameter = 6-9 nm), and finally 1.3 s˗1 for 

SWCNTs. These kET values can be attributed to the intrinsic properties of the electrode materials. 

Of significance are the values measured for SWCNTs and MWCNTs considering the mesoscopic 

similarities between these two graphitic materials. The results from these studies have contributed 

valuable insights into the properties of graphitic materials and have been crucial to the 

understanding and the development of novel carbon nanomaterials utilizing noncovalent 

immobilization. 

 

1.3 Surface Immobilization of the f-Elements 

While there has been a steadily increasing number of reports of surface-immobilized d-

block metal complexes over the years, there are very few reports of surface-immobilized molecular 

complexes of the f-elements. This observation is not completely surprising since f-element 

chemistry is still a maturing field that is rich in possibilities. From smartphones91-92 and catalysts93-

95 to magnets96-97 and medical applications,98-99 f-block elements have served as important 

building-blocks for modern technological advances. The unique electronic,100-101 magnetic,96, 102 

and structural103-105 properties of the f-elements, which will be discussed in greater depth in 

Chapter 2, coupled with their broad applications in materials has prompted an interest in the idea 

of immobilizing f-element complexes on surfaces. The ability to immobilize and study complexes 

of the f-elements onto surfaces avoids the need for liquid solution and has the potential to advance 

the development of magnetic materials,106-107 molecular sensors,101, 108-109 and even lanthanide (Ln) 

and actinide (An) separations technologies.110-112 
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 In recent years, covalent methods have 

become an increasingly popular way to immobilize 

f-elements on surfaces.101, 113-114 Functionalization of 

silicon (Si), silver (Ag), and gold (Au) nanoparticles 

(NPs) with calixarenes, dendrimers, tripodands, or 

tetraazamacrocycles has been especially successful 

in the fields of Ln/An separations,110, 115 biosensor 

technologies,108, 113, 116 and luminescent materials 

(Scheme 1.7).110, 115, 117-120 By comparison, there are 

far fewer examples of immobilized f-elements 

utilizing noncovalent methods. A notable early 

example of a pyrene-appended lanthanide compound 

was a Tb(III) complex that was examined as a single 

molecular magnet (SMM) by the Ruben and Bogani 

groups (Scheme 1.8).106 Noncovalent immobilization 

was chosen for this work due to the fact that the Tb(III) 

complex was to be immobilized on SWCNTs. As 

discussed previously, covalent methods often perturb 

the intrinsic properties of a surface due to resulting 

changes in hybridization of the surface atoms caused 

by the formation of chemical bonds.  Using 

noncovalent immobilization, the electronic properties 

of the SWCNTs remained intact, and immobilization 

Scheme 1.7. Schematic representation of two 

systems used to immobilize lanthanide and 

actinide ions. Complex 1 is an adaptation from 

reference 102 and was probed as a new type of 

lanthanide luminescent material immobilized 

on mesoporous silica nanoparticles (SiNPs). 

The ligand in compound 2 is of the 2,9-

bis(1,2,4-triazin-3-yl)-1,10-phenanthroline 

(BTPhen) family from reference 94. Ligands of 

the BTPhen family have shown promising 

properties for separations in liquid-liquid 

extraction studies with lanthanide and actinide 

species. Recent work discussed in reference 99 

has focused on attaching these ligands onto 

solid supports. 

Scheme 1.8. Schematic representation of the 

Tb(III) complex synthesized by the Ruben and 

Bogani groups from reference 90.   
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of the Tb(III) SMM complex could be achieved without harsh conditions that could lead to 

decomposition of the complex. The SWCNTs were functionalized with the Tb(III) complex by 

sonicating the SWCNTs in a solution of the complex overnight. The authors used transmission 

electron microscopy (TEM), energy-dispersive X-ray (EDX) spectroscopy, and atomic force 

microscopy (AFM) to probe the surface of the SWCNTs before and after functionalization with 

the Tb(III) complex. The combined methods showed excellent agreement with one another and 

indicated that, on average, one molecule of the Tb(III) complex was present per 7-8 nm of SWCNT 

length and the complex maintains its molecular integrity upon immobilization. To analyze the 

Tb(III) complex’s magnetic properties, micro-SQUID experiments were done on the complex in 

solution and after functionalization on the SWCNT surface. The results of these experiments 

demonstrated that the magnetic properties of the Tb(III) complex are retained and even improved 

after immobilization. While this work represents an important step forward for the application of 

noncovalent surface immobilization in f-element science, much work remains in order to address 

the potential challenges related to the surface stability of such complexes. Recently, Blakemore 

and co-workers have reported a family of molecular lanthanide complexes capable of noncovalent 

immobilization using the pyrene moiety, the results of which will be discussed in greater detail in 

Chapter 2.121 Additionally, recent work has focused exclusively on lanthanide-containing 

complexes, leaving the possibility of immobilizing actinide-containing species completely 

unexplored.  
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1.4 Concluding Remarks 

 In recent years, many researchers have devoted significant effort to understanding and 

improving surface immobilization techniques to meet the needs of various disciplines. Much work 

has focused on the development of novel, immobilized catalysts that can perform catalysis at 

enhanced rates while allowing for facile product separation. Other efforts have focused on utilizing 

surface immobilized species as probes for studying the properties of various graphitic surfaces. 

Within the field of noncovalent immobilization, much work has focused on understanding the 

strength and stability of the π-type interactions between a surface and a complex of interest. The 

insights provided by these studies have served as crucial foundations for applications in industrial 

and materials sciences. 

d-block metal complexes have almost exclusively been used in surface immobilization 

studies due to their well-known catalytic properties along with the ability for some d-metals to 

reversibly redox cycle. The information obtained from the study of immobilized d-metal 

complexes has inspired our efforts in expansion of the field into studies of immobilized f-block 

metal complexes. The elements of the f-block have numerous intriguing properties that researchers 

are still seeking to understand, such as molecular magnetism and luminescence. Thus, the many 

applications of the f-block elements in everyday life motivate studies of surface immobilization, 

as the field of f-element chemistry is still in its adolescence.  
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1.5 Thesis 

 This thesis discusses the noncovalent surface immobilization of molecular lanthanide and 

actinide complexes. The first chapter of this thesis has already highlighted the opportunities and 

challenges of using noncovalent surface immobilization, by reviewing prior work that serves as an 

important foundation for examining immobilized species. Many studies discussed in Chapter 1, 

such as the work from the Dichtel,56, 59 Haga,89-90 and Ozawa groups,89-90 have been crucial to the 

understanding, development, and interpretation of the work that will be discussed in Chapters 2 

and 3. 

 The second chapter of this thesis discusses the synthesis and characterization of novel 

tripodal lanthanide complexes for immobilization onto graphitic surfaces. In recent years, much 

work has been done to immobilize lanthanide-containing complexes onto solid supports to enable 

incorporation of these complexes into materials. While there are many examples of lanthanide-

containing species immobilized by covalent attachment methods, noncovalent methods have 

received less attention than it deserves.  This work has been motivated by the observation that 

there are few examples of molecular lanthanide complexes immobilized by noncovalent methods; 

specifically, there are limited reports of lanthanide complexes immobilized on conducting 

substrates, such as graphene. The use of such substrates enables collection of electrochemical data, 

and such studies will form an important component of the work described in Chapter 2. 

 The work in Chapter 3 was motivated by the desire to develop immobilized molecular 

frameworks for the selective extraction of actinides from lanthanides. Discussed in Chapter 3 is 

the synthesis and characterization of two new uranyl ([UO2]
2+) complexes capable of noncovalent 

immobilization on a graphitic surface. To our knowledge, these complexes are the first molecular 

uranium-containing complexes capable of noncovalent surface immobilization. These complexes 
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also have little company within field of surface immobilization, as there are no examples of 

immobilized molecular uranium complexes in the literature. Given this, the work in Chapter 3 

provides the groundwork for new, exploratory chemistry that has possible relevance to nuclear 

waste separation and remediation technologies. Electrochemical work in Chapter 3 examines the 

properties of the immobilized uranyl complex using the well-known U(VI/V) redox couple as a 

probe. The electrochemistry of uranyl complexes has been of considerable interest in the field of 

f-element chemistry for quite some time and potentially hold valuable information for future work 

in U—O bond activation. 

 Chapter 4 of this thesis serves as a summary chapter and discusses selected results and 

insights obtained from Chapters 2 and 3. Additionally, Chapter 4 of this thesis discusses ongoing 

and future work related to the projects presented in Chapters 2 and 3. Specifically, Chapter 4 briefly 

discusses future experiments for the lanthanide and actinide projects in Chapters 2 and 3, as well 

as some preliminary spectroscopic data of a new U(IV) complex. 
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Chapter 2  

Noncovalent Immobilization of Molecular Lanthanide Complexes 
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2.1 Abstract 

 Much work has been done in the field of f-element chemistry to understand and develop 

the unique magnetic, electronic, and catalytic properties of the lanthanides. In recent years, there 

has been significant focus on the development of novel sensor-technologies,1-2 single-molecule 

magnets,3-4 and catalysts for organic transformations5-6 and small molecule activation7 utilizing 

lanthanide complexes. While the field of lanthanide chemistry and its applications is increasing in 

vibrancy and variety, one area that has received less attention than it deserves is that of surface 

immobilization. While there are multiple reports in the literature of surface-immobilized metals 

from the d-block,8-10 there are relatively few for immobilized lanthanide complexes. The ability to 

tightly bind and immobilize lanthanide-containing complexes is especially challenging due to the 

complex coordination chemistry of the lanthanides. Driven by these motivations, this chapter 

discusses the design and synthesis of a novel ligand framework that can bind and encapsulate Ln3+ 

ions and engage in noncovalent surface immobilization on carbon surfaces. Additional work 

examines the impact of ligand structure on the surface stability for a family of immobilized 

lanthanide complexes. 
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2.2 Introduction 

 The first reported organolanthanide complexes were reported in 

1954 by Wilkinson and Birmingham for a series of Cp3Ln complexes (Ln 

= Sc, Y, La, Ce, Pr, Nd, Sm, Gd) (Scheme 2.1).11 In 1956, a follow-up 

report by Wilkinson and Birmingham discussed some of the physical 

properties of these Cp3Ln complexes, such as their magnetic 

susceptibility.12 These initial reports were followed by contributions from 

Fischer et al in the mid-1960s and their work on Cp2Ln complexes (Ln = 

Eu, Yb)13-14 as well as work done by other groups in the early 1970s on Ln sandwich complexes 

using cyclooctatetraenyl dianion (C8H8
2-) ligand systems.15-17 Although these contributions have 

proven crucial to the fundamental understanding of organometallic lanthanide chemistry, their 

importance was not immediately recognized as lanthanides were perceived as mere curiosities that 

possessed no relevant applications. However, over the past two decades, numerous studies of the 

lanthanides have demonstrated that these elements possess many unique properties with potential 

applications in a variety of fields.18-20 In today’s world, smartphones,21 wind turbines,22 medical 

diagnostic agents,23 and car batteries24 are just a few of the places one can find lanthanides.  

Their tendency to adopt stable +3 oxidation states coupled with their large ionic radii makes 

the coordination chemistry of the lanthanides quite different from those of d-transition metals.25-26 

The large size of the trivalent lanthanide ions (103.2 pm for La3+ to 86.1 pm for Lu3+ assuming 6-

coordinate27) requires significantly higher coordination numbers (CN ≥ 7), while their 4f orbitals 

are considered core-like and unable to participate in bonding due to shielding by the 5s and 5p 

orbitals.28 As a result, the interactions between Ln3+ ions and their corresponding ligands are purely 

electrostatic and the coordination geometries of these complexes are exclusively determined by 

Scheme 2.1. Cp3Ln 

complexes first 

synthesized by 

Wilkinson and 

Birmingham in 

reference 11. 
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ligand structure and steric effects.25 Due to the ionic nature of the metal-ligand interaction, Ln3+ 

complexes are considerably more labile than those of d-block metals and can participate in rapid, 

facile ligand exchange.29 To achieve stable, kinetically inert Ln3+ complexes, ligands containing 

more than 6 anionic “hard” donating groups (N or O donor atoms) such as DOTA, EDTA, and 

DTPA have been proven quite successful (Scheme 2.2).25-26, 29-30 The work done to further the 

understanding of lanthanide coordination chemistry has provided an important foundation for all 

fields of f-element chemistry; however, much work is still necessary to improve the stability of 

lanthanide complexes to prevent potential decomposition and metal-leaching.31 

 In addition to their coordination chemistry, lanthanide ions are well known for their 

magnetic and luminescent properties.32-34 The anisotropic magnetic properties of the trivalent 

lanthanides are significant compared with metals of the d-block due to the presence of strong 

orbital contributions to the ground state.3 These features have made lanthanides enticing targets 

within the field of molecular magnetism, with considerable promise in the field of single-molecule 

magnets (SMMs).3-4, 34-35  

The absorption and emission properties of the lanthanides arise from Laporte forbidden      

f-f transitions and have made them attractive for a variety of applications.33, 36 As previously 

Scheme 2.2. Schematic representation of common ligands used to encapsulate Ln3+ ions. 
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mentioned, the 4f orbitals of the lanthanides are considerably shielded from the coordination 

environment by the 5s and 5p orbitals. Because of this shielding, the f-f transitions are relatively 

independent of coordination effects, resulting in emission colors that are unique to each lanthanide 

ion while maintaining long-lived (μs to ms) excited-state lifetimes and narrow, line-like emission 

bands.23, 31-32, 36-37 The unusual spectroscopic properties of the lanthanides have inspired a myriad 

of intense studies of these elements and have led to significant advancement in the fields of 

fluorescence imaging and sensing,2, 31, 38 biological assays,1, 33 and electronic display 

technologies.39 

Given their broad applications in materials, enhancing the capability to incorporate 

lanthanide metals and their complexes onto solid supports has become an increasingly active area 

of research.40-42 However, achieving surface-immobilization of molecular lanthanide species is 

often difficult due to their size and coordination chemistry. For these reasons, this work discusses 

the design, synthesis, and immobilization of molecular lanthanide complexes. Previous work from 

the Blakemore group43 reported the synthesis and characterization of a small family of lanthanide 

complexes, referred to in this work as M(LTO) (Ligand Tripodal Ortho-position) where M = Ce, 

Nd, Sm, Eu (Scheme 2.3). The complexes were synthesized utilizing a pyrene-appended tripodal 

ligand motif that is capable of noncovalent immobilization on a carbon surface, followed by 

characterization by various electrochemical and spectroscopic techniques. Integration of the peak 

data obtained from X-ray photoelectron spectroscopy (XPS) supports that the molecular integrity 

of the M(LTO) complexes is maintained upon surface-immobilization, the details of which will 

be discussed later in this chapter. Experiments utilizing cyclic voltammetry also support successful 
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immobilization of the Ce(LTO) complex due to the presence of a single quasi-reversible 

Ce(IV/III) couple at –0.34 V versus the Fc+/0 couple.  

Despite the ability to successfully immobilize these complexes on a graphitic surface, time-

dependent electrochemical studies of the Ce(LTO) complex showed limited surface stability. 

Cyclic voltammetry measurements showed significant loss of the Ce(LTO) complex from the 

surface over the course of an hour. Given the ortho-positioning of the pyrene moieties combined 

with pyrene’s tendency to engage in π-π stacking interactions with itself, the observed instability 

of the Ce(LTO) complex was hypothesized to arise from aggregation-effects between the pyrene 

appendages of the tripodal ligand scaffold. Aggregation of the pyrene moieties would result in a 

diminished interaction with the graphitic surface, resulting in overall loss of the complex from the 

surface. To further investigate this behavior, an analogous tripodal ligand scaffold was developed 

and synthesized with hopes of disfavoring the aggregation behavior of the pyrene groups. The rest 

of this chapter will discuss the synthesis and characterization of the modified tripodal lanthanide 

complexes, M(LTP) (Ligand Tripodal Para-position) (Scheme 2.3), as well as a more 

quantitative analysis of the surface behavior of the M(LTO) and M(LTP) complexes probed by 

various electrochemical methods. 

 

Scheme 2.3. Representation of pyrene-appended metal complexes discussed in this work. M = Ce, Nd, Sm, Eu, 

LTO = Ligand tripodal ortho position, LTP = Ligand tripodal para position. 
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2.3 Results and Discussion 

 Since their initial discovery in 1864, Schiff base ligands have been a popular means to 

coordinate numerous metals of various oxidation states.44 These Schiff base ligand frameworks 

often feature four coordination sites for the desired metal: two imine groups and two other groups 

(typically phenol groups). As discussed previously, lanthanide ions tend to adopt significantly 

higher coordination numbers due to their large ionic radii. For this reason, tripodal Schiff base 

ligand frameworks have been used in the field of lanthanide chemistry due to their ability to 

successfully encapsulate and stabilize Ln+3 ions by providing numerous (≥7) donor atoms.25, 45 

Previous work from the Blakemore group features a tripodal [N4O3]-trisaryloxide-trisimine 

scaffold decorated with pyrene moieties that are ortho- to the phenoxide oxygen.43 For this work, 

an analogous tripodal framework was designed and synthesized that moved the pyrene ‘arm’ 

groups from the ortho- to the para-position. Compared to other ligand frameworks, these tripodal 

scaffolds are quite modular, in that changing the functionality on each of the tripod’s ‘arm’ 

components is readily accomplished by using the appropriate aldehyde precursor. 

 

2.3.1 Ligand Synthesis 

 The desired pyrene group can be readily synthesized according to adapted literature 

procedures by reacting commercially available pyrene carboxaldehyde with gaseous 

methylamine.46 Produced in situ is an imine compound that is readily reduced with sodium 

borohydride to generate N-methyl-1-(pyren-1-yl)methanamine. The selected benzylic chloride 

was synthesized following literature procedure by reacting salicylaldehyde with paraformaldehyde 

in concentrated hydrochloric acid.47 The resulting pyrene moiety was then installed in the para-
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position by reacting the N-methyl-1-(pyren-1-yl)methanamine with the desired benzylic chloride 

to generate the ‘arm’ component 1 (Scheme 2.4).47-48 Once isolated and characterized by 1H NMR 

(Appendix A, Figure A29), compound 1 can be subsequently dried and installed via a 

condensation reaction with tris(2-aminoethyl)amine (TREN) to generate the desired tripodal 

Schiff-base framework, LTP (Ligand Tripodal Para-substituted) (Scheme 2.5).45  

 The LTP ligand framework was cleanly isolated from the reaction mixture and 

characterized by 1H NMR, as well as X-ray photoelectron spectroscopy (XPS) which will be 

discussed in detail in a later section. The 1H NMR (Appendix A, Figure A30) spectra show one 

set of peaks, indicating that the tripodal ligand exhibits C3v symmetry in solution on the NMR 

timescale. 

