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ABSTRACT OF THE DISSERTATION

Solvent Extraction and Complexation Studies of Actinyl Cations by Multidentate Schiff Base
Ligands for Nuclear Fuel Cycle Applications

By
Christian Guerrero Bustillos
Doctor of Philosophy in Chemical and Biochemical Engineering
University of California, Irvine, 2018

Professor Mikael Nilsson, Chair

Continued research into advanced separations technology for the reprocessing of spent
nuclear fuel (SNF) is imperative for a sustainable, zero CO, emission future. More specifically,
increased knowledge in the area of actinide coordination and extraction chemistry can prove
beneficial in driving interest towards novel separation processes and strengthening public
opinion towards nuclear power. Numerous extraction systems have been developed for the
separation of various components present in spent nuclear fuel (SNF). Most notably, the
PUREX process (Plutonium Uranium Reduction Extraction) has been used commercially for
decades focusing on the extraction and recovery of uranium and plutonium from other
components such as neptunium, americium, and other highly radiotoxic elements. The
successful separation of these mid-actinides (U, Np, Pu, Am) from other elements is imperative
for drastically lowering the long-term radiotoxicity of SNF. The solution chemistry of the mid-
actinides permits a wide range of oxidation states (+III, +IV, +V, +VI) where the +V and +VI
oxidation states exist in a linear dioxo actinyl cation AnO," (O=An=0)", offering the

possibility of co-separation of all 4 actinide cations. The actinyl moiety permits ligand

XV



coordination in the equatorial plane of the metal ion center, affording a geometry for unique
bonding characteristics. Multidentate Schiff base ligands can be prepared with synthetic ease
and have rather planar structures that chelate around the equatorial plane of actinyl ions through
their nitrogen and oxygen donor groups. This distinct coordination environment may facilitate
the selective solvent extraction or aqueous retention of pentavalent and hexavalent actinides.
This work examines the potential use of functionalized multidentate Schiff base ligands
for the selective group extraction, or retention, of the actinyl cations in a biphasic liquid-liquid
separation process.  Solvent extraction studies provided details into the equilibrium,
stoichiometry, selectivity, kinetic and thermodynamic parameters of the separation process while
complexation chemistry experiments elucidated detail of the actinyl-ligand coordination
environment. Solvent extraction studies indicate that the group separation of the mid-actinides is

possible although redox stability poses a challenge.
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1. INTRODUCTION

With an expected global human population of 9.8 billion people by the year 2050,
increasing global energy demand and consumption will need to be addressed.! Although nuclear
energy currently makes up 11% of electricity produced worldwide, nuclear reactors could be a
suitable source for the needed energy expansion.” Nuclear reactors provide an attractive options
for significant base load power generation with low carbon emissions and minimal contributions
to air pollution, desirable features when aiming to curb anthropogenic climate change.>* Nuclear
reactors create energy through the splitting of heavy fissile atoms. Commercial light water
reactors often use fuel comprised of enriched uranium where *°U is the target nuclei and
undergoes fission by a thermal neutron capture.’” The uranium nucleus absorbs the thermal
neutron resulting in an unstable nucleus that splits into two lighter nuclei, known as fission
products (FP), with the release of, on average, 2.5 neutrons and 200 MeV of energy. The fission
products are usually unstable and undergo radioactive decay in order to achieve stability.
Although the uranium nuclei can undergo a fission event, an incident neutron may also be
captured by the uranium nuclei to form a heavier isotope without undergoing fission. The
resulting heavier nuclide can also capture an incident neutron to form another heavier nuclei in a
process known as successive neutron capture, or undergo radioactive decay. The combination of
these processes in commercial nuclear reactor fuel leads to the production and presence of the
middle actinides elements neptunium, plutonium, americium and curium. The elements
neptunium, americium, and curium are readily referred to as the minor actinides (MA), as they
are present in relatively low quantities.° Although present in relatively small amounts, the

presence of the long-lived transuranic minor actinide elements are major contributors to the long-



term radiotoxicity of the spent nuclear fuel (SNF) and present a monumental challenge in the
management of spent fuel.

SNF is highly radioactive, with components remaining radioactive for up to hundreds of
thousands of years, and must be treated in a manner that is socially, environmentally, and
economically friendly and viable.” SNF is typically comprised of 95.6% uranium and 0.9%
plutonium while the remaining 3.5% consists of the minor actinides (neptunium, americium,
curium) and other fission products (FP).® Once the SNF has been removed from the reactor,
there are effectively two options which can be pursued. One method is direct disposal, or the
"once-through" option, where the fuel is used once and, following several years of interim
storage, is stored in a final repository deep underground. The alternative method for managing
SNF is reprocessing or partitioning, where uranium and plutonium can be separated from other
elements in the used fuel. The recovered material can be recycled into new fuel containing only
uranium, or both uranium and plutonium as a mixed-oxide (MOX) fuel. The MOX fuel can then
be used as fuel commercial thermal reactors. The remaining waste is composed of the minor
actinides (Np, Am, Cm) and numerous fission and corrosion products. Once U and Pu are
removed, the highly radiotoxic minor actinides are still present in the waste and would require
long-term storage. The successful removal of the MA from SNF can allow for the conversion of
the MA into short lived products utilizing fast neutron reactors in a process called transmutation,
the conversion of a nuclide into another nuclide through nuclear reactions.” Additionally, the
MA may be combined with uranium and plutonium for use as advanced MOX fuel in fast
reactors.'” Removal of the long-lived minor actinides from bulk waste will greatly reduce the
radiotoxicity of SNF down to the level of natural uranium ore in a shorter time frame than if only

direct disposal is practiced.” The additional advantages of reprocessing is that the final waste



volume of the bulk SNF to be stored is reduced, along with conservation efforts as uranium is
preserved. The reduction of the radiotoxicity of SNF is an essential step toward increasing the
public acceptance of nuclear energy as a component for a low emission energy future.

QU

M FP

M Pu
m MA

Figure 1.1. Typical Composition of SNF after 10 years of cooling.’

Detrimental to the would-be transmutation process is the presence of numerous elements
other than the minor actinides present in the SNF. Many of these elements have large neutron
absorption cross section, meaning they readily absorb incident thermal neutrons, and these
elements will interfere with the transmutation process as they will absorb neutrons intended for
the transmutation of the desired elements, in this case the minor actinides.'" Absorption of
neutrons by undesired elements can also lead to the build-up of additional unwanted long-lived
radiotoxic nuclides. Because of the aforementioned consequences, it is highly desirable to

completely separate the minor actinides from fission products, in particular the lanthanides.



Complete separation from the lanthanides is necessary due to the high neutron capture cross
section of some of the lanthanides. Similar behavior of the 4f and mid-5f elements in solution

due to their similar ionic radii, oxidation state and chemical properties has posed a great

challenge in the development of separation process between these two group of elements.'>"?

Improved separation processes can improve the overall efficiency, economy, and selectivity.

10°

- - -+ Reference Radiotoxicity, 7.83t uranium
—— Spent Nuclear Fuel
s — U, Pu Removed

10 —— U, Pu and MA Removed

10°

Ingestion Radiotoxicity (Sv per ton SNF)

e

10 1 T T rrrrrrg T T rrrrrrg T T rrrrrr T rrrrrrrg T T 11

10' 107 10° 10* 10°

Time (Years)

Figure 1.2. Effect of partitioning on the ingestion radiotoxicity of Spent Nuclear Fuel.'*

Commercial reprocessing of SNF has been practiced for decades in a few countries
outside of the United States through the PUREX Process (Plutonium Uranium Reduction
Extraction) where uranium and plutonium are recovered from SNF and can be utilized for further
fuel fabrication."'® No processes to separate the remaining highly radiotoxic minor actinides

from other portions of SNF have been developed on a similar scale. Currently employed and



proposed reprocessing methods rely on biphasic solvent extraction to selectively separate SNF
components.'” Solvent extraction facilitates the transport of a desired solute, such as metal ions,
between two immiscible organic and aqueous phases utilizing an extraction agent in the organic
phase. The relative differences in chemical affinity of each solute to lipophilic complexing
agents in the organic phase compared to those in the aqueous phase drives the separation process.
Lipophilic extraction agents form a hydrophobic complex with the solute to make it soluble in
the organic phase. Advanced separation methods for the minor actinides utilizing solvent
extraction have been thoroughly investigated and, in some cases, demonstrated on actual spent

nuclear fuel.!®!%?°

Many of these processes involve treatment of the SNF after uranium,
plutonium, and some neptunium, has been removed from the SNF through an improved PUREX
process. Typically, americium and curium, and the lanthanides, are extracted from the PUREX
raffinate followed by separation of actinides from the lanthanides. Contemporary efforts are
aimed at a process which can replace PUREX by simultaneously removing all actinides
(uranium, neptunium, plutonium, americium and possibly curium) from SNF.?' This type of
process has the potential to simplify reprocessing of SNF, minimize waste generated from waste
streams, and offer greater proliferation resistance with the elimination of a sole plutonium
stream. The collected bulk mid-actinides can then undergo transmutation, or be used as fast
neutron fission targets, while the fission and corrosive products, with now much lower long-term
radiotoxicity, can be stored in a geological waste depository for a much shorter period of time.
This type of process can play a pivotal role in closing the nuclear fuel cycle and help in the
increasing public acceptance of nuclear power.

The design of ligands which can achieve this type of bulk separation will play a pivotal

role. Proposed extractants in a organic phase, or ligands in the aqueous phase acting as hold



back reagents, must have functionalized groups which can provide selectivity for actinides over
lanthanides by taking advantage of the subtle differences in chemical properties. A good level of
selectivity must be displayed by the ligands for actinides over the lanthanides in order to achieve
a separation process with minimal number of steps, yet form a complex where the metals can be
stripped and recovered. The extracting ligand and the complex formed during the extraction
process must exhibit high solubility in the organic diluent in order to minimize precipitation and
the formation of a third phase, which will disrupt the efficiency of the equipment used. The
ligand must also demonstrate resistance towards hydrolysis and radiolysis, eliminating the
possibility of degradation products interfering with the separation process, and must be able to
perform in an aqueous medium of low pH, since SNF is usually dissolved in nitric acid solutions.
In order for such processes to be commercially viable and operated in a large scale, the synthesis
of the extracting agent should be practical and cost-effective.

The aim of this work is to develop a biphasic liquid-liquid extraction process where the
mid-actinides (U, Np, Pu, Am) are selectively extracted into the organic phase by an organic
soluble ligand, or are retained in the aqueous phase through the utilization of an aqueous soluble
complexant. We wish to accomplish these goals by utilizing functionalized multidentate Schiff
base ligands containing nitrogen and oxygen donor atoms. The dissertation is outlined below as
follows:

1. Chapter 2 will provide more theoretical background relevant to the material that will be
covered in the thesis.
2. Chapter 3 presents an overview of the experimental technique used throughout the

dissertation.



3. Chapter 4 will cover results obtained from this work, which will include complexation

chemistry, solvent extraction, and hydrolytic and radiolytic degradation studies.

Conclusions regarding the ability of functionalized multidentate Schiff base ligands to be

used for fuel cycle applications will be made.



2. Background

2.1. Liquid-Liquid Extraction Theory

Liquid-liquid extraction can be described as the separation of a solute between two
immiscible liquids. The immiscible liquids usually consist of an organic and an aqueous phase.
The organic phase could contain one or several extractants which participate and facilitate the
extraction. A more complex system can consist of the extractant in the organic phase and the
addition of a holdback reagent in the aqueous phase. Solvent extraction is the technique which is
utilized for the reprocessing of SNF but it can also be practiced on a small, laboratory scale. The
two immiscible phases are contacted (shaken vigorously) followed by separation of the phases
by centrifugation. A sample is then taken from each phase in order to measure the separation, or
distribution, of the solute in each phase. When a metal (M) is distributed between the phases
during an extraction process, the distribution between the two phases can be expressed as the

distribution ratio D:

[Mltotorg __ Total concentraction of M in the organic phase

Dy = (eq. 1)

[Mltot,aq " Total concentration of M in the aqueous phase

The work presented consists of radioactive metals which were extracted. The distribution
ratio Dy is then calculated by measuring the activity in each phase using radioanalytical
techniques. The specific radioactivity in each phase is proportional to the concentration of the

radioactive metal, therefore:

[Mltotorg . Radioactivity in the organic phase _ Sorg

Dy = S = (eq. 2)

[Mltot,aq Radioactivity in the aqueous phase Saq




The separation factor (SF) describes the extent of separation of two different solutes that
were present in the same extraction system. The ratio of the distribution ratios between M; and

M provide the SF. A larger SF is obtained when Dy, > Dy, .

