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ABSTRACT 

 

CHEMICAL SEPARATIONS OF A FLEROVIUM HOMOLOG USING MACROCYCLIC EXTRACTANTS 

 

The placement of elements on the Periodic Table is governed by their fundamental 

chemical properties, maintaining specific trends when they are situated in order of increasing 

atomic number according to periodic law. When it comes to the heaviest of elements like 

flerovium (Fl), however, relativistic effects have the potential to alter their chemical behavior 

relative to lighter elements of the same group. The chemistry of Fl must be studied in order to 

confirm its placement on the Periodic Table, posing a unique challenge due to its low 

production cross-sections and short half-life. A chemical system capable of exceptionally fast 

and selective separations is required to achieve this extreme chemistry task. Such a system can 

be developed for Fl using its lighter homolog Pb. Two classes of macrocyclic extractants were 

explored with the aim of developing a chemical separation system for ultimate use in a Fl 

experiment. Specifically, crown ethers and calixarenes were evaluated as extractants for Pb 

using extraction chromatography and solvent extraction techniques. In these studies, crown 

ethers containing both oxygen and sulfur as bridging atoms were found to be ineffective Pb 

extractants in hydrochloric acid matrices. Unsupported calix[4]arenes also possessing bridging 

oxygens and sulfurs in various oxidation states were observed to be similarly ineffective but 

illustrated that the selectivity of calixarenes for Pb can be enhanced by modification of the 

outer functional groups as well as the bridging atoms. Though not effective as Pb extractants on 
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their own, a significant synergistic effect was observed in EXC studies of a mixed system 

employing Eichrom Pb resin and a mobile phase containing 4-sulfocalix[4]arene with kinetics 

suitable for a Fl experiment. A similar SX system was then developed using the same crown 

ether extractant found on Pb resin with carbon tetrachloride as the organic diluent, but Pb 

extraction by the system was negligible. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

When a new element is discovered, it is assigned a position on the periodic table based 

upon its fundamental chemical properties – whether predicted or observed. This ensures the 

integrity of trends corresponding to atomic size, electron configuration, and chemical behavior. 

Thus, elements of the same group (vertical column) share homologous chemical properties. 

However, when a new transactinide element (Z > 103) is discovered, it has traditionally been 

placed in the periodic table solely based on its atomic number, Z, the number of protons in the 

nucleus. Due to relativistic effects, which increase with Z2, this placement may not be correct as 

these superheavy elements may not behave similarly to their direct homologs.1  

 

Because of a lack of suitable extraction systems and kinetics, the solution chemistry for 

some of the very short-lived transactinides has yet to be investigated. However, only through 

studying the chemical properties of these elements can their correct position on the periodic 

table be confirmed. As a consequence of the difficulties associated with the production and 

detection of the heavier transactinides, some of the most basic chemical properties of the 

superheavies are still unknown. Currently, superheavy element behavior is extrapolated from 

that of their lighter homologs. Newly discovered heavy elements have been identified first 

based on their nuclear properties: the nuclear reactions utilized for their formation and their 

radioactive decay properties.2 Determination of the chemical properties of the elements is 

however the most fundamental goal in chemistry. 
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Figure 1. Periodic Table of the Elements3 

 

1.1.1 The Transactinides 

The transactinide (TAN) elements comprise the seventh row of the periodic table beginning 

at group 4, with the filling of 6d- orbitals. After the filling of the 6d- orbitals with elements 104-

112, elements 113-118 are expected to complete the seventh row of the periodic table, with 

the filling of the 7p- orbitals.4 When possible, the chemical properties of new heavy elements 

have been investigated to confirm their properties match the chemical group to which they 

have been assigned. This is made difficult by several factors. None of the TANs are naturally 

occurring; instead, they are artificially produced at accelerators a single atom at a time. 
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Furthermore, the production path of superheavy TANs involves incomplete fusion processes 

that result in an abundance of by-products that must be removed by physical and/or chemical 

separation methods. Rapid and very specific separation methods are required due to their 

relatively short half-lives, followed by specialized detection systems that can reasonably 

guarantee the observed decay signature came from a single atom of only the target element.5 

 

Any chemical system considered must therefore be thoroughly evaluated using the 

homologs and pseudo-homologs of the desired TAN before it can be used in a TAN chemistry 

experiment. The typical production rate of superheavy elements such as 287-289Fl is anywhere 

between 0.5 and 5 atoms per day, depending on experimental parameters including target 

material and thickness. Consequently, their investigation is limited to the scale of atom-at-a-

time chemistry.6 In principle, the statistical validity of experimental results of two-phase systems 

for superheavy elements produced atom-at-a-time can be upheld by an equilibration 

formulation derived from a law of mass action in which the probabilities of finding an atom in a 

given phase are used in place of concentrations.5 Additionally, the kinetics of the chemical 

system must be comparable to the half-life of the radionuclide being investigated. The 

selectivity of the chemical system for a specific element is very important for the superheavies 

due to their low cross-sections, which range from picobarns to femtobarns for the production of 

elements with Z > 108.7,8,9,10,11,12,13 The decay characteristics of each Fl isotope studied must be 

known well enough and be suitably unique for positive identification when it comes to 

detection of one atom at a time. This is an especially difficult feat in the case of isotopes 

undergoing spontaneous fission (SF), e.g., 284,286Fl.14 



4 

 

 

Aqueous studies of the TANs with Z < 106 have been completed in the past with a variety of 

methods: the earliest utilized manual or automated liquid-liquid extraction and ion exchange, 

which consisted of a sample collection time, followed by sample dissolution, chemistry, and 

finally decay counting. These experiments could be performed in approximately 50 s with cycles 

occurring every 60 to 90 s.15 This was possible due to the longer half-lives of these early TAN, 

e.g., 261Rf (t1/2 = 65 s), and the higher production rates of these elements (atoms/minute). With 

the heavier TANs, production rates – and the resulting detection rates – fall significantly (a few 

atoms per day or even atoms per week), necessitating the development of fast (289Fl t1/2 = 2.1 s), 

automated chemical systems. The combination of advanced relativistic quantum chemical 

calculations with experimental data is necessary to understand TAN chemistry. Physical 

separation of interfering reaction products has been achieved for gas-phase studies via gas-filled 

pre-separators such as the TransActinide Separator and Chemistry Apparatus (TASCA) or the 

Berkeley Gas-Filled Separator (BGS), but aqueous chemical separation has yet to be achieved for 

Fl isotopes due to a number of limitations including production rates, cross sections, decay 

modes and short half-lives.6 

 

1.1.2 Relativistic Effects 

Relativistic effects arise when the inner electrons attain relativistic speeds, with an 

associated relativistic mass increase, and these effects increase with Z2. The relativistic mass 

increase causes a spatial contraction of the inner electron orbitals, increasing the binding 

energy and the electronic shielding of the nuclear charge seen by outer electrons. Due to this 
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modified electronic shielding, and because of the orthogonality of all electronic orbitals, these 

relativistic effects propagate to the outermost (non-relativistic) electron orbitals. The resulting 

effect on the valence electrons, which largely determine the chemical properties, is a decrease 

in radius and an increase in binding energy for orbitals with low-angular momentum, l, and an 

increase in radius and decrease in binding energy for high-l orbitals.16 Another effect of interest 

in the heaviest elements, often included in descriptions of relativistic effects, is spin-orbit 

splitting for orbitals with l > 0. Spin-orbit splitting changes the energy of electron orbitals, 

depending on the alignment of the intrinsic electron spin with the electron orbital angular 

momentum. The effect increases with Z4, lowering the energies of l-1/2 orbitals and raising the 

energies of l+1/2 orbitals.17 In the valence electrons of the TAN elements, the magnitude of 

spin-orbit splitting is comparable to that of the other relativistic effects. 

 

Due to the high nuclear charge of TANs, electrons are accelerated to relativistic speeds, 

contracting the innermost orbitals and increasing shielding in the outer orbitals, which in turn 

affects electron mass, energy levels and chemical bonding characteristics.2,4 These relativistic 

effects change the relative energies of electronic orbitals, changing the electron filling order and 

potentially disrupting the periodic table structure as derived from the chemical properties of 

lighter, less-relativistic elements. The changes in orbital energies and radial extents will have a 

strong effect on chemical bonding, bringing about changes in the chemical properties of 

superheavy elements.17 Such changes have been reported for Rf, Db, Sg, and Cn.16,19,20 Fl is 

especially important to study, as it is located on the periodic table in the area where relativistic 
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effects are expected to significantly change its chemical properties with respect to its lighter 

homologs.2 

 

1.2 Flerovium 

Element 114 was discovered via the 244Pu(48Ca,3n)289114 reaction at the U400 heavy ion 

cyclotron in Dubna, Russia, in 1998 through a collaboration between the Joint Institute for 

Nuclear Research (JINR) and Lawrence Livermore National Laboratory (LLNL) (fig.2).7 Joint 

efforts by JINR, LLNL and Lawrence Berkeley National Laboratory (LBNL) led to the discovery of 

five additional isotopes of element 114 over the next fifteen years.8,9,10,11,12,13 Element 114 was 

officially placed on the Periodic Table under the name flerovium in 2012.3 Table 1 shows 

currently acknowledged decay data for the six known isotopes of Fl: four of the six known 

isotopes of Fl undergo α-decay within a few seconds, while the decay modes of 286Fl are 

practically split between α-decay and spontaneous fission and 284Fl decays via spontaneous 

fission with a half-life on the order of milliseconds.7,8,9,10,11,12,13,21,22,23 
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Figure 2. Observed decay chain upon initial discovery of element 1147 

 

Table 1. Published decay properties of 284-289Fl 

Nuclide Decay Mode Half-life Eα (MeV) Ref. 