 

2.3.2 Synthesis and Characterization of M(LTP) Complexes 

Subsequent metalation of the LTP is achieved via a standard protonolysis by reacting the 

desired f-block M3+ of choice with a stoichiometric amount of LTP. Utilizing M(N(SiMe3)2)3 

compounds, where M = Ce, Nd, Sm, Eu (Scheme 2.6),49 the desired metal of choice can reliably 

be installed into the LTP framework. Isolation of the M(LTP) complexes is readily achieved by 

Scheme 2.4. Synthetic scheme for the synthesis of compound 1. 
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filtration, as the M(LTP) complexes are insoluble in common, polar organic solvents 

(tetrahydrofuran, acetonitrile). This behavior was also observed for the M(LTO) complexes and 

is attributable to the strong intramolecular forces among the pyrene groups. The M(LTP) 

complexes were examined by 1H NMR and exhibit the same C3v behavior in solution as the free 

LTP ligand, resulting in only one set of peaks for the complexes containing no peaks for the free 

ligand that would indicate an incomplete reaction. Due to the paramagnetic, Lewis acidic nature 

of the lanthanide metal centers used in these complexes, the 1H NMR spectra display increased 

broadness of individual peaks and large chemical shifts (See Appendix A for spectra). 

 

 

Scheme 2.5. Synthetic scheme for the synthesis of the complete, tripodal LTP ligand. 

Scheme 2.6. Synthetic scheme for the synthesis of M(LTP) complexes. 
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2.3.3 Surface Immobilization of M(LTP) Complexes 

Numerous types of carbon surfaces have been utilized for surface immobilization studies, 

some of the most prevalent being single- and multi-walled carbon nanotubes.50 In order to 

accommodate large surface loadings, we chose to utilize drop-casted carbon black (Ketjen black) 

on basal-plane highly oriented pyrolytic graphite (HOPG) electrodes due to its high microscopic 

surface area.51-52 Similar to previous work done on the M(LTO) complexes, the M(LTP) 

analogues were immobilized by soaking our Ketjen black electrodes in a 0.5 mM solution of the 

desired metal complex in dichloromethane for 12 hours and then rinsed with neat 

dichloromethane.43 

 

2.4 X-ray Photoelectron Spectroscopy (XPS) 

 After soaking the Ketjen black electrodes in a concentrated solution of the LTP ligand and 

M(LTP) complexes, X-ray photoelectron spectroscopy (XPS) was used to interrogate the nature 

of the immobilized species. Surface analysis by XPS is accomplished by irradiating samples with 

soft, monoenergetic X-rays and analyzing the energy of the detected electrons emitted by the 

photoelectric effect.53 These electrons have a measurable kinetic energy given by Equation 2.1, 

where hυ is the energy of the photon, BE is the binding energy of the atomic orbital from which 

the electron originates, KE is the kinetic energy of the detected electrons, and Φs is the 

spectrometer work function and serves as a correctional factor for comparing data across 

instruments.53  

Equation 2.1  KE = hυ – BE – Φs 
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Common X-ray sources for XPS experiments produce Mg Kα (1253.6 eV) or Al Kα 

(1486.6 eV) X-rays, both of which will be used in this study and discussed in more depth in later 

sections. Utilizing the values from the X-ray sources and the kinetic energy of the emitted 

electrons, the binding energies can be calculated for a sample. Core binding energies are 

determined by a variety of factors, such as the oxidation state, effective nuclear charge, and 

electrostatic shielding of an element. As a result, small variations in a surface or complex 

composition can cause noticeable changes in an XPS spectrum. This ability to observe minute 

differences in a spectrum can provide valuable insights to the composition, purity, empirical 

formula, oxidation state, chemical-state, and thickness of a surface or material.53   

 

2.4.1 Al Kα XPS Data 

The survey spectrum obtained for a blank Ketjen black electrode using Al Kα (1486.6 eV) 

displayed appropriate signals for the carbon (C) 1s orbital centered around 285 eV. Additionally, 

oxygen (O) and fluorine (F) 1s signals were observed at 530 eV and 680 eV, respectively (Figure 

2.1).53 These contributions can be attributed to the 

preparation of the Ketjen black coating and the use 

of reagents such as Triton X and polyvinylidene 

fluoride (see Appendix A for experimental details). 

No other peaks were observed that could be 

attributed to the presence of any metal or nitrogen-

containing organic compounds that could interfere 

with the interpretation of other spectra. Figure 2.1. XP spectrum of a blank Ketjen 

black electrode from the Al Kα source data. 
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When examining an electrode functionalized 

with free LTP ligand, the survey revealed the same 

contributions from the C, O, and F 1s orbitals. An 

additional peak centered at a binding energy of         

400 eV was also observed and is readily assigned to 

a N 1s orbital (Figure 2.2).54 As expected, 

contributions from N 1s orbitals were also observed 

in the spectra for the M(LTP) complexes, centered at 

binding energies of approximately 400 eV. Additionally, the spectra of the M(LTP) complexes 

also displayed the appropriate binding energies for each of the metal’s 3d and 4d orbitals (Figure 

2.3).55-56 Other contributions from the given f-block metals, such as the 4s, 5s, 3p, 4p, 5p, and 4f, 

Figure 2.2. XP spectrum of the immobilized 

LTP ligand from the Al Kα source data. 

Figure 2.3. XP survey spectra for the M(LTP) complexes from the Al Kα data. 
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were also located in the survey spectra for the M(LTP) complexes; however, these peaks were not 

analyzed in this work as the short lifetimes of the associated core-electron excitations results in 

broadened photoelectron signals that masks resolvable, fine structure.57 A complete set of stacked 

spectra for a blank Ketjen black electrode, the free LTP ligand, and each M(LTP) complex is 

depicted in Figure 2.4.  

From the data plotted in Figure 2.4, there is a noticeable increase in the binding energies 

observed for the main M 3d and M 4d signals as one moves across the 4f row from cerium to 

europium. In XPS, higher binding energies indicate that an element is more oxidized while lower 

binding energies are indicative of an element that is more reduced. An illustration of this concept 

Figure 2.4. Stacked Al-source XP survey spectra for a blank electrode and electrodes functionalized with free 

LTP and M(LTP) (M = Ce, Nd, Sm, Eu) complexes. Signals corresponding to the surface bound complexes are 

highlighted in bold. Signals corresponding to carbon (C 1s and C KLL) are marked with (*). 
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would be to compare the observed binding energies of carbon-containing compounds, where the 

carbon 1s signal for a carboxylic acid group is typically observed at 289 eV while the carbon 1s 

signal for an alkane group is observed around 285 eV.58 For the data obtained for the M(LTP) 

complexes, the increasing binding energies for the M 3d and M 4d signals are a result of the 

increasing effective nuclear charge (Zeff) of the lanthanide metal centers. Due to the poor shielding 

provided by the electrons in the 4f subshell, there is an increase in Zeff across the lanthanide series.59 

The increasing Zeff causes the ionic radii of the lanthanide metal to decrease as the electrostatic 

force from the nucleus on the valence electrons increases, causing the coined ‘lanthanide 

contraction’.59-60 Both the increasing Zeff and decreasing ionic radii have an impact on the binding 

energies observed in the XP data for the M(LTP) complexes. For example, the M 3d and M 4d 

signals Ce(LTP) complex are centered at 894.5 eV and 111.5 eV, respectively. Comparatively, 

the M 3d and M 4d signals for the Eu(LTP) complex are centered at much greater binding 

energies: 1149.5 eV and 139.4 eV, respectively. The europium metal center of the Eu(LTP) 

complex has a much greater Zeff and smaller ionic radii compared to the cerium metal center of the 

Ce(LTP) complex, which causes the electrons in the Eu(LTP) complex to be held more tightly 

than those in the Ce(LTP) complex.  

Data obtained from XPS can be used to determine the stoichiometry of an immobilized 

complex. First, the data obtained for the N 1s region of the LTP ligand and the M(LTP) complexes 

were fit according to the expected stoichiometry.61 The N 1s peak was fit with three contributions 

that were constrained to a ratio of 3:3:1 for the 3 imine nitrogen species (red), the 3 tertiary amines 

(blue), and the 1 axial nitrogen species (green) as depicted in Scheme 2.7. The slight variations in 

the environment experienced by the nitrogen group can give rise to minute changes in the binding 

energies of the N 1s orbital.53 Upon examination of the N 1s regions of the M(LTP) complexes, 
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there are small changes in the binding energies that 

appear to trend with the Lewis acidic nature of the 

lanthanide metals used (Figure 2.5). As a result, the 

lanthanide metal center is capable of withdrawing 

electron density from the interacting nitrogen 

atoms, resulting in a subtle increase in the binding 

energies for the imine (red) and axial (green) 

nitrogen groups.53, 56 After fitting the N 1s data, the positions of each of the contributions were 

tabulated and are shown in Table 2.1. The binding energies for the blue N 1s contributions across 

the complexes do not appreciably shift, suggesting that these contributions come from nitrogen 

atoms that are not directly ligated to the metal center. The values for the red and green N 1s fits, 

Scheme 2.7. A color-coded representation of the 

N 1s signals in the XPS spectrum. Blue: tertiary 

nitrogen, Red: imine nitrogen, Green: axial 

nitrogen. 

Figure 2.5. Al Kα-source XP spectra for the N 1s region for electrodes functionalized with M(LTP) complexes. 

Legend: gray dots: data; dashed black lines: fitting background; blue, red and green lines: fitting curves for three 

distinct nitrogen environments (constrained to 3:3:1 area ratio); purple line: fitting curve that corresponds to the 

presence of a protonated nitrogen species; continuous black line: overall fit. 
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however, do experience large shifts greater than ± 0.2 eV,53, 55, 62 suggesting that these 

contributions come from nitrogen atoms that are capable of interacting with the metal center. Given 

these observations, the assignments of these contributions can be made, where the blue N 1s fits 

are the tertiary amines near the pyrene groups, the red N 1s fits are attributed to the imine nitrogen 

atoms, and the green N 1s contributions are from the axial nitrogen. These assignments agree 

qualitatively with those previously made for the N 1s region of the M(LTO) complexes. 

 Within the N 1s region, an additional contribution is observed at significantly higher 

binding energies and is indicated by a violet fit line. These contributions center around 402.5 eV 

for both the free LTP and each M(LTP) complex and are much higher in binding energy than 

what is expected for any nitrogen species within the LTP framework. However, reported values 

for protonated amines, such as ammonium salts, are often cited at binding energies around 402 to 

403 eV.54, 63 Given this information, the contribution at higher binding energies has been fit and is 

assigned to the presence of a protonated amine species. The presence of a protonated species may 

be in part because the M(LTP) complexes are water and oxygen sensitive. Before the 

functionalized electrodes are loaded into the XPS instrument, they are first attached to a base—

this step must be done in ambient air. The process of loading the electrodes into the instrument can 

Table 2.1. Tabulated values for the fittings of the N 1s data. 
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take up to five minutes, enough time for the complex to partially decompose. The presence of a 

protonated amine species is not detected in the 1H NMR of the M(LTP) complexes and no peaks 

corresponding to the free ligand were present that would support decomposition in solution (See 

Appendix A for spectra). This evidence supports that partial decomposition occurs only when the 

complex of interest is immobilized on the Ketjen black electrode and is most likely due to the 

partial exposure to ambient conditions (e.g. air, water) when loaded into the instrument for analysis 

by XPS. 

Upon ionization in an XPS experiment, p, d, and 

f orbitals become split as a result of spin-orbital 

coupling.58 When an electron is emitted from an initially 

fully occupied shell with a nonzero orbital momentum (l 

= 1, 2, 3), there remains an unpaired electron spin (s = ± 

1

2
 ) that couples parallel or anti-parallel to the angular 

momentum ( j = ǀ l + s ǀ ) of the orbital (Table 2.2).53 As 

a result, peaks for p, d, and f orbitals are split into 

doublets with fixed area ratios (1:2 for p, 2:3 for d, and 

3:4 for f levels), and the difference in energy between the peaks can assist in element 

identification.55, 64 Looking at the fitting for the 3d and 4d regions of the M(LTP) complexes, there 

are two observable, distinct peaks for each complex that are related to the 3d3/2, 3d5/2, 4d3/2, and 

4d5/2 (Figure 2.6 and Figure 2.7). In addition to the expected peaks for the nd3/2 (red) and nd5/2 

(blue), additional features (green) are also observed. These peaks can be attributed to shake-up and 

Subshell j Values Degeneracy 

s 1

2
 

- 

p 1

2
 , 

3

2
 2, 4 = 1, 2 

d 3

2
 , 

5

2
 4, 6 = 2, 3 

f 5

2
 , 

7

2
 6, 8 = 3, 4 

Table 2.2. Tabulated mathematical 

representation for spin-orbital splitting 

adapted from reference 47. 
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shake-down features that are often observed for lanthanide-containing species.62, 64-67 The presence 

of shake-up and shake-down features in lanthanide-containing samples has been attributed to a 

variety of causes, such as paramagnetism, charge-transfer events, and the tendency for electrons 

in lanthanide complexes to relax into various degenerate final states.68-71  

As mentioned previously, XPS data can be used to calculate the elemental composition of 

a sample and calculate stoichiometric ratios.53 These tabulated ratios can be used to determine 

whether the structural integrity of the M(LTP) complexes is maintained upon immobilization. To 

determine these ratios, the areas for the N 1s region and M 3d regions were integrated and 

normalized utilizing Scofield relative sensitivity factors.72 Relative sensitivity factors are well-

established in the literature and must be used for these calculations since XPS has varying 

Figure 2.6. Al-source XP spectra for the respective M 3d regions for M(LTP) complexes. Legend: gray dots: 

data; dashed black lines: fitting background; blue lines: M 3d5/2 peak fit; red lines: M 3d3/2 peak fit (constrained 

to 2/3 area with respect to M 3d5/2); green lines: shake-up and shake-down peaks fit; continuous black line: 

overall fit. 
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sensitivities for different elements.58 The calculated M:N ratio that would be expected from this 

analysis would be 1:7 since there is 1 metal center present per 7 nitrogen atoms in the M(LTP) 

framework. The calculated ratios for the M:N ratios are tabulated in Table 2.3 and show an 

approximate relationship of 1:7. This analysis of the XPS data confirms that the structural integrity 

of the M(LTP) complexes is maintained upon immobilization. 

 

 

 

 

 

Figure 2.7. Al-source XP spectra for the respective M 4d regions for M(LTP) complexes. Legend: gray dots: 

data; dashed black lines: fitting background; blue lines: M 4d5/2 peak fit; red lines: M 4d3/2 peak fit (constrained 

to 2/3 area with respect to M 4d5/2); green lines: shake-up and shake-down peaks fit; continuous black line: 

overall fit. 
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Table 2.3. Tabulated values for the shift in peaks for the M 3d and M 4d regions of the M(LTP) complexes 

from Al-source XP data. M:N ratio was calculated utilizing the integration of the total area of the M 3d regions, 

N 1s regions, and normalizing them with the Scoffield relative sensitivity factors. The expected ratio is a 1:7 

relationship based on the stoichiometry of the complex. 
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2.4.2 Mg Kα XPS Data 

Within the Al Kα data, noticeable 

contributions to the M 3d and 4d regions, 

depicted with green fit lines in Figure 2.6 and 

Figure 2.7, can be assigned to Auger 

processes. For example, the M 3d5/2 of the 

Nd(LTP) region has a contribution centered at 

979 eV that can be readily assigned to the O 

KLL Auger process. Since Auger lines have 

kinetic energies that are independent of the ionizing radiation, their resulting binding energies can 

be shifted by switching X-ray sources. For this, a Mg Kα (1253.6 eV) source was used to obtained 

additional XPS data to attempt to shift the binding energies of Auger processes (see Appendix A 

for experimental details). A survey spectrum utilizing the Mg Kα source for a Ketjen black 

electrode functionalized with LTP is shown in Figure 2.8. Of important note is that the 

backgrounds for Mg Kα source spectra are noticeably higher than those of Al Kα source spectra. 

The features observed in the backgrounds are intrinsic to the source type and are not to be confused 

with an instrumental error or sample contamination. In addition to higher backgrounds, using the 

Mg Kα source often results in an increase in the number of X-ray satellite features present in the 

resulting spectra. These features are attributed to the non-monochromatic nature of the Mg Kα 

source, resulting in excitation of electrons in the sample with multiple photon energies coming 

from the Bremsstrahlung radiation (in other words, non-monochromatic X-ray).53, 64  

Figure 2.8. Survey spectrum of a Kejen black 

electrode functionalized with free LTP ligand 

utilizing Mg Kα (1253.6 eV) source XPS. 
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The primary photoelectron emission peaks of 

the Mg Kα source spectra are nearly identical to those 

observed in the Al Kα source spectra. The spectra of 

the M 3d region of the Ce(LTP) complex was 

essentially unchanged and peaks assignable to the 

presence both a Ce(III) and Ce(IV) complex were still 

observed in the Mg-source data (Figure 2.9). The 

features of the Sm(LTP) complex for the Mg Kα 

source M  3d region were again very similar to the 

features seen in the Al Kα source spectra; however, it 

was observed that the peak corresponding to the M 

3d5/2 in the Mg Kα source spectra did not have an 

additional shake-up feature at 1115 eV like in the Al 

Kα source spectra (Figure 2.10). This suggests that 

the shake-up feature at 1115 eV is not intrinsic to a 

simple photoelectron emission process of Sm. Further 

differences in the Sm(LTP) Mg Kα source spectra can 

be seen in the M 4d region (Figure 2.11). In the Al 

Kα source data, there is a feature present in the M 4d 

region centered around 154 eV and 134 eV; however, 

those features are absent in the Mg Kα source data, 

suggesting shifted Auger signals. This behavior was 

also observed in the case of the Eu(LTP) complex M 

Figure 2.9. Spectrum of the M 3d region of 

the immobilized Ce(LTP) complex utilizing 

the Mg Kα source. Legend: gray dots: data; 

dashed black lines: fitting background; dark 

blue lines: Ce(IV) M 3d5/2 peak fit;  dark red 

lines: Ce(IV) M 3d3/2 peak fit (constrained to 

2/3 area with respect to M 3d5/2); light blue 

lines: Ce(III) M 3d5/2 peak fit; light red lines: 

Ce(III) M 3d3/2 peak fit; continuous black 

line: overall fit. 