D
SFwm, = -1 (eq. 3)
2

= P

There are multiple extraction mechanisms that can describe the extraction of a
cationic metal ion, M™, from the aqueous phase. The type of extraction mechanism will depend
on the molecular properties of the extracting agent as well as the complexing properties between
the extractant and metal of interest. The mechanisms through which a solute is distributed in the
two phases during solvent extraction can be categorized into the following classes: A (MX;), B
(MA,), C (ML,By), D (Q*L") and E.*” These classes are summarized in Table 1.1.

Table 2.1. Description of Different Solvent Extraction Classes

Class Description Example

A Extraction of simple inorganic molecules MXn= GeCl,

Neutral complexes between a metal ion and a lipophilic
B  organic acid MAz= Th(RCOOQ),

Neutral complexes between a metal ion and a ligand.
The complexes are unsaturated and can accept

C uncharged organic molecules are solvating agents MLzB,= (UO,)(NO3),(TBP),

lon pair extraction. An anion or a cation exchange

D  mechanism takes place Q'L'=RsN'CI

E Other extractions Crown ether




The metal can not be extracted as a charged species and must be neutralized in the
aqueous phase by anions. The neutral complex is transferred into the organic phase by binding
of an adduct. The adduct can replace water molecules still bound to the complex, therefore
increasing the hydrophobicity of the complex. Solvent extraction studies carried out with Schiff

base ligands are a result of the class B extraction mechanism.

Organic Phase Organic Phase
o o
o
Mix to Equilibrate (0] o
v —— v
o ° o () (o]
o
o ° )
Aqueous Phase Aqueous Phase

Figure 2.1. ldealized depiction of solvent extraction.

2.1.1. Slope Analysis Method

Solvent extraction is a versatile technique which can yield quantitative information
regarding the extraction process. In order to determine In order to determine the number of
ligand molecules bound to the metal ion during an extraction process the slope analysis method
can be applied.?>* Here there distribution ratio D is measured while changing one component in
a system, such as the free ligand concentration with all other variables held constant. Consider
the following general reaction of the extraction, where M is the metal and B is the extracting
ligand and L is a charge neutralizing agent:
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ML,  +bBorg 5 ML,Bp (eq. 4)

Zaq

The distribution ratio of the equation can then be written as follows:

[ML,Bp]
Dy = —[MLZ]b (eq. 5)
And the equilibrium constant can be written as:
¢ — MLzBp]
e = TML,)[B]P (¢a.©)

By assuming constant ionic strength and neglecting concentration variations in the organic
phase, the following substitution can be made

Dy = K'ex[B]" (ed. 6)
which can then be written in its linear form

logDy; = logK'. + blog[B] (eq. 7)

Therefore the average number of ligand molecules which are bound to a metal during solvent
extraction is given by the slope of the logD vs log[B] plot. Since it is an average, the slope can

be an integer or a number between two integers.

2.2. Complexation Chemistry
A solvent extraction process is facilitated by the chemical and structural features of the
complexant and metal ion. Metal ions present in aqueous solutions are surrounded by water

molecules coordinating by the oxygen atom. The number of coordinating water molecules can
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vary depending on the size of the metal, ranging from 2 water molecules coordinating to alkali
metals to 9 water molecules coordinating to trivalent lanthanides.?* Complexation of a ligand to
a metal ion occurs when coordinated water molecules are replaced by functional, coordinating
groups on the ligand. The rate at which this exchange takes place can affect the kinetics of the
complexation reaction therefore affecting the solvent extraction process.

The Hard-Soft Acid-Base (HSAB) concept is a qualitative approach for explaining the
reaction mechanisms and stability of compounds.?* The concept assigns the terms "hard",
smaller atomic radii and high oxidation state, and "soft", larger atomic radii and lower oxidation
states, to Lewis acids (electron pair accepting) and Lewis base (electron pair donating). The
principle states that hard Lewis acids prefer to form complexes with hard Lewis bases and soft
Lewis acids prefer to form complexes with soft Lewis bases. The interaction between hard
Lewis acids and hard Lewis bases are usually ionic in character whereas the interactions between
soft Lewis acids and soft Lewis bases are more covalent.”® The lanthanide and actinide elements
are considered hard Lewis acids but the HSAB concept is not sufficient enough in explaining
complexation behavior of the f elements. The f elements display a variance in ionic character,
some exhibiting covalent characteristics. However, the covalent features are larger for trivalent
actinides than they are for trivalent lanthanides.?®?’

A ligand which binds to a metal through two or more coordinating atoms on the ligand is
referred to as a chelate. Chelating ligands often form more stable complexes compared to
monodentate ligands. More water molecules coordinated to the metal are replaced per ligand for
chelating ligands than during monodentate ligand complexation, leading to an increase in the
degrees of freedom in the system. The increase in the degrees of freedom in the system increase

the entropy of the system rendering a more stable complex.?
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2.3. Actinides and Lanthanides

The actinide and lanthanide elements differ from the main group elements and transition
metals because of the presence of partially filled f orbitals. The f-orbitals corresponding to the
lanthanides are strongly shielded from its surroundings by p and d orbitals and therefore do not
participate directly in bonding.*”® The lanthanides predominantly posses trivalent (+II)
oxidation state in solution.

The principal difference between the actinides and lanthanides (4f and 5f orbitals) is that
the 4f orbitals are buried towards the nucleus and are therefore more 'core-like'. Although the
lanthanides primarily exist in the +111 valent state, the actinides on the other hand can exist in a
range of oxidation states.”® The energy separation between the 5f, 6d, 7s and 7p orbitals is small
enough that multiple valence states can be attained. The valence electrons in the early part of the
actinide series (Ac-Pa) are in high energy and are easily lost. In regards to the mid-actinides (U -
Am), the 5f and 6d orbitals are close in energy and electrons are able to "switch" between 6d and
5f orbitals. The availability and ability to interchange leads to a wide range of oxidation states
(+11, +1V, +V, +VI, +VII) that are accessible for the mid-actinides. As the 5f orbitals gradually
fill up, there is an inversion in orbital energy as the 5f orbitals become lower in energy than the
6d orbitals and the energy gap between the two orbitals widen. For the later part of the actinides
(Cm - Lr) the energy gap between the 5f and 6d orbitals is large enough that the wider range of
oxidation states is unavailable and instead exhibit trivalent (+111) oxidation states similar to the

lanthanides.
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Table 2.2. Oxidation States of the Actinide Elements
Element Oxidation States
AcC
Th
Pa
U
Np
Pu
Am
Cm
Bk
Cf
Es
Fm
Md
No
Lr

B S R A A
o1 o1 o1 01 O1
oD O OO

NN DNDNDN
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Due to their electropositive nature, the actinides can readily lose their outer electrons and
form cations in their range of oxidation states in aqueous solutions. The behavior and solution
chemistry of a given actinides is strictly dependent on the oxidation states of that cation. The
high oxidation state (+V, +VI) of the mid-actinides (U, Np, Pu, Am) are sufficiently
electropositive that in aqueous solutions they can strip oxygen atoms from water resulting in the
formation of a linear dioxo cation species AnO," (n=1, 2). This species is often referred to as an
actinyl cation (O=An=0)""* Although a wide range oxidation states are available for the mid-
actinides, their stability is strongly pH dependent and certain species are more favorable in
certain conditions than others. The differences between the redox potentials for the actinide
elements means that for a given set of conditions, the actinides can exist in different oxidation
states. U(I11) easily oxidizes to U(1V), while U(V) readily disporportionates to U(1V) and U(V1).
Neptunium is the most stable in its oxidation state of +V/, while +VI can slowly reduce to +V.*

Due to reduction potentials being similar in value, oxidation states in the range of +I11 to +VI can
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exist simultaneously for plutonium.®* However, in general Pu(lV), Pu(V), and Pu(VI) are
favored in acidic, near neutral and slightly basic conditions.®* Although the most common
oxidation state of americium is the +I11 species, the +V and +VI species are accessible by the

addition of strong oxidants.*

2.3. 4f and 5f Element Chemistry in Separation Processess

The linear dioxo actinyl cation O=An=0 is a structural feature is unique to the mid
actinides and provides stark chemical differences from the rest of the actinides series and the
lanthanide elements. The linear actinyl moiety of the mid actinides affords unique binding
characteristics for complexation and extracting compounds can take advantage of the steric
demands of the moiety in a separation process. The differences in oxidation state stability of the
actinides are exploited and provide a means for partitioning in separation processes.*® In the
PUREX process, SNF is dissolved in nitric acid and is contacted with an organic phase
containing tri-n-butyl phosphate (TBP). Uranium (+VI) and plutonium (+1V) are extracted as
TBP/nitrate complexes, according to mechanism class C in table 1, while neptunium (+V) and
americium (+l11), as well as other fission and corrosion products are not extracted to any
appreciable extent.®* Extraction of uranium(V1) and plutonium(lV) into the organic phase is
achieved by charge neutralization by nitrate groups and the increase in hydrophobicity caused by
complexed TBP molecules. Further separation between U and Pu is achieved when plutonium is
reduced to the +IIlI oxidation state where it is no longer extractable by TBP. In another
separation process named UREX (URanium EXraxtion), neptunium and plutonium are held back
in the aqueous phase through the complexation of the +IV species with hydroxamic acids,

forming hydrophilic complexes.*
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The exploitation of the trivalent oxidation state is observed in the TALSPEAK process.
In the TALSPEAK process (Trivalent Actinide Lanthanide Separation by Phosphorous
Extractants and Aqueous Komplexant) trivalent lanthanide elements are extracted into the
organic phase by an organophosphorous extractant, HDEHP, while the trivalent actinides are
held back in the aqueous phase by a hydrophilic complexant DTPA (diethylenetriamine
pentaacetic acid).**'® Due to similar behavior in solution, extracting agents which contain only
oxygen donating groups unable to efficiently separate actinides(lll) from lanthanides(l11).*’
However, preferential complexation of actinides(l11) over lanthanides(l1l) was demonstrated in
the early 1980's by nitrogen donating ligands ushering interest in nitrogen donating ligands for
the separation of trivalent f-elements.*®***% It is believed greater covalent interactions between
the 5f actinides and nitrogen donating groups on DTPA provides the selectivity for trivalent
actinides.

The complete extraction of neptunium in the PUREX process is made difficult because of
the disproportionation of the +V cation to the +IV and +V1 species.*® Although the +1V and +VI
species are extracted by TBP, the +V species remains inextractable due to weak complexes
formed by the species due to the low charge density of the neptunyl(V) cation.*® Complete redox
control and stability of neptunium in an extraction process is important for its complete recovery.
Uranium chemistry research has mainly focused on uranium(VI) because its chemical stability.
However, recent efforts have opened the door to synthetic, spectroscopic and structural
chemistry with uranium(V), which tends to disproportionate (to +1\VV/+V1) or rapidly oxidize to
+V1 in solution.***?* Similar efforts have also been achieved in the stabilization of Np(V/VI1)*,

Pu(VI)* and Am(VI)*2. Considering that only these 4 mid actinides form the unique linear

16



dioxo species, guaranteeing different chemical properties from the rest of the actinides and

lanthanides, an actinyl separation process utilizing this phenomenon can be proposed.