289Fl α 2.1 ± 0.6 s 9.95 ± 0.06 7,21 

288Fl α 0.65 ± 0.1 s 9.94 ± 0.08 9, 10,11,21 

287Fl α 0.36 ± 0.2 s 10.01 ± 0.07 8,10,11,21,22 

286Fl α≈60%; SF≈40% 130 ± 30 ms 10.19 ± 0.06 10,11,21,22 

285Fl α 0.15 ± 0.8 s 10.41 ± 0.05 12,13,23,21 

284Fl SF 2.5 ± 1.3 ms  
13,23,21 

 

1.2.1 Predicted Properties of Fl  

Fl is the first element theoretically predicted to show large deviations from expected 

periodic trends, as seen in the conflicting theories that exist for element 114 – some indicate a 

noble, gaseous state while others foresee an extraordinarily volatile metal.24 One persistent 

prediction based on atomic calculations indicated that elements 112, 114, and 118 may be 

gaseous, and even as inert as a noble gas.25 More recently, numerous first-principles 
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calculations have been made for Fl using the pseudopotential method and density-functional 

theory (DFT). The electronic and ground state properties of Fl have been investigated using the 

pseudopotential method; it is predicted to adopt a hexagonal-close-packed structure.26 Studies 

using DFT suggest that Fl is metallic.27 By decomposing the total energy into many-body forces 

derived from relativistic coupled-cluster theory and DFT, the melting point of Fl was predicted to 

be below room temperature.28 Modern, fully relativistic calculations suggest that Fl is a volatile 

metal and will be adsorbed on a Au surface through metal-metal bond formation.29 

 

1.2.2 Flerovium Experiments  

Gas-adsorption chromatography experiments have largely prevailed across the entire 

range of superheavy elements. The first gas-phase experiment for element 114 was performed 

at the Flerov Laboratory for Nuclear Reactions (FLNR) in Dubna, in which three Fl atoms were 

deposited on a Au-surface detector at varying temperatures, which concluded that this was due 

to physisorption.30 This was contradicted when an experiment at the Gesellschaft für 

Schwerionenforschung (GSI) in Darmstadt, Germany, using the same chemical techniques 

coupled to a gas-filled pre-separator (TASCA, fig.3) at room temperature, indicated that Fl 

adsorbs to a Au surface through the formation of metal-metal bonds.31 Fully relativistic 

calculations are in agreement with the latter experimental findings, and recently received 

further support with the observation of six additional Fl atoms by the GSI group.29,32 The current 

consensus is that Fl is the most volatile metal in the periodic table and the least reactive 

member of group 14, though not as inert as Rn, and likely a liquid at room temperature.28,32 
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Figure 3. The gas-filled TransActinide Separator and Chemistry Apparatus (TASCA) 32 

 

1.1 Homolog Chemistry 

Homolog and pseudo-homolog studies are also used to develop and test chemical systems 

for their ultimate use in TAN experiments. A “homolog” here refers to an element in the same 

group on the Periodic Table and having similar chemical properties. From extrapolation of 

periodic trends, elements belonging to different groups but having the potential to behave 

similarly are considered pseudo-homologs. Because the short half-lives of Fl isotopes preclude 

their chemical systems from ever reaching a true equilibrium state, the chemical properties of 

their atoms at a pseudo-equilibrium state can be extrapolated from the behavior of their 

homolog elements.6 These studies can either be conducted in two ways: by performing rapid 

chemical separations during on-line production of the homologs at an accelerator, or off-line 

using carrier-free, ultra-trace radionuclides. Lead is a homolog of flerovium, situated directly 

above it in Group 14 of the Periodic Table.3 
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CHAPTER 2: CHEMICAL SEPARATIONS 

 

2.1 Extraction Chromatography 

Extraction chromatography (EXC) is a prominent chemical separation technique which 

combines the efficiency and selectivity of solvent extraction with the multistage character of 

chromatographic methods. This simple technique is well-suited to the rapid separation and 

preconcentration of radionuclides in trace amounts from a wide range of sample matrices.33 An 

EXC system is comprised of three major components: an inert support, a stationary phase, and a 

mobile phase. 

 

 

Figure 4. Cross section view of an EXC column showing the stationary phase coating the 
resin34 
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The solid support usually consists of chemically inert beads made of porous silica or an 

organic polymer ranging from 50 to 150 μm in diameter. A chemically inert material is required 

in order for the support not to interfere with the reactions taking place between the mobile and 

stationary phases.33,35 The stationary phase is composed of a liquid extractant immobilized in 

the pores of the solid support. Extraction chromatographic resins are typically prepared by 

coating the beads with a solution of the extractant in a volatile solvent and then slowly 

evaporating off the solvent, leaving the extractant physically bound to the inert support and 

lending complex forming abilities to the stationary phase.33,36 The mobile phase is an aqueous 

solution that comes into contact with the resin and competes with the stationary phase for the 

radionuclide of interest. Changes to both the stationary and mobile phases can be tailored to 

alter the retention of a particular analyte by a resin, making it possible to finely tune an EXC 

system for a specific purpose.37 

 

EXC is a form of solvent extraction in which the stationary and mobile phases are the 

organic and aqueous phases, respectively. More effective resins can be developed by optimizing 

the composition of their stationary phase with novel organic extractants and suitable diluents. 

The choice of organic diluent can affect both the efficiency and selectivity of metal complex 

extractions, in particular. As in solvent extraction, the adsorption of a metal ion by EXC also 

involves the conversion of a hydrated metal ion into an uncharged, organophilic complex.36,38 

Due to their close relationship, solvent extraction experiments are a common preliminary 

method used to identify organic extractants and diluents in the design of new EXC systems, and 

vice versa.  
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2.1.1 Weight Distribution Ratios and Column Capacity Factors 

For EXC systems, the distribution ratio (D) and column capacity factor (k’) are not 

measured directly, but calculated from the weight distribution ratio, Dw. This is due to the fact 

that the stationary phase is bound to the resin and therefore in a different physical state than 

the aqueous mobile phase.37 The weight distribution ratio, Dw, is calculated by measuring the 

activity of the analyte of interest adsorbed by a known mass of resin from a given volume of 

aqueous solution using the equation: 

Dw = ArAs = A0−AsAs × mLg      (Eqn. 1) 

 

where A0 is the initial activity, Ar is the activity sorbed on a known amount of resin, g, and As is 

the activity in a known volume, mL, of solution. The Dw can then be converted directly to the 

number of free column volumes to peak maximum, k’, using a resin factor, Fc, provided by the 

manufacturer: 

k′ = DwFc       (Eqn. 2) 

 

2.2 Solvent Extraction 

Solvent extraction (SX), or liquid-liquid extraction, is another common technique used in 

radiochemistry to separate compounds based on their solubility in different solvents. The 

principles of solvent extraction involve several fundamental concepts including partitioning, 

selectivity, concentration, polarity, temperature, and time. Partitioning refers to the distribution 
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of a solute between two immiscible solvents based on the solubility of the solute in each 

solvent (phase). Selectivity in SX refers to the ability of a solvent to preferentially select the 

solute of interest while excluding others. Different solvents have varying affinities for different 

solutes, which allows for highly selective extraction in finely tuned systems. Generally, an 

organic and an aqueous solvent are used in which the solute has a different solubility in each 

phase and a separation is achieved once the solute has distributed itself into one of the 

phases.39 Therefore, the distribution ratio of a SX system is represented by: 

D = [A]org[A]aq  =  Vaq × AorgVorg × Aaq     (Eqn. 3) 

where [A]org is the concentration of solute in the organic phase and [A]aq is the concentration of 

solute in the aqueous phase, and Vaq and Vorg are the volumes of the aqueous phase and organic 

phase, respectively. In the systems described herein, the volumes are the same and the 

equation for the distribution ratio can be simplified to: 

D = (A0− Aaq)Aaq       (Eqn. 4) 

where A0 is the initial activity of the solute, Aaq is the activity of the solute in the aqueous 

phase, and (A0 – Aaq) equals the activity of the solute, Aorg, in the organic phase. After sufficient 

mixing time has passed such that the net change of the concentration of solute amongst the 

phases remains constant, the distribution ratio is calculated to quantify how the solute divides 

itself between the two phases.40 The distribution ratio, D, can be converted to the extraction 

fraction (percentage extracted) by: 

%E = 100 × (A0 − Aaq)A0  =  100D(1+D)    (Eqn. 5) 
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where a distribution ratio of 1 equates to 50% extraction, indicating an even distribution of the 

solute between phases, and a distribution ratio of 100 indicates >99% extraction.39 

 

This process can be influenced by the initial concentration of the solute, with higher 

concentrations often leading to greater efficiency in the extraction.39 For ultra-trace level 

chemistry, therefore, a SX extraction system with a very large distribution ratio is required to 

achieve efficient, highly selective extractions.6 Polarity is also an important consideration since 

the two liquid phases need to be immiscible, and non-polar solvents are used to extract non-

polar substances and vice versa. Temperature can influence solubility and, consequently, the 

efficiency of the extraction process.39 Extraction in a SX system takes place at the phase 

boundary and the time it takes for the system to reach equilibrium can be decreased by 

increasing the surface area of the phase boundary via vigorous mixing. Mixing causes each 

solvent to finely disburse in the other.39,40 After mixing, the immiscible liquid phases will 

spontaneously separate into two distinct layers based on their densities. The resulting 

separation occurs due to the different solubility of the solute in the two solvents. 