 

 

Figure 2.10. Spectrum of the M 3d region of 

the immobilized Sm(LTP) complex utilizing 

the Mg Kα source. Legend: gray dots: data; 

dashed black lines: fitting background; blue 

lines: M 3d5/2 peak fit; red lines: M 3d3/2 peak 

fit (constrained to 2/3 area with respect to M 

3d5/2); green lines: shake-up and shake-down 

peaks fit; continuous black line: overall fit. 
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4d region (Figure 2.12). In the Al-source data, 

additional peaks in the M 4d regions were necessary to 

achieve proper fitting of the M 4d region. In a similar 

fashion, the features centered around 143 eV and 136 eV 

are absent in the M 4d region of the Mg-source data, 

indicating that these additional features were due to 

Auger processes that could be shifted by adjusting the 

source ionization energy. Unfortunately, the higher 

background energy of the achromatic Mg X-ray source 

obscures most of the interpretation related to the M 3d 

regions of the Nd(LTP) and the Eu(LTP) and so the 

data could not be reliably evaluated (Appendix A, 

Figures A14 and A15). 

 

 

 

 

 

 

 

 

Figure 2.12. Spectrum of the M 4d region of the 

immobilized Eu(LTP) complex utilizing the 

Mg Kα source. Legend: gray dots: data; dashed 

black lines: fitting background; blue lines: M 

4d5/2 peak fit; red lines: M 4d3/2 peak fit 

(constrained to 2/3 area with respect to M 3d5/2); 

continuous black line: overall fit. 

 

 

Figure 2.11. Spectrum of the M 4d region of 

the immobilized Sm(LTP) complex utilizing 

the Mg Kα source. Legend: gray dots: data; 

dashed black lines: fitting background; blue 

lines: M 4d5/2 peak fit; red lines: M 3d3/2 peak 

fit (constrained to 2/3 area with respect to M 

3d5/2); continuous black line: overall fit. 
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2.5 Cyclic Voltammetry 

 Cyclic voltammetry (CV) studies were 

used to probe the electrochemical properties of 

the Ce(LTP) complex on the surface. The cerium 

complex was selected for this study due to the 

clean, reversible nature of Ce(IV/III) couples that 

is well-documented in the literature.73-74 Previous 

work on the analogous Ce(LTO) complex 

showed the presence of a quasi-reversible 

Ce(IV/III) couple at –0.34 V versus Fc+/0. Since 

the structure and coordination chemistry of the 

Ce(LTP) and Ce(LTO) complexes are nearly 

isomeric, the expectation was that the Ce(LTP) complex would exhibit a Ce(IV/III) couple at a 

similar potential. Voltammograms of the electrodes functionalized with Ce(LTP) displayed a 

single quasi-reversible redox event at –0.19 V versus Fc+/0 which can be readily assigned to the 

Ce(IV/III) couple (Figure 2.13). The resulting 150 mV difference in the Ce(IV/III) redox 

potentials for the Ce(LTP) and Ce(LTO) can be attributed to the sensitivity of the Ce(IV/III) 

redox event to substitution effects on the aromatic rings.73 The ligand framework of the Ce(LTO) 

complex is decorated with methyl-substituents on the aromatic rings while the supporting 

Ce(LTP) framework contains no substituents on the aromatic rings. Methyl substituents are well-

known to possess electron donating properties in aromatic systems;75-76 therefore, removing the 

methyl groups from the aromatic rings results in a cerium metal center that is less electron-rich, 

causing the Ce(IV/III) couple of Ce(LTP) to shift to a more oxidizing potential.   

Figure 2.13. Cyclic voltammogram of the Ce(LTP) 

complex on a functionalized Ketjen black electrode 

overlaid with a blank Ketjen black electrode. 

Electrochemical experiments were carried out at 

100 mV/s in 0.1 M TBAPF6 in CH3CN. The 

working electrode was the functionalized Ketjen 

black electrode, platinum was used as the counter 

electrode, and a silver electrode was used as a 

reference electrode. 
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 Further analysis of the electrochemical properties of the Ce(LTP) complex sought to 

confirm that the electrochemical profile matched with the characteristics for a molecule confined 

to a surface. One electrochemical feature that is indicative of an immobilized species is an anodic 

and cathodic peak separation (∆Ep) of 0 V at all scan rates;50, 76-78 however, the resulting cyclic 

voltammetry of the Ce(LTP) deviates from this ideal behavior (Figure 2.14). The values for ∆Ep 

for the Ce(LTP) complex see quite large peak-to-peak separations, even at slow scan rates (200 

mV at 25 mV/s), and gradually increase with increasing scan rate. These deviations from ideality 

have been noted for several immobilized complexes79-86 and have been attributed to a multitude of 

factors,  such as electrostatic interactions between proximal electroactive species and slow 

interfacial electron transfer between the electrode surface and the immobilized species. For this 

work, slow electron transfer between the Ce(LTP) and electrode surface has been determined as 

the predominant cause for the large ∆Ep values and will be discussed later in this chapter when the 

electrochemical profile of the Ce(LTP) and Ce(LTO) complexes are analyzed using Laviron’s 

method. 

Figure 2.14. Cyclic voltammetry data of the Ce(LTP) complex displaying changes in the value for ∆Ep as a 

function of scan rate. The left panel utilizes the cyclic voltammogram for Ce(LTP) to depict how the value for 

∆Ep is obtained. The right panel is the plotted data of the change in ∆Ep as a function of increasing scan rate. All 

electrochemical measurements were performed in 0.1 M TBAPF6 in CH3CN. The functionalized Ketjen black 

electrode was utilized as the working electrode with a Pt counter electrode and a Ag+/0 reference electrode. 
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 Cyclic voltammetry studies at variable scan rates can also be used to probe the reversibility 

and the surface confinement of the Ce(LTP) complex. For a homogeneous system, cyclic 

voltammetry shows a linear relationship between peak current and the square root of scan rate, as 

demonstrated by the Randles-Sevcik equation, Equation 2.1 (where ip is the peak current, n is the 

number of electrons, F is Faraday’s constant, A is the area of the electrode surface, C is the 

concentration of the compound in solution, v is the scan rate, D is the diffusion coefficient, and R 

and T are the ideal gas constant and temperature at which the experiment was performed).76 In a 

system where the complex has been attached to the electrode surface, diffusional considerations 

are negated and Equation 2.2 can be derived from the original Randles-Sevcik equation given 

these parameters (where ip is the peak current, n is the number of electrons, F is Faraday’s constant, 

Γ is the surface concentration, A is the area of the electrode, v is the scan rate, and R and T are the 

ideal gas constant and temperature at which the experiment was run).76, 87 These differences stem 

from the fact that in homogenous systems a complex must diffuse to the electrode surface, limiting 

the total current passed during an electrochemical sweep. 

Equation 2.1  ip = 0.4463nFAC(
nFvD

RT
)

1

2
 

Equation 2.2  ip = 
n2F2ΓAv

4RT
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While there is significant current generated that 

can be assigned to the Ce(IV/III) couple, there is 

also a relatively large background current from the 

Ketjen black electrode coating. Due to the high 

surface area of the Ketjen black electrode material, 

the capacitance of each electrode is relatively 

large, corresponding to a current density of ≥1 

mA/cm2 at 100 mV/s. This excess capacitance is 

problematic for accurate electrochemical analysis 

since current related to capacitance also varies linearly with scan rate; therefore, proper 

background subtraction is necessary to obtain reliable values for peak current densities (Figure 

2.15). Once background subtracted, the peak current for the anodic and cathodic scans of the 

Ce(IV/III) couple could be obtained from the voltammetry measurements and are plotted in Figure 

2.16. In agreement with the theoretical model for a species immobilized on an electrode surface, 

the cyclic voltammetry studies at variable scan rates reveal a linear relationship between the peak 

Figure 2.15. A depiction of how the values for the 

anodic and cathodic peak current densities, jp, were 

determined for all scan rates. 

 

Figure 2.16. Voltammograms showing scan rate dependence of the Ce(LTP) complex on a functionalized 

Ketjen black electrode (left). The corresponding plot of peak current densities for the anodic and cathodic scans 

versus scan rate is plotted on the right. The line of best fit has been fit through zero for both the anodic and 

cathodic branches in agreement with theory. Electrochemical experiments were carried out in 0.1 M TBAPF6 in 

CH3CN. The working electrode was Ketjen black, a platinum wire was used as the counter electrode, and a 

silver electrode was used as the reference electrode. 
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current and scan rate for the Ce(LTP) complex. 

Additional analysis of the cyclic voltammetry 

can also provide information on the 

reversibility of the Ce(IV/III) redox process. 

Integration of the current for the anodic and 

cathodic peaks was done using Equation 2.3, 

where Q is the total charge, n is the number of 

electrons, F is Faraday’s constant, A is the area 

of the electrode, and Γ is the surface 

concentration, in order to validate the 

stoichiometry of the redox event. Since the 

Ce(IV/III) couple is a 1 electron process, the expected ratio of the integrated anodic and cathodic 

peaks is 1:1. Figure 2.17 demonstrates the ratio of the integrated anodic and cathodic peaks as a 

function of varying scan rate. The data obtained indicate a 1:1 ratio between the anodic and 

cathodic peak areas at all scan rates, suggesting that the Ce(IV/III) redox process is not affected 

by any follow-up chemical reactions after oxidation or reduction. 

Equation 2.3 Q = nFAΓ 

From the collective data obtained from electrochemical experiments, we concluded that 

Ce(LTP) was successfully immobilized. The scan rate dependence studies indicated the successful 

immobilization of the Ce(LTP) complex while the integration of the anodic and cathodic peak 

currents revealed a 1:1 ratio free of follow-up chemical reactions. With the complete 

electrochemical profile of the Ce(LTP) complex determined, the surface and electrochemical 

properties of the Ce(LTP) and Ce(LTO) complexes could be examined and compared. 

Figure 2.17. Plot of the calculated ratios of the anodic 

and cathodic peak areas as a function of scan rate. The 

expected ratio for the 1 electron process that occurs in 

the Ce(LTP) complex is 1:1, indicated by the 

horizontal dotted line. 
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2.5.1 Stability Studies Utilizing Cyclic Voltammetry 

 Previous studies of the Ce(LTO) complex revealed that the current from the Ce(IV/III) 

redox process significantly diminished over the course of an electrochemical experiment; however, 

quantification of this process was never pursued. To explain this surface behavior, it was 

hypothesized that the pyrene groups of the LTO framework preferred to interact with one another 

rather than participating in non-covalent interactions with the surface. The LTP framework was 

designed as an attempt to avoid the suspected aggregation of pyrene groups, resulting in increased 

surface stability. To compare the surface stability of the Ce(LTP) and Ce(LTO) complexes, cyclic 

voltammetry was used. By taking voltammograms at given time intervals, one can easily integrate 

the current from the voltammetry to calculate surface concentration as a function of time. This 

method has been widely used in the literature due to the straightforward nature of the 

measurements and the data work-up. Coated electrodes were functionalized with either Ce(LTP) 

or Ce(LTO) and fixed into a special set-up for immobilized electrochemistry (Scheme 2.9). A 

solution of the electrolyte was then added to the electrochemical cell and measurements were taken 

at designated time intervals. By obtaining the total charge (Q) by integrating the voltammograms, 

the surface coverage could be calculated using the previously mentioned Equation 2.3. The 

fractional coverage plots for the Ce(LTO) 

and Ce(LTP) complexes are shown in 

Figure 2.18, where Γ0 is the initial surface 

coverage and Γt is the coverage determined at 

time t. Within the first hour, the Ce(IV/III) 

signal of the Ce(LTO) complex 

significantly diminishes to 30% of its 

Scheme 2.9. Diagram of the immobilized set-up used for 

electrochemical experiments. The diagram in the left 

panel is credited to Dr. Davide Lionetti. 
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original surface coverage. Surprisingly, the 

Ce(LTP) complex retains 60% of its initial 

surface coverage after the first hour. Over the 

course of the experiment, the Ce(IV/III) signal 

for the Ce(LTO) complex was completely lost 

after three hours, indicating all of the 

Ce(LTO) had been lost from the surface. 

However, the data obtained for the Ce(LTP) 

complex plateaus at 20% the original surface 

concentration after the four hour mark, 

suggesting that an equilibrium surface 

concentration is being established. Many recent studies have examined the relationship between 

the number of pyrene groups and the resulting surface stability,80, 88 but this is the first example of 

a study that examines the influence of pyrene placement on surface stability for analogous 

complexes. 

 

2.5.2 Laviron Analysis and Rates of Electron Transfer 

 Given the observed differences in surface stability, follow up electrochemical work utilized 

the Laviron formulism to probe for potential differences in the intrinsic electronic properties of the 

Ce(LTO) and Ce(LTP) complexes.89 The Laviron method is well established in the literature and 

has been used to examine the properties of redox-active metal complexes, catalytic systems, and 

different types of surfaces.79-83, 88 To extract values for kET, this method utilizes the Butler-Volmer 

kinetics approach and only requires overpotentials (η) for analysis. By examining the separation 

Figure 2.18. Fractional coverage plots for the Ce(LTP) 

(red) and Ce(LTO) (grey) complexes. Electrochemical 

experiments were run in triplicate to determine error 

bars. Each electrode was submerged in 2 mL of 0.1 M 

TBAPF6 in CH3CN. The scan rate for all measurements 

was 100 mV/s. 
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of the cathodic and anodic peak potentials (∆Ep) at varying scan rates, the kET value for the redox 

process can be determined using the following equations: 

Equation 2.3  Ep,c = E°'– 
2.3RT

αnF
log

αnFʋ

RTkET
 

Equation 2.4  Ep,a = E°'– 
2.3RT

(1-α)nF
log

(1-α)nFʋ

RTkET
 

where Ep,a is the anodic peak potential, Ep,c is the cathodic peak potential, E°’ is the formal 

Ce(IV/III) potential of the complex of interest, α is the electron-transfer coefficient, ʋ is the critical 

scan rate, R is the ideal gas constant, T is temperature, F is Faraday’s constant, and n is the number 

of electrons transferred. By plotting the Ep–E°’ values of the anodic and cathodic branches against 

the log of scan rate (Figure 2.19), the critical scan rates, ʋa, and ʋc can be determined by solving 

Figure 2.19. Laviron analysis plots for the Ce(LTO) (left) and Ce(LTP) (right) complexes. Electrochemical 

experiments were run in triplicate to determine error bars. All electrochemical experiments were run in 0.1 M 

TBAPF6 in CH3CN. 
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for the x-intercepts of the linear portion of the plots where η > 100 mV. The resulting symmetry 

of the anodic and cathodic branches in Figure 2.19 and the similarities in their determined slopes 

is indicative of an electron-transfer coefficient value of approximately 0.5 (α ≈ 0.5), as expected 

from theory.76 

On the basis of the data shown in Figure 2.19, the average kET values for the Ce(LTO) and 

Ce(LTP) complexes was determined to be 1.3 ± 0.4 s-1 and 2.2 ± 0.8 s-1 respectively. These kET
 

values are lower than those previously reported for some transition metal tripodal complexes,82 

but are on the same order of magnitude as other reported immobilized metal complexes.79 These 

results could be attributed to the high surface area and capacitance of the Ketjen black coating that 

makes interfacial electron transfer between the surface and complex slow.81, 89 In spite of this, the 

kET values of the complexes are within error of one another and indicate that the interactions 

between the Ketjen black surface and the Ce(LTO) and Ce(LTP) complexes are similar. This 

result was anticipated since the Ce(LTO) and Ce(LTP) complexes are structurally similar and it 

was expected that they would interact in a similar fashion with the electrode surface. 

 

2.6 Conclusion 

This Chapter reports the complete synthesis and characterization of a new set of tripodal 

lanthanide complexes that are capable of noncovalent immobilization on carbon electrode 

surfaces. NMR studies reveal only one set of peaks for these tripodal M(LTP) complexes, 

indicative of C3v symmetry in solution on the NMR timescale. This behavior is also observed in 

the NMR spectra for the previously reported M(LTO) complexes. After immobilization of the 

M(LTP) complexes, full characterization by XPS analysis supports the retention of molecular 

fidelity on the surface. In agreement with the stoichiometry of the M(LTP) complexes, integration 
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and normalization of the observed metal 3d and nitrogen 1s regions indicated a 1:7 ratio. The 

complete electrochemical characterization of the Ce(LTP) complex has also been provided in this 

Chapter, where the Ce(IV/III) couple is observed at –0.34 V versus the Fc+/0 couple. Scan rate 

dependence studies show a direct linear relationship between the peak current densities and the 

scan rate, in agreement with the relationship expected for a surface-immobilized redox couple. 

Electrochemical analysis of the Ce(LTP) and Ce(LTO) complexes shows significant 

differences in their surface stabilities. Within the first hour, only 30% of the Ce(LTO) complex 

remains on the electrode surface, while the Ce(LTP) complex retains 60% of its original surface 

loading. Further electrochemical work utilizing the Laviron formalism determined that the kET 

values for the Ce(LTP) and Ce(LTO) complexes were 2.2 ± 0.8 s-1 and 1.3 ± 0.4 s-1, respectively. 

The similarity of the kET values indicates that both complexes interact with the carbon electrode 

surface in a similar fashion. The results discussed in this Chapter support that properties relevant 

to surface immobilization, such as stability and electron transfer, can be influenced by ligand 

design. 
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3.1 Abstract 

 The extensive use of fossil fuels has contributed significantly to the onset of rapid 

anthropogenic climate change.1 To reduce the rate of global climate change, scientists across 

disciplines are working to develop alternative energy strategies that do not require emission of 

greenhouse gasses like carbon dioxide (CO2). While significant advancements have been made in 

the field of renewable energy, many technologies rely on intermittent sources such as solar and 

wind energy and are currently unable to meet energy demands.2-3 One energy strategy that has 

existed since the mid-20th century and can meet ever-increasing energy needs without significant 

greenhouse gas emission is nuclear energy.  