2.4. Schiff Base Ligands

Numerous ligand systems have been developed that demonstrate complexation,
selectivity and extraction for uranyl(V1).*® Since U(VI) is the most stable oxidation state in
aqueous solution, this is a simple task compared to the complexation and/or stabilization of the
other actinyl cations (+V, +VI) for neptunium, plutonium and americium. As previously noted,
to warrant any sort of separation process potential, the complexing ligand must be stable in, or in
contact with, acidic solutions. A class of ligand, so called Schiff bases, which possess both
nitrogen and oxygen groups which participate in complexation, was recently used to complex

and stabilize uranyl(VI)*4%4,

These ligands provide multi-dentate coordination to the
equatorial plane, therefore inhibiting the disproportionation mechanism, and this behavior might
be extended to the rest of the actinyl cations. With U, Np, Pu and Am stabilized in their
actinyl(V/VI) complexes, the rest of the f elements will be present in their +111 oxidation states.
The separation of these elements must be with the complete exclusion of all other elements,
therefore they should be selectively extracted into the organic phase or retained in the aqueous
phase in a biphasic separation system. For aqueous phase group actinide retention, Schiff base
ligands can be functionalized with hydrophilic groups. Aliphatic and aromatic groups can be
added in order to achieve greater solubility in the lipophilic phase. The oxygen groups on the
ligands provide an overall charge of 2- which will form neutral complexes with actinyl(\V1)

cations. For this class of ligands, the hard trivalent lanthanides will not readily complex with the

softer nitrogen donors on the Schiff base ligands. The actinyl cations, while still considered
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hard, have a slightly softer character and may complex with the softer nitrogen donors, inducing

separation from the lanthanides.

s

Figure 2.2. Coordination of actinyl cations by select Schiff base ligands. The linear dioxo
cations are chelated about the equatorial plane.*

Schiff base ligands have been primarily used in transition metal chemistry and
catalysis.***%°* Use of Schiff base ligands in solvent extraction studies has largely been limited
to transition d elements and the uranyl(V1) cation.®***** In addition, solvent extraction studies
have been carried out in chlorinated and hydrochloric media, conditions impractical for the
reprocessing of SNF.>**> At the commencement of this work, actinide complexation studies
utilizing water-soluble Schiff base ligands had not been performed. We therefore proposed this

to be a suitable starting point for our studies.

2.5. Radiolysis
Since reprocessing conditions are incredibly radioactive, it is important to incorporate
radiolytic studies in order to understand how the radiation will affect the solutions, extraction

and separation process. Radiolysis is the dissociation, or breakdown, of chemical species or

18



bonds due to ionizing radiation. lonizing radiation refers to energy which can ionize chemical
molecules and is comprised of charged particles, alpha and beta particles, and photons (gamma
rays). Absorbed dose is the physical quantity used to express absorbed ionizing radiation and is
represented by the unit Gray (Gy), where 1 Gy is 1 J/kg. Radiolysis can occur in solid, gaseous
and liquid phases, and our studies are strictly limited to organic solutions. Products resulting
from the direct radiolysis of organic solutions can include solvated electrons, radical species,
hydrogen radicals, and other ionic species.”® Solvated electrons and hydrogen radicals are
primarily of the upmost importance due to their overall reducing chemistry.>”*® The primary
products can then undergo additional reactions to form secondary products through the
decomposition of molecules to other molecular, ionic, and radical species, or through the
recombination of multiple species. As organic diluent solutions generally possess more atoms
per molecule than aqueous solutions, a diverse array of degradation products can be expected.
Functional groups present in the organic molecules will largely affect the composition of the
radiolytic products.>” In compounds containing polar functional groups, a rupturing of the bond
in the a-position to the functional group tends to predominate.® The presence of unsaturated
bonds and aromatic groups also increase the overall radiolytic stability of compounds.®®®?

Noted trends can aid in identifying the possible chemical structure of radiolytic products.
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3. Experimental Procedures

3.1. Origin and Purity of Chemicals
The following is a list of chemicals purchased from commercial suppliers and, unless stated,

were used without further purification.

General

Acetic acid, EMD Chemicals, GR ACS, 99.7%
Benzene, ACS Reagent, 99.0%

Aniline, Sigma Aldrich, ACS Reagent, 99.5%
(3,5,)-di-t-butyl salicylaldehyde, Sigma Aldrich, 99%
Ethanol, Rossville Gold Shield Alcohol
Ethylenediamine, Sigma Aldrich

Ethylenetriamine, Sigma Aldrich, Reagent Plus, 99%
Di-ethyl-hexyl phosphoric acid (HDEHP), Sigma Aldrich, 97%
Methanol, Rossville Gold Shield Alcohol

Nitric acid, Macron Fine Chemicals, ACS

1-Octanol, Acros Chemicals, 99%
1,2-Phenylenediamine, Alfa Aesar, 98%

Potassium Hydroxide, Fisher Scientific, Certified ACS
Potassium Nitrate, Fisher Scientific, Certified ACS
Salicylaldehyde, Sigma Aldrich, Reagent Grade, 98%

Sodium Bicarbonate, Macron Fine Chemicals, ACS
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Sodium Bismuthate, Chemsavers, ACS, 93%
Sulfuric acid, Fisher Scientific, Certified ACS Plus

Toluene, Fisher Scientific, Certified ACS

3.2. Synthesis of Schiff Base Ligands
Schiff base ligands can be prepared and functionalized with the addition of hydrophobic
or hydrophilic groups to the starting materials as described below.>* The ligands were then used

after a single purification step. Purity was confirmed by ESI-MS, *H-NMR and FT-IR.

3.2.1. Synthesis of Organic Soluble Ligands

Lipophilic Schiff base ligands can be readily synthesized by the condensation of
salicylaldehyde and a half equivalent of a selected diamine in EtOH in a round bottom flask.
The reaction mixture was stirred and heated under reflux for 2-6 h. The solution was allowed to
cool to room temperature and then cooled in an ice bath for 1 h. Yellow solids were collected by
vacuum filtration and washed with cold EtOH. The figure below summarizes the synthesis of

organic soluble ligands (Figure 3.1).
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Figure 3.1. Scheme for the synthetic route for tetradentate organic soluble N,O, donor ligands.

Results presented in this thesis will consist of 4 organic soluble ligands (Figure 3.2):
N,N'-Bis(salicylidene)-1,2-ethylenediamine, N,N'-Bis(salicylidene)-1,2-phenylenediamine, N,N'-
Bis(3,5-di-tert-butylsalicylidene)-1,2-ethylenediamine, and N,N'-Bis(3,5-di-tert-
butylsalicylidene)-1,2-ethylenediamine. Ligands will be referred to as Salen, Salophen, di-t-

butyl Salen, and di-t-butyl Salophen, respectively.
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Figure 3.2. Chemical structural representation of ligands used in this work.

Salen (400 MHz, CD,Cl) &: 13.18 (s, 2H, OH), 8.39 (s, 2H, HC=N), 7.28 (m, 4H, bz, J=10.8
Hz), 6.89 (m, 4H, bz, J=10.24 Hz) and 3.93 (s, 4H, CH;) ppm. (m/z)=268 (M+H).

Salophen (500 MHz, DMSO) 6: 12.93 (s, 2H, OH), 8.93 (s, 2H, HC=N), 6.96 -7.68 (m, 12H, bz)
ppm. (m/z)=315 (M+H).

di-t-butyl Salen (400 MHz, CD,Cl,) é: 13.71 (s, 2H, OH), 8.32 (s, 2H, HC=N), 7.30 (s, 2H, bz),
7.01 (s, 2H, bz), and 3.34 (s, 4H, CH;) and 1-2.1 (m, 18H, CH3) ppm. (m/z)= 492 (M+H).
di-t-butyl Salophen (400 MHz, CD,Cl,) &: 13.60 (s, 2H, OH), 8.71 (s, 2H, HC=N), 6.7-7.5 (m,
12H, bz) and 1-1.4 (m, 18H, CH3) ppm. (m/z)= 540 (M+H).

3.2.2. Synthesis of Water Soluble Ligands

Results presented will consist of complexation studies performed with the water soluble

tetradentate N,N'-bis(5-sulfanato-salicylidene)-ethylenediamine disodium salt and pentadentate
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N,N'-Bis(5-sulfonato-salicylidene)-ethylenetriamine  disodium salt. From here on the
tetradentate ligand will be referred to as H,Salen-SO3; and the pentadentate ligand will be

referred to as H,Saldien-SOs.

3.2.2.1. Synthesis of N,N'-bis(5-sulfanato-salicylidene)-ethylenediamine disodium salt
(Salen-SO3)

A solution of aniline (4.38 g, 0.047 mol) in 45 mL of EtOH was added to a stirring
solution of salicylaldehyde (5.75 g, 0.047 mol) in 45 mL EtOH and was allowed to stir for an
additional 3 h. A yellow precipitated product was collected and washed with cold EtOH. The
yellow product (1) (4.78 g, 0.0242 mol) was then suspended in concentrated sulfuric acid (13
mL, 0.244 mol) and refluxed for 2 h at 95 °C and was then allowed to cool to room temperature.
The orange solution was then poured into an Erlenmeyer flask containing an ice/water mixture
and stirred vigorously. The temperature was increased in order to dissolve the precipitated solids
back into solution. The solution was then cooled to room temperature and the precipitated
yellow solids were collected by vacuum filtration and washed with cold ethanol and acetone.
The yellow solids (2) (6.28 g, 0.0276 mol) were dissolved in a solution of sodium carbonate
(4.21 g, 0.0397 mol) in 69 mL of water and maintained at 150 °C for 2 h. After cooling to room
temperature, the pH of the solution was decreased to pH=5.00 with acetic acid. The 5-sulfonato-
salicylaldehyde salt (3) was collected after crystallization in an ice/water bath and the pale
yellow solids were washed with cold EtOH. The sulfonated salicylaldehyde (0.5 g, 2.23 mmol)
was then added to a solution of ethylenediamine (0.0671 g, 1.11 mmol) in 10 mL EtOH and
refluxed for 2 h. The yellow solids (4) (0.500 g, 0.105 mol) were collected by vacuum filtration

and washed with cold ethanol.
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Figure 3.3. Synthesis of tetradentate water-soluble Salen-SO;

3.2.2.2.  Synthesis of N,N'-bis(salicylidene-5-sulfanato)-triaminoethane disodium salt

(Saldien-SO3)

Synthesis of Saldien-SO; was carried out with exact conditions as Salen-SOs; but

diethylenetriamine was used instead of ethylenediamine (Figure 3.4)
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Figure 3.4. Synthesis of pentadentate water-soluble N3O, donor Saldien-SO;

3.3. Synthesis of Ligand-Actinyl Complexes
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Synthetic details of the preparation of the actinyl stock solutions and complexation
studies performed will be described in this section. Preparation of actinyl stock solutions and
complexation reactions were monitored by a Cary 6000i UV-Vis-nIR Spectrophotometer. In
figures below, the spectra of the pure stock solutions are over laid with the spectra of their

complexation reaction for comparison.

3.3.1. Preparation of Actinyl Solutions

3.3.1.1. Preparation of U(VI)
Aqueous solutions of uranyl nitrate in H,O were evaporated to dryness with heat and
allowed to cool to room temperature. The resultant yellow uranyl nitrate hydrate solids were

then used for complexation studies.

3.3.1.2. Preparation of Np(VI)

A previously prepared stock solution of NpO,®* was evaporated to near dryness resulting
in grey/green/brown solids. The solids were then re-dissolved in 0.5 mL of 1 M HNO3 and 0.5
mL H,O to produce a green/blue solution, indicating the presence of NpO,** as the dominant
species. Ozone was bubbled through the solution which quickly turned brownish in color. A 0.1
M solution of NaOH was then added dropwise to the brown solution which produced brown
precipitates. The solution was centrifuged several times and the brown solids were collected.
The supernatant was removed and the residual brown solids were washed twice with 2 mL of
H,O. The brown solids were dissolved in 1 mL of 1 M HNOj; to yield a NpO,** solution of a

concentration of 0.210 M (49.8 mg/mL). The absorption spectrum of a 10 uL assay of this

26



solution in 1 mL 2 M HCIO4 was recorded in a 2 mm path length cell which indicated the

presence of NpO,**. This Np(V1) stock solution was used for complexation experiments.