 

In order to achieve a sufficient separation of a solute at the ultra-trace scale, the 

distribution ratio for a given SX system must be maximized as much as possible.6 Chemical 

modification, such as addition of an extractant molecule that forms complexes with the solute 

(e.g., macrocycles) to the organic solvent, can enhance selectivity and increase the distribution 

ratio.39 This is a major advantage of SX, as it enables the tuning of a system to be highly 

selective for an individual analyte of interest. The efficiency of SX is another advantage that can 
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be exploited for studies utilizing very short-lived radionuclides. It is for these reasons that SX will 

be a primary technique employed in this research. 

 

2.3 Macrocyclic Extractants 

Atom-at-a-time chemistry will require specialized chemical separation systems that are 

both extremely fast and tremendously selective for elements of interest. As applies to 

coordination chemistry, “macrocycles” are cyclic macromolecules having three or more donor 

atoms for coordination to metal centers.4 Two particular classes of macrocyclic ligands have 

shown promise in Fl and Cn homolog studies: crown ethers and calixarenes. 44,51 Crown ethers 

show the required level of extraction specificity but are considered to be kinetically slow, 

whereas calixarenes perform rapid separations but display selectivity for more than one 

periodic group. The study of TANs will require unique, specialized molecules based upon one or 

both of these specialized macrocycles. 

 

2.3.1 Crown Ethers 

Crown ethers are macrocyclic polyethers capable of forming host-guest complexes. 

Extraction by crown ethers occurs based on electrostatic ion-dipole interactions between the 

negatively charged ring atoms (oxygen, sulfur, etc.) and positively charged metal cations. Crown 

ethers show a high selectivity for metal cations of comparable diameter to that of the negatively 

charged crown cavity and tend to form very stable 1:1 metal-crown complexes.52 The increased 

binding stability of metal cations by a cyclic polyether compared to that of an open ring is called 

the macrocyclic effect, which gives rise to this notable complex stability.53 The crown ether 18-
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crown-6 (cavity diameter 2.6 – 3.2 Å) (fig.5) is known to form positively charged complexes via 

coordination with a hydronium ion (H3O+), which in turn can be utilized to extract positively-

charged metal complexes. 54,55 

 

 

Figure 5. The crown ether 18-crown-6 

 

Thiacrown ethers, in which the substitution of oxygen with sulfur results in an even 

greater specificity for soft metals, have previously been synthesized at LLNL and studied with Fl 

homologs.  The sulfur analog of DtBuCH18C6, DBHT18C6, displayed vastly improved kinetics for 

Hg.44,45,46 The investigation of crown ethers as extractants at LLNL was continued in this work by 

looking at aqueous complexants to aid Pb extraction (e.g., calixarenes). 

 

2.3.2 Calixarenes 

Calixarenes are macrocyclic oligomers comprised of phenolic units meta linked by 

methylene bridges, taking the shape of a conical vase or chalice (in Greek, “calix”).56 A number, 

n, representing the number of repeating phenolic units is inserted between the “x” and “a” in 

“X-xCalix[n]arene” to designate the size of the macrocyclic ring (fig.6). The prefix “X” refers to 
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the upper rim functional groups. Their inner cavities, which are available to host-guest type 

interactions with the solutes, are able to accommodate various guest molecules similarly to 

crown ethers.56,57 Therefore, calixarenes can also be used to manipulate selectivity. This 

selectivity is due to the presence of the cavity as well as to the outer functional groups.44,57,58 

Solvent extraction studies have demonstrated that the coordination ability of the calix[4]arenes 

depends on the bridging x, as seen in Figure 6.51,58 While calixarenes can be used to change 

selectivity in several separation techniques, this work will explore their use in extraction 

chromatography and solvent extraction only. 

 

 

Figure 6. Molecular structure of calix[4]arenes with various sulfur-based bridge constituents 

 

2.4 Review of Previous Studies in Literature 

As previously discussed, theoretical predictions and gas-phase studies comprise a 

significant majority of the work that has been performed to elucidate the chemical behavior of 

Fl. The first experiments with Fl homologs and pseudo-homologs intended specifically for the 

development of an aqueous chemical system for Fl consisted of generator studies, which 



18 

 

determined that Pb could be continually eluted from a solution of 223,228Ra, 227,228Th, or 227,228Ac 

sorbed onto a Dowex 50x8 column.41,42 This method was later refined to produce a generator 

using 228Th loaded onto an AG 50Wx8 cation exchange column from which 212Pb can be eluted 

from an HCl matrix.43 This second generator was then used in Fl homolog studies with sulfur 

macrocyclic extractants (fig.7), which showed no selectivity for Pb(II).44,45,46 

 

  

Figure 7. Hexathia-18-crown-6 (HT18C6) and Dibenzo-hexathia-18-crown-6 (DBHT18C6) 

 

To date, two sulfur macrocyclic extractants have been studied by Despotopulos et al. for 

the development of a TAN chemical system using homologs and pseudo-homologs of elements 

112 and 114: hexathia-18-crown-6 ether (HT18C6) and dibenzo-hexathia-18-crown-6 

(DBHT18C6), shown above in Figure 7.44,45,46 These studies were based on the ability of the 

crown ether extractant di-tert-butylcyclohexano-18-crown-6 (DtBuCH18C6) to extract lead (Pb) 

and mercury (Hg), but with kinetics too slow for TAN experiments;44 and the high selectivity and 

fast kinetics of Hg extractions using a thiacrown ether.47,48 The substitution of oxygen in the ring 

with sulfur was expected to make the 18-crown-6 base structure more specific for soft metal 

(such as Hg and Pb) chemistry, theoretically solving the kinetics problem. In solvent extraction 
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studies, HT18C6 was found to extract Hg faster than DtBuCH18C6 but it did not extract Pb at all 

(fig.8). The extremely low solubility of HT18C6 in the organic solvent also precluded attempts to 

elucidate the speciation of the extracted complex. 45,46 

 

 

Figure 8. The extraction of Pb homologs and pseudo-homologs by HT18C646 

 

A second thiacrown ether, DBHT18C6, was then synthesized by the same group in an 

attempt to elucidate the effects of crown conformation on metal complexation.45 Traditional 

crown ethers possess a cavity as a result of their endodentate conformation, orienting a pocket 

of charge density towards the center of the ring. Thiacrown ethers, on the other hand, tend to 

have their sulfurs oriented in an exodentate manner. This means that thiacrown ethers may 

have unique extraction mechanisms and distortion into an endodentate conformation will be 

necessary for them to coordinate with a metal cation similarly to the traditional crown 

ether.49,50 DBHT18C6, having a negative charge region analogous to the traditional crown ether, 
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was expected to extract Pb analogous to DtBuCH18C6; however, DBHT18C6 also did not extract 

Pb (fig.9). 45 

 

 

Figure 9. The extraction of Pb homologs and pseudo-homologs by DBHT18C6 45 

 

2.5 Research Objective 

The focus of this research is to find a suitable extractant that exhibits both a strong 

affinity and fast kinetics for lead. The macrocyclic ligands discussed above can also be utilized to 

predict other chemical behaviors of TANs. Homolog studies can be performed to deduce size 

(from cavity size), speciation (based on elution versus counter ion), and complexation (based on 

halide complexation).15 For example, by changing the counter ions in the system, we can change 

the complexation and deduce speciation based on the behavior of homolog elements. Anionic 

complexes can also be tuned using halide counter ions, wherein the cation goes into the cavity 

and the ion of interest forms an anion that complexes strongly with halides. Experiments with a 
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short-lived isotope of Pb, a group 14 homolog of Fl, was carried out.43 The efficiency and 

selectivity of the separation systems was evaluated for potential use in a Fl experiment to 

ultimately assess the impact of relativistic effects on the chemical properties of the superheavy 

TAN elements.   
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CHAPTER 3: ANALYTIC TECHNIQUES 

 

Any chemical system must be thoroughly evaluated using the homologs and pseudo-

homologs of the desired TAN before it can be used in a TAN chemistry experiment. Extraction 

chromatography (EXC), solvent extraction (SX), and high purity germanium gamma spectroscopy 

techniques were used in the investigation of lead-212 as a Fl homolog. The general procedure 

for each technique is presented below, along with an overview and explanation of the data 

analyses used herein. Materials and reagents are listed in Appendix I. 

 

3.1 Lead-212 generator 

 All radiolead used in this work was obtained from a generator developed for the 

continuous elution of 212Pb from the parent radionuclide 228Th by Despotopulos et al.43 The 

generator was prepared by loading approximately 100 µCi of 228Th (derived from 232U legacy 

material) in 1 mL of 0.4 M HCl onto a preconditioned 2.5 mL AG 50Wx8 (100-200 mesh) cation 

exchange column. The column was rinsed with 10 mL of 0.4M HCl and stored for 3 days to allow 

for > 99% ingrowth of 212Pb (72 h, approximately 7 half-lives of 212Pb, yields 99.1% equilibrium 

with parent). At the beginning of each study, 212Pb was eluted from the column with 2 mL of 2 

M HCl and added directly to samples, and the column was re-conditioned with 2 mL 0.4M HCl 

before being stored for subsequent experiments. The decay chain of 228Th is shown in Figure 10. 
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Figure 10. Thorium-228 decay chain with half-lives21 

 

Generators such as this allow for the continuous, long-term procurement of carrier-free 

radionuclides. The term “carrier-free” indicates 100% isotopic abundance. The spectral line with 

the highest relative yield was chosen for determining the activity of 212Pb in all samples by HPGe 

gamma-ray spectroscopy (Table 2). 