Despite nuclear energy’s ability to generate large amounts of energy from small quantities 

of fuel, its implementation has been hobbled by pervasively negative public opinions. Specifically, 

the long-term storage of highly radioactive wastes from nuclear power plants has been of 

significant concern. To reduce the volume of radioactive waste generated during the nuclear fuel 

cycle, much of the work in f-element science is focused on developing methods to selectively and 

efficiently extract highly radioactive components from aqueous solutions. Additional work focuses 

on methods to capture and separate uranium from waste streams, as significant quantities of fissile 

235U remain in fuel components at the end of their useful lifetime. Thus, recycling or reprocessing 

of uranium from waste back into the nuclear fuel cycle is possible; however, improved chemistry 

for the handling of this difficult element is needed. This chapter focuses on the synthesis and 

electrochemical profiles of surface immobilized uranyl [(UO2)
2+] complexes. The work presented 

in this chapter serves as the first example, to the best of our knowledge, of utilizing Schiff base 

ligand frameworks for immobilization of (UO2)
2+ on electroactive substrates. Eventually, such 
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structures could serve in systems for selective extraction of uranyl ions from solutions also 

containing trivalent lanthanide ions and other actinides.  

 

3.2 Introduction 

 As of 2017, roughly 80% of the energy produced in the United States came from non-

renewable, carbon-based sources such as coal, oil, and gas (Figure 3.1).3 Although the use of 

carbon-based materials (e.g., wood) as fuels predates recorded history, these fossil energy sources 

are finite and could become scarce resources in the foreseeable future.4-5 Given that the population 

of the United States currently exceeds 325 million people and is expected to surpass 400 million 

by the year 2050,6 the challenge to meet the increasing demands for energy will only become more 

economically pressing. Additionally, the use of fossil fuels also carries significant environmental 

implications. The combustion of coal and other hydrocarbon-based fuel sources produces various 

air-pollutants such as nitrogen oxides and sulfur dioxides.7 However, one of the greatest concerns 

with burning fossil fuels is the emission of greenhouse gases like carbon dioxide (CO2) due to the 

implications arising from the 

conclusion that these emissions are the 

leading cause of anthropogenic climate 

change.1, 8-11 Increases in the emissions 

of these gases have been observed since 

the Industrial Revolution12-13 and the 

rising levels of atmospheric CO2 have 

been monitored by the Mauna Loa 

Observatory in Hawaii since 1958 

Figure 3.1. Tabulated contributions from various energy 

sources. Source: U.S. Energy Information Administration, 

Monthly Energy Reviews, Table 1.3 and 10.1, April 2018. 
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(Figure 3.2).11-13 Given the impending depletion and rising environmental concerns surrounding 

fossil fuel usage, academic, government, and industrial fields have turned to exploring alternative 

energy strategies. 

 Nuclear energy represents one of the possible strategies that has the potential to support 

the world’s growing energy needs while also remaining carbon neutral.14-15 While coal and other 

hydrocarbon-based fuels generate energy via combustion, nuclear energy is generated by the 

fission of heavy actinide elements, predominantly uranium and plutonium.16 The foundations of 

nuclear energy were first developed in the 1940s during the Second World War when fission 

processes were being studied for applications in nuclear weapons but were later commercialized 

in the 1950s for power generation. In a typical reactor, a U-235 or Pu-239 atom absorbs a neutron 

and then undergoes nuclear fission to split into two or more lighter nuclei, emitting gamma 

radiation, free neutrons, and kinetic energy.16 From here, there are different ways in which a reactor 

can generate energy: 1) gamma rays produced during fission can be absorbed by the reactor and 

converted to heat energy or 2) the kinetic energy of the fission products can be converted into 

Figure 3.2. A plot of the average atmospheric CO2 concentrations over time from 1958 to present from the 

Mauna Loa Observatory in Hawaii from reference 13. Credit: Scripps Institute of Oceanography. 
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thermal energy when the nuclei collide with surrounding atoms. The heat energy from nuclear 

fission can then be harnessed to convert water to steam and power mechanical turbines to produce 

electricity.16-17 In comparison with other materials for energy generation, such as noble metals like 

ruthenium, rhodium, iridium, and rhenium, nuclear fuel sources such as uranium are much more 

earth-abundant, approximately 1.8 ppm in the Earth’s crust.18 Additionally, fissile uranium is also 

energy dense, where one kilogram can be converted to 7.2 x 1013 J of energy while, on average, 

one kilogram of coal produces 2.4 x 107 J of energy. Despite the significantly enhanced capability 

to produce energy without evolving large quantities of greenhouse gases like CO2, nuclear power 

only accounts for 11% of the world’s energy production due to serious political, economic, 

environmental, and public health-related concerns.19-23 

 Currently, there are 454 active nuclear power plants worldwide and there have been 99 

documented nuclear power plant accidents of varying severity since 1952.22 However, catastrophic 

incidents such as the Chernobyl, Three Mile Island, and Fukushima disasters are the forefront 

examples in most people’s minds when the subject of nuclear power is discussed.23 Despite the 

rarity of such events, public opinion of nuclear energy is often negative due to concerns related to 

the potentially devastating amounts of radioactive materials that can be released if a nuclear reactor 

were to catastrophically fail.15 Another controversial topic related to nuclear energy is the long-

term storage of radioactive waste.24-26 Radioactive waste is generated at nearly every step of the 

nuclear fuel cycle and is classified into three categories: 1) low-level waste (LLW), 2) 

intermediate-level waste (ILW), and 3) high-level waste (HLW).24-25, 27 LLW makes up roughly 

90% of the total volume of radioactive waste produced during the nuclear fuel cycle, but accounts 

for only 1% of the radioactivity and requires no shielding during handling or transport. ILW 

requires some shielding due to higher levels of radioactivity while also producing nominal amounts 
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of heat (< 2 kW/m3), but makes up only 7% of the total volume and 4% of the total radioactivity 

found in radioactive waste. Finally, HLW makes up just 3% of the total volume of radioactive 

waste but accounts for 95% of the total radioactivity. HLW is predominatly made up of the used 

fuel from the reactor core that contains both fission products and transuranic elements. HLW also 

experiences elevated temperatures (> 2 kW/m3) due to high levels of radioactive decay and is often 

stored underwater in ‘storage ponds’ with significant shielding.25  

Due to the long lifetimes of the radioactive components in HLW, long-term storage of these 

wastes is necessary (40-100 years) in order to provide ample time for the components to decay 

prior their final disposal. Currently, the only means to store HLW is through storage ponds or by 

burying the HLW in deep geological repositories such the Department of Energy’s (DOE) Waste 

Isolation Pilot Plant (WIPP) in New Mexico.27 The development and use of such repositories have 

spurred countless debates and criticisms from public and political officials due to both 

environmental and public health concerns. For instance, the Yucca Mountain nuclear waste 

repository in Nevada was intended to be a major storage facility for both spent nuclear fuel and 

other highly radioactive wastes in the United States.25 However, construction of the Yucca 

Mountain repository was halted due to opposition from local communities around where the 

repository was being developed.28 Representatives from the communities articulated concerns 

about the amount of potential radiation exposure to those living near the facility would incur as 

well as related issues regarding groundwater contamination as a result of potential leaks that could 

occur during the repository’s tenure. These and similar arguments are pervasive in the discussions 

related to the large-scale commercialization of nuclear energy in the United States.29 

In order to navigate the issues related to waste storage, government agencies like the DOE 

have turned to developing methods that would greatly reduce the amount of HLW generated from 
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nuclear plants. Reprocessing spent nuclear fuel has become an attractive option for reducing the 

amount of long-lived radioactive isotopes while reclaiming the unconsumed uranium and 

plutonium components of the original fuel. Currently, the PUREX (Plutonium Uranium Redox 

Extraction) process is the predominant method for reprocessing spent nuclear fuel,30-31 and is based 

on liquid-liquid extraction and ion exchange reactions that utilizes tributyl phosphate to extract 

leftover uranium and plutonium materials. While this method has proven effective in reclaiming 

unspent nuclear fuel, it is a complex and laborious process that does not alleviate many of the 

concerns related to reducing the generation of HLW. In the U.S., the use of the PUREX process 

has not been used since the end of the Cold War Era after the decommissioning of the Hanford 

Site in Washington; however, countries such as France and Russia both utilize procedures adapted 

from PUREX to reprocess their spent nuclear fuel. 

To develop and improve separation strategies, agencies like the DOE and National Science 

Foundation (NSF) have turned to funding f-element research to further understand the similarities 

and differences between 4f and 5f elements. ‘Heavy element chemistry’ (HEC) has emerged as an 

active and diverse area of research due to the unique molecular and electronic properties that f 

elements possess, giving rise to bonding properties that are vastly different from related d-block 

transition metal complexes. From theoretical, experimental, and spectroscopic studies, it is 

understood that the valence 3d-, 4d-, and 5d-orbitals extend well into the periphery of the atom 

and can interact with valence ligand orbitals to form covalent chemical bonds.32 In contrast, the 4f 

orbitals of lanthanide species behave core-like, resulting in a limited overlap with valence ligand 

orbitals.33-36 Consequently, the metal-ligand bonding in lanthanide complexes is predominantly 

electrostatic, as discussed in the introduction section of Chapter 2. Curiously, the bonding behavior 

of the actinides lies in-between the behaviors seen in the transition metals and the lanthanides, 
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prompting much debate over the ability for these elements to utilize the near-degenerate 5f-, 6d-, 

or both sets of orbitals in chemical bond formation.37-40 For these reasons, work in both academic 

and government laboratories has focused on resolving the ‘f electron challenge’ to better 

understand actinide-ligand bonding in hopes of developing new ligand frameworks to selectively 

and efficiently sequester actinides.41-43 

 Given the capability to immobilize lanthanide complexes on carbon surfaces demonstrated 

in Chapter 2, there was an interest in applying this approach for actinide complexes. Specifically, 

immobilizing U(VI) ions, commonly referred to as [UO2]
2+ or the uranyl cation, was of 

considerable interest since this is among the most common uranium components in radioactive 

waste. In prior work, several methods have been explored for removal of U(VI) ions from aqueous 

solution, such as membrane filtration,44 ion exchange,45-48 adsorption,49 and metal-organic 

frameworks (MOFs).50-52 To the best of our knowledge, the surface immobilization of a well-

defined molecular uranyl species has not yet been reported, opening a path towards new knowledge 

and opportunities. Given that uranyl complexes are redox active and possess a quasi-reversible 

U(IV/V) couple, an immobilized uranyl species can be probed by electrochemical methods to gain 

information about its properties following surface immobilization. 

 

3.3 Results and Discussion 

Due to their ability to stabilize a variety of oxidation states and their modular steric and 

electronic properties, Schiff base ligand frameworks have been used heavily in transition metal, 

lanthanide, and actinide coordination chemistry.53-55 The ligand framework used to immobilize the 

uranyl ([UO2]
2+) complex was inspired by the Schiff base framework used in Chapter 2 to 



76 
 

immobilize the lanthanide complexes. For work with [UO2]
2+, κ4-Schiff base ligands have been 

proven to be effective ligands for stabilizing the dication,55-58 in addition to some exploratory work 

with low-valent U(IV) and Th(IV) species.59-61 For this work, two homogeneous literature uranyl 

complexes were first synthesized and characterized by spectroscopic and electrochemical 

techniques to develop an understanding of the U(VI/V) redox process in organic solvents such as 

acetonitrile (MeCN) and dimethylformamide (DMF). Once work on the homogenous model was 

complete, analogous pyrene-appended uranyl complexes were synthesized and characterized by 

spectroscopic techniques, followed by immobilization and further analysis utilizing 

electrochemical methods.  

 

3.4 Synthesis and Electrochemistry of [UO2]
2+ Salen Complexes 

 While literature pertaining to the synthesis and characterization (1H NMR, 13C NMR, IR, 

and X-ray diffraction (XRD)) of Schiff base uranyl complexes is vast,53, 62-68 electrochemical 

exploration of these complexes is often scarce. To begin developing an understanding of the 

electrochemical behavior of Schiff base uranyl complexes, the synthesis of the complex 1-U 

(Scheme 3.1) was pursued in order to examine its electrochemistry. The ligand precursor 1-L is a 

common transition metal ligand due to its ease of synthesis.53-55, 69-70 Scheme 3.1 illustrates the 

synthetic procedure used to obtain the 1-L ligand as well as the 1-U complex.62 The 1H NMR 

Scheme 3.1. Synthetic scheme to obtain the homogeneous [UO2]2+ salen complex 1-U. Synthesis adapted from 

previous literature procedures in reference 62. 
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spectrum of the free ligand in a solution of CDCl3 matches with that reported in the literature 

(Appendix B, Figure B1).62, 66 The isolated 1-L was then metallated with a stoichiometric amount 

of uranyl acetate hexahydrate (UO2(OAc)2 ● 6H2O), which resulted in the formation of the red 

precipitate, 1-U.62, 66-67 The 1H NMR spectrum of the 1-U (Appendix B, Figure B2) shows the 

absence of the –OH proton resonance at 13.1 ppm from the free ligand, indicating that 

deprotonation has occurred. Additionally, there is a large shift downfield for the proton 

corresponding to the imine functionality from 8.4 ppm in the free ligand to 9.5 ppm in the 1-U 

complex. Finally, the peaks at 8.0, 2.8, and 2.4 ppm correspond to a DMF-coordinated uranyl 

species. This behavior is common in Schiff base uranyl complexes, where the uranium center 

prefers to coordinate five ligands in its equatorial plane, often taking up a solvent molecule given 

the κ4 nature of most Schiff base frameworks.54, 58, 61-62, 71 

The predominant methods to characterized uranyl complexes have been by NMR, IR, and 

crystallography;62 however, very little work has been done in terms of electrochemical 

characterization. Electrochemical work on the 1-U complex has been done previously by the 

Shorkaei group, where they synthesized various solvent adducts of the 1-U complex and compared 

their spectroscopic and electrochemical profiles.67 However, reporting key components of the 

electrochemical experiment, such as choice of electrolyte and electrode materials, was 

overlooked.67 Later work by the Mazzanti group also looked at the electrochemistry of the 1-U 

complex briefly before subsequent reduction by cobaltocene to investigate the behavior of the 

resulting U(V) species, but did all of their electrochemical work in a pyridine-based electrolyte 

(E(U(VI/V)) = –1.51 V versus Fc+/0).65 

 Cyclic voltammetry studies of the 1-U complex were performed in a solution of 0.1 M 

tetrabutylammonium hexafluorophosphate in dimethylformamide. Guided by previous work from 
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Mazzanti and co-workers,61, 72 the E1/2 for 

the quasi-reversible U(IV/V) redox event 

was expected around –1.50 V versus the 

Fc+/0 couple. In this work, the E1/2 of the 

U(VI/V) couple for the 1-U complex was 

determined to be –1.68 V versus the Fc+/0 

couple (Figure 3.3). Additionally, after 

reduction of the U(IV) complex to generate 

a U(V) species, a smaller current was 

observed in the anodic wave corresponding 

to the re-oxidation of the U(V) species to U(VI). This behavior is indicative of a chemical reaction 

occurring after the reduction of the U(IV) complex to the U(V) species; however, scan rate 

dependence studies utilizing the Randles-Sevcik equation displayed a linear relationship between 

the peak current densities and the square root of scan rate (Figure 3.4). This relationship supports 

that the homogeneous system is diffusional, but exemplifies EC behavior upon reduction (EC = 

Figure 3.3. Cyclic voltammetry of the 1-U complex in 

0.1 M TBAPF6 in DMF. Working: HOPG, Counter: Pt, 

Pseudo-reference: Pt, Scan rate: 100 mV/s. All values 

referenced to the standard Fc+/0 couple shown centered at 

0 V. 

Figure 3.4. Scan rate dependence studies of the 1-U complex in 0.1 M TBAPF6 in DMF. Working electrode: 

HOPG, Counter: Pt, Pseudo-reference: Pt. Values for the peak current densities were background subtracted and 

plotted with the intercept fixed to 0 V in accordance with theory. 
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the oxidation/reduction of a complex by a 

single electron followed by a chemical 

reaction). Figure 3.5 depicts the results from 

a single electrochemical experiment on the 1-

U complex with a total of 4 cyclic 

voltammetry sweeps at variable potential 

ranges. This experiment was used to inspect 

the U(VI/V) redox behavior more closely. 

Scan 1 of Figure 3.5 (red) begins at –1.3 V 

versus Fc+/0, scans cathodically until the 

switching potential of –2.2 V versus Fc+/0 is 

reached, and then scans anodically to –1.3 V versus Fc+/0 to begin Scan 2 (orange). Scan 2 covers 

the same potential range as Scan 1, scanning cathodically with a switching potential of –2.2 V 

versus Fc+/0 and ending at –1.3 V versus Fc+/0 before beginning the third scan (yellow). In Scan 3, 

the applied potential becomes more positive until the first switching potential of –0.4 V versus 

Fc+/0 is reached. Scan 3 then sweeps cathodically until reaching the second switching potential of 

–2.2 V versus Fc+/0, followed by a final anodic scan to –1.3 V versus Fc+/0.  

The data presented in Figure 3.5 demonstrate an interesting observation that was made 

during the electrochemical experiment regarding the anodic (jpa) and cathodic (jpc) peak current 

densities of the 1-U complex. Following reduction of U(VI) to U(V) in Scan 1, there is significantly 

less anodic current generated upon re-oxidation of U(V) to U(VI) at the end of Scan 1. By 

integrating the current generated for the anodic (Qa) and cathodic (Qc) processes in Scan 1, there 

was a 61% reduction in the amount of current generated during the anodic sweep following 

Figure 3.5. Cyclic voltammetry sweeps of the 1-U 

complex at various potential windows. Electrochemical 

work was done in 0.1 M TBAPF6 in DMF at 100 mV/s 

for all scans with an HOPG working electrode and 

platinum wires used as the counter and pseudo-reference 

electrodes. 
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reduction. In Scan 2, the jpc was observably attenuated compared to the jpc of Scan 1; however, the 

jpa values for Scan 1 and Scan 2 were similar. These data suggest that there is a follow-up chemical 

reaction after the reduction of the U(VI) to U(V) that limits the amount of U(V) available for re-

oxidation during the anodic sweep. This hypothesis is supported by the behavior observed in Scan 

3 of Figure 3.5, where scanning to more oxidizing potentials results in the presence of new anodic 

features that contribute to a greater amount of current density that is not observed unless the 

potential goes through the U(VI/V) redox couple (as seen in the dotted line in Figure 3.5). The 

electrochemistry presented in Figure 3.5 for the 1-U complex thus suggests the presence of follow-

up chemical reactions that occur following the electrochemical reduction of the U(VI) complex. 