3.3.1.3. Preparation of Pu(VI)

A stock solution of PuO,?* was prepared by oxidation of a plutonium solution with ozone
as described previously®®. A mixture of plutonium from a plutonium residues pot was added
dropwise to a stirring solution of 15 mL of 10 M NaOH in an Erlenmeyer flask giving a hazy
green/yellow solution. The resulting suspension was centrifuged in batches in 50 mL PPCO Oak
Ridge tubes, yielding green Pu** hydroxides and a colorless supernatant. The supernatant was
removed and 7 mL of H,O was added to the remaining green solids in the PPCO Oak Ridge tube
and the tube was vortexed for a more thorough washing. The suspension was centrifuged, the
colorless supernatant discarded, and the H,O wash step repeated. The resulting green solid was
suspended in 2 mL of 0.1 M NaOH, vortexed and transferred to a 20 mL glass vial. Ozone was
bubbled through the resultant suspension with stirring for 24 h in order to fully oxidize Pu to
Pu¥'0,?*, producing dark brown solids. The solution was stirred as 70 uL of 4 M HNO; was
added and the dark brown solution turned cloudy. Ozone was bubbled through the suspension
for an additional 2 h in order to oxidize the remaining Pu*" to Pu“'0,%*. The hydroxide
concentration was raised to ca. 1 M NaOH with the addition of 340 puL of 10 M NaOH and
ozone was bubbled through the solution for an additional 2 h. The pH of the solution was then
lowered to 0.6 with the addition of 350 uL of 12 M HNOs resulting in an orange pink solution
with some haziness. The orange pink solution was then added to a glass vial containing 0.470
mL of 1 M (NH,4),CO3 with stirring, yielding a greenish solution at first but eventually turning a

red color as more of the plutonium solution was added. The suspension was allowed to settle,
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giving a nearly colorless/slightly yellow supernatant at a measured pH of 5.5. The suspension
was transferred to an Oak Ridge tube and centrifuged. The slightly yellow supernatant was
removed, and the remaining light brown solids were washed with H,O twice. The washed solids
were then suspended in 500 uL of 4 M HNOs in the Oak Ridge tube to yield a hazy orange
brown solution which was then filtered into a small glass vial. The clear orange brown solution

was analyzed by UV-Vis-nIR spectrometry in a 1 cm path length cell in 1 M HCIO,4 confirming
the presence of PuO,>" with a sharp peak at 830 nm yielding a 0.176 M solution (e530=555 ﬁ).

The PuO,”" solution was then transferred to a 5 mL pyrex volumetric flask with the neck
wrapped in aluminum foil and heated on a stir plate to near dryness. The residual light brown
solution was diluted with 200 uL of 0.2 M HNOj; and transferred to a glass scintillation vial. 5
uL of this solution was analyzed by UV-vis-nIR spectrometry in 800 uL 1 M HCIO4 in a 1 cm
path length cell. A sharp peak at 830 nm suggested a pure PuO,>" solution at a concentration of
0.270 M with no characteristic Pu*" bands at 469 nm or Pu®" bands at 600 nm. This Pu(VI) stock

solution was used for complexation experiments.

3.3.1.4. Preparation of Pu(V)

A combined mixture of 790 uL. H,O, 4 uL of 0.2 M HNOs and 2 pL. of a 1.796 M H,0,, a
reductant for Pu(VI), solution was stirred while 5 pL of a 1.16 M Pu(VI) solution in 1000 pL of
water was added. The pH was measured as 1.18 and was raised to 4.15 with the addition of 75
uL of 0.1 M NaOH and 45 pL of 1 M NaOH. The solution was allowed to stir overnight. The
solution was transferred to a small Oak Ridge tube, centrifuged and the supernatant was
collected. The supernatant was analyzed by UV-Vis-nIR spectrometry which showed a

prominent peak at 570 nm corresponding to a 6.0 mM Pu(V) solution.
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3.3.2. Synthesis of Organic Soluble Ligand-Actinyl Complexes

Coordination chemistry experiments were conducted with U(VI), Np(VI) and
Pu(VI). Actinyl stock solutions were evaporated to dryness with heat and allowed to cool to
room temperature. The resultant solids were then stirred in 1 mL CH3CN and yellow t-butyl
salen suspended in 1 mL CH3CN was added with continuous stirring, producing dark colored
solutions. The reactions were diluted with the additional CH;CN. The reactions were stirred for
3 hours affecting the precipitation of dark colored solids. The solutions were centrifuged and
filtered through a glass wool column in a glass pasteur pipette. The supernatant was collected
and stored in a freezer, producing diffraction quality crystals after several weeks. The crystalline
solids were then analyzed by X-Ray diffraction. Structural data collected from X-Ray
crystallography can give us a detailed look into the coordination environment of the ligand-metal
complex. The supernatant from the reactions were analyzed spectroscopically. This will be

discussed in the Results chapter.

3.3.3. Synthesis of Water Soluble Ligand-Actinyl Complexes

Coordination chemistry experiments were conducted with U(VI), Np(V), Np(VI), Pu(VI)
and Pu(V). Aqueous solutions of the actinyl cations were evaporated to dryness with heat and
allowed to cool to room temperature. The resultant solids were then stirred in 1 mL H,O and
yellow H,Salen-SO; dissolved in 1 mL H,O was added with continuous stirring. The reactions
were diluted with the addition of 1 mL H,O, centrifuged, and filtered through a glass wool
column in a glass pasteur pipette. The supernatant was collected, diluted with the addition of an

equal volume of EtOH and stored in a freezer. Crystalline solids suitable for X-Ray diffraction
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were only collected for the [(Salen-SO5)(UO,)(H,0)]* and [(Saldien-SO;)(UO,)]*complex. The
supernatant from the reactions were analyzed spectroscopically. This will be discussed in the

Results chapter.

3.4. Solvent Extraction Studies

3.4.1. Materials

Aqueous solutions were prepared using deionized water obtained with a resistivity of at
least 18 MQ cm™, using a MilliQ laboratory purification system (Millipore, Bedford, MA), and
degassed by sparging with nitrogen gas. For the solvent extraction experiments, a UO,(NOj3),
working stock solution was prepared from a commercial ICP standard solution of depleted (0.2%
%) uranyl nitrate (1000 ppm, Inorganic Ventures, Christiansburg, VA, USA). Potassium
nitrate was used as the background electrolyte to maintain a constant ionic strength of 0.1 M of
solutions.  Plutonium-239,Neptunium-237, and Amerecium-243 were obtained from ldaho
National Laboratory. The Pu(lV) was stored in 8 M while solutions of Np(V) had been prepared
from a more concentrated stock and stored in 0.5 M HNO;. Working solutions of Pu(VI) and
Np(V1) used for solvent extraction studies were prepared from these stock solutions by dilution

and oxidation state adjustment.

3.4.2. Uranium Extraction Studies

Extraction studies were carried out using an aqueous phase containing 0.001 M
uranyl(VI) in 0.1 M KNO;3 with an adjusted pH (initial pH, pH;) of 3.00. The organic extractant
phase was prepared by dissolving weighed amounts of extractant in a diluent mixture composed

of 1-octanol/toluene (7:3 v/v). The organic phase was pre-equilibrated with 0.1 M KNOs
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without any metal present. An equal volume (500 pL) aliquot of each organic and aqueous
solution was placed in a 2 mL glass vial with a screw cap and was shaken vigorously on a vortex
shaker for a predetermined amount of time. The details of each experiment will be described
below. The organic and aqueous phases were then separated by centrifugation and an aliquot of
100 pL of each phase was placed and sealed into a 1.4 mL neutron activation analysis (NAA)
polytube followed by secondary containment in an 8 mL NAA polytube. The samples were
irradiated at the UC Irvine Mark | TRIGA Reactor for 1 hour at a power level of 250 kW at an
estimated neutron flux of 8x10** n cm™? s™. The **°U product (t1,=23 min) was allowed to decay
and the subsequent “*Np (ty,=2.3 days) decay gamma rays were counted using a Canberra High
Purity Germanium (HPGe) detector operated with Genie™ 2000 (v. 3.2.1) gamma acquisition
and analysis software. The count rates were normalized to the reactor shutdown time and the
distribution ratios were determined from the gamma count rates from the organic phase to the
aqueous phase (using the gamma peak at 109.7 keV for *Np). All experiments were done in
triplicate and the error bars for distribution ratios (D) in the figures are based on the standard
deviations in these triplicates.

Initial extraction experiments were carried out in toluene. When it was noted that the
ligand-metal complex would precipitate from solution, extraction studies were carried out in
order to identify an optimized diluent mixture that results in greater metal extraction and total
mass recovery. All subsequent extractions consisted of the selected diluent mixture, 7:3 1-
octanol.toluene (v/v). Initial extraction experiments were then carried out to investigate the time
needed to reach extraction equilibrium for each ligand. Organic solutions of (Salen, di-t-butyl
Salen and di-t-butyl Salophen) at a concentration of 0.025 M and Salophen at a concentration of

0.012 M were contacted with 0.001 M UO,%" in 0.1 M KNOjs for a varied amount of time. Time
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taken to reach extraction equilibrium was the time of contact used for each ligand in the
following extraction studies. In order to estimate the average number of ligand molecules bound
to each actinyl metal ion, extraction experiments with varying concentration of the ligand in the
organic solution were carried out. Organic solutions of Salen (0.001 - 0.025 M) were contacted
for 10 min, solutions of di-t-butyl Salen and di-t-butyl Salophen (0.001 - 0.025 M) were
contacted for 2 h and solutions of Salophen (0.001 - 0.012 M) were contacted for 1 h. Contact
times were determined based on results from the kinetic extraction experiments described above.
Extraction experiments to investigate the pH dependence of the system were also carried out.
Organic solutions of the ligands were contacted with 0.001 M UO,?* in 0.1 M KNOj at varying
initial pH. The pHeq of the aqueous phases were recorded immediately after the organic and
aqueous phases were separated. A semi-micro refillable electrode (Beckman-Coulter) was

calibrated with the mV of standard buffer solutions (Fisher Scientific- pH 4, 7, 10).

3.4.3. Plutonium Extraction Studies

An aliquot (300 pL) of Pu(lV) in 8 M HNO3 was added to 1 mL of 0.5 M HNO3; and
heated to near dryness. An additional 1 mL of 0.5 M HNO3; was added to the residue and the
process was repeated several times. This treatment is reported to oxidize Pu(lV) to Pu(VI) after
several hours.® ® The solution was then diluted in 3 mL of 0.1 M KNOs and the pH was
increased to 3.00. Equal volumes of an organic solution of di-t-butyl Salen (0.025 M) were
contacted with aqueous solutions containing Pu(VI). After extraction, an aliquot (50 pL) of the
aqueous samples were electroplated onto stainless steel planchets from a dilute sulfuric acid
electrolyte as described by Phoenix Scientific Sales for analysis by alpha spectroscopy.®® Since

the electrodeposition of organic solutions can lead to inconsistent results® the distribution ratio
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for Pu was determined from the activity in the aqueous phase only. Sample of the aqueous
phases before contact were collected and the estimated activity in the organic phase was based
on the difference in the aqueous phase before and after contact. The *°Pu alpha decays were
counted using a Canberra Alpha Analyst operated with Alpha Acquisition and analysis software.
The distribution ratio was determined from the count rates in the aqueous phases based on the
alpha peak at 5,157 keV. All experiments were done in duplicate and the error bars for

distribution ratios (D) in the figures are based on the standard deviations in these duplicates.

3.4.3.1. Plutonium Continuous Extraction Studies

An aliquot of a freshly made Pu(VI) solution was diluted in 0.1 M KNO3 to a total
volume of 5 mL and, in separate experiments, water-soluble Schiff base ligands (Salen-SO3 and
Saldien-SO3) (0.010 M) were added to the aqueous solution. Ammonium acetate and
ammonium nitrate was then added in a mixture that resulted in a pH of 5.5. An organic solution
of equal volume (5 mL) consisting of 0.010 M HDEHP in toluene was slowly layered over the
aqueous phase. The two phases were vigorously mixed and aliquots from the organic and
aqueous phase were samples at various time points. Aqueous aliquots were analyzed by alpha
spectroscopy. The same experiment was repeated but with no water-soluble Schiff base present

in the aqueous phase in order to measure the plutonium partitioning by 0.010 M HDEHP only.

3.4.4. Neptunium Extraction Studies
An aliquot (60 pL) of a previously made Np(V) working stock solution was diluted in 1
mL of 4 M HNOj3 and heated to near dryness. An additional 1 mL of 4 M HNO3 was added the

residue and the process was repeated several times. This treatment is reported to oxidize Np(V)
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to Np(VI1). The solution was then diluted in 3 mL of 0.1 M KNO3 and the pH was increased to
3.00. Equal volumes of an organic solutions of di-t-butyl Salen (0.025 M) were contacted with
aqueous solutions containing Np(VI). After extraction, an aliquot (50 pL) of the aqueous
samples were electroplated onto stainless steel planchets as described above for the Pu analysis.
The ?’Np alpha activity in each sample was determined from the count rates in the aqueous
phases at 4,790 keV. All experiments were done in duplicate and the error bars for distribution

ratios (D) in the figures are based on the standard deviations in these duplicates.