 

Table 2. Photon energies selected for activity determination59 

 

 

Radionuclide (half-life) Energy (intensity, %) 

212Pb (t1/2 = 10.62 h) 238.6 keV (43.3%) 
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3.2 Extraction Chromatographic Resin 

EXC batch studies were performed with the commercially-available Pb resin obtained 

from Eichrom Technologies, which contains the crown ether 4’,4”(5”)-di-tert-

butyldicyclohexano-18-crown-6 (DtBuCH18C6) (fig.11) and has been well-characterized for its 

lead uptake (fig.12).60,61 In a previous study by Horwitz et al., Pb resin exhibited a very high 

extraction of lead in nitric acid media (k’max ≈ 800) and moderate Pb extraction in hydrochloric 

acid media (k’max ≈150).60 The conversion factor FC for Pb resin is 1.82.60 EXC resins can be 

characterized by measuring parameters such as Dw and k’ in batch uptake experiments, in which 

free resin is used instead of a column.  

 

 

Figure 11. Molecular structure of the crown ether extractant used in Pb resin61 
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Figure 12. Nitric and hydrochloric acid dependencies of k’ for lead on Pb resin60 

 

3.3 Crown Ether 

The commercially available crown ether 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 

(DtBuCH18C6) (fig.11) was used as an extractant in carbon tetrachloride (CCl4) as the organic 

phase for SX studies with the Fl homolog 212Pb. DtBuCH18C6 (484.71 g mol-1) was purchased 

from Sigma-Aldrich and melted on a hot plate for ease of handling prior to dilutions with CCl4. 

The liquified crown ether was pipetted into volumetric flasks on a balance then brought to 

volume with CCl4 following the scheme in Table 3. 
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Table 3. Stock solutions prepared for SX studies with 4’,4”(5”)-di-tert-butyldicyclohexano-18-
crown-6 

 

 

3.4 Calixarenes 

4-tert-butylcalix[4]arene (C4A), 4-tert-butylthiacalix[4]arene (TC4A) and 4-tert-

butylsulfonylcalix[4]arene (SO2CA) were used as extractants dissolved in chloroform (CHCl3) as 

the organic phase for SX studies (fig.13). The calixarenes were obtained in solid form from 

commercial vendors and were massed out for dilution with CHCl3 according to the scheme in 

Table 4. 

 

Table 4. Stock solutions prepared for SX studies with calixarenes in CHCl3 

 

 

[DtBuCH18C6] (M) Mass DtBuCH18C6 (g) Volume (mL) 

0.001 0.0024 5 

0.005 0.0121 5 

0.01 0.0969 20 

0.05 0.1211 5 

0.06 0.3000 10 

0.1 0.2423 5 

 

Calixarene [Calixarene] (M) Calixarene Mass (g) Volume (mL) Calixarene MW (g/mol) 

C4A 0.001 0.0130 20 648.91 

TC4A 0.001 0.0144 20 721.06 

SO2CA 0.001 0.0170 20 849.05 
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Figure 13. Molecular structure of the calix[4]arenes C4A (left), TC4A (middle), and SO2CA (right) 
 

4-sulfocalix[4]arene (SC4A) was the only water-soluble calixarene investigated and was 

added to the mobile phase for batch studies with Eichrom’s Pb resin and to the aqueous phase 

for SX studies with DtBuCH18C6. SC4A (fig.14) has a molecular weight of 744.74 g mol-1, which 

was used to calculate the mass required to make 1 mM solutions of sulfocalix[4]arene in the 

various nitric acid and hydrochloric acid matrices studied.  

 

 

Figure 14. Molecular structure of SC4A 
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3.5 Batch Studies  

The goal of these studies was to investigate how the addition of aqueous extractants 

would affect the retention of lead by Pb resin. Nitric and hydrochloric acids were used in these 

experiments, with 7 different nitric acid (HNO3) concentrations from 0.5 – 10 M and 6 

hydrochloric acid (HCl) concentrations ranging from 0.1 – 2 M. The experimental method 

employed was adapted from several published procedures.37,45,46 

 

 

Figure 15. Diagram of batch study procedure 

 

First, a known amount of resin (~10 mg) was placed into a 1.5 mL microcentrifuge tube 

and preconditioned with 1 mL of the indicated acid by shaking with an Eppendorf ThermoMixer 

C. The sample was then spiked with a known volume of the 212Pb radiotracer (20 µL) and 

allowed to equilibrate for 1 hour with mixing. During this interval, each sample was counted by 

HPGe gamma spectroscopy, and the initial activity was recorded (A0). After mixing, the sample 

was filtered into a new microcentrifuge tube through a 0.45 µm Whatman 
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polytetrafluoroethylene (PTFE) filter affixed to a 3 mL polypropylene syringe. Next, a 720 µL 

aliquot of the filtered solution was transferred to another microcentrifuge tube containing 300 

µL of DI water to maintain the same volume as the pre-filtered sample. This aliquoting was done 

to account for the small loss of solution to the filtration process and a volume correction was 

applied to the data obtained by next counting the samples by HPGe gamma spectroscopy to 

determine post-extraction activity (As). All samples were prepared in triplicate. 

 

The 212Pb tracer activities in the bulk sample, A0, and filtrate, As, were used to calculate 

the weight distribution ratio, Dw (Eqn. 1), with As adjusted by multiplying the post-extraction 

activity by the ratio of total volume to aliquot volume (i.e., 1020/720). Equation 2 was used to 

calculate the number of free column volumes to peak maximum, k’, from the Dw. The 

uncertainty was calculated from the standard deviations of the replicates. 

 

3.5.1 Kinetics Study 

The kinetics of extractions using Pb resin in conjunction with a water-soluble calixarene 

were also explored to determine suitability for a Fl chemical experiment. An HCl concentration 

with extraction below the maximum (100 < k’ < 1000, to minimize errors) from the batch 

experiments was chosen for kinetics studies.37 First, 10 mg of Pb resin in 1.5 mL microcentrifuge 

tubes was preconditioned with 1 mL of the specified HCl-calixarene solution at 1000 rpm on a 

ThermoMixerC for 30 minutes. The resin was then spiked with 20 μL of the 212Pb stock solution 

and the exact time was recorded to the second (t0) before being placed back onto the orbital 

shaker for the specified contact time (5 minutes for standards). After contacting, the sample was 
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filtered into a new 1.5 mL microcentrifuge tube through a 0.45 µm Whatman PTFE filter affixed 

to a 3 mL polypropylene syringe and the time that the plunger hit the bottom of the syringe was 

recorded to the second (tend). Finally, a 720 µL aliquot of the filtered solution was transferred to 

another 1.5 mL microcentrifuge tube containing 300 µL of DI water and counted by HPGe 

gamma spectroscopy. Standards were prepared without the addition of Pb resin to obtain initial 

activity values for the samples. In the absence of replicates, uncertainties were calculated using 

propagation of counting uncertainties. 

 

3.6 Solvent Extraction Studies 

The goal of these studies was to investigate the extraction properties of various aqueous 

and organic extractants. The method employed for SX experiments was adapted from similar 

studies in the scientific literature.39,40 To a 1.5 mL microcentrifuge tube containing 500 µL of an 

organic solvent (with or without organic extractant) 490 µL of acid (with or without extractant) 

was added. Samples were allowed to pre-equilibrate for 30 minutes on an Eppendorf 

ThermoMixer C. Next, a 10 µL spike of the radiotracer was added to the centrifuge tubes and 

the samples were equilibrated for 1 hour on the mixer. A 300 µL aliquot of each phase was 

removed with a direct displacement pipette and placed into separate microcentrifuge tubes 

containing DI water to maintain identical volumes. The samples were counted by HPGe gamma 

spectroscopy, and the activity of 212Pb in each phase was recorded. 
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Figure 16. Illustrated depiction of the SX procedure 

 

The activities in the aqueous, Aaq, and organic phases, Aorg, were calculated by 

multiplying the post-extraction activity by the ratio of total volume to aliquot volume. The 

adjusted activities were used to determine the distribution ratio, D, and percent extracted, %E, 

using Equations 3 (and/or 4) and 5, respectively. The extraction properties of each system can 

be visualized by plotting either of these parameters as a function of the varying concentrations. 

The graphical representation of uncertainty is one standard deviation encompassing only 

uncertainty from counting statistics. 

 

3.7 HPGe Gamma Spectroscopy 

Gamma-ray spectroscopy with high-purity germanium (HPGe) detectors is a very 

common technique used to identify and determine the activity of radionuclides. The use of 

HPGe detectors results in much higher-resolution gamma spectra, expressed by the full-width-

at-half-maximum (FWHM) of the peaks, than their common counterpart, sodium iodide 

detectors that are thallium (Tl) activated, NaI(Tl). Many nuclear energy levels that cannot be 
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resolved with a NaI(Tl), such as photo peaks on top of the Compton continuum, can be 

identified with HPGe detectors due to their increased resolution.62 In order for a gamma ray to 

be recorded as an event, it must produce a recoil electron by one of three processes when it 

enters the detector: photoelectric effect, Compton interaction, or pair production. 

 

In the photoelectric process, all of the energy from the incoming gamma or X-ray is 

transferred to the recoil electron which then creates electron-hole pairs in the detector. The 

electron-hole pairs produced in the detector yield an output pulse that is proportional to the 

energy of the incident gamma or X-ray and appear as full-energy photo peaks in the spectrum. 