The undefined follow-up reactions generate redox-active uranium species that require more 

oxidizing potentials to presumably regenerate the starting U(VI) species. 

Behavior similar to that of the 1-U complex has been observed previously by Ikeda and co-

workers, where they examined the electrochemical behavior of a uranyl salophen complex 

(Scheme 3.2) using spectroelectrochemistry.73 The complex studied by 

Ikeda and co-workers utilized phenylenediamine as the backbone of the 

ligand, but maintained a similar electrochemical profile to the 1-U 

complex (Figure 3.6). Utilizing both electrochemical and spectroscopic 

techniques, Ikeda and co-workers proposed Scheme 3.3 as a plausible 

mechanism for the observed behavior of their uranyl salophen 

complex. Reduction of the U(VI) species generates of U(V) species, as 

expected; however, the solvent ligand L can subsequently be lost after 

the reduction event. As a result of the solvent’s ability to reversibly 

coordinate with the reduced U(V) species, the uranium metal centers 

Scheme 3.2. A depiction 

of the uranyl salophen 

complex studied by 

spectroelectrochemistry 

by Ikeda and co-workers 

in reference 73. The 

solvent, S, was DMF or 

DMSO. 
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of the U(V) and U(V)-L have slightly different 

oxidation potentials (Scheme 3.3). These differences in 

oxidation potentials are what gives rise to the additional 

current observed positive of the formal U(VI/V) redox 

potential. Given the similar electrochemical profile, we 

currently assign that the 1-U complex also follows the 

model proposed by Ikeda and co-workers. Further 

spectroscopic and electrochemical work could be used 

to confirm this hypothesis. 

 Intrigued by the electrochemical behavior of the 

1-U complex and its relative ease of synthesis, the 

design of a similar ligand framework that would allow 

for surface immobilization was pursued. Inspired by the 

work and ligand framework used in Chapter 2, a similar 

procedure was used to generate a κ4 Schiff base ligand 

framework that could bind the uranyl dication while 

also being capable of immobilization on a 

carbonaceous surface. Scheme 3.4 depicts the 

synthetic approach used to generate a pyrene-

appended uranyl salen complex. Synthesis of 

compound A was previously discussed in Chapter 2 

and served as the ‘arm’ component of the tripodal 

ligand scaffold used to immobilize the lanthanide ions.  

Figure 3.6. Scan rate dependent studies 

done by Ikeda and co-workers on the uranyl 

salophen complex from reference 73. 

Electrochemical experiments were run in 

0.1 M TBAPF6 in DMF utilizing Pt wires 

for the working and counter electrodes and a 

Ag+/0 pseudo-reference electrode. All 

potential values were references to the Fc+/0 

couple. Reprinted with permission from 

Mizuoka, K.; Kim, S.-Y.; Hasegawa, M.; 

Hoshi, T.; Uchiyama, G.; Ikeda, Y., Inorg. 

Chem. 2003, 42, 1031-1038. Copyright 

2003 American Chemical Society 

Scheme 3.3. A representation of the 

proposed electrochemical behavior of Ikeda 

and co-worker’s uranyl salophen complex 

from reference 73.  
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In order to generate the desired κ4 Schiff base cavity, 2 equivalents of compound A were reacted 

with 1 equivalent of ethylenediamine to generate the pyrene-appended 2-L ligand. Like the 

tripodal LTP ligand discussed in Chapter 2, the 2-L ligand is isolated as a yellow foam in relatively 

good yields (ca. 87%). NMR spectroscopy was utilized in order to characterize the 2-L free ligand 

prior to metalation with uranyl acetate. In Appendix B, Figure B5 shows the 1H NMR spectrum 

of the 2-L ligand and matches with what would be expected based on the work from the tripodal 

complexes and has been integrated to confirm the expected stoichiometry of the ligand. 

Additionally, like the C3v symmetry displayed by the LTP and LTO ligands from Chapter 2, the 

2-L free ligand displays only one set of peaks, indicating that the molecule is C2v symmetric in 

solution on the NMR timescale. 

 Once the 2-L free ligand was obtained, metalation with uranyl acetate hexahydrate was 

carried out. The 2-L ligand was much less soluble in methanol than the 1-L ligand, which can be 

attributed to the presence of the pyrene moieties. To ensure the complete solubility of the 2-L 

ligand and the uranyl acetate hexahydrate, the metalation reaction was run in a mixture of methanol 

Scheme 3.4. Synthetic scheme for the synthesis of the pyrene-appended free ligand 2-L and the pyrene-

appended uranyl salen complex, 2-U. 
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and dichloromethane. After stirring overnight, a deep orange precipitate was isolated via filtration 

and rinsed with chilled methanol to give 2-U in good yields (ca. 80%). The 1H NMR spectrum of 

the 2-U complex is shown in Appendix B, Figure B7 and was recorded for the solution in d6-

DMSO. Like the 1H NMR spectrum of the 1-U complex, the 1H NMR spectrum of the 2-U complex 

confirms the complete and clean metalation of the 2-L ligand. In the 2-U spectrum, the broad peak 

corresponding to the phenolic proton (13.17 ppm in the 2-L spectrum) is absent and the peak for 

the imine proton is shifted significantly downfield: 8.25 ppm in 2-L to 9.5 ppm in 2-U. As is 

evident by the peak intensities in the 1H NMR, obtaining a reasonable concentration of the 2-U 

complex in solution for characterization by NMR spectroscopy is incredibly difficult as the 

complex is only sparingly soluble in both organic and aqueous solvents. This behavior is quite 

different from the literature 1-U complex as well as the M(LTP) complexes, where both could be 

solubilized in solvents such as dimethylformamide, dichloromethane, and dimethylsulfoxide quite 

readily (see Chapter 2). The solubility of the 2-U complex is surprisingly similar to the reported 

behavior of the M(LTO) complexes,74 where the complexes were also sparingly soluble in organic 

solvents. Given this, the solubility profile of the 2-U complex might be explained as a result of the 

increased ability for the pyrene moieties to interact with one another due to increased proximity; 

however, future work and further studies related to pyrene aggregation effects are necessary to 

confirm this notion. 

 Following the synthesis and characterization of the 2-U complex, surface immobilization 

onto a carbon electrode was pursued. Similar to previous work,74-76 the drop-casted Ketjen black 

HOPG electrodes were utilized for the surface immobilization of the 2-U complex. Due to 

solubility issues, smaller concentrations of 2-U were used (0.25 mM solutions) in order to ensure 

that the compound was totally dissolved to give a homogeneous solution. Additionally, a 50:50 
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mixture of DMF:DCM was used as the solvent 

to encourage the 2-U complex to retain a 

coordinated DMF molecule. Thus, the 

electrodes prepared with Ketjen black were 

submerged in the 2-U solution overnight and 

subsequently rinsed with neat DCM to 

remove any loosely bound complex. 

Afterward, the electrode was placed in the 

custom-designed immobilized set-up from Chapter 2 (Scheme 3.5) for electrochemical studies. 

 In contrast with the single quasi-reversible U(VI/V) redox couple that had been observed 

in the homogeneous 1-U complex, cyclic voltammetry of the 2-U complex displayed two redox 

processes (Figure 3.7). The redox processes for the immobilized 2-U complex are separated by 

more than 250 mV at –1.74 V and –2.00 V versus the Fc+/0 couple. These values are significantly 

shifted toward greater reducing potentials, by comparison with the homogeneous 1-U parent 

complex’s U(VI/V) potential of –1.68 V versus Fc+/0. These results differ from what has been 

previously observed for the Ce(LTP) and Ce(LTO) complexes, where immobilization lead to a 

shift in the E(Ce(IV/III))  to more oxidizing potentials than their homogeneous analogs. A 

plausible explanation for this behavior was that the tripodal ligand framework, when immobilized, 

Scheme 3.5. Immobilized set-up for electrochemical 

work for all immobilized uranyl complexes. The 

diagram on the left is adapted from Scheme 2.8 in 

Chapter 2 that is credited to Dr. Davide Lionetti. 
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disrupted the coordination sphere around the metal Ln3+ ion and pulled the hard, anionic donating 

ligands further from the metal center. As a result, the metal center became less electron-rich in that 

case and therefore easier to reduce.  However, the electrochemical behavior of the 2-U complex 

suggests that, upon immobilization, the U(VI) metal center becomes more difficult to reduce, and 

therefore more electron rich. This is likely a consequence of surface immobilization. 

 Although there are many questions surrounding the electrochemical properties of the 2-U 

complex, further investigation of the surface immobilized complex was not carried out. There were 

significant issues with solubilizing the 2-U complex in order to functionalize the Ketjen black 

electrodes, and there were additional issues with the surface stability and surface concentration of 

the 2-U complex. Across multiple electrochemical experiments, the surface concentrations of the 

2-U were incredibly varied and most of the complex was lost from the surface within minutes, 

Figure 3.7. Cyclic voltammetry of the immobilized 2-U complex in 0.1 M TBAPF6 in DMF. The functionalized 

Ketjen black electrode served as the working electrode while 2 Pt wires were used as the counter and reference 

electrodes. The scan rate was 100 mV/s and all values were referenced externally to the Fc+/0 couple. 
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making any attempts at quantitative analysis nearly impossible. Despite these drawbacks, the 

ability to immobilize a molecular uranyl species by noncovalent methods was achieved for the 

first time. 

 

3.5 Synthesis and Electrochemistry of Pentadentate [UO2]
2+ Schiff base Complexes 

 Although extensive quantification of the properties of the immobilized 2-U complex was 

unsuccessful, the ability to achieve immobilization of a large [UO2]
2+-containing compound was 

nonetheless encouraging. Given that the 1-U and analogous complexes studied by Ikeda and co-

workers displayed a dependence on the coordination of a solvent molecule,73, 77-78 a plausible cause 

of the problematic electrochemistry related to the coordination chemistry of the 2-U complex and 

the tendency of the compound to eject the loosely bound solvent ligand upon reduction of U(VI) 

to U(V). While further electrochemical analysis of the immobilized 2-U complex was not pursued, 

there was an interest in pursuing the synthesis of pentadentate ligands that would satiate the 

coordination needs of the uranyl metal center and alleviate the involvement of solvent coordination 

to the uranium center. From the literature, N1-(2-aminoethyl)ethane-1,2-diamine 

(diethylenetriamine for short) was determined to be the most readily accessible and inexpensive 

amine for generating a κ5 Schiff base ligand framework. Scheme 3.6 depicts the synthetic approach 

used by Ikeda and co-workers to generate the pentadentate ligand 3-L and the metallated complex 

3-U.79-80 Synthesis of the free ligand 3-L and the metallated 3-U complex was performed according 

to previously published procedures.79 Characterization by 1H NMR spectroscopy matched with 
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previously reported values (Appendix B, Figure B3 for 3-L, and Figure B4 for 3-U). Original 

electrochemical work on the 3-U complex was performed using 0.1 M tetrabutylammonium 

perchlorate (TBAP) in DMSO and showed a reversible U(VI/V) couple at      ̶ 1.59 V versus Fc+/0.79 

 Given the need to compare data for the 3-U 

complex with that of the 1-U and 2-U complexes, 

electrochemical analysis of the 3-U complex was 

carried out in 0.1 M TBAPF6 in DMF (Figure 3.8). 

In agreement with the value expected from the 

literature, the U(VI/V) redox process is observed at –

1.68 V versus the Fc+/0 couple. Interestingly, the 

midpoint potential determined for the 3-U complex is 

the same as the potential value for the 1-U complex 

that was discussed previously (refer to Figure 3.3). 

However, it is not unreasonable that the 1-U and 3-U 

complexes have the same U(VI/V) redox potential 

given their similar coordination chemistry and their 

Scheme 3.6. A depiction of the route to synthesize the pentadentate Schiff base ligand 3-L and complex 3-U. 

Scheme adapted from the approach from reference 79. 

Figure 3.8. Cyclic voltammetry of the 3-U 

complex in 0.1 M TBAPF6 in DMF at a scan 

rate of 100 mV s–1. The working electrode for 

all experiments was HOPG and Pt wires 

served as the reference and counter electrodes. 

All values were referenced to the external Fc+/0 

couple which is depicted in the red-labeled 

scan centered at 0 mV. The dotted line 

represents the current generated in the absence 

of the 3-U complex and the scan in the blue 

was after adding the 3-U complex to the 

solution. 
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near-identical molecular geometries.81 One feature of the electrochemical profile of the 3-U 

complex that is quite different from that of the 1-U is the enhanced electrochemical reversibility 

of the U(VI/V) redox process. The peak current densities of the 1-U complex showed a linear 

relationship with the square root of scan rate, in agreement with the Randles-Sevcik equation and 

indicated quasi-reversible, diffusional processes (Figure 3.9). However, there was also an 

observable current positive of the U(VI/V) 

couple for the 1-U complex that was attributed 

to the presence of multiple species of reduced 

1-U complex by Ikeda and co-workers. For the 

3-U complex, additional oxidative features are 

not present and the anodic and cathodic 

currents appear to be proportional to one 

another (Figure 3.10). Scan rate dependence 

Figure 3.9. Cyclic voltammetry studies at varying scan rates for the 3-U complex in 0.1 M TBAPF6 in DMF. 

The working electrode used was HOPG and Pt wires were used as the counter and reference electrodes. All 

values were referenced to the Fc+/0 couple. Peak current densities were background subtracted for both the 

cathodic and anodic processes and the line of best fit was constrained to a 0 intercept in accordance with theory. 

Figure 3.10. Plot of the calculated ratios of the anodic 

and cathodic peak areas as a function of scan rate. The 

expected ratio for the 1 electron U(VI/V) process that 

occurs in the 3-U complex is 1:1, indicated by the 

horizontal dotted line. 
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studies of the 3-U complex also displayed a linear relationship between the peak current densities 

of the anodic and cathodic scans and the square root of scan rate, supporting diffusional and quasi-

reversible nature of the U(VI/V) redox couple.  

 To further understand the surface properties of an immobilized U(VI/V) redox couple, the 

synthesis of a pyrene-appended, pentadentate ligand was pursued (Scheme 3.7). Fortunately, as 

with previous work, compound A could be used as a precursor to generate the pyrene-appended 4-

L ligand framework. Compound 4-L can be isolated in good yields (ca. 70%) as a yellow foam, 

much like the other frameworks discussed in this thesis. By 1H- and 13C NMR spectroscopy, 

Scheme 3.7. Synthetic procedure to obtain compound 4-L and complex 4-U. 



90 
 

compound 4-L was fully characterized and shows only a single set of peaks, indicating that 

compound 4-L displays C2v symmetry in solution on the NMR timescale (Appendix B, Figure 

B8, and Figure B9). Subsequent metalation of 4-L with uranyl acetate hexahydrate results in the 

formation of a yellow-orange precipitate that corresponds to complex 4-U. Similar to the 2-U 

complex, the solubility of the 4-U complex in organic solvents was relatively poor, making 

isolation simple but characterization more difficult. The 1H NMR spectrum of the 4-U complex 

was collected in CD2Cl2 and is shown in Appendix B, Figure B10. Within the aliphatic region of 

the 1H NMR spectrum, there are five peaks corresponding to the 4-U complex. The singlet centered 

around 2.26 ppm and integrating to 6.44 can be readily assigned to the protons present on the 

tertiary amine within the ‘arm’ component of the ligand framework in agreement with the previous 

chemical shifts documented for the M(LTP) and 2-U complexes (Figure 3.11, purple). Between 

3 and 5 ppm, there are four peaks present with integrations of 2, 3, 6, and 6 corresponding to the 

protons on the diethylenetriamine backbone and the protons on the connecting carbons of the arm 

component (labeled in blue, green, and red in Figure 3.11). These assignments are based on the 

Figure 3.11. Enhanced 1H NMR spectrum of the 4-U complex’s aliphatic region with color-coded preliminary 

assignments. 
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previous assignments made for the M(LTP), M(LTO), and 2-U complexes in addition to the 

detailed crystallographic and NMR work done by Ikeda and co-workers on the homogeneous 3-U 

complex.74, 79 Currently, the assignments made in Figure 3.11 are preliminary and would require 

further analysis, such as 1H-1H correlated spectroscopy (COSY) or 1H-13C heteronuclear single 

quantum coherence spectroscopy (HSQC), to confirm. 

Once the 4-U complex had been isolated and characterized by NMR, surface 

immobilization of the complex was pursued. Similar to the issues incurred with the 2-U complex, 

the 4-U complex was challenging to solubilize in organic solvents so lower concentrations were 

used to soak electrodes (0.20 mM of complex in DCM). After the electrodes were allowed to soak 

in the solution overnight, they were immediately placed in the immobilized electrochemical setup. 

A cyclic voltammogram of the 4-U complex is shown in Figure 3.12. Cyclic voltammetry studies 

showed a quasi-reversible redox event centered at –1.59 V versus the Fc+/0 couple that could be 

readily assigned to the U(VI/V) couple. Unlike the immobilized 2-U complex, only one quasi-

reversible redox event was observed, and the midpoint 

potential was shifted to approximately 100 mV positive 

(at more oxidizing potentials) of the homogeneous 3-U 

complex. Additionally, the voltammetry of the 4-U 

complex displays a qualitatively larger surface coverage 

than the 2-U complex, as well as greater surface stability 

that can be readily quantized. 

Scan rate dependence studies were run on the 

immobilized 4-U complex in order to probe the 

relationship between the peak current density and the 

Figure 3.12. Cyclic voltammogram of the 

4-U complex in 0.1 M TBAPF6 in MeCN. 

A functionalized Ketjen black electrode 

served as the working electrode with 2 Pt 

wires for the counter and reference 

electrodes. All values were referenced to 

the Fc+/0 couple. The scan rate was 100 

mV/s. 
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scan rate. As one might recall from Chapter 2, the 

current generated from an immobilized redox 

couple should display a linear relationship with the 

scan rate in accordance with the equation, ip= 

n2F2ΓAv

4RT
.81 Figure 3.13 shows the voltammetry from 

the scan rate dependence studies for the 4-U 

complex, where the peak current density of the 

U(VI/V) redox event is linear with the scan rate. 