3.4.5. Americium Continuous Extraction Studies

An aliquot of an Americium-243 stock solution was diluted 0.1 M HNOj3 and underwent
oxidative treatment by excess sodium bismuthate for 12 h. This process is known to oxidize
Am(I11) to Am(V).%"* The solution was then filtered to remove residual particulates and the
collected solution was diluted in 0.1 M KNO3;. Ammonium acetate and ammonium nitrate were
added in a ratio that resulted in a pH of 5.5. Salen-SO3 (0.010 M) was added to the aqueous
solution and an organic solution of equal volume (5 mL) consisting of 0.010 M HDEHP in
toluene was slowly layered over the agueous phase. The two phases were vigorously mixed and
aliquots from the organic and aqueous phase were samples at various time points. Aliquots of
organic and agueous phases were analyzed by gamma ray spectroscopy and distribution ratios
were calculated from count rates at 80 keVV. The same experiment was repeated but with no
water-soluble Schiff base present in the aqueous phase in order to measure the americium

partitioning by 0.010 M HDEHP only.

3.5. Hydrolytic Studies
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A 0.025 M solution of di-t-butyl Salen in a diluent mixture of 70% (1-octanol/toluene)
was contacted with an aqueous phase consisting of 0.1 M KNOs at different pH levels for a
varied amount of time up to 24 hours on a vortex shaker. The two phases were then separated by
centrifugation and the organic phase was collected and analyzed by absorption and ESI-mass

spectrometry.

3.6. Low LET Radiolytic Studies

Solutions were irradiated in a Cs-137 gamma irradiator at a dose rate to water of 2 kGy/h.
The dose rate of the source was determined by Fricke dosimetry.®® Organic solutions (10 mL) of
0.025 M di-t-butyl Salen, 0.025 M Salen and 0.012 M di-t-butyl Salophen 70% (1-
octanol/toluene) in a glass vial were placed in the gamma irradiator cell and aliquots of 500 puL
were removed from each solution periodically. Organic solutions were analyzed by absorption
spectroscopy and ESI-MS. Absorption spectra were collected on an Olis-upgraded Cary 14 UV-
vis-NIR dual-beam spectrometer using a cm 1 cm path length cell and ESI-MS spectra were
collected on a ESI LC-TOF Premier Micromass LCT 3 in flow injection analysis mode operating

Waters MassLynx V 4.0.
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4. Results

4.1. Structural Characterization of Ligand-Actinyl Complexes
4.1.1. (AnO,)(di-t-butyl Salen)(CH;CN)

Isostructural complexes between t-butyl salen and uranyl(VI), neptunyl(VI) and
plutonyl(VI) were structurally characterized (Figure 4.1-4.3). The linear dioxo actinyl moities
are coordinated by the two imine nitrogens and two deprotonated phenolic oxygens of the ligand
with a CH3CN molecule occupying the fifth coordination position in a distorted pentagonal
bipyramidal geometry. Pentagonal bipyramidal geometry is the most common geometric
arrangement for 7-coordinate actinyl complexes.** ® Select bond distances and angles between
the actinyl cations and the ligand are listed in Table 1. The average An-O bond distance of the
linear actinyl moiety is 1.7739 A, which falls in the range of other structurally characterized
actinyl(V1) cations.®®"™ The bond distances and angles between t-butyl-Salen and U(VI) and
Np(VI) are similar to those in other structurally characterized tetradentate salen-actinyl(\V1)
structures.”>” The average bond length between the central actinyl moiety and the deprotonated
phenolic proton (An1-Ojigang) are 2.22765, 2.22105, and 2.2328 A in the U(VI), Np(VI) and
Pu(VI) complexes respectively. This result is similar to isostructures between the actinyl(V1)
cations and triacetate and tricarbonate complexes where there is no noticeable trend in the An-O
bond lengths in the equatorial position.”" However, there is a slight decrease in the average bond
length between the central actinyl moiety and the imine nitrogens (An1-Niigand) (2.54355, 2.5346
and 2.5246 A) going across the mid-actinide series. This could be evidence a slight
strengthening of complexation between the imine nitrogen and the actinyl cation going across the
series. There is a decrease in the bond angle between the central actinyl moiety and the

deprotonated phenolic protons about the equatorial plane (O1-An1-O2) going across the mid
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actinide series (153.18(13)°, 152.834(9)° and 149.95°). In addition, there is a slight increase in
bond angles between the imine-actinyl-oxygen (O-An-N) going across the series. These trends
in bond angles and the bond lengths suggest that the plutonyl(\V1) cation is located deeper in the
N20, bonding site of the Schiff base compared to the uranyl(VI) and neptunyl(VI) cations. The
bond length between the actinyl and the CH3CN molecule occupying the fifth equatorial position
are similar for the three actinyl complexes (2.5919(52), 2.5847(3) and 2.5884 A) across the
series, but longer than the An-O bond lengths of bound water molecules (2.447(9)"*) and
methanol molecules (2.4415(14)™) in other An(VI) structures. A longer bond length suggests

weaker complexation by CH3CN than H,O and EtOH to the actinyl moiety.

Figure 4.1. Single crystal X-ray diffraction structure of (UO2)(N,N’-bis-(3,5-di-tert-
butylsalicylidene)-1,2-ethylenediamine)(CH3CN) complex. All hydrogen atoms have been
removed for clarity. Atoms colors are C (black), N (blue, O (red) and U (yellow). Space group
P 21/c, a=16.5769(19), b = 7.7063(9), ¢ = 27.118(3) A, 0. = 90.00, B = 92.8260(10), y = 90.00°,
V = 3460.02(68) A°>.
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Figure 4.2. Single crystal X-Ray diffraction structure of (NpO2)(N,N’bis-(3,5-di-tert-butyl
salicylidene)-1,2-ethylenediamine)(CH3CN) complex. All hydrogen atoms have been removed
for clarity. Atoms colors are C (black), N (blue, O (red) and Np (green). Space group P 2;/c, a
=16.5654(25), b = 7.7270(12), ¢ = 27.1334(41) A, a = 90.00, B = 93.069(2), y = 90.00°, V =
3468.12(92) A%,

Figure 4.3. Single crystal X-Ray diffraction structure of (PuO)(N,N’bis-(3,5-di-tert-butyl
salicylidene)-1,2-ethylenediamine)(CH3CN) complex. All hydrogen atoms have been removed
for clarity. Atoms colors are C (black), N (blue, O (red) and Pu (purple). Space group P 2;/c, a
=16.5781(17), b = 7.7308(8), ¢ = 27.058(3) A, a = 90.00, B = 93.0523(16), y = 90.00°, V =
3462.89 A®,
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Table 4.1. Select bond lengths and bond angles for (UO,)(di-t-butyl Salen)(CHsCN), (NpO_)(di-

t-butyl Salen)(CH3CN) and (PuO,)(di-t butyl-Salen)(CH3sCN).

uo,** NpO,** PuO,**
An1-03 (yl) 1.7774(38) 1.7719(2) 1.7686
An1-04 (yl) 1.7761(40) 1.7689(2) 1.7805
Anl-02 (Ligand)  2.2358(34) 2.2292(3) 2.2328
Anl-O1 (Ligand)  2.2195(35) 2.2129(3) 2.2506
Anl1-N2 (Ligand)  2.5357(46) 2.5268(3) 2.5246
Anl1-N1 (Ligand)  2.5514(45) 2.5424(3) 2.4846
Anl1-N3 (CHsCN) 2.5919(52) 2.5847(3) 2.5884
04-An1-03 178.35(18) 178.290(6) 177.73
01-An1-02 153.18(13) 152.834(9) 149.95
N1-An1-01 69.76(14)  70.315(5) 71.77
N2-An1-N1 66.70(14) 66.430(5) 67.1
02-An1-N2 70.46(14) 70.487(5) 71.45

4.1.2. [(UO,)(Salen-SO3)(H,0)]?

The linear dioxo uranyl(V1) moiety (UO,*) is coordinated to the two imine
nitrogens and two deprotonated phenolic oxygens of the salen-SOj3" ligand with a water molecule
coordinated by the oxygen atom at the fifth equatorial position.” The environments around the
central uranium atom is a distorted pentagonal bipyramidal geometry, again, the most common

geometric arrangement for 7-coordinate uranyl complexes.®®  The distorted "stepped”

conformation, observed in other previously reported hydrophobic uranyl-salen complexes™", i

S
still present suggesting that the addition of the sulfonate groups to the aromatic ring has
negligible impact on the coordinating environment around the uranyl moiety or the formation of

the complex. The bond lengths and angles associated with the central uranyl moiety and the
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tetradentate N,O,-donor ligand in [UO,(salen-SO3)(OH,)]* are comparable to those previously

reported uranyl-salen complexes.

4.1.3. [(UO,)(Saldien-SOs)]

Single crystal X-ray diffraction revealed the linear dioxo uranium moiety UO,%** to
be coordinated to three nitrogens and two deprotonated phenolic oxygens of the saldien-
SOs* ligand (Figure 4.4). The 7-coordinate uranium atom therefore has the expected
distorted pentagonal pyramidal coordination environment. Comparing the structure of the
aqueous soluble [UO,(saldien-SOs)]* with the structure of the previously reported
complex (UO,)(saldien) in DMSO* reveals that the coordination environment around the
uranium atom, bond lengths and angles, are almost identical between the different
complexes (Table 1). It is evident that the addition of the sulfonate groups and the net
negative 2 charge has minimal impact on the aromatic rings of the saldien and does not
interfere with the complex formation, as was previously observed for the analogous
tetradentate salen complex.”® The only notable difference is the slight decrease in the
equatorial O-U-O angles observed between the uranium and the phenolic oxygens for the

sulfonated system vs. the non-sulfonated system (84.65(10) vs. (88.79(11)°).
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Figure 4.4. Structural representation of [UOx(saldien-SOs)]* complex. All hydrogen atoms
have been removed for clarity. Atom labelling: - uranium = yellow, nitrogen = blue, carbon =
grey, sulphur = orange, oxygen = red). P 23, a 7.8241(9), b 10.6608(12), ¢ 19.817(2) A, a 90.00,
B 101.3740(10), y 90.00°, V= 1620.50(31) A3, Z=4.

Table 4.2. Selected bond lengths and angles for [UO,(Saldien-SO3)]* (1), (UO,)(Saldien) in
DMSO* (2), and [UOx(Salen-SO3)(OH)T> 7 (3).

1 2 3
U1-03 (yl) 1.7853(24)  1.7883(33) 1.763(13)
U1-04 (yl) 1.7826(24)  1.7899(33) 1.7700(17)
U1-01 (Ligand)  2.2469(23)  2.2201(35) 2.2742(20)
U1-02 (Ligand)  2.2467(24)  2.2313(33) 2.2827(18)
U1-N1 (Ligand) 2.5571(32)  2.6021(31) 2.5257(20)
U1-N2 (Ligand)  2.5741(32)  2.5810(39) 2.5661(21)
U1-N3 (Ligand)  2.5602(31)  2.5857(37)
04-U1-03 176.04(18)  176.18(17) 178.74(7)
01-U1-02 84.65(10) 88.79(11)
01-U1-N1 71.16(9) 70.15(11) 69.22(7)
N3-U1-02 71.14(9) 69.96(11) 69.15(7)
N1-U1-N2 66.86(9) 65.68(13)
N2-U1-N3 66.90(9) 65.86(12)




4.2. Spectroscopic Characterization of Salen-Actinyl Complexes
4.2.1. (An¥'0y)(di-t-butyl Salen)(CH3CN)
4.2.1.1. Absorption Spectroscopy

The absorption spectrum of the ligand and the reactions with the actinyl(\VI) cations are
overlaid in Figure 4.5. Although structural data was useful in determining the coordination
environment between the ligand-metal complex, absorption data was invaluable in elucidating
the redox stability, and confirming the oxidation states of the actinyl ions during complexation.
The absorption bands for the ligand are observed around 330 nm arising from & — ©* transitions
in the aromatic ring and azomethine®® followed by an absorption band at 342 nm possibly
attributed to n — 7 transitions in the azomethine group.”” An appreciable amount of red shift is
observed upon complexation of UO,%* by t-butyl-Salen as absorption bands appear at 342, 420
and 500 nm. These peaks are most likely a result from ligand-metal charge transfer transitions

due to azomethine coordination with the actinyl cation.