Compton interactions produce a well distributed low-energy area in the spectrum and can be 

used as a measure of photopeak efficiency. At gamma energies greater than 3 MeV, pair 

production becomes an important interaction.63 HPGe detectors are operated at the 

temperature of liquid nitrogen to limit the number of false signals from electron hole-pair 

production and collection that arise due to their much higher active volume relative to low-

purity detectors. An HPGe gamma-ray spectrometer coupled with a multi-channel analyzer 

(DSPEC, Ortec) controlled with MAESTRO spectral software (Ortec) was used for all activity 

measurements presented in this work. All samples and standards were maintained in the same 

0.5- or 1-mL geometry so additional efficiency calibrations were not needed. 
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CHAPTER 4: EXPERIMENTAL RESULTS 

 

4.1 Batch Studies 

 The extraction of lead by Pb resin was first studied at six HCl concentrations ranging from 

0.1 to 2 M, and seven HNO3 concentrations ranging from 0.5 to 10 M. These concentrations 

were chosen to mimic the ranges in which lead was extracted by the two acid matrices during 

the characterization of Pb resin by Horwitz et al. and to serve as a baseline for comparison with 

subsequent batch studies using the resin in combination with calixarenes.60 Hydrochloric acid 

concentrations of 0.1, 0.4, 0.8, 1, 1.5, and 2 M, and nitric acid concentrations of 0.5, 1, 2, 4, 6, 8, 

and 10 M were employed as described in chapter 3.5. Each acid concentration was replicated in 

batches of three and the initial (A0) and post-extraction (As) activities of 212Pb measured by 

HPGe gamma spectroscopy were used to calculate Dw values using Equation 1, which were then 

converted to k’ using Equation 2 with a resin factor of 1.82.61 The data points shown in the 

figures below represent the average of the calculated k’ values for the triplicates performed at 

each acid concentration and error bars depict the standard deviation from counting 

uncertainties of triplicates in each data point. 
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4.1.1 Eichrom Pb Resin 

 

 

Figure 17. Batch uptake (k’) of 212Pb as a function of acid media on Pb resin (50-100 µm) 
 

Figure 17 shows the trends observed in the uptake of 212Pb by Eichrom Pb resin with 

increasing concentrations of nitric acid and hydrochloric acid. In hydrochloric acid media, the 

resin showed increased Pb retention from 0.1 to 0.4 M, where it reached its maximum (k’ = 

158.8), followed by a decrease in Pb retention from 0.4 to 2 M. Extraction between 0.4 and 0.8 

M HCl overlapped within the error bars. In nitric acid media, uptake of Pb by the resin increased 

from 0.5 to 1 M, where it reached its maximum (k’ = 822.4), then decreased from 1 to 10 M 

HNO3. The relatively small error bars indicate good agreement in calculated uncertainty 

between replicates. 
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4.1.2 Eichrom Pb resin with 4-Sulfocalix[4]arene 

 

 

Figure 18. Batch uptake (k’) of 212Pb by Pb resin from varying nitric acid media containing 1 mM 
SC4A 

 

Figure 18 shows the trends observed in the uptake of 212Pb by Eichrom Pb resin from 

nitric acid media all containing 1 mM of 4-Sulfocalix[4]arene dissolved in increasing 

concentrations of HNO3. Lead retention by the resin increased from 0.5 to 1 M, where it 

reached its maximum (k’ = 1140.5), followed by a steady decrease in retention up to 10 M 

HNO3. The small error bars (all are included, though some do not exceed area of data points) 

indicate good agreement in calculated uncertainty between replicates, with no overlap between 

concentrations. 
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Figure 19. Batch 1 uptake (k’) of 212Pb by Pb resin from varying hydrochloric acid media 
containing 1 mM SC4A 

 

 

Figure 20. Batch 2 uptake (k’) of 212Pb by Pb resin from varying hydrochloric acid media 
containing 1 mM SC4A 

 

10

100

1000

0.01 0.1 1 10

k'

[HCl] (M)

4-Sulfocalix[4]arene Dependency of k' for Lead on Pb Resin,  

HCl Batch 1

10

100

1000

0.01 0.1 1 10

k'

[HCl] (M)

4-Sulfocalix[4]arene Dependency of k' for Lead on Pb Resin,  

HCl Batch 2



37 

 

As shown in Figures 19 and 20, a very efficient separation of 212Pb by Pb resin from 

hydrochloric acid media containing 1 mM of 4-Sulfocalix[4]arene was obtained. The batch study 

was repeated due to the surprising nature of the results, which will be discussed in Chapter 5. 

Lead retention by the resin in hydrochloric acid media increased from 0.1 to 0.4 M, where it 

reached its maximum (k’average = 1460.2), followed by a decrease to overlapping values at 0.8 

and 1 M, and then a steady decrease up to 2 M HCl. The error bars represent the standard 

deviation between replicates and in some cases do not exceed the size of the data points. 

Comparison of the uncertainties indicates good agreement between replicates and between 

batches. 

 

 

Figure 21. Comparison of the batch uptake (k’) of 212Pb by Pb resin from hydrochloric acid media 
in the presence and absence of SC4A 
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A comparison of the data shown in Figure 17 with the averaged data from Figures 19 and 

20 is presented above (fig.21). The trends in the uptake of 212Pb by Eichrom Pb resin (50 – 100 

µm) in hydrochloric acid media are the same for both systems, regardless of 4-Sulfocalix[4]arene 

content: Pb retention increases from 0.1 to 0.4 M HCl, then decreases to an overlapping degree 

in both 0.8 and 1 M HCl, followed by a continual decrease up to 2 M HCl. The relative size of the 

error bars indicated good experimental precision between replicates and there is no overlap in 

extraction between the two systems. 

 

4.1.2.1 Kinetics Study 

 

 

Figure 22. Uptake (Dw) of 212Pb by Pb resin from 1 mM SC4A in 1M HCl as a function of time 

 

Finally, a kinetics study was performed with the Pb resin/SC4A system in hydrochloric 

acid media to determine the feasibility of pursuing a SX study with the extractant coated to 

Eichrom’s Pb resin. Figure 22 shows trends in the uptake of 212Pb by Pb resin from 1 M HCl 
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containing 1 mM 4-sulfocalix[4]arene as a function of contact time. The weight distribution, Dw, 

after thirty seconds of contact time is already >97 and lead extraction effectively levels off after 

three hours (Dw = 531.46). Replicates were not performed due to time constraints and the error 

bars represent uncertainty from counting statistics. 

 

4.2 Solvent Extraction Studies 

 The extraction of lead by various organic extractants was studied in SX systems using 

hydrochloric acid as the aqueous phase at 16 concentrations: 0.01, 0.02, 0.03, 0.04, 0.06, 0.08, 

0.1, 0.2, 0.4, 0.8, 1, 2, 4, 8, 10, and 10.8 M. A broad range of HCl concentrations between 0.01 

and 1 M was chosen to elucidate the higher extraction behaviors expected from very dilute 

systems. For studies with HT18C6 and DBHT18C6, the organic phase consisted of carbon 

tetrachloride (CCl4) containing 10-4 M thiacrown ether, the maximum concentration possible 

due to the very low solubility of these macrocyclic extractants in organic solvents. For studies 

with calixarenes, the organic phase consisted of chloroform (CHCl3) containing 10-3 M C4A, TC4A 

or SO2CA. These concentrations were chosen taking into account the abundance of each 

extractant relative to 212Pb added to the system along with their solubilities in each organic 

solvent. Liquid-liquid separations at each aqueous HCl concentration were performed in 

triplicate and the data points shown on the following figures represent the averaged values of 

the calculated distribution ratios, D, for the replicates. 
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4.2.1 Thiacrown Ethers 

 

 

Figure 23. Uptake (D) of 212Pb by 0.1 mM HT18C6 in CCl4 as a function of HCl concentration 

 

Figure 23 shows the trends observed in the uptake of 212Pb by 10-4 M hexathia-18-

crown-6 in CCl4 from hydrochloric acid media. HCl concentrations in the thiacrown ether studies 

ranged from 0.04 to 10.8 M in an effort to independently verify values in the literature.46 Lead 

extraction peaked in 0.04 M HCl, and no extraction was observed at HCl concentrations 

exceeding 1 M. The data point at 0.04 M HCl corresponds to a D-value of 0.32, or 23.9% 212Pb 

extracted. The error bars represent the standard deviation of uncertainty between replicates 

and there is significant overlap between the data points at 0.06 and 0.8 M HCl. 
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Figure 24. Uptake (D) of 212Pb by 0.1 mM DBHT18C6 in CCl4 as a function of HCl concentration 

 

Figure 24 shows the trends observed in the uptake of 212Pb by 10-4 M dibenzo-hexathia-

18-crown-6 in CCl4 from hydrochloric acid media. As can be seen, similar behavior was observed 

for lead as in Figure 23, with no extraction whatsoever above 1 M HCl. The error bars represent 

the standard deviation of uncertainty amongst replicates and there is a significant overlap 

between the data points for 0.04 and 1 M HCl. The highest distribution ratio from this dataset is 

D = 0.31, which corresponds to 23.4% extracted. Because the distribution ratios calculated for 

samples in 2 to 10.8 M HCl were equivalent to zero, limits were set at or near D = 0.01 by 

calculating distribution ratios based on background counts in the aqueous or organic phase 

(whichever was fundamentally zero) over the counting duration. 
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4.2.2 Calixarenes 

 

 

Figure 25. 212Pb extraction by 1 mM C4A in CHCl3 from hydrochloric acid media 

 