This result demonstrates that the U(VI/V) couple 

has been successfully immobilized on a surface. 

Despite this relationship, the difference between 

the anodic (Epa) and cathodic (Epc) peak potentials 

(∆Ep) for the 4-U complex is much greater than 0 

mV (ca. 400 mV). Large values for the ∆Ep were 

also observed for the Ce(LTP) and Ce(LTO) 

complexes and are most likely due to slow interfacial electron transfer between the electrode 

surface and the redox-active metal center. Additionally, the integrated charge of the anodic and 

cathodic peak currents at various scan rates demonstrates the expected 1:1 ratio for a one-electron 

redox process (Figure 3.14). Thus the 4-U complex displays an electrochemically quasi-reversible 

reduction that appears to be chemically reversible. 

Figure 3.13. Scan rate dependence of the 4-U 

complex in 0.1 M TBAPF6 in MeCN. A 

functionalized Ketjen black electrode served as 

the working electrode with 2 Pt wires for the 

counter and reference electrodes. All values were 

referenced to the Fc+/0 couple and lines of the 

intercept for the line of best fit was constrained to 

0 in accordance with theory. 
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Given the complete electrochemical 

profile of the 4-U complex, further analysis 

of the surface stability and electron transfer 

properties was pursued. Unlike the 

immobilized 2-U complex, the 4-U 

complex displayed greater surface stability 

that could be monitored with cyclic 

voltammetry over time. Given the data 

obtained for the Ce(LTP) and Ce(LTO) 

complexes, there was significant interest in 

comparing the surface and electron transfer 

properties across all of the complexes. In 

order to achieve this, the 4-U complex was 

examined with time-dependent cyclic 

voltammetry to monitor the desorption of the 

4-U complex from the surface. Additionally, 

the electron transfer properties of the U(VI/V) 

couple were interrogated utilizing the Laviron 

analysis method.82 

Figure 3.15 shows the results of the 

time-dependent cyclic voltammetry studies for 

the 4-U complex. For these experiments, cyclic 

voltammograms were taken at designated time 

Figure 3.15. Time-dependent cyclic voltammetry 

study of the 4-U complex showing gradual desorption 

of the complex from the surface over time. 

Experiments were run in triplicate and the average 

fractional coverage with corresponding error bars 

were plotted. A functionalized Ketjen black electrode 

served as the working electrode while 2 Pt wires were 

used as the counter and reference electrodes. 

Experiments were run in 2 mL of 0.1 M TBAPF6 in 

MeCN at a scan rate of 100 mV/s for each scan. 

Figure 3.14. Plot of the calculated ratios of the anodic 

and cathodic peak areas as a function of scan rate. The 

expected ratio for a one-electron process that occurs in 

the 4-U complex is 1:1, indicated by the horizontal dotted 

line. 
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intervals and the charge, Q, of the current 

generated from the U(VI/V) couple was integrated 

to calculate the surface coverage, Γ, using the 

equation Q = nFAΓ, where n represents the 

number of electrons, F is Faraday’s constant, and 

A is the area of the electrode.81, 83-86 Compared 

with the fractional coverage plots of the Ce(LTP) 

and Ce(LTO) complexes (Figure 3.16), the 4-U 

complex maintains significantly greater surface 

coverage over long time periods. Approximately 

40% of the 4-U complex’s original coverage is 

maintained after three hours while the Ce(LTP) 

and Ce(LTO) complexes maintain only 20% and 5% of their original surface coverages, 

respectively. Additionally, the 4-U complex appears to reach an equilibrium fractional coverage 

of approximately 40% after the first hour. This result is anomalous with what would be expected 

based on what has originally been reported in the literature,85-86 where increasing the number of 

pyrene groups increased the surface stability of an immobilized complex. A possible explanation 

for this behavior could be due to the ability for the pyrene groups to interact with one another. In 

previous work examining the Ce(LTO) and Ce(LTP) complexes, there was evidence to suggest 

that the placement of the pyrene groups was influencing the overall surface stability of the 

complexes upon immobilization. Despite providing three pyrene groups, the tripodal ligand 

framework developed for the Ce(LTO) and Ce(LTP) complexes places these pyrene groups in 

such a way where they have the opportunity to interact with one another instead of a graphitic 

Figure 3.16. Comparison of the fractional coverage 

of the 4-U, Ce(LTP), and Ce(LTO) complexes 

determined from time-dependent cyclic 

voltammetry experiments. All experiments were 

performed in triplicate to determine error bars and 

the average fractional coverage values of the three 

measurements are plotted. Experiments were 

performed in 2 mL of 0.1 M TBAPF6 in MeCN. 
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surface, causing an overall loss of complex from the surface to the solution. In contrast, the bipodal 

framework of the 4-U complex might allow for adequate separation of the pyrene groups from one 

another, resulting in a stronger interaction with a given surface. This is our working hypothesis for 

the observed differences in the surface stability between the tripodal and bipodal frameworks.  

In future work, one technique that could serve as a useful tool to study pyrene aggregation 

behavior is fluorescence spectroscopy. The pyrene moiety has been employed as a molecular 

spectroscopic reporter to study a variety of biological and organic molecules.87-92 When 

monomeric, the pyrene group displays an ensemble of fluorescence emission peaks from 375 to 

405 nm. However, when two pyrene groups become spatially proximal with one another, they 

form an excited dimer (excimer) species that displays a red-shifted emission at 460 nm in the 

fluorescence emission spectrum.93-95 Utilizing fluorescence spectroscopy, the degree of pyrene 

aggregation in the M(LTP), M(LTO), and 4-U complexes could potentially be determined by 

quantifying the degree of excimer formation in the emission spectra. Future work utilizing this 

technique would be used to examine the potential relationship between excimer formation and the 

observed surface stability. 

 Given the enhanced surface stability exhibited by the 4-U complex in comparison with the 

previously discussed Ce(LTP) and Ce(LTO) complexes, there was interest in probing the electron 

transfer properties of the 4-U complex. To achieve this, Laviron analysis was utilized where the 

anodic and cathodic peak potentials (Epa and Epc) were examined as a function of scan rate.82 As 

discussed in Chapter 2, Laviron analysis is a Butler-Volmer approach that utilizes overpotential 

(η) values to extract information related to the rate of electron transfer (kET) between the electrode 

surface and a redox-active complex.82-83, 85-86 Figure 3.17 was obtained for the 4-U complex and 

displays the relationship between the peak anodic and cathodic potentials with increasing scan 
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rate. Similar to the profile observed for the Ce(LTP) and Ce(LTO) complexes, there is a large 

increase in the peak-to-peak potential separation (∆Ep >> 100 mV) with increasing scan rate. 

Utilizing Equation 3.1 and Equation 3.2 to analyze each experimental data set (three trials in 

total), the average kET value for the 4-U complex was determined to be 7.2 ± 0.5 s-1 (assuming α = 

0.5). 

Equation 3.1  Epc=E°'– 
2.3RT

αnF
log

αnFʋ

RTkET
 

Equation 3.2  Epa=E°'– 
2.3RT

(1-α)nF
log

(1-α)nFʋ

RTkET
 

Compared to the kET values obtained for the Ce(LTP) and Ce(LTO) complexes, 2.2 ± 0.8 s-1 and 

1.3 ± 0.4 s-1, respectively, the 4-U complex has a substantially larger kET value. These results 

suggest there are significant differences in the degree of interaction between the metal complexes 

and the electrode surface. Previous work from Dichtel and co-workers83 observed a similar 

phenomenon when they compared the kET values of 

a tripodal and monopodal cobalt complex (Scheme 

3.8). Utilizing Laviron analysis, they reported a kET 

of 13.5 s-1 for the tripodal cobalt complex and a kET 

of 18 s-1 for the monopodal cobalt complex. Dichtel 

and co-workers originally suspected that the larger 

kET value for the monopodal complex might be a 

result of lateral interaction between the complex 

and the surface of the electrode. Langmuir 

analysis96 confirmed the adsorption of a monolayer 

of monopodal complex on the surface and 

Figure 3.17. Plot of the anodic and cathodic 

peak currents as a function of scan rate for the 4-

U complex. Experiments were performed in 

triplicate to determine error bars and the average 

values from the three trials are plotted 

accordingly. All experiments were performed in 

0.1 M TBAPF6 in MeCN with a Ketjen black 

working electrode and 2 Pt wires as the counter 

and reference electrodes. 
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suggested no lateral interaction between the 

cobalt metal center and the electrode surface. 

Given this result, the Dichtel group suggested 

that this response could be attributed to the 

proximity of the metal center to the electrode 

surface, where the monopodal complex was 

suspected to be closer than the tripodal 

complex to the surface. 

 Given the large difference between the calculated kET values for the 4-U complex and the 

Ce(LTP) and Ce(LTO) complexes, there could be differences in the proximity between the redox-

active metal centers and the electrode surface. The differences in the ligand scaffold of the 

complexes could be a potential source of this behavior, where the tripodal ligand encapsulates and 

holds the cerium metal center further from the surface in contrast to the 4-U bipodal ligand. Thus, 

the uranium metal center of the 4-U complex can approach the surface more readily to undergo 

electron transfer, resulting in a larger kET. Potential techniques that could provide additional 

support for this hypothesis are Langmuir binding isotherm studies83, 85-86, 96-97 that utilize 

electrochemistry or spectroscopy such as scanning electron microscopy (SEM),98-101 atomic force 

microscopy (AFM),70, 102-103 or spectroscopic ellipsometry (SE).104-106 However, given the high 

capacitance of the Ketjen black electrode material, attempts at Langmuir studies have been 

ineffective due to the challenge of reliably detecting low concentrations of adsorbed electroactive 

species. 

 

 

Scheme 3.8. Depiction of the Co bis-terpyridyl 

complexes studied by the Dichtel group. Scheme 

adapted from reference 83. 
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3.6 Conclusion and Outlook 

 In this Chapter, the successful noncovalent immobilization of uranyl Schiff base complexes 

utilizing pyrene has been achieved. Due to the abundance of uranyl salen complexes similar to 1-

U in the literature, the salen Schiff base framework was thought to be the most promising 

framework for surface immobilization.58, 62-63, 66-67, 71-72, 107 While synthesis of the 2-U complex 

was relatively simple and high-yielding, the electrochemical profile of the 2 U complex upon 

immobilization was much more complicated than originally anticipated. The low current densities 

obtained for the U(VI/V) couple of the 2-U complex combined with its poor surface stability made 

further electrochemical quantization incredibly difficult. As suggested by the work done by Ikeda 

and co-workers on a uranyl salophen complex, the complicated electrochemical behavior of the 

immobilized 2-U complex likely stems from chemical reactions following the reduction of the 

U(VI) species to U(V). Future work could focus on understanding and assigning the 

electrochemical and chemical reaction events associated with the immobilized 2 U complex using 

techniques like spectroelectrochemistry. 

 In order to avoid any potential issues stemming from solvent coordination to the uranium 

metal center, pentadentate Schiff base ligand frameworks were pursued in hopes of simplifying 

the electrochemistry. The homogeneous complex 3-U initially studied by Ikeda and co-workers 

served as a valuable inspiration for the synthesis of the 4-U complex. Once fully characterized by 

NMR, the 4-U complex was immobilized and probed via electrochemical methods. Unlike the 2-

U complex, the 4-U complex displayed a single, quasi-reversible U(VI/V) redox event that could 

be monitored and quantized utilizing electrochemistry. The stability of the 4-U complex was 

substantially better than the stability of the Ce(LTP) and Ce(LTO) complexes discussed in 

Chapter 2. Additionally, Laviron analysis revealed a kET value of 7.2 ± 0.5 s-1, which is 
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substantially larger than the values obtained for the cerium complexes. This suggests that surface 

immobilized uranyl complexes, which we have now shown to undergo relatively facile electron 

transfer, could be useful in future studies of uranyl capture and activation in the context of waste 

remediation or fuel recycling. 
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4.1 Summary   

 Advancing our ability to immobilize molecular species on conducting surfaces carries 

significance for a multitude of fields, such as catalysis, sensor technologies, and separations 

science.1-3 Chapter 1 of this thesis gave a brief overview of surface immobilization by highlighting 

recent advancements utilizing both covalent and noncovalent methods on carbon-based materials.2 

By combining spectroscopic and electrochemical methods to interrogate a surface immobilized 

species, valuable insights regarding the properties of the immobilized species and the surface can 

be obtained.1, 4-6 Many of the studies discussed in Chapter 1, such as the work from the Dichtel,7-8 

Haga,9-10 and Ozawa9-10 groups, have served as important foundations for examining immobilized 

species on carbon nanomaterials using electrochemical methods. These studies, along with many 

others,6, 11-16 have been crucial to the development and interpretation of the work discussed in 

Chapters 2 and 3. 

 Chapter 2 of this thesis discusses the synthesis and characterization of a new family of 

tripodal lanthanide complexes, M(LTP) (where M = Ce, Nd, Sm, Eu), capable of noncovalent 

surface immobilization on carbon electrodes. Prior work published by the Blakemore group 

reported the synthesis and characterization of a similar family of tripodal lanthanide complexes, 

M(LTO) (where M = Ce, Nd, Sm, Eu).17 However, electrochemical work suggested the pyrene 

groups of the LTO ligand scaffold were unable to sufficiently interact with the carbon surface. 

This inability of the pyrene groups to establish sufficient π-π stacking interactions with the 

electrode surface contributed to a limited surface stability for the M(LTO) complexes. Based on 

this observation, there was an interest in probing the effects of ligand design on surface stability. 

While there are many studies that have measured the effects of using different numbers and types 

of polycyclic aromatic hydrocarbons (PCAHs),8-10, 18-19 there are relatively few reports that have 
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studied the effects of ligand design and pyrene placement on the properties of an immobilized 

species. 

 The LTP ligand framework was designed to limit the amount of π-interactions between 

the three pyrene appendages in order to enhance π-π stacking with a given electrode surface. In 

Chapter 2, the complete synthesis and characterization by NMR is reported for the M(LTP) 

complexes. The 1H NMR spectra for the free LTP and M(LTP) complexes show only one set of 

peaks, indicating that the free ligand and resulting metal complex have C3v symmetry in solution 

on the NMR timescale. This behavior was also observed in the 1H NMR spectra for the M(LTO) 

complexes. Further characterization of the M(LTP) complexes utilizing XPS probed the integrity 

of the molecular structure after immobilization on a Ketjen black electrode surface. The Al Kα 

source XPS spectra for the M 3d and M 4d regions of each M(LTP) complex show only one set 

of peaks that can be fit with the corresponding nd3/2 and nd5/2, as expected from theory.20 

Additionally, the N 1s region for the LTP and M(LTP) complexes can be fit with three individual 

peaks in a 3:3:1 ratio, in agreement with stoichiometry. The single set of signals observed in the 

Al Kα XPS spectra for all M(LTP) complexes suggests that there is no significant decomposition 

after immobilization. Additionally, by integrating and normalizing the areas of the M 3d and N 1s 

regions, an approximate 1:7 ratio was observed for all M(LTP) complexes, in agreement with the 

stoichiometry of the complexes. Given the single set of peaks in the XPS data and the 1:7 ratio 

obtained by integration of the M 3d and N 1s regions of the M(LTP) complexes, there is substantial 

evidence confirming that the molecular fidelity of the M(LTP) complexes is maintained after 

immobilization. 

  Electrochemical analysis of the Ce(LTO) and Ce(LTP) complexes is also reported in 

Chapter 2. Cyclic voltammetry studies of the Ce(LTP) complex determined the E0 of the 
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Ce(IV/III) redox couple to be –0.34 V versus the Fc+/0 couple. Scan rate dependence studies of the 

Ce(LTP) complex displayed a linear relationship between the peak current density and the scan 

rate, indicating that the Ce(IV/III) couple is confined to the surface. Using the Ce(IV/III) couple 

as a probe, time dependent cyclic voltammetry studies of the Ce(LTO) and Ce(LTP) complexes 

were used to examine the relative surface stabilities of the complexes. Within the first hour, 60% 

of the Ce(LTO) complex and 40% of the Ce(LTP) complex was lost from the surface. After three 

hours, all of the Ce(LTO) complex had been lost from the surface while the Ce(LTP) complex 

appeared to reach an equilibrium surface concentration. Given the observed differences in surface 

stability, Laviron analysis was used to probe for potential differences in the interaction between 

the redox-active cerium metal center of the Ce(LTO) and Ce(LTP) complexes and the electrode 

surface. By tracking the values for Epc and Epa at increasing scan rates, the kET values for the 

Ce(LTP) and Ce(LTO) complexes were found to be 2.2 ± 0.8 s-1 and 1.3 ± 0.4 s-1 respectively. 

Given that these kET values are within error of one another, it can be said that the metal centers of 

the Ce(LTP) and Ce(LTO) complexes interact similarly with the electrode surface. Given the 

results from the time dependent cyclic voltammetry studies and Laviron analysis, there is a 

significant increase in the overall surface stability for the Ce(LTP) complex compared to the 

Ce(LTO) complex. These differences in surface stability are assigned to the overall design of the 

ligand scaffold and the placement of the pyrene groups. For the Ce(LTO) complex, the pyrene 

groups are in greater proximity to one another, contributing to increased pyrene aggregation and 

limiting the available area available for π-π stacking with the surface. Comparatively, the pyrene 

groups in the Ce(LTP) complex are placed further apart, limiting their interactions with each other 

and therefore increasing the propensity for the pyrene group to interact with the carbon surface. 
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 Given the success of the tripodal lanthanide complexes in Chapter 2, Chapter 3 of this 

thesis discusses the synthesis and characterization of two new [UO2]
2+ complexes capable of 

noncovalent immobilization. The complexes in Chapter 3 represent, to our knowledge, the first 

molecular uranium-containing complexes capable of noncovalent surface immobilization. Chapter 

3 reports the synthesis and NMR characterization of two bipodal κ4 Schiff base ligand frameworks 

that can be metallated with uranyl acetate to generate complexes 2-U and 4-U. Similar to the C3v 

behavior observed in the tripodal work, the 1H NMR spectra for free ligands and resulting 

complexes showed one set of peaks, indicative of C2v symmetry in solution. Crystallographic data 

obtained for the 2-U complex also displayed C2v symmetry in the solid state. Also included in 

Chapter 3 were the synthesis and characterization for several uranyl complexes from the literature, 

1-U and 3-U, that served as model complexes for the relevant electrochemical work on the 2-U 

and 4-U complexes. 