The absorption spectrum of NpO,®* is primarily characterized by a band at 1223 nm
likely attributed to an intra-5f transition, two transitions at 460 and 560 nm and a charge transfer
transition at energies greater than 400 nm.”® Upon complexation by the ligand, the absorption
spectrum is characterized by an intense charge transfer transition (200-1300 nm) with bands in
the 540-650 nm range. Although there is no blue shift by the band at 1223 nm to 1120-1140 nm,
characteristic of previously studied Np(VI) complexes’, the lack of transitions at 980 and 1000
nm, corresponding to free and complexed Np(V), suggests there was no reduction of NpO,** to
NpO,* upon complexation. In previous work from our groups*? we have shown that an aqueous
soluble Schiff-base ligand will complex NpO,%* but rapidly reduce it to NpO,". This behavior

was not observed with the lipophilic ligand used in this work. The absence of bands at 1000 nm
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in the absorption spectrum of the reaction between the ligand and Np(VI) combined with
structural data collected from crystalline solids in CH3CN allowed us to confirm the +VI
oxidation state for this Np complex. We therefore assign progression bands at 540-650 nm to
belong to a NpO,?* complex. Similar transitions are also observed in this region for other
Np(VI) complexes in [NpO,(COs3)s]* ¥ and NpO.Cl, in THF.2* 'H NMR spectra collected from
U(VI) and Np(VI) complexes with t-butyl Salen (Figure 4.7.) further suggest the complete
coordination of the actinyl cations due to missing phenolic proton signals and an overall

downfield shift of proton signals arising from ligand-metal charge transfer.

The major f-f transition (*Haq to *IT,g) for the PuO,** cation in 1 M HCIOy, is observed at
830 nm.* Low energy transitions are also observed at 950 and 980 nm along with higher energy
transitions at 460, 520 and 622 nm. However, the absorption spectrum for PuO,** in CHsCN
exhibits an absorption band at 805 nm with a slight shoulder at 830 nm and multiple transitions
in the 400-650 nm and 900-1100 nm range. None of the multiple transitions present in the
spectra resemble sharp peaks characteristic of Pu** (600 nm), Pu** (469 nm) or PuO," (568 nm)
allowing us to confirm the presence and stabilization of PuO,?* in CHsCN. The absorption
spectrum also bears a strong resemblance to that of Pu(V1) in 15.2 M HNOs " which could be
attributed to the use of nitric acid during the preparation of the Pu(VI) solution. Upon the
addition of the t-butyl-Salen to the Pu(V1) solution, there is a decrease in intensity and shift to
870 nm of the band at 805 nm. A shift to a longer wavelength by the principal f-f transition
would imply coordination of the actinyl cation about the equatorial plane. The red shift is
consistent with previously characterized plutonyl(V1) structures.®®%® The transition present at

870 nm is also comparable to a plutonyl(\V1)-chloride complex, also analyzed in CH3CN,

43



showing a prominent band at 850 nm.? The absence of bands characteristic of lower valent Pu

upon complexation was further confirmation of the stabilization of PuO,** by di-t-butyl Salen.
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Figure 4.5. UV-Vis-nIR spectra of di-t-butyl Salen and complexes formed with U(VI) (top),
Np(VI) (middle) and Pu(VI) (bottom).

4.2.1.2. NMR Spectroscopy

Figure 4.7. below show the di-t-butyl Salen molecule with each hydrogen assigned to
different peaks for the purposes of the NMR spectra interpretation. The collected NMR spectra
for the ligand itself, and in complex with uranyl and neptunyl are shown in Figure S2 below. The
'H NMR spectra of the ligand-(UO,) complex shows an absence of the chemical shift at 13.8
ppm, corresponding to the phenolic proton, indicating coordination through deprotonated
phenolic oxygen atoms. The *H NMR spectra also depicts a significant shift in the imine HC=N

proton between the free ligand (8.4 ppm) and the UO,*

complex (9.3 ppm), suggesting
involvement of the lone pairs on the nitrogen and the metal center. In comparison to the free
ligand *H NMR, there is an overall downfield shift of the proton signals corresponding to the
diamagnetic ligand-(UO;) complex due to the de-shielding effect of the ligand-metal charge
transfer®. The 'H NMR of the NpO,** complex depicts the paramagnetic shift caused by the

unpaired electron in NpO,?* 8887,

Regardless of the paramagnetic shift, the proton signals
observed in the ligand-(NpO,) *H NMR spectra can be identified as azomethine proton at 15.21,
aromatic protons at 9.45 and 7.25, ethylene protons at 2.21, CD3CN shift at 1.99 and shifts
corresponding to the tert-butyl groups at 1.34 and -0.56 ppm. Similar to the *H NMR collected
of the UO,**complex, the 'H NMR of the NpO.** complex does not show any downfield

phenolic proton, further suggesting the deprotonation of the ligand during complexation.
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Figure 4.6. Labeled t-butyl-Salen with corresponding assigned shifts labeled in the *H NMR
spectra.
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Figure 4.7. 'H NMR (bottom to top) of di-t-butyl Salen in CD,Cl,, (UO,)(di-t-butyl-
Salen)(CH3CN) in CD,Cl, and (NpOy)(di-t-butyl-Salen)(CH3CN) in CDsCN.
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4.2.1.3. IR and Raman Spectroscopy

The IR and Raman spectra of the free ligand and ligand-(UO,) complex are shown below
in Figure 4. The peaks at 1630 and 1590 cm™ are attributed to the combination of vibrations
from C=N and aromatic C=C bonds.®® In comparison to the IR spectra of the free ligand, there
appears to be a slight shift of about 10 cm™ to 1620 cm™ by the stretch at 1630 cm™ in the IR
spectra of the ligand-metal complex, further indicating the involvement of the nitrogen atom in
the coordination of the actinyl cation.!® The most significant difference between the IR and
Raman spectra of the free ligand and the ligand-(UO,) complex is the presence of sharp, strong
bands at 820 cm™ in the Raman, which corresponds to the symmetric uranyl stretch®. The
complementary symmetric uranyl stretch is observed at 840 cm™ in the IR. The IR spectra of the
metal complex also has a strong peak at 890 cm™ which is not as prominent in the free ligand
spectra. The asymmetric uranyl stretch is usually observed in 880-930 cm™ for other salen-
(UO,) complexes™ and, although there is some overlap with vibrations from C-O, C-C and C-N

(from CH3CN) bonds, we assign the stretch at 890 cm™ as the asymmetric urany! stretch.
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Figure 4.8. Overlay of IR and Raman spectra of free bis(3,5-di-tert-butyl) salen (top) (UO,)(t-
butyl-Salen)(CH3CN).
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4.2.2. [(AnYV'0,)(Salen-SO3)]**
4.2.2.1. Absorption Spectroscopy

The majority of the work between Salen-SO3; and Np(V) and Np(VI) has been previously
reported in Hawkins 2014 and Hawkins 2016.”"® This section will focus on work carried out
with plutonium.

Spectroscopic studies of the plutonyl cations with the aqueous soluble ligand were
continued using stock solutions of Pu(VI) and Pu(V). An aliquot of a 0.0116 M Pu(VI) stock
solution in 0.06 M HNO; was diluted in water and added to an equimolar solution of yellow
Hsalen-SO3 in H,O, resulting in a pale pink color. A pH of 2.45 was recorded after 10 minutes
of stirring and the solution was analyzed by UV-Vis-nIR spectrometry (Figure 4.9). The initial
spectra had a prominent band at 830 nm, characteristic of free uncomplexed Pu(V1).2? The pH
was increased and the absorption spectrum was collected at each incrementing pH step ending at
pH 7.30. As the pH was increased, the intensity of the band at 830 nm decreased, suggesting
complexation of free Pu(VI). Similar to studies with Np(V), a pH above 7.00 was required in
order to fully complex Pu(V1), evident by the absence of the 830 nm band and the presence of a
red-shift band at 860 nm. We assign the peak at 860 nm to belong to the (Pu(VI1))(salen-
SO3)(H20) complex. Structural and spectroscopic results demonstrate the stabilization and
complexation of the +VI plutonyl cation by Schiff base ligands. The +VI species is complexed

in CH3CN and a high pH (> 7) was required for complexation in aqueous medium.
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Figure 4.9. UV-Vis-nIR spectra of the reaction between Pu(VI) and H,salen-SOj3 at increasing
pH

Considering that the +V oxidation state of uranium was stabilized by a pentadentate
Schiff base ligand in DMSO, spectroscopic data was collected in order to see if an agueous
soluble Schiff base ligand would stabilize the +V plutonyl species, which over time
disproportionates to Pu(1V) and Pu(V1).** An aliquot of a 6 mM Pu(V) stock solution was
carefully added to a solution of excess yellow Salen-SO3; (2 eq) in H,O while stirring. The
solution turned a deep yellow color with a recorded pH of 6.31after the addition of Pu(VI). The
UV-Vis-nIR spectra was collected 10 minutes after the start of the reaction and subsequently
collected every 10 minutes (Figure 4.10). The spectral data is overlaid with an assay of the
Pu(V) stock solution, which has a prominent peak at 570 nm, characteristic of Pu(V).2* The
absence of a peak at 830 nm, corresponding to Pu(V1), also confirms +V as the plutonyl species

of the stock solution. However, the recorded absorption spectra bears a strong resemblance to
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that of (Pu(V1))(saldien-SO3)%, with a band at 860 nm and a charge transfer band in the visible
region.®®* 8 The absorption band at 860 nm increases over time, attributed growth of the Pu(VI)
complex. In addition, although there are no observable peaks that correspond to Pu(lV), the
absorption spectra could consist of a mixture of oxidation states. Just as Salen-SOs; has
demonstrated the ability to reduce Np(VI) to Np(V)™ it can also be reducing Pu(V) to Pu(IV)
with subsequent disproportionation to Pu(V1).

0.25 == i 5
[(Pu"'0,)(salen-SO4)(H,0)]*

— Pu0,’ in H,0

= Reaction between Pqu‘ and salen-SO; after 10 minutes
020~ %} : VO VOO n Reaction between PuO,” and salen-SO, after 20 minutes
--------- Reaction between PuO; and salen-SO; after 30 minutes
--------- Reaction between PuO," and salen-SO, after 40 minutes

= Reaction between Pqu‘ and salen-SO, after 50 minutes

0.15 =

Absorbance

0.10 =

0.05 =

0.00 =

500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 4.10. nIR/UV/Vis spectra of the reaction between Pu(V) and excess H,salen-SOj3” in
water at pH;=6.31 recorded over time in a 2 mm path length cell.

4.2.3. [(AnY™M'0Oy)(Saldien-SO3)]?*
4.2.3.1. Absorption Spectroscopy

Complexation experiments were carried out with the saldien-SO3 and neptunium(V/V1)
and plutonium(V/VI) to monitor the stabilization of these transuranic actinyl cations with the

pentadentate system. The +V oxidation state is the most stable redox state for Np while U(V)
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readily disporportionates and Pu(V) is stable in a relatively narrow pH range. The +VI oxidation
state is more stable for Np in higher acidity while the +V1 oxidation state for Pu tends to be more
stable at lower acidity. The complexity of the behaviour of the actinyl cations in aqueous
solutions warrants studies of each redox state (+V and +VI) for Np and Pu in order to understand
the behaviour the actinyl cations in conditions similar to those used in solvent extraction
experiments. Results from coordination experiments should give an indication of the possible
redox state and behaviour of the actinyls during biphasic solvent extraction. Previous studies
with the tetradentate analogue of Hysaldien-SO3 suggest optimal conditions for complexation at a
pH above 7.”® Thus, a pH greater than 7 was chosen to drive complexation between the aqueous
soluble ligand and the metal cations. Tetrabutyl ammonium chloride ([TBA]CI) was added to
facilitate the production of crystalline material for structural characterization during Np(V)
experiments.