The extraction of lead by 4-tert-butylcalix[4]arene (C4A), the methylene-bridged 

structure all of the sulfur-bridged calix[4]arenes in this study are based on, was studied as a 

baseline to which extraction by its sulfur analogs could be compared (Chapter 5). Figure 25 

shows the trends observed in the uptake of 212Pb by 1 mM C4A in CHCl3 from hydrochloric acid 

media. Extraction peaked in 0.01 M HCl with a distribution ratio of 0.54 (34.9% extracted), and 

no extraction occurred above 1 M HCl. The error bars represent the standard deviation of 

uncertainty between replicates and there is a significant overlap between the data points for 

0.02 to 0.04 M, 0.06 to 0.1 M, and 0.4 and 1 M HCl. 
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4.2.2.1 4-tert-Butylthiacalix[4]arene 

 

 

Figure 26. 212Pb extraction by 1 mM TC4A in CHCl3 from hydrochloric acid media 

 

Figure 26 shows the trends observed in the uptake of 212Pb by 1 mM 4-tert-

butylthiacalix[4]arene in CHCl3 from hydrochloric acid media. Lead extraction by TC4A peaked in 

0.01 M HCl with a distribution ratio of 0.83 (44.3% extracted), and no extraction was observed 

at HCl concentrations exceeding 1 M. The error bars represent the standard deviation of 

uncertainties between replicates and overlap can be seen following trends similar to those in 

Figure 25.   
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4.2.2.2 4-tert-Butylsulfonylcalix[4]arene 

 

 

Figure 27. 212Pb extraction by 1 mM SO2CA in CHCl3 from hydrochloric acid media 

 

Figure 27 shows the trends observed in the uptake of 212Pb by 1 mM 4-tert-

butylsulfonylcalix[4]arene in CHCl3 from hydrochloric acid media. Lead extraction by SO2CA 

peaked at 0.01 M HCl with a distribution ratio of D = 1.99 (66.1% extracted), followed by an 

overall decrease with increasing HCl concentration up to 1 M with no extraction observed above 

1 M HCl. The error bars represent the standard deviation of uncertainty between replicates and 

overlap can be seen for the data points between 0.03 and 1 M HCl. 
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Figure 28. 212Pb extraction by various calix[4]arenes in CHCl3 from hydrochloric acid media, with 
limits 

 

Figures 25, 26, and 27 are summarized above in Figure 28, which shows the trends 

observed in the uptake of 212Pb by 1 mM of the indicated calix[4]arene in CHCl3 from 

hydrochloric acid media along with an analytical limit. The limits were set by calculating 

distribution ratios based on background counts over the counting duration. Figure 28 shows 

that the greatest lead uptake occurred in 0.01 M HCl for all three calix[4]arenes in the order 

SO2CA > TC4A > C4A with distribution ratios of 1.99 ± 0.27, 0.83 ± 0.29 and 0.54 ± 0.13, 

respectively. Taking the limits into account, the only data considered in the discussion (Chapter 

5) will be: SO2CA from 0.01 to 1 M HCl, TC4A from 0.01 to 0.4 M HCl, and C4A from 0.01 to 0.03 

M HCl. 
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4.2.3 Crown Ether 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 

 

 

Figure 29. Uptake (D) of 212Pb as a function of HCl concentration by 0.01 M DtBuCH18C6 in CCl4 

 

Figure 29 shows the trends observed in the uptake of 212Pb by 0.01 M 4’,4”(5”)-di-tert-

butyldicyclohexano-18-crown-6 in CCl4 from hydrochloric acid media. This data was obtained for 

the purpose of selecting an optimal HCl concentration for use in all subsequent SX experiments 

with DtBuCH18C6. Lead extraction peaked at 0.4 M HCl with a distribution ratio of 0.35 (25.5% 

extracted). Error bars in the figure represent the standard deviation of uncertainty between 

replicates, which are shown to be in good agreement. 
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4.2.3.1 Speciation Study 

 

 

Figure 30. Extraction of 212Pb2+ as a function of DtBuCH18C6 concentration 

 

Figure 30 shows the distribution ratios for the extracted 212Pb(II) by 0.001, 0.005, 0.01, 

0.05, and 0.1 M 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 in CCl4 from 0.4 M HCl. The 

linear regression (dotted line) indicates that the number of DtBuCH18C6 ligands coordinated to 

the Pb(II) metal ion is 1.05, therefore the reaction stoichiometry is 1:1. The maximum lead 

extraction is seen in 0.1 M DtBuCH18C6 with a distribution ratio of 6.01, which corresponds to 

85.7% of the 212Pb extracted. 

 

y = 1.048x + 1.823

R² = 0.999

-2

-1

0

1

2

-4 -3 -2 -1 0

Lo
g

 D

Log [DtBuC18C6]

212Pb Extraction by varying [DtBuCH18C6]

Pb(II)

Linear (Pb(II))



48 

 

4.2.3.2 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 with 4-sulfocalix[4]arene 

 

 

Figure 31. Extraction of 212Pb by 0.06 M DtBuCH18C6 from hydrochloric acid media containing 1 
mM SC4A 

 

Figure 31 shows the extraction of 212Pb by 0.06 M 4’,4”(5”)-di-tert-butyldicyclohexano-

18-crown-6 in CCl4 from varying concentrations of HCl containing 1 mM of 4-sulfocalix[4]arene 

as an additional complexing agent. Lead extraction was shown to increase with increasing HCl 

concentration with the maximum distribution ratio (D = 0.43) occurring in 0.8 M HCl. The error 

bars represent the standard deviation of uncertainties between replicates at each HCl 

concentration and the data points at 0.4 and 0.8 M HCl overlap. 
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CHAPTER 5: DISCUSSION 

 

5.1 Batch Studies 

 Data obtained from the batch distribution studies in Chapter 4 helped to elucidate the 

effects of acid concentration and complexant availability in the mobile phase on the uptake of 

212Pb by Eichrom Technologies’ Pb resin. By combining the data collected as part of this work 

with data previously reported by Horwitz et al., trends can be summarized regarding the uptake 

of lead from both nitric acid and hydrochloric acid matrices that are useful for comparison to 

the novel system containing an additional complexing agent studied herein. 

 

5.1.1 Pb Resin Comparison to Prior Data 

 In preliminary experiments, batch distribution studies with Pb resin in nitric acid and 

hydrochloric acid media were conducted for comparison to the literature and in order to 

establish a baseline of 212Pb retention by the resin across a range of concentrations. The data 

collected in this work, as shown in Figure 17, was in very good agreement (fig.32) with the 

capacity factors (k’) published by Horwitz et al., shown in Figure 12.60 This served as validation 

of both the experimental procedure and the observed trends in 212Pb extraction by Pb resin 

from 0.5 to 10 M HNO3 and 0.1 to 2 M HCl which were then utilized to interpret the data 

obtained in subsequent experiments with Pb resin.  
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Figure 32. Comparison of data from Figures 12 and 17 

 

5.1.2 Pb Resin with 4-Sulfocalix[4]arene 

 Following the characterization of Pb resin above, the same analytical method was used 

in batch studies with the resin in nitric acid and hydrochloric acid matrices containing 1 mM 

concentrations of 4-sulfocalix[4]arene. SC4A was the only water-soluble calixarene studied in 

this work, and the motivation behind these studies was to evaluate whether it displayed a 

competitive affinity for lead over a known lead extractant for potential use in a SX system. The 

data obtained for the nitric acid system containing 1 mM SC4A (fig.18) can be evaluated in 

direct comparison to the respective control data (fig.17) as shown in Figure 33.  
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Figure 32. Comparison of the batch uptake (k’) of 212Pb by Pb resin in nitric acid media in the 
presence and absence of SC4A 

 

 Lead extraction by the Pb resin/HNO3 system containing SC4A was greater than that 

observed by Pb resin alone. These results indicate that 4-sulfocalix[4]arene does not extract 

212Pb more competitively than the lead-selective extraction chromatographic resin. Instead, a 

very mild synergistic effect was observed from 1 and 2 M HNO3, which exhibited an 

approximately 150% increase in Pb adsorption to the stationary phase. Chemical separations in 

nitric acid media were not pursued any further. 

 

5.1.2.1 Pb Resin with 4-Sulfocalix[4]arene in HCl 

 When the data from the initial batch study with Pb resin in hydrochloric acid matrices 

containing SC4A, “Batch 1”, was analyzed and plotted (fig.19), a significant deviation from the 

control study (fig.17) was immediately apparent. This system showed, on average, more than a 

seven-fold increase in 212Pb retention by the resin across the entire HCl concentration range. 
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The batch experiment was repeated, “Batch 2”, in order to confirm the profound synergistic 

effect observed (fig.20). The data obtained from both batch studies was determined to be in 

agreement and the average k’ values were compared to the respective control, presented in 

Figure 21. In 0.4 M HCl, extraction of 212Pb by the system containing 1 mM SC4A surpassed the 

control system by nearly an order of magnitude (k’HCl-SC4A/k’HCl = 9.22). This indicates that SC4A 

forms complexes with Pb2+ ions very efficiently in the mobile phase and the organic extractant 

on Pb resin is more selective for the lead complex, a notion supported by the knowledge that 

adsorption of a metal ion in EXC entails the conversion of hydrated metal ions into neutral 

complexes with affinity for the organic extractant. These results inspired all subsequent studies 

involving 4-sulfocalix[4]arene presented in this work. 

 

5.1.2.1.1 Pb resin/4-Sulfocalix[4]arene Kinetics Study 

 Following the success of the experiments discussed in 5.1.2.1, the feasibility of the 

system was investigated as a potential candidate for application in solvent extraction studies. 