 Electrochemical analysis of the immobilized 2-U complex revealed two quasi-reversible 

redox events with E0 values of –1.74 V and –2.0 V versus the Fc+/0 couple. The presence of two 

quasi-reversible redox events for a U(VI) uranyl species was unexpected as most uranyl complexes 

only display one redox event for the well-known U(VI/V) couple. The presence of the two redox 

events and their identification will require future work utilizing more sophisticated electrochemical 

techniques such as spectroelectrochemistry. Despite the issues with the electrochemistry of the 2-

U complex, the electrochemistry of the immobilized 4-U complex displayed only one quasi-

reversible redox couple centered at an E0 of –1.59 V versus the Fc+/0 couple. This redox event can 

be readily assigned to the U(VI/V) couple. Scan rate dependence studies of the 4-U complex 

showed a linear relationship between the peak current density and the scan rate, indicative of a 

surface immobilized redox couple. Time dependent cyclic voltammetry studies of the 4-U complex 
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were used to determine the relative surface stability of the bipodal complex. Compared to the 

results obtained for the Ce(LTP) and Ce(LTO) complexes, the 4-U complex showed a remarkable 

increase in the surface stability over time. The 4-U complex retains nearly 40% of its total surface 

coverage and appears to maintain that surface coverage over the course of several hours. Compared 

to the tripodal lanthanide complexes, the bipodal 4-U complex appears to have a greater surface 

stability. Laviron analysis of the 4-U complex revealed a kET of 7.2 ± 0.5 s-1 which is also 

substantially larger than those observed for the Ce(LTP) and Ce(LTO) complexes. In the 

literature, a higher kET value indicates a more direct interaction between the redox active metal 

center and the electrode surface.7 For this reason, the current hypothesis for the high value of kET 

is that the bipodal framework ‘lays down’ on the electrode surface, contributing to a greater 

interaction between the uranium metal center and the electrode surface due to closer proximity. 

 

 

 

 

 

 

 

 

 

 

 



114 

 

4.2 Future Directions 

 Throughout this thesis, there have been several recommended techniques that could 

enhance the work presented in Chapters 2 and 3. One recommendation has been to use fluorescence 

spectroscopy in order to observe and quantify the formation of pyrene excimers in the M(LTO), 

M(LTP), 2-U, and 4-U complexes. The pyrene moiety has been the focus of many spectroscopic 

studies21-23 and has been used as a ratiometric probe for both cation24-26 and anion sensing.27-28 

When two pyrene groups become close enough to engage in π-π stacking with one another, there 

is an observed emission at 460 nm in the fluorescence emission spectrum that has been assigned 

to a pyrene excimer species.22, 29-30 Fluorescence spectroscopy could be useful to supplement the 

work done in Chapter 2 on the M(LTO) and M(LTP) complexes. By quantifying the emission 

signal for the pyrene excimer species in the fluorescence emission spectrum, one could measure 

the degree of pyrene aggregation in the M(LTO) and M(LTP) complexes. Specifically, observing 

higher quantities of the pyrene excimer species would indicate that the pyrene moieties in the 

ligand scaffold have a greater propensity to aggregate with one another. This aggregation behavior 

could be a contributing factor to the overall surface stability of a noncovalently immobilized 

complex. An observable increase in the formation of a pyrene excimer species would be expected 

for the M(LTO) complex as opposed to the M(LTP) complex. This theory is based on the results 

obtained from the time dependent cyclic voltammetry studies in Figure 2.17, where the overall 

surface stability of the M(LTO) complex was much less than the observed stability of the M(LTP) 

complex. Additionally, fluorescence spectroscopy could be used to probe for differences in pyrene 

aggregation behavior between the tripodal M(LTO)/M(LTP) complexes and the bipodal 2-U/4-

U complexes. To our knowledge, there are currently no reports that combine fluorescence 
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spectroscopy and the quantification of the pyrene excimer species to understanding of surface 

stability for noncovalently immobilized complexes. 

 Other areas of interest for future work are studies in organoactinide chemistry. The early 

actinides (U, Th) have many features that distinguish them from both lanthanide and d-block 

elements. Due to the relatively large ionic radii and the participation of the 5f orbitals in bonding 

interactions, complexes of the early actinides generally have higher formal coordination numbers 

and unusual coordination geometries. Additionally, metals such as uranium can access a range of 

stable oxidation states, including high-valent U(V) and U(VI) and low-valent U(III) and U(IV). 

While Chapter 3 of this thesis has focused on U(VI) species, there is significant interest in the 

synthesis, characterization, and possible catalytic activity of new U(IV) species. The chemistry 

and reactivity of alkyl U(IV) complexes have been extensively studied since the use of 

cyclopentadienyl as a supporting ligand for low-valent U(IV) complexes in the 1970s.31 Since 

then, low-valent uranium metal complexes have been attracting increasing interest due to their 

demonstrated reactivity with small molecules such as CO,32-34 CO2,
35-36 N2,

37 and H2O
38-39 under 

mild conditions.40-42 

 Multidentate Schiff base ligand frameworks have been used extensively as ligands for d-

block metals due to their ability to stabilize a range of oxidation states.43-44 However, the use of 

Schiff base ligands in actinide chemistry has often been limited to the complexation of U(VI) 

species.45-48 Notable contributions from the Arnold,49 Love,49 Ephritikhine,50-51 and Mazzanti37, 52-

55 groups have advanced the use of Schiff base ligands in U(V) and U(IV) chemistry. Despite these 

advancements, there are still relatively few Schiff base U(IV) complexes56 and even fewer that 

have been characterized electrochemically.37 
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 Inspired by the work from the Mazzanti37 and the Thomson groups,56 there was interest in 

using the pyrene-appended Schiff base 2-L ligand to stabilize a U(IV) metal center. Scheme 4.1 

depicts the synthetic procedure that was used to metallate the 2-L ligand. Unlike the procedure 

presented in Chapter 3 for the 2-U and 4-U complexes, this procedure utilized potassium tert-

butoxide (KOtbu) to deprotonate the 2-L ligand before metalation. After deprotonation, a THF 

solution of the U(IV) precursor UCl4 was added dropwise to the ligand solution. The solution was 

allowed to stir at room temperature overnight, followed by concentration and filtration of the 

solution according to previously published procedure.56 A crude 1H NMR spectrum of the 

suspected 5-U complex is shown in Figure 4.1. While minor impurity peaks are observed in the 

spectrum, the major peaks in the spectrum match with expected signals for the 5-U complex based 

on the previously reported spectra for U(IV) Schiff base complexes and  

 

Scheme 4.1. Synthetic scheme for the 5-U complex. 
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the findings from Chapter 3. While further purification and characterization are required to confirm 

the presence and integrity of the 5-U complex, this work demonstrates that the synthesis of a 

pyrene appended U(IV) species for surface immobilization could be possible. This work could 

potentially have relevance to the immobilization of molecular U(IV) catalysts. 

  

 

 

 

 

Figure 4.1. 500 MHz 1H NMR spectrum of the 5-U complex in CD2Cl2 at 298 K. 
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A.1. Experimental Details 

 

A.1.1.  General considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT 

Glass Contour (Nashua, NH) solvent purification system prior to use, and were stored over 

molecular sieves. All chemicals were purchased from major commercial suppliers and used as 

received after drying. Deuterated NMR solvents were purchased from Cambridge Isotope 

Laboratories: CD2Cl2 was dried over CaH2. 5-(chloromethyl)-2-hydroxybenzaldehyde, 3-

(chloromethyl)-2-hydroxy-5-methylbenzaldehyde, N-methyl-1-(pyren-1-yl)methanamine, 1, and 

LTP were synthesized accordingly to adapted published procedures.1-2 Complexes 

M(N(SiMe3)2)3 (M = Ce, Nd, Sm, Eu) were prepared according to the literature.3 1H NMR 

spectra were collected on 400 MHz Bruker spectrometers and referenced to the residual protio-

solvent signal in the case of 1H. Chemical shifts (δ) are reported in units of ppm and coupling 

constants (J) are reported in Hz. Elemental analyses were performed by Midwest Microlab, Inc. 

(Indianapolis, IN). 

 

A.1.2.  X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectra were collected using a Kratos AXIS Ultra system. For Al Kα source 

XPS, the sample chamber was kept at < 5 x 10–9 torr and ejected electrons were collected at an 

angle of 45° from the surface normal. For Mg Kα source XPS, spectra were collected using a 

Kratos AXIS Ultra system equipped with a nonmonochromatic Mg Kα source. The sample 
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chamber was kept at < 5 x 10–9 torr and ejected electrons were collected at an angle of 90° from 

the surface normal.  

 

Survey scans were performed to identify the elements on the surface of carbon electrodes, while 

additional high-resolution spectra were obtained for details on specific elements. The XPS data 

was analysed using the program Computer Aided Surface Analysis for X-ray Photoelectron 

Spectroscopy (CasaXPS; from Casa Software Ltd., Teignmouth, UK). All XPS signals reported 

are binding energies and reported in eV. Backgrounds were fit with standard Shirley or linear 

backgrounds. Element peaks were fit with a standard Gaussian-Lorentzian line shape. For M 3d 

and 4d high-resolution spectra, major features were best fit as the respective M nd5/2 and nd3/2 

signals with constrained peak areas of 3:2 as predicted from theory.4 Any additional features 

(shake-up and shake-down peaks) were modelled as distinct individual contributions. For high-

resolution spectra of the N 1s regions, the data were best fit as three distinct contributions with 

peak areas constrained to a 3:3:1 ratio with respect to the stoichiometry of the ligand framework. 

Any additional features in the N 1s region were modelled as distinct individual contributions. 

 

A.1.3.  Electrochemistry 

Electrochemical experiments were carried out in a dry N2-filled glovebox. Measurements were 

made with a Gamry Reference 600 Plus Potentiostat/Galvanostat utilizing a standard three 

electrode set-up using 0.10 M tetra(n-butylammonium) hexafluorophosphate (Sigma-Aldrich; 

electrochemical grade) as the supporting electrolyte in acetonitrile. 
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For homogeneous experiments, basal plane of highly oriented pyrolytic graphite (HOPG) 

(GraphiteStore.com, Buffalo Grove, Ill.; surface area: 0.09 cm2) was used as the working 

electrode, a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter) was 

used as the counter electrode, and a silver wire served as the pseudo-reference electrode (CH 

Instruments). The silver pseudo-reference was separated from the electrolyte solution by a Vycor 

frit (Bioanalytical Systems, Inc.). At the end of each experiment, ferrocene (Sigma Aldrich; 

twice-sublimed) was added to the electrolyte solution as the external reference. The experimental 

data was referenced to the midpoint potential for the ferrocenium/ferrocene couple (denoted as 

Fc+/0).  

 

For immobilized electrochemical measurements, all experiments were carried out in an inert 

atmosphere N2-filled glovebox utilizing a custom-made Teflon cell with an O-ring seal used as 

the geometric area of the exposed electrode (0.28 cm2). The platinum counter and the silver 

quasi-reference electrodes were immersed in the electrolyte solution. The experimental data was 

referenced to the midpoint potential of the ferrocenium/ferrocene couple as an external reference 

(denoted as Fc+/0). 
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A.1.4. Synthetic Procedures 

 

 

 

 

 

 

Synthesis of 1 

In a 100 mL roundbottom flask, 5-(chloromethyl)-2-hydroxybenzaldehyde (1.00 g, 5.86 mmol) 

was added and dissolved in DCM. In a small vial, N-methyl-1-(pyren-1-yl)methanamine (1.51 g, 

6.15 mmol) was dissolved in DCM and added to the solution of 5-(chloromethyl)-2-

hydroxybenzaldehyde resulting in the formation of a colorless precipitate. K2CO3 was added to 

the flask in excess (5 equiv.). The reaction mixture was stirred at room temperature overnight. 

Methanol was added to the reaction flask and the resulting bright yellow solution was filtered 

over a medium porosity frit. Volatiles were removed in vacuo. DCM was then added to the flask 

and the resulting solution was filtered over a silica/Celite pad. The product eluted with DCM to 

give a yellow solution. Upon removal of volatiles, a viscous yellow oil was obtained that 

solidified upon standing. The product was then dried overnight at reduced pressure before 

proceeding to the next step. (1.98 g, 89% yield) 1H NMR (400 MHz, CDCl3) δ 10.92 (s, 1H), 

9.83 (d, J = 1.9 Hz, 1H), 8.49 (dd, J = 9.2, 1.6 Hz, 1H), 8.26 – 7.90 (m, 8H), 7.50 (dd, J = 7.3, 

2.4 Hz, 2H), 6.96 – 6.88 (m, 1H), 4.22 (d, J = 2.5 Hz, 2H), 3.58 (d, J = 3.1 Hz, 2H), 2.28 (d, J = 

1.7 Hz, 3H). 
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Synthesis of LTP 

In a 100 mL roundbottom flask, aldehyde 1 (1.001 g, 2.64 mmol) was dissolved in DCM. 

Sodium sulfate (5 equiv.) was added to the flask, and tris(2-aminoethyl)amine (0.111 g, 0.765 

mmol) was then added dropwise to the solution. Upon addition of the tris(2-aminoethyl)amine, 

the solution’s yellow color darkened. The mixture was stirred at room temperature overnight, 

and the sodium sulfate removed via filtration through a Celite pad. The volatiles were removed 

in vacuo to give a thick yellow oil. The yellow oil was then purified by column chromatography 

by washing the excess aldehyde starting material off with DCM and then eluting the product 

with a 80:20 mixture of DCM:NEt3. Extensive drying at reduced pressure eventually led to 

foaming of the oil to give a solid material (2.89 g, 90% yield). 1H NMR (400 MHz, CDCl3) δ 

13.69 (s, 3H), 8.39 (d, J = 9.3 Hz, 3H), 8.26 – 7.71 (m, 24H), 7.13 (dd, J = 8.4, 2.2 Hz, 3H), 6.87 

(d, J = 8.4 Hz, 3H), 6.51 (d, J = 2.2 Hz, 3H), 3.94 (s, 3H), 3.54 (t, J = 5.4 Hz, 6H), 3.23 (s, 3H), 

2.92 – 2.74 (m, 6H), 2.05 (s, 9H). 
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General procedure for synthesis of M(LTP) complexes 

To metallate the ligand, THF solutions of LTP and the desired M(N(SiMe3)2)3 precursor (1:1 

stoichiometry) were frozen in a LN2-refrigerated cold well. Upon thawing, the solution of the 

metal precursor was added dropwise to the solution of ligand. The reaction mixture was stirred at 

room temperature until a precipitate formed. The mixture was then filtered on a medium-porosity 

glass frit, and the solid washed extensively with THF or MeCN. The solid was then collected and 

dried in vacuo to remove any volatiles.  

 

Ce(LTP) 

Isolated as a light orange solid (85%).1H NMR (400 MHz, CD2Cl2): δ 16.7 (br s), 10.5 (br s), 

9.1 (s), 8.7 – 7.7 (m), 4.8 (d, J = 57.6 Hz), 3.7 (s), 2.9 (s), 1.81 (s), 0.1 (s), -7.5 (br s). 

 

Nd(LTP) 

Isolated as an off-white solid (72%). 1H NMR (400 MHz, CD2Cl2): δ 28.1 (s), 11.9 (s), 9.3 (dd, 

J = 16.0, 7.8 Hz), 8.8 – 7.8 (m), 5.1 (d, J = 40.4 Hz), 4.6 (s), 3.1 (s), -9.3 (s). Anal. Calcd. for 

C84H78NdN7O6 [Nd(LTP)+3H2O]: C 70.76, H 5.51, N 6.88; Found: C 70.67, H 5.38, N 6.49. 
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Sm(LTP) 

Isolated as an off-white solid (86%).1H NMR (400 MHz, CD2Cl2): δ 8.7 (d, J = 9.3 Hz), 8.3 – 

7.9 (m), 7.6 (s), 7.2 – 7.0 (m), 6.2 (d, J = 8.2 Hz), 4.4 (s), 3.8 (s), 2.6 – 2.2 (m), 1.3 (s), 0.05 (s), -

1.6 (s). 