The absorption spectrum of NpO," in dilute acid is characterized by the major f-f
transition (*Haq to *IT5g) at 980 nm and multiple lower energy transitions from 1000-1120 nm**
893 (Figure 4.11). Coordination about the equatorial plane of the NpO," cation results in a
change in the absorption spectrum as the f-f transition is strongly affected by the coordinating
ligand and the molar extinction coefficient is dependent on the symmetry of the complex.*
Upon complexation by Saldien-SO; there is a shift of the band at 980 nm to 1000 nm, likely
resulting from coordination with a stronger binding ligand and displacement of water molecules
from the equatorial positions on the NpO,* cation.®® Overall symmetry of the complex is
maintained therefore the absorption intensity is not expected to change appreciably. However, a
calculated observed extinction coefficient for the band at 1000 nm of about 103.6 M™* cm™ is

much lower than the extinction coefficient of Np(V) at 980 nm (395 M™* cm™). This could
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result from the spectrum being collected in water and containing (TBA)(CI) rather than collected
in 2 M HCIO4. The absorption spectrum is also characterized by multiple lower energy
transitions at 1050-1200 nm, which appear to be red shifted from the 1000-1120 nm transitions,
and a broad feature that increases in intensity with increasing energy almost across the whole
spectra. The intense transition at 1000 nm is consistent with the formation of a Np(V)-Saldien-
SO; complex and indicative of coordination of the aquo Np(V) ion through the equatorial

position.** & %

There appears to be a slight shoulder present at 980 nm in the band
corresponding to the Np(V)-Saldien-SO; complex, attributed to uncomplexed Np(V). The
complexation constant is expected to be very high under these conditions and since Saldien-SOs;
was added in equimolar amounts (1:1) to Np(V), the remaining uncomplexed Np(V) could result

from hydrolysis of Saldien-SOs.

54



0.7 H — 2.0
— NpO, stock in2 M HCIO,
—_ [(NpOz)(saIdien—Soa)]s' in H,O at pH=7.79
0.6 -
— 1.5
0.5 -
© >
0.4 —
e ?
®© o
X! — 1.0 &
o )
8 03— 3
< - ®
0.2 -
— 0.5
0.1 -
0.0 A — 0.0
400 500 600 700 800 900 1000 1100 1200 1300

Wavelength(nm)

Figure 4.11. UV-Vis-nIR spectrum of a solution comprising of 1:1.5 saldien-SOs and NpO," in
H,O with the addition of 2 eq. of [(TBA)(CD] at pH 7.79, overlaid with the spectrum of NpO,*
recorded in a 2 mm path length cell. Absorption spectrum of NpO,* only consisted of a 10 uL
spike of a 0.1525 M stock solution diluted in 1 mL of 2 M HCIO,4 and was recorded ina 1 cm
path length. Concentration of NpO," in the spectrum of the reaction with saldien-SO3; was 0.084
M.

The absorption spectrum of NpO,®* is primarily characterized by a band at 1223 nm
likely attributed to an intra-5f transition.”® However, the spectrum of the reaction between
NpO,?* and saldien-SOs (Figure 4.12) in 1:1 H,O/EtOH strongly resembles the spectrum of the
reaction NpO," and saldien-SOs, with a prominent sharp transition at 1000 nm, indicative of
sulfonated saldien-complexed Np(V). Thus, is it likely that there is reduction of Np(VI) to

Np(V). Although there is no band around 1120-1140 nm characteristic of Np(VI) complexes’®
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¢ the intensity of the broad transition starting at around 950 nm appears greater than observed

for direct Np(V) complexation by sulfonated saldien. This initial greater intensity could result
from complexes with residual Np(V1). Previous studies with the tetradentate Salen-SO3 system
and Np(V1) also indicated that reduction to Np(V) occurred.”® Similar broad transition features
were also present in the absorption spectra of that complex, which steadily decreased as a
function of time (Figure S8) (We can think about including this figure, although I'm not sure if
it'll be out of place or something). This decrease in intensity could be attributed to the gradual
reduction of Np(VI) to Np(V). Reduction of Np(VI) could possibly be attributed to the sulfate
group itself as certain conditions for the reduction of Np(VI) to Np(V) include sulfuric acid.*
Sulfate coordination studies with neptunyl cations have also indicated the irreversible reduction
of Np(VI1) in high sulfate concentrations.”” The reduction of Np(V1) could also be expedited in
the high pH solution that the reaction took place in coupled with hydrolytic products (sulfonated

salicylaldehyde).
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Figure 4.12. UV-Vis-nIR spectrum of the reaction between NpO,>* (0.042 mmol) and saldien-
SO;3 (0.0439 mmol) in H,O at pH=8.98 in a 2 mm path length cell. Overlay with 0.0021 M
solution of the NpO,** stock.

Although Np(V1) undergoes reduction to Np(V) upon complexation with Saldien-SOs,
this was not the case for Pu(V1). PuO,?* and NpO," are isoelectronic and the major f-f transition
(*Haq to *IIy) for the PuO,*" cation is observed at 830 nm in the absorption spectrum.® Low
energy transitions are also observed at 950 and 980 nm. Upon the addition of Saldien-SOs to an
aqueous acidic solution of Pu(VI), in a 2:1 molar ratio at a resultant pH of 2.2, the absorption
spectrum of this sample (Figure 4.13) is dominated by the main transition at 830 nm
corresponding to uncomplexed Pu(VI). As observed in complexation experiments with NpO,", a
shift to a longer wavelength by the principal f-f transition would imply coordination about the

equatorial plane. When the pH is increased to 7.11, the absorption spectrum is characterized by

57



a charge transfer band across the 500-950 nm range and bands at 860, 990 and 1050 nm. The red

shift of the band at 830 nm is consistent with other characterized Pu(V1) complexes,®®

suggesting the transition at 860 nm is for the Pu(V1)-salen-SO3; complex.
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Figure 4.13. nIR/UV/Vis spectra of PuO,(saldien-SO3) (1.16 mmol:2.49 mmol) in H,O in both
dilute acid and near neutral pH solutions recorded in a 2 mm path length cell.

To investigate Pu(V) complexation with the pentadentate Schiff base, a solution of an
aqueous solution of Pu(V) in H,O was at a pH of 4.1 was prepared and proved to be stable, as the
most prominent feature in the absorption spectrum in Figure 4.14 is a sharp transition at 570
nm.22 The addition of Saldien-SO3 to the Pu(V) solution, in a 1:2 molar ratio, resulted in an

increase of the pH to 6.50 and the absorption spectrum bears a strong resemblance to that of
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(Pu(V1))(saldien-SO3)*, with a band at 860 nm and a charge transfer band in the visible
region.®®* % As the pH was increased to 9.60 and then decreased to 6.31, there was a decrease in
the intensity in both the band at 860 nm and the charge transfer band. The absorption spectrum
was recorded after 4 days and a more complex spectra was collected. The band at 860 nm, as
well as the charge transfer band, had disappeared, replaced by multiple bands at 550 nm and
sharp transitions at 660 and 990 nm and multiple transitions across the entire spectra. There was
also a change in solution colour of the complex from a brown/yellow to an orange colour,
characteristic of Pu(IV). However, the transitions at 550, 660 and 990 nm are visible, although
partially under the charge transfer band of Pu(VI) complex (red traces). The prominent
transition at 990 nm in the 4-day spectrum does not correspond directly to any Pu(lV) transitions
and the collected spectrum could be a collection of multiples oxidation states. The appearance,
and then complete disappearance of the 860 nm band corresponding to complexed Pu(VI), as
well as a change in colour, suggests that there was disproportionation® *® of Pu(V) to Pu(VI) and

Pu(IV) followed by gradual reduction to Pu(IV) and possibly Pu(lll).
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Figure 4.14. UV-Vis-nIR spectra of the reaction between PuO," (2.4 mmol) and saldien-SOs;
(4.8 mmol) at varied pH suggests complexation of Pu(VI). Spectrum collected after 4 days
reveals the possible presence of Pu(lV). Spectrum was recorded in a 2 mm path length.

4.2.3.2. NMR Spectroscopy

The 'H NMR spectra of the [(UOy)(saldien-SO3)]* complex (Figure 4.16 and 4.17)
reveals signals at 9.38 ppm, assigned to the azomethine (H-C=N) proton, signals at 7-8.2 ppm
assigned to aryl protons (bz-H), and shifts at 3-4.6 ppm corresponding to the ethylene backbone
protons (CH,). The *H NMR spectra of the U(V1)-saldien-SO5; complex is overall similar to that
of the U(V1)-saldien complexes.*>* The coupling constants (J) of the chemical signals in the 3-
4.6 ppm region aid in analyzing the conformation of the sulfonated complex. The ethylene
protons appear to couple each other in geminal, anti and gauche conformations. As coupling

constants for anti conformation is about 10 Hz and the gauche conformation is in the 0-5 Hz, it is
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possible to distinguish the different protons.'® The signals at 3.15 ppm exhibit coupling
constants of 12.3 and 3.86 Hz suggesting a gauche and anti conformation with two other protons.
The slight difference in the spectra between the sulfonated salen complex and the U(VI)-salen
complex in DMSO is the differing in the coupling of the backbone ethylene protons. The region
(3-4.6 ppm) in Figure 4.17 appears in the (UO;)(Saldien) in DMSO complex from 3.10-4.85
ppm. The upfield splitting at 3.4 ppm is a quadruplet of duplets while the, presumably,
corresponding splitting in the saldien-SO; complex at 3 ppm is a triplet of doubles. This
difference is likely due to coupling of the ethylene proton by the -NH proton in the DMSO
complex. Although the NH proton was observed in the DMSO complex at 6.69 ppm, it was not
observed in the sulfontated complex in D,0O.

The *H NMR spectra of the reaction between Np(V1) and saldien-SO3 (Figure 4.18) in a
1:1 ligand metal ratio at a pH of 7.95 depicts some stark differences to that of the [(UO,)(sadien-
S03)]* complex. There is broadening and an overall negative shift in the chemical signals,
typical for paramagnetic complexes likely due to the unpaired electron in Np(V1)®*> ® with
chemical signals in the -35 to -65 ppm range. Similar broad negative shifts also appear in the *H
NMR spectra of a tetradentate Schiff base complex with Np(V) where the signals in the negative
region of the spectrum are assigned to protons on the ligand.*® In our previous work, the *H
NMR of a complex between an organic soluble tetradentate Schiff base ligand and Np(VI)
displayed only a slight negative shift to -1 ppm. Previous studies of complexation between an
aqueous soluble tetradentate Schiff base and Np(VI) indicated rapid reduction of Np(VI) to

Np(V) in the presence of the ligand”

. The NMR result suggests that the saldien-SOs is also
reducing Np(VI) to Np(V). Signals in the 20-0 ppm range could be possibly attributed to

degradation products from the hydrolysis of saldien-SOs.
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Figure 4.15. Labeled Saldien-SO5 with corresponding assigned shifts labeled in the *H NMR
spectra.
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Figure 4.16. *H NMR spectra of [(UO,)(saldien-SO3)]* in D,O
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Figure 4.17. 'H NMR spectra of [(UO,)(saldien-SO3)]* in D,O highlighting the chemical shifts
of the ethylene backbone protons in the 3.0-4.6 ppm range.
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Figure 4.18. *H-NMR of [(Np*"V'0,)(Saldien-S03)]** in D,0.
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4.2.3.3. IR and Raman Spectroscopy

Vibrational spectroscopy measurement were made on saldien-SO3z and crystals of the
uranium(V1)-saldien-SO3 complex (Figure 4.19)). The Raman spectra of saldien-SO5 exhibits
bands at frequencies typical for C=N (1620 cm™) and C=C (1580 cm™) bonds. Upon
complexation of uranium(V1) by the saldien-SOj there is a slight shift of the C=N stretch to 1640
cm™ indicating interactions between the cation and the imine nitrogen. The Raman spectra for
the complex shows bands of relatively low intensity at 790 and 820 cm™, which are not present
in the Raman spectra of the free ligand, that can be attributed to the symmetric (vi) uranyl
stretching mode.”® The uranyl(VI) symmetric stretch vy is sensitive to the ligand coordination
about the equatorial plane as increasing uranium(VI)-ligand stability results in decreasing vi

frequency.®® 1%

The comparatively low energy stretch would imply a weaker bond. The
previously characterized uranium(VI) complex with the tetradentate salen-SO;z yielded a
“stepped” conformation which lowered the molecular symmetry.” Although the symmetric
uranyl stretch is often inactive in the IR, the lowered symmetry is believed to make the
symmetric stretch active in the IR through a change in the dipole moment. The uranyl(VI)-
saldien-SO3; appears to take an overall "boat" conformation as opposed to the "stepped”
conformation, which would lower overall symmetry, therefore an active symmetric uranyl
stretch in the IR is not expected. It can be noted that no symmetric uranyl stretch v, was reported
for the (UO,)(Saldien) complex in DMSO.** The IR spectra have bands at 790 and 820 cm™
which could correspond to the v; symmetric uranyl stretch, possibly resulting from distortions

caused by the saldien-SOj3 rather than lowered symmetry.** There is also a prominent stretch at

880 cm™ in the IR spectra of the [(UO,)(saldien-SO3)]* complex which is not present in the
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spectra of the free ligand. This band is presumed to be the asymmetric uranyl stretch (v3) which
is observed in 880-930 cm™ in other salen-uranyl(V1) complexes.’ % The asymmetric (vs) IR
uranyl stretch is also reported at 895 cm™ in the (UO,)(Saldien) complex in DMSO.** Stretches

in the 1039 - 1220 cm™ range could correspond to the two sulfonate environments present in the

unit cell, as was described for [UO,(Salen-SOs)(OH,)]*."
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Figure 4.19. Overlay of IR and Raman spectra of free H,Saldien-SO3; (top) and crystalline
solids of [UO,(saldien-SO3)]* (bottom).
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4.2. Solvent Extraction Studies
4.2.1. Optimized Diluent Mixture

Initial extraction experiments were carried out in order to optimize a diluent mixture that
results in greater metal extraction and total mass recovery. Preliminary experiments with toluene
indicated that there was significant precipitation of ligand-metal complex as indicated by low
mass of metal recovery yields. Consequently, as long chained aliphatic alcohols are inhibitors of
third-phase formation, studies where the organic diluent contained different ratios of 1-octanol to

toluene was investigated.'®
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Figure 4.20. Distribution of the extraction of U(VI) from 0.1 M KNO3 by 0.015 M di-t-butyl
Salen in toluene.
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Figure 4.21. Distribution of the extraction of U(VI) from 0.1 M KNO3 by 0.025 M di-t-butyl
Salen at different ratios of 1-octanol to toluene.

In extraction studies with no 1-octanol present, the mass recovery of uranyl(VI) averaged
from 25-40%. Although the distribution plot suggests a high D value at only 10% 1-
octanol:toluene, mass recovery averaged 49%. It was a 7:3 1-octanol to toluene ration that
resulted in the complete extraction of uranyl(\V1) as well as complete recovery by mass. A high
concentration of 1-octanol proved to prevent precipitation of the metal-ligand complex. All

subsequent extraction studies were carried out in a diluent mixture of 7:3 1-octanol to toluene.

Table 4.3. Total recovery (%) of uranyl(V1) as increasing ratios of 1-octanol to toluene.

% of 1-Octanol to Toluene Recovery by Mass (%)

0 29.15
10 49.63
20 80.79
50 89.93
70 98.50
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4.2.2. Time Dependent Studies
4.2.2.1. Uranium Extraction

Results from time dependent extraction experiments for uranyl(\V1) indicated that the di-t-
butyl substituted ligands required approximately a contact time of 2 h to reach extraction
equilibrium while unsubstituted Salen and Salophen achieved extraction equilibrium at a contact
time of 5 and 60 minutes respectively (Figure 4.22). Salophen, although at a lower concentration
(0.012 M) yielded Dy values greater than both di-t-butyl Salen and di-t-butyl Salophen. For a
consistent comparison, a time dependent extraction plot of the ligands at 0.003 M is shown
below in Figure 4.23. The extraction trend for Dy is Salen > Salophen > di-t-butyl Salen > di-t-
butyl Salophen. Upon reaching extraction equilibrium, the extraction of uranyl(VI) by Salen
presented Dy values are greater than one order of magnitude compared to that of Salophen, 3
orders of magnitude compared to di-t-butyl Salen and 4 orders of magnitude compared to di-t-
butyl Salophen. The discrepancy in Dy values could be attributed to the steric constraints due to

the combination of the 1,2-phenylenediamine and t-butyl groups.
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Figure 4.22. Extraction of U(VI) by 0.025 M Salen, di-t-buty Salen, di-t-butyl Salophen and
0.012 M Salophen
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Figure 4.23. Distribution plot of the extraction of 0.001 M U(V1) by 0.003 M ligands
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4.2.2.2. Plutonium Extraction

The extraction of plutonyl(VI) exhibited lower distribution ratios than those for
uranyl(VI1) (Figure 4.24). This result is expected since charge density decreases going across the
hexavalent actinyl cation series leading to weaker coordination.’®* This trend (Dy > Dpy) is also
observed in the extraction of sodium bismuthate oxidized An(V1) by TBP* and dialkyl amide.'®
As observed with the extraction of uranyl(VI1), the Dp, is greater for Salen than di-t-butyl Salen.
In regards to extraction by di-t-butyl Salen, it appears that a maximum distribution value of 0.2 is
attained after 10 minutes of contact followed by a gradual decrease as the contact time increases
to 2 h. This gradual decrease in distribution ratio could be attributed to the reduction of Pu(VI)

to Pu(V) followed by disproportionation to Pu(lV) and Pu(VI).
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Figure 4.24. Distribution plot of the extraction 2.1x10” M plutonyl(V1) by 0.025 M Salen and
di-t-butyl Salen.
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4.2.2.3. Neptunium Extraction

Previous studies with the water-soluble Schiff base system indicated the rapid reduction
of Np(VI) to Np(V) upon ligand-metal complexation.”® However, complexation chemistry
studies with di-t-butyl Salen proved to be successful in stabilizing Np(V1) in an organic medium
consisting of only acetonitrile. Since Salen demonstrated relatively quick extraction kinetics, it
was used for solvent extraction studies with Np(VI). It became apparent that the reduction of
Np(VI) to Np(V) had occurred as evident by the low distribution values (Figure 4.25). The
extraction behaviour of Np(VI) is similar to that of U(VI) and Pu(VI) and therefore expected to
see significant Neptunium extraction if indeed it was in the +VI oxidation state.** For the time

point of 5 minutes, D values for U and Pu were 569.27 and 1.93 respectively, while 0.024 Np.
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Figure 4.25. Distribution plot for the extraction of Np(V/V1) by 0.025 M Salen.
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4.2.3. An(VI) Extraction Dependence on Ligand Concentration
4.2.3.1. Uranium

The distribution ratios (Dy) can be used to evaluate the extraction stoichiometry of the
system, estimating the average number of ligand molecules bound to each metal ion. The
assumption that the actinyl cations are extracted into the organic phase as neutral complexes, and
the deprotonation of Salen-type ligands, results in the overall equilibrium reaction shown in eq.

8, and the corresponding equilibrium constant expression is shown in eq. 9:

(An03%) aq) + N(Hz2L) (org) = (ANOy - L) (org) + 2nHE“aq) (eq. 8)

_ [AnO, ’L](org) [H+]2

(aq)
= (eq. 9)
ex [AnO%-‘-](Org) [HZL]?org)

The distribution ratio is the total concentration of the actinyl cations in the organic phase

divided by the total actinyl cations concentration in the aqueous phase (eg. 10)

_ [AnOz-L](org)

Dw =
M [Anog-l-](aq)

(eq. 10)

Using this expression for D and making the assumptions that the dominating species is
free actinyl and the ligand-metal complex in the aqueous and organic phase, respectively and that
changes in ionic strength (i.e. changes in nitrate concentration) can be neglected, eg. 9 can be

rewritten as the following (eq. 11):

DM[H+]%aq)
Koy =——7— eq. 11
ex [HZL]?org) ( q )
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Equation 11 can then be rearranged and rewritten in a linear form (eq. 12):

logDy = logKey + nlog[H,L](org) — 2log [H¥](aq) (eq. 12)

The stoichiometric number n in the extraction process was determined by slope analysis
where the Dy values were calculated at different ligand concentrations and constant aqueous
conditions of 0.1 M KNO3 and pH;=3.00 where the value n is the average number of ligand
molecules coordinated to each metal ion. Figure 4.26 depicts the Dy values at varied

concentrations of Salen, Salophen, di-t-butyl Salen and di-t-butyl Salophen.
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Figure 4.26. Extraction stoichiometry study for U(VI) (0.001 M) using varying amounts (0.001
- 0.025 M) of ligand.
Given the geometry of the actinyl cation, which has 5 equatorial positions available for

46,42

coordination™™, it would be expected that a single Salen ligand would bind to the uranyl(\VI)
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cation during extraction. Previous solvent extraction studies with muti-dentate Schiff base
ligands with uranyl(VI) have demonstrated the presence of a single ligand molecule in the
extracted complex.>® The values attained from slope analysis were 3.91 + 0.45 for Salen, 0.786
+ 0.043 for di-t-butyl Salophen and 1.85 + 0.18 for Salophen. For di-t-butyl Salen, a slope of 1.3
+ 0.08 in the ligand concentration range of 0.001 - 0.012 M followed by a sharp increase in Dy at
0.025 M. The di-t-butyl Salophen ligand yields a slope close to 1, confirming expected complex
stoichiometry. However, Salophen and Salen yielded slopes close to 2 and 4 suggesting 2:1 and
4:1 ligand to metal complex stoichiometry. The di-t-butyl Salen ligand may also extract the
uranyl cation as a 1:1 complex in the lower ligand concentration range and aggregated ligand-
metal complexes could dominate at higher ligand concentrations. Diglycolamides also
demonstrated extraction stoichiometries that appeared to exceed the inner-sphere coordination
positions of trivalent actinides in non-polar diluents with low polarizability/dielectric constant
(n-dodecane).'®®*%" Since the same extraction behaviour is not observed in more polar solvents
such as 1-octanol, the extraction stoichiometry for An(lll) is attributed to extraction by
aggregates in dodecane.'® Since our diluent system consists of 2 different solvents, with
different polarities, it could be possible that the extraction of uranyl(\V1) is dominated by ligand-
metal aggregates. EXAFS studies can help in uncovering details of the actinyl coordination
environment. Recently a set of EXAFS data was collected for these extraction systems and the
analysis is pending.

Since there is a change in pH at extraction equilibrium, distribution values were
normalized to a single value, pH= 3.3, for a more accurate comparison between the ligand
systems (Figure 4.27). This value was chosen since equilibrium pH for extraction studies in the

lower ligand concentration range (0.001 - 0.003) averaged 3.3. Normalizing to a single pH value
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resulted in slightly lower distribution values, especially at higher ligand concentrations. Slope
analysis of these plots reveal extraction stoichiometry of 2:1 for Salen and Salophen and 1:1

stoichiometry for di-t-butyl Salen and di-t-butyl Salophen (Table 4.4).
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Figure 4.27. Distribution values for ligand concentration dependency studies for the extraction
of U(VI) (0.001 M) normalized to pH= 3.3.

Table 4.4. Extraction Stoichiometry values obtained from normalization of distribution values
to pH= 3.3.

Stoichiometry

Salen 1.7 £ 2.6x10”
Salophen 2.4 +5.0x107°
di-t-butyl Salen 0.67 £ 0.025
di-t-butyl Salophen 0.79£0.043
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4.2.3.2. Plutonium

Ligand dependency extraction studies for Pu(VI) revealed different stoichiometry than
that for U(VI) (Figure 4.28). Solutions of Salen and di-t-butyl Salen at different concentrations
were contacted with Pu(V1) for limited to 10 minutes. A slope of 0.63 = 0.067 for Salen and
0.43 = 0.010 for di-t-butyl Salen, a deviation from ligand to metal ratios, at normalized pH, of
2:1 for Salen and 1:1 for di-t-butyl Salen. Metal loading experiments (Figure 4.30) indicated that
uranyl(VI) distribution values are higher at low metal concentration and gradually decrease with
increasing uranyl(V1) concentration. During ligand dependency studies, the concentration of
uranyl(V1) was 0.001 M while the concentration of Pu(VI) was 3.14x107 M. Since the
concentration of Pu(VI) is about 3 orders of magnitude lower than that of uranyl(VI), and Dy
values greater than 10 are obtained at 0.001 M Salen vs 1x10™ uranyl(V1) (last figure), we
expected to see greater Dp, values at this plutonyl(VI) concentration. As observed with the time
dependent study (Figure 4.24), the presence of Pu(V) in the aqueous solution could suppress Dpy
values. Reduction of Pu(V1) to Pu(V), and possible subsequent disproportionation to Pu(IV) and
Pu(VI), would lower Dp, values and alter the expected extraction stoichiometry. Although di-t-
butyl Salen proved to complex and stabilize Pu(VI) in a single organic phase (acetonitrile)
(Bustillos, May, Nilsson et al), redox stability in a bi-phasic system with this ligand class proves

more challenging.
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Figure 4.28. Extraction stoichiometry study for the extraction of Pu(VI) (0.314 uM) using