Since it is already known that neither EXC with Pb resin nor SX with 4’,4”(5”)-di-tert-

butyldicyclohexano-18-crown-6, the organic extractant coated onto Pb resin, alone are capable 

of achieving kinetics fast enough to be suitable for TAN experiments, it was necessary to 

evaluate the extraction kinetics of the Pb resin/SC4A system before a budget would be 

approved to order the materials necessary to study the system via SX.46 

 

 The kinetics study was carried out in 1 M HCl because maximum 212Pb extraction 

achieved at lower concentrations was sufficiently high to be associated with larger 
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uncertainties. Even under suboptimal conditions, Figure 22 shows that the shortest contact 

time, 30 s, yields efficient extraction of lead, making this system the best candidate for further 

development. While this study indicates that Pb would not be at full equilibrium on the second 

time scale required of a Fl experiment, Pb extraction sufficient to reach an equilibrium-like state 

is attainable in a matter of seconds. Subsequently, a SX system was designed utilizing the crown 

ether found on Pb resin, DtBuCH18C6, as the organic extractant with CCl4 as the organic diluent 

and SC4A in HCl matrices as the aqueous phase. 

 

5.2 Solvent Extraction Studies 

 

5.2.1 Thiacrown Ethers 

 Thiacrown ethers are not commercially available and are notoriously difficult to produce 

as their synthesis route uses HD mustard. The unique capabilities at Lawrence Livermore 

National Laboratory’s Forensic Science Center made the synthesis of these macrocycles 

possible. This provided the rare opportunity to independently verify literature studies with the 

thiacrown ethers hexathia-18-crown-6 and dibenzo-hexathia-18-crown-6.   

 

5.2.1.1 Comparison to Prior Data 

The SX extraction study with HT18C6 (fig.23) yielded distribution ratios all below 1, 

which do not exceed detection limits comparable to literature values (fig.8).44,46 The uptake of 

212Pb by DBHT18C6 reported in this work (fig.24) is also comparable to the literature (fig.9), 
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with distribution ratios at or below calculated detection limits.45 This supports the published 

authors’ interpretation that neither HT18C6 nor DBHT18C6 extract lead. 

 

5.2.2 Calixarenes 

Three calix[4]arenes were evaluated as organic extractants for the separation of 212Pb 

from hydrochloric acid matrices via solvent extraction. The calixarenes 4-tert-butylcalix[4]arene, 

4-tert-butylthiacalix[4]arene, 4-tert-butylsulfonylcalix[4]arene, and 4-tert-

butylsulfinylcalix[4]arene were identified as potential extractants for soft metals including Pb 

from the literature.51,58,64,65 C4A, TC4A, and SO2CA were ultimately selected for investigation due 

to their commercial availability. The data generated in this work was intended to be used to 

evaluate the feasibility of incorporating one of these macrocycles with a crown ether into a 

novel calixcrown for future study by the research group at LLNL. 

 

Extraction of 212Pb was low for each calixarene from 0.04 to 1 M HCl and non-existent 

from HCl matrices above 1 M, so additional experiments were carried out for lead in 0.01, 0.02, 

and 0.03 M HCl. The best extractions occurred from hydrochloric acid matrices below 0.04 M 

and the distribution ratios for each system increased with decreasing acid concentration. 

Overall, extractions were too low to justify kinetics studies. The selectivity of 212Pb extraction by 

the SX systems decreased in the order SO2CA > TC4A > C4A. This indicates that the binding 

ability and selectivity of calix[4]arenes for lead can be improved by replacing the methylene 

bridges with sulfur and by changing the oxidation states of the bridging sulfur. The implication is 

that modification of the bridging sulfurs in thiacalixarenes introduces the possibility of further 
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functionalization at the bridge positions, for example through the incorporation of a polyether 

loop (e.g., crown ether) on the lower rim. 

 

5.2.3 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 

 A SX study with DtBuCH18C6 and HCl without SC4A (fig.29) was carried out to reproduce 

studies in the literature and form a basis for comparison with systems containing SC4A. It was 

confirmed that DtBuCH18C6 at low concentrations does not extract Pb. As this was the first 

study with an unopened bottle of DtBuCH18C6 in this work, it did however provide useful 

insight into best practices for the preparation of organic phase stock solutions going forward. 

DtBuCH18C6 comes from the manufacturer in “solid” form, but it is extremely hygroscopic and 

rapidly becomes a semi-solid once the bottle is opened. This semi-solid state renders it difficult 

to handle and its mass will fluctuate as it absorbs moisture from the air. These difficulties were 

overcome by gently melting the crown ether until it became liquid and then using a pipet to 

transfer it for weighing. As a liquid, the varying amounts of crown ether were diluted to the 

desired volume using volumetric flasks.  

 

5.2.3.1 Speciation with 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 

 Chemical speciation of the extracted complex was determined by calculating the 

distribution ratio at varying concentrations of DtBuCH18C6 in the organic phase. The logarithm 

of the distribution ratios for 212Pb2+ was plotted as a function of the logarithm of the 

concentration of DtBuCH18C6 in Figure 30. Applying a linear fit to the data points yields a slope 

of approximately 1, indicating a 1:1 reaction stoichiometry. This means that one DtBuCH16C6 
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molecule is required to extract one 212Pb2+ ion into the organic phase, supporting the conclusion 

that Pb2+ extracts into the cavity of the crown ether and yielding the extraction mechanism: 

 𝑃𝑏𝐶𝑙2 𝑎𝑞 + 𝐷𝑡𝐵𝑢𝐶𝐻18𝐶6𝑜𝑟𝑔  ⇌  𝑃𝑏𝐶𝑙2 ∙ 𝐷𝑡𝐵𝑢𝐶𝐻18𝐶6𝑜𝑟𝑔 

 

5.2.4 4’,4”(5”)-di-tert-butyldicyclohexano-18-crown-6 with 4-sulfocalix[4]arene 

 With the 212Pb2+ extraction mechanism by DtBuCH18C6 known, the next step was to add 

SC4A to the aqueous phase of the solvent extraction system. Batch studies with Pb resin and 

SC4A in HCl showed that the highest lead extraction occurred from 0.4 M HCl, so concentration 

ranges below, at, and above 0.4 M HCl were chosen in order to confirm the trends from batch 

studies. Surprisingly, 212Pb extraction was extremely low across the entire range of 

concentrations, whereas SC4A significantly improved extraction by DtBuCH18C6 coated to the 

resin in EXC studies. This serves as an excellent example of how EXC data can provide a useful – 

but never quantitative – guide to the design of SX systems, and vice versa.  
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CHAPTER 6: CONCLUSION 

 

6.1 Overview 

  The aim of this research was to investigate two classes of macrocyclic extractants for 

their potential use in a chemical separation system that could ultimately be applied to the first 

chemical study of Fl in the aqueous phase. Crown ethers and calixarenes were evaluated as 

extractants for Pb, a Group 14 homolog of Fl. Due to increasingly strong relativistic effects in the 

superheavy TANs, the placement of Fl on the Periodic Table has been called into question by 

conflicting predictions of its chemical properties relative to those of its lighter homologs. 

Because of the low production rates and short half-lives of Fl isotopes, a chemical system that is 

both extremely fast and highly selective for Pb at the ultra-trace scale will need to be developed 

in order to perform a Fl experiment and conclusively determine its aqueous chemical behavior.  

 

6.2 Batch Studies 

 Eichrom Pb EXC resin, containing the known Pb extractant DtBuCH18C6, was used in all 

batch studies. Previous studies demonstrated good extraction of ultra-trace carrier-free Pb 

radionuclides using Pb resin, though kinetics proved to be too slow for a Fl experiment. The 

extraction of 212Pb by Pb resin in the presence of SC4A was evaluated through batch studies in 

both nitric and hydrochloric acid. It was found to be enhanced compared to uptake by the resin 

itself by a factor of 9 in HCl. Kinetic studies revealed that Pb reached extraction equilibrium in 

approximately 5 minutes. These SC4A/HCl studies with Pb resin indicated that rapid, efficient 
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separations of Fl homologs could be achieved, and an analogous SX system was consequently 

designed for further investigations.   

 

6.3 Solvent Extraction Studies 

 SX systems utilizing the thiacrown ethers HT18C6 and DBHT18C6 in CCl4 as the organic 

phase were studied and neither was shown to extract Pb from HCl matrices, which is in 

agreement with previous studies. Three unsupported calixarenes in CHCl3 as the organic phase 

were shown to extract Pb from very dilute HCl matrices in the order C4A < TC4A < So2CA, 

indicating that the selectivity of calix[4]arenes can be manipulated via functionalization of the 

bridging atoms. The crown ether DtBuCH18C6, the extractant coated to the Pb resin used 

above, was used as the organic extractant with CCl4 as diluent in studies with HCl and exhibited 

negligible Pb extraction. The results of a speciation study revealed that extraction of 212Pb2+ by 

DtBuCH18C6 occurs through the formation of a 1:1 complex in the cavity of the crown ether. 

SC4A was added to the aqueous phase of the SX system containing the organic extractant 

DtBuCH18C6 in CCl4 and failed to extract Pb from the same HCl matrices that yielded extremely 

high uptake in the comparable EXC system. 