 

Eu(LTP) 

Isolated as an off-white solid (83%).1H NMR (400 MHz, CD2Cl2): δ 21.8 (br s), 10.2 (d, J = 

8.5 Hz), 8.5 – 7.0 (m), 4.0 (d, J = 7.8 Hz), 3.1 (s), 2.0 (s), 1.6 – 0.8 (m), 0.05 (d, J = 4.2 Hz), -

26.4 (s). Anal. Calcd. for C84H78EuN7O6 [Eu(LTP)+3H2O]: C 70.38, H 5.48, N 6.84; Found: C 

70.48, H 5.60, N 6.71. 
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A.2. X Ray Photoelectron Spectroscopy (XPS) 

 

A.2.1 Al-Kα Source XPS Spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Spectrum of Ce(LTP) 3d region overlaid with a blank Ketjen black electrode for Al-

source data. Legend: gray dots: data; dashed black line: fitting background; dark blue line: Ce 

3d5/2 peak fit; dark red line: Ce 3d3/2 peak fit (constrained to 2/3 area with respect to Ce 3d5/2); 

light blue line: contribution from Ce(IV) 3d5/2; light red line: contribution from the Ce(IV) 3d3/2 

(constrained to a 2/3 area with respected to Ce(IV) 3d5/2); continuous black line: overall fit.  
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Figure A2. Spectrum of Nd(LTP) 3d region overlaid with a blank Ketjen black electrode from 

Al-source data. Legend: gray dots: data; dashed black line: fitting background; blue line: Nd 

3d5/2 peak fit; red line: Nd 3d3/2 peak fit (constrained to 2/3 area with respect to Nd 3d5/2); green 

lines: shake-up and shake-down peaks fit; continuous black line: overall fit. 
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Figure A3. Spectrum of Sm(LTP) 3d region overlaid with a blank Ketjen black electrode from 

Al-source data. Legend: gray dots: data; dashed black line: fitting background; blue line: Sm 

3d5/2 peak fit; red line: Sm 3d3/2 peak fit (constrained to 2/3 area with respect to Sm 3d5/2); green 

lines: shake-up and shake-down peaks fit; continuous black line: overall fit. 
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Figure A4. Spectrum of Eu(LTP) 3d region overlaid with a blank Ketjen black electrode from 

Al-source data. Legend: gray dots: data; dashed black line: fitting background; blue line: Eu 3d5/2 

peak fit; red line: Eu 3d3/2 peak fit (constrained to 2/3 area with respect to Eu 3d5/2); green lines: 

shake-up and shake-down peaks fit; continuous black line: overall fit.  
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Figure A5. Spectrum of the Ce(LTP) N 1s region overlaid with a blank ketjen black electrode 

spectrum from Al-source data. Legend: gray dots: data; dashed black line: fitting background; 

blue, red, and green lines: N 1s contributions from the nitrogens of the complex (areas 

constrained to a 3:3:1 area, respectively); purple line: N 1s contribution from a protonated amine 

species; black solid line: overall fit. 
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Figure A6. Spectrum of the Nd(LTP) N 1s region overlaid with a blank ketjen black electrode 

spectrum from Al-source data. Legend: gray dots: data; dashed black line: fitting background; 

blue, red, and green lines: N 1s contributions from the nitrogens of the complex (areas 

constrained to a 3:3:1 area, respectively); purple line: N 1s contribution from a protonated amine 

species; black solid line: overall fit. 
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Figure A7. Spectrum of the Sm(LTP) N 1s region overlaid with a blank ketjen black electrode 

spectrum from Al-source data. Legend: gray dots: data; dashed black line: fitting background; 

blue, red, and green lines: N 1s contributions from the nitrogens of the complex (areas 

constrained to a 3:3:1 area, respectively); purple line: N 1s contribution from a protonated amine 

species; black solid line: overall fit. 
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Figure A8. Spectrum of the Eu(LTP) N 1s region overlaid with a blank ketjen black electrode 

spectrum from Al-source data. Legend: gray dots: data; dashed black line: fitting background; 

blue, red, and green lines: N 1s contributions from the nitrogens of the complex (areas 

constrained to a 3:3:1 area, respectively); purple line: N 1s contribution from a protonated amine 

species; black solid line: overall fit. 
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A.2.2.  Mg-Kα Source XPS Spectra 

 

Figure A9. Mg-source X-ray photoelectron spectra for the N 1s region for electrodes 

functionalized with M(LTP) complexes. Legend: gray dots: data; dashed black lines: fitting 

background; blue, red and green lines: fitting curves for three distinct nitrogen environments 

(constrained to 3:3:1 area ratio); continuous black line: overall fit. 

 

 

 

 

 

 

 

 



142 

 

 

Figure A10. Mg-source XPS specta of the M 3d region of the M(LTP) complexes. Legend: gray 

dots: data; dashed black lines: fitting background; dark blue lines: M 3d5/2 peak fit; dark red 

lines: M 3d3/2 peak fit (constrained to 2/3 area with respect to M 3d5/2); green lines: shake-up and 

shake-down peaks fit; continuous black line: overall fit. For the Ce(LTP) 3d region, 

contributions from the Ce(III) 3d3/2 and 3d5/2 peaks have been represented by a lighter red line 

and lighter blue line, respectively. M 3d peaks for Nd(LTP) and Eu(LTP) were present, but fits 

could not be reliably assigned due to the high background from the Mg source. 
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Figure A11. Mg-source X-ray photoelectron spectra for the respective M 4d regions for 

M(LTP) complexes. Legend: gray dots: data; dashed black lines: fitting background; blue lines: 

M 4d5/2 peak fit; red lines: M 4d3/2 peak fit (constrained to 2/3 area with respect to M 4d5/2); 

continuous black line: overall fit. 
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Figure A12. Spectrum of Ce(LTP) M 3d region from Mg-source data. Legend: gray dots: data; 

dashed black line: fitting background; dark blue line: Ce 3d5/2 peak fit; dark red line: Ce 3d3/2 

peak fit (constrained to 2/3 area with respect to Ce 3d5/2); light blue line: contribution from 

Ce(III) 3d5/2; light red line: contribution from the Ce(III) 3d3/2 (constrained to a 2/3 area with 

respected to Ce(III) 3d5/2); continuous black line: overall fit. 
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Figure A13. Spectrum of Sm(LTP) M 3d region overlaid with a blank Ketjen black electrode 

from Mg-source data. Legend: gray dots: data; dashed black line: fitting background; blue line: 

Sm 3d5/2 peak fit; red line: Sm 3d3/2 peak fit (constrained to 2/3 area with respect to Sm 3d5/2); 

green lines: shake-up and shake-down peaks fit; continuous black line: overall fit. 
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Figure A14. Overlaid spectra of Nd(LTP) M 3d region with a blank Ketjen black electrode from 

Mg-source data. 
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Figure A15. Overlaid spectra of Eu(LTP) M 3d region with a blank Ketjen black electrode from 

Mg-source data. 
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Figure A16. Mg Kα source XP spectrum of a Ketjen black electrode functionalized with free 

LTP. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A17. Mg Kα source XP spectrum of a Ketjen black electrode functionalized with 

Ce(LTP). 
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Figure A18. Mg Kα source XP spectrum of a Ketjen black electrode functionalized with 

Nd(LTP). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A19. Mg Kα source XP spectrum of a Ketjen black electrode functionalized with 

Sm(LTP). 
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Figure A20. Mg Kα source XP spectrum of a Ketjen black electrode functionalized with 

Eu(LTP). 
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A.3.  Electrochemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A21. Cyclic voltammetry of a blank Ketjen black electrode (CH3CN, 0.1 M 

[nBu4N][PF6]) at a scan rate of 100 mV/s. 
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Figure A22. Cyclic voltammetry of a blank Ketjen black electrode at various potential ranges at 

a scan rate of 100 mV/s (CH3CN, 0.1 M [nBu4N][PF6]). 
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Figure A23. Cyclic voltammetry of free LTP immobilized on a Ketjen black electrode at a scan 

rate of 100 mV/s (CH3CN, 0.1 M [nBu4N][PF6]). 
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Figure A24. Overlay data of the cyclic voltammetry associated with a blank Ketjen black 

electrode and a Ketjen black electrode functionalized with free LTP (CH3CN, 0.1 M 

[nBu4N][PF6]) at scan rates of 100 mV/s. 
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Figure A25. Cyclic voltammetry for the Ce(LTP) complex at various potential ranges (CH3CN, 

0.1 M [nBu4N][PF6]) at a scan rate of 100 mV/s. 
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Figure A26. Fractional coverage plot of Ce(LTP) over time. Measurements were made by 

taking a cyclic voltammogram at distinct time points. The currents of the anodic and cathodic 

peaks were then integrated and converted to moles of Ce(LTP). Fractional coverage was 

calculated by taking the amount of Ce(LTP) (in moles) at time (t) and dividing by the starting 

amount of Ce(LTP) (in moles). 
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Figure A27. Cyclic voltammetry studies of a Ketjen black electrode functionalized with the 

Eu(LTP) complex to probe for the presence of the potentially accessible Eu(III/II) couple 

(CH3CN, 0.1 M [nBu4N][PF6]) at a scan rate of 100 mV/s. 
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Figure A28. Cyclic voltammetry study of a Ketjen black electrode functionalized with the 

Nd(LTP) complex to probe for the presence of a potentially accessible redox couple (CH3CN, 

0.1 M [nBu4N][PF6]) at a scan rate of 100 mV/s. 
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Figure A29. Cyclic voltammetry study of a Ketjen black electrode functionalized with the 

Sm(LTP) complex to probe for the presence of a potentially accessible redox couple (CH3CN, 

0.1 M [nBu4N][PF6]) at a scan rate of 100 mV/s. 
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A.4.  NMR Spectra 

 

Figure A30. 400 MHz 1H NMR spectrum of Ce(LTP) in CD2Cl2. 

 

 

 

 

Figure A31. 400 MHz 1H NMR spectrum of Nd(LTP) in CD2Cl2. 
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Figure A32. 400 MHz 1H NMR spectrum of Sm(LTP) in CD2Cl2. 

 

Figure A33. 400 MHz 1H NMR spectrum of Eu(LTP) in CD2Cl2. 
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Figure A34. 400 MHz 1H NMR spectrum of 1 in CDCl3. 

 

Figure A35. 400 MHz 1H NMR spectrum of LTP in CDCl3. 
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B.1. Experimental Details 

 

Caution! Depleted uranium (primary isotope 238U) is a weak α-emitter (4.197 MeV) with a half-

life of 4.47 × 109 years. Manipulations and reactions should be performed by trained personnel 

in monitored fume hoods or in an inert atmosphere glovebox in a radiation laboratory equipped 

with α-counting equipment. 

 

B.1.1.  General considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT 

Glass Contour (Nashua, NH) solvent purification system prior to use, and were stored over 

molecular sieves. All chemicals were purchased from major commercial suppliers and used as 

received after extensive drying. Deuterated NMR solvents were purchased from Cambridge 

Isotope Laboratories: CD2Cl2 was dried over CaH2. 5-(chloromethyl)-2-hydroxybenzaldehyde, 3-

(chloromethyl)-2-hydroxy-5-methylbenzaldehyde, N-methyl-1-(pyren-1-yl)methanamine, and A 

were synthesized according to adapted published procedures.1-2 1-L, 1-U, 3-L, and 3-U 

complexes were prepared according to literature procedure.3-5 1H and 13C NMR spectra were 

collected on 400 or 500 MHz Bruker spectrometers and referenced to the residual protio-solvent 

signal in the case of 1H and 13C. Chemical shifts (δ) are reported in units of ppm and coupling 

constants (J) are reported in Hz. 
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B.1.2.  Electrochemistry 

Electrochemical experiments were carried out in a dry N2-filled glovebox. Measurements were 

made with a Gamry Reference 600 Plus Potentiostat/Galvanostat utilizing a standard three 

electrode set-up using 0.10 M tetra(n-butylammonium) hexafluorophosphate (Sigma-Aldrich; 

electrochemical grade) in dimethylformamide or acetonitrile as the supporting electrolyte. 

 

For homogeneous experiments, basal plane of highly oriented pyrolytic graphite (HOPG) 

(GraphiteStore.com, Buffalo Grove, Ill.; surface area: 0.09 cm2) was used as the working 

electrode, a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter) was 

used as the counter electrode, and a platinum wire served as the pseudo-reference electrode (Kurt 

J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter). At the end of each experiment, 

ferrocene (Sigma Aldrich; twice-sublimed) was added to the electrolyte solution as the external 

reference. The experimental data was referenced to the midpoint potential for the 

ferrocenium/ferrocene couple (denoted as Fc+/0).  

 

For immobilized electrochemical measurements, all experiments were carried out in an inert 

atmosphere N2-filled glovebox utilizing a custom-made Teflon cell with an O-ring seal used as 

the geometric area of the exposed electrode (0.28 cm2). The platinum counter and the platinum 

quasi-reference electrodes were immersed in the electrolyte solution. The experimental data was 

referenced to the midpoint potential of the ferrocenium/ferrocene couple as an external reference. 
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B.1.3. Synthetic Procedures 

 

 

 

 

 

 

Synthesis of A 

See synthesis of 1 in Appendix A for synthetic procedure and corresponding 1H NMR spectrum. 

 

Synthesis of 2-L 

In a 100 mL roundbottom flask, 2.05 equivalents of compound A (1.001 g, 2.64 mmol) was 

dissolved in DCM. Sodium sulfate (5 equiv.) was added to the flask along with 1 equivalent of 

ethylenediamine (0.077 g, 1.28 mmol) added dropwise. Upon addition of the ethylenediamine, 

the solution’s yellow color darkened. The mixture was stirred at room temperature overnight, 

and the sodium sulfate removed via filtration through a Celite pad. The volatiles were removed 

in vacuo to give a yellow oil. The yellow oil was then purified by column chromatography by 

washing the excess aldehyde starting material off with DCM and then eluting the product with a 



170 

 

90:10 mixture of DCM:NEt3. Extensive drying at reduced pressure led to foaming of the oil to 

give a solid material (0.90 g, 87% yield). 1H NMR (400 MHz, CDCl3) δ 13.14 (s, 2H), 8.41 (d, J 

= 9.2 Hz, 2H), 8.28 (s, 2H), 8.21 – 7.93 (m, 18H), 7.24 (d, 2H), 7.17 (d, J = 2.1 Hz, 2H), 6.88 (d, 

J = 8.4 Hz, 2H), 4.12 (s, 4H), 3.88 (s, 4H), 3.50 (s, 4H), 2.18 (s, 6H). 13C NMR (125 MHz, 

CDCl3) δ 166.41, 159.99, 133.24, 131.85, 131.16, 130.78, 130.64, 129.77, 128.12, 127.30, 

127.01, 126.96, 125.71, 124.92, 124.88, 124.83, 124.66, 124.22, 124.06, 118.06, 116.62, 61.27, 

60.08, 60.06, 59.62, 42.11. 

 

 

Synthesis of 4-L 

In a 100 mL roundbottom flask, 2.05 equivalents of compound A (1.001 g, 2.64 mmol) was 

dissolved in DCM. Sodium sulfate (5 equiv.) was added to the flask along with 1 equivalent of 

diethylenetriamine (0.132 g, 1.28 mmol) added dropwise. Upon addition of the 

diethylenetriamine, the solution’s yellow color darkened. The mixture was stirred at room 

temperature overnight, and the sodium sulfate removed via filtration through a Celite pad. The 

volatiles were removed in vacuo to give a yellow oil. The yellow oil was then purified by column 

chromatography by washing the excess aldehyde starting material off with DCM and then 

eluting the product with a 90:10 mixture of DCM:NEt3. Extensive drying at reduced pressure led 

to foaming of the oil to give a solid material (0.80 g, 73% yield). 1H NMR (400 MHz, CD2Cl2) δ 
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13.22 (s, 2H), 8.46 (d, J = 9.2 Hz, 2H), 8.29 (s, 2H), 8.21 – 7.93 (m, 18H), 7.27 (dd, J = 8.4, 2.2 

Hz, 2H), 7.20 (d, J = 2.1 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 4.13 (s, 4H), 3.65 (m, 4H), 3.52 (s, 

4H), 2.94 (t, J = 6.0 Hz, 4H), 2.17 (s, 6H), 1.02 (t, J = 7.2 Hz, 1H). 13C NMR (125 MHz, 

CD2Cl2) δ 166.59, 160.75, 133.77, 133.74, 133.63, 132.42, 131.83, 131.46, 131.29, 130.44, 

130.41, 129.99, 128.93, 128.89, 128.01, 127.94, 127.60, 127.53, 127.43, 127.39, 127.34, 126.43, 

125.63, 125.60, 125.57, 125.51, 125.46, 125.43, 125.38, 125.36, 125.23, 124.96, 124.87, 124.83, 

124.77, 124.74, 124.71, 118.92, 117.02, 61.95, 60.82, 60.16, 50.25, 46.76, 42.51. 

 

 

 

General procedure for synthesis of 2-U and 4-U complexes 

To metallate, 1 equivalent of the free ligands 2-L and 3-L were dissolved in a 50:50 mixture of 

DCM:MeOH to encourage the solubility of the free ligand. The solution of free ligand was 

stirred until the solution became homogeneous. While the solution of free ligand was stirring, 1 

equivalent of uranyl acetate hexahydrate (UO2(OAc)2 ● 6H2O) was weighted out and 

subsequently dissolved in a minimal amount of neat MeOH. The solution of uranyl acetate 

hexahydrate was added slowly and dropwise to the solution of free ligand. Upon addition of the 

uranyl solution, the yellow color of the ligand solution immediately darkened to a red-orange and 

small amounts of orange precipitate could be observed. The container holding the uranyl solution 

was rinsed with minimal amounts of neat MeOH to ensure all uranyl acetate hexahydrate had 
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been added to the ligand solution. The reaction mixture was allowed to stir overnight at room 

temperature, during which time more orange precipitate was formed. The reaction mixture was 

then filtered over a medium porosity frit and the collected red-orange solid was rinsed with cold 

MeOH. Extensive drying at reduced pressure yielded a red-orange powder corresponding to the 

2-U and 4-U complexes. 

 

2-U 

Isolated as a dark orange solid (80%).1H NMR (500 MHz, d6-DMSO): δ 9.46 (br s, 2H), 8.53 

(br d, J = 9.3 Hz, 2H), 8.3 – 8.0 (br m, 16H), 7.58 (br s, 4H), 6.94 (br s, 2H), 4.48 (br s, 4H), 4.21 

(br s, 4H), 3.67 (br s, 4H), 2.88 (s, 3H), 2.73 (s, 3H). 

 

4-U 

Isolated as light orange solid (70%). 1H NMR (500 MHz, CD2Cl2): δ 9.32 (s, 2H), 8.52 (d, J = 

9.2 Hz, 2H), 8.24 – 7.96 (m, 16H), 7.67 (dd, J = 8.5, 2.4 Hz, 2H), 7.45 (s, 2H), 7.11 (d, J = 8.4 Hz, 

2H), 4.69 (t, J = 13.7 Hz, 2H), 4.52 (d, J = 14.3 Hz, 3H), 4.21 (d, J = 17.8 Hz, 6H), 3.69 (d, J = 

18.7 Hz, 6H), 2.26 (s, 6H). 
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B.2. NMR Spectra  

 

Figure B1. 400 MHz 1H NMR spectrum of 1-L in CDCl3. 
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Figure B2. 500 MHz 1H NMR spectrum of the 1-U complex in d6-DMSO at 298 K. 
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Figure B3. 400 MHz 1H NMR spectrum of 3-L in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B4. 500 MHz 1H NMR spectrum of 3-U in d6-DMSO. 
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Figure B5. 400 MHz 1H NMR spectrum of 2-L in CDCl3. 
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Figure B6. 125 MHz 13C NMR spectrum of 2-L in CDCl3. 
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Figure B7. 500 MHz 1H NMR spectrum of 2-U in d6-DMSO. 
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Figure B8. 400 MHz 1H NMR spectrum of 4-L in CD2Cl2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B9. 125 MHz 13C NMR spectrum of 4-L in CD2Cl2. 
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Figure B10. 500 MHz 1H NMR spectrum of 4-U in CD2Cl2. 
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