 

6.4 Future Work 

 Due to the lower-than-anticipated Pb extraction trends exhibited by the calixarenes C4A, 

TC4A and SO2CA in CHCl3, it would be worthwhile to repeat the SX experiments with CCl4 (no 

donor atoms, no hydrogen bond-forming capabilities) as the organic phase in order to minimize 

phase carry over, which can significantly affect results in trace level experiments with microliter 
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volumes. Further, SX studies with 4-tert-butylsulfinylcalix[4]arene (SOCA), possessing different 

functionalization at the bridge positions than SO2CA, should be carried out once the synthesis 

that was started as a side-project during this work is complete.  

 

 The use of crown and thiacrown ethers as extractants in Fl homolog studies should not 

be written off just because HT18C6, DBHT18C6 and DtBuCH18C6 on their own do not extract 

Pb, and neither should the thiacalixarenes. It was shown that the selectivity of calixarenes is due 

to the presence of the cavity (C4A, TC4A, SO2CA) as well as due to the outer functional groups 

(SC4A). The implication is that the bridging sulfurs in thiacalixarenes not only change the cavity 

dimension (elongated C–S bonds), but also introduce the possibility for further functionalization 

at the bridge positions; for example, by incorporating a polyether loop (i.e., crown ether) on the 

lower rim of the calix[4]arene.64 Trends in Pb selectivity observed for the crown ethers and 

calixarenes in this work can be used to inform the design of novel calixcrown extractants. 

 

 Observations of Pb extraction in the novel EXC system combining Pb resin with a mobile 

phase containing 4-Sulfocalix[4]arene presented in this work have significant implications for its 

potential implementation in a Fl experiment. The SX system, however, will require further 

development. The discrepancy in Pb extraction between the EXC and SX systems containing the 

organic extractant DtBuCH18C6 and aqueous SC4A warrants further investigation. Since a 

significant decrease in extraction occurred upon the addition of SC4A to the SX system’s 

aqueous phase, the first step would be to determine whether this is the result of an interaction 
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between SC4A and the organic diluent. This can be evaluated by performing SX experiments 

with SC4A in HCl as the aqueous phase and only CCl4 as the organic phase. 
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APPENDIX I: MATERIALS AND REAGENTS 

 

Hydrochloric Acid, ULTREX II Ultrapure 

CAS: 7647-01-0 

 

Nitric Acid, ULTREX II Ultrapure 

CAS: 7697-37-2 

 

Carbon Tetrachloride, Reagent Grade 

CAS: 56-23-5 

 

Chloroform, ACS Reagent 

CAS: 67-66-3 

 

4-tert-Butylcalix[4]arene 

CAS: 60705-62-6 

 

4-tert-Butylsulfonylcalix[4]arene 

CAS: 204190-49-8 
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4-tert-Butylthiacalix[4]arene 

CAS: 182496-55-5 

 

4-Sulfocalix[4]arene 

CAS: 112269-92-8 

 

4′,4″(5″)-Di-tert-butyldicyclohexano-18-crown-6, ≥90% (GC) 

CAS: 223719-29-7 

 

Pb Resin (50-100 μm), Eichrom Technologies 

Part No: PB-B50-S 

 

Table 5. Physical and chemical properties of Pb resin from the manufacturer34 

Density: 0.37 g/mL 

Capacity: 29 mg Pb/g resin 

Conversion Factor, Dw/k’: 1.82 

 

Eppendorf ThermoMixer C 

Whatman 0.45 µm polytetrafluoroethylene filter 

EXELINT 3 mL polypropylene Luer-lock syringe 
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RAININ 100 μL Pipet-Lite LTS pipette 

RAININ 1000 μL Pipet-Lite LTS pipette 

Thermo Scientific 1.5 mL microcentrifuge tubes 

212Pb 1μCi mL-1 in 2 mol L-1 HCl 
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APPENDIX II: RAW DATA 

 

Table 6. Raw data for Figure 17, 21 & 33 

 

 

Table 7. Raw data for Figure 18 & 33 

 

 

Table 8. Raw data for Figures 19 & 20 

 

 

HCl Concentration (M) k'Pb HNO3 Concentration (M) k'Pb 

0.1 136.00 ± 14.15 0.5 721.43 ± 46.21 

0.4 158.45 ± 10.52 1 822.40 ± 71.74 

0.8 150.29 ± 10.05 2 750.67 ± 56.44 

1 136.33 ± 8.90 4 558.91 ±27.38 

1.5 100.56 ± 6.32 6 379.15 ±12.87 

2 71.60 ± 4.43 8 186.53 ± 8.27 

    10 118.23 ± 5.21 

 

HNO3 Concentration (M) Dw k' 

0.5 1433.29 ± 282.51 787.52 ± 129.44 

1 2257.71 ± 232.09 1240.50 ± 127.52 

2 1901.38 ± 239.17 1044.71 ± 131.41 

4 1030.37 ± 45.02 566.14 ± 24.74 

6 527.31 ± 20.77 289.73 ± 11.41 

8 352.48 ± 32.21 193.67 ± 17.70 

10 216.26 ± 23.60 118.82 ± 12.97 

 

HCl Concentration (M) Batch 1 k' Batch 2 k' 

0.1 1088.05 ± 267.98 1104.61 ± 47.64 

0.4 1373.93 ± 139.83 1460.22 ± 70.14 

0.8 1045.96 ± 116.46 1135.48 ± 49.40 

1 1036.41 ± 77.36 1039.03 ± 43.34 

0.5 659.08 ± 42.06 664.80 ± 24.10 

2 369.56 ± 44.15 383.35 ± 11.79 
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Table 9. Raw data for Figure 21  

 

 

Table 10. Raw data for Figure 22 

 

 

Table 11. Raw data for Figure 23 

 

 

Time (s) Dw 

30 97.48 ± 4.21 

68 201.12 ± 6.94 

301 393.57 ± 11.30 

898 448.79 ± 12.51 

1798 466.69 ± 12.88 

3599 494.52 ± 13.64 

10799 531.46 ± 14.34 

21598 529.04 ± 14.32 

32397 530.97 ± 14.04 

 

HCl Concentration (M) D 

0.04 0.315 ± 0.055 

0.06 0.198 ± 0.045 

0.08 0.153 ± 0.041 

0.1 0.180 ± 0.044 

0.2 0.156 ± 0.042 

0.4 0.212 ± 0.046 

0.8 0.097 ± 0.038 

1 0.028 ± 0.010 
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Table 12. Raw data for Figure 24  

 

 

Table 13. Raw data for Figures 25 & 28 

 

 

Table 14. Raw data for Figures 26 & 28 

 

HCl Concentration (M) D 

0.04 0.261 ± 0.053 

0.06 0.309 ± 0.057 

0.08 0.205 ± 0.047 

0.1 0.291 ± 0.055 

0.2 0.166 ± 0.044 

0.4 0.215 ± 0.048 

0.8 0.162 ± 0.044 

1 0.167 ± 0.045 

 

HCl Concentration (M) D 

0.01 0.544 ± 0.133 

0.02 0.315 ± 0.033 

0.03 0.374 ± 0.180 

0.04 0.248 ± 0.115 

0.06 0.164 ± 0.027 

0.08 0.173 ± 0.076 

0.1 0.183 ± 0.078 

0.2 0.279 ± 0.092 

0.4 0.159 ± 0.063 

0.8 0.223 ± 0.101 

1 0.120 ± 0.026 

 

HCl Concentration (M)              D 

0.01 0.829 ± 0.299 

0.02 0.618 ± 0.228 

0.03 0.394 ± 0.132 

0.04 0.685 ± 0.133 

0.06 0.483 ± 0.055 

0.08 0.281 ± 0.124 

0.1 0.355 ± 0.097 

0.2 0.316 ± 0.052 

0.4 0.297 ± 0.059 

0.8 0.197 ± 0.071 

1 0.167 ± 0.076 
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Table 15. Raw data for Figures 27 & 28 

 

 

Table 16. Raw data for Figure 29 

 

 

Table 17. Raw data for Figure 30 

 

 

HCl Concentration (M) D 

0.01 1.986 ± 0.435 

0.02 0.705 ± 0.253 

0.03 0.392 ± 0.026 

0.04 0.588 ± 0.107 

0.06 0.448 ± 0.088 

0.08 0.383 ± 0.107 

0.1 0.366 ± 0.028 

0.2 0.320 ± 0.095 

0.4 0.344 ± 0.071 

0.8 0.222 ± 0.039 

1 0.299 ± 0.099 

 

HCl Concentration (M) D 

0.08 0.267 ± 0.091 

0.1 0.269 ± 0.025 

0.2 0.242 ± 0.021 

0.4 0.346 ± 0.077 

0.8 0.261 ± 0.090 

1 0.242 ± 0.162 

1.5 0.195 ± 0.072 

2 -  - 

 

[DtBuCH18C6] log [DtBuC18C6]   D log D 

0.001 -3  0.054 -1.268 

0.005 -2.301  0.251 -0.600 

0.01 -2  0.519 -0.285 

0.05 -1.301  3.23 0.509 

0.1 -1   6.01 0.779 
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Table 18. Raw data for Figure 31 

 

 

 

Figure 34. Propagation of uncertainty from counting statistics 

 

 

 

 

 

 

 

 

[HCl] log [HCl]   D log D 

0.2 -0.699  0.165 ± 0.089 -0.783 

0.4 -0.3979  0.278 ± 0.041 -0.556 

0.8 -0.0969   0.426 ± 0.132 -0.371 
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APPENDIX III: PERMISSIONS 

 

 Some of the figures used in this thesis were reused from a variety of documents. Those 

available in the public domain and those obtained from government documents were cited 

accordingly. Figures which require permission for reuse are identified along with the applicable 

permission-granting documents in this appendix. 
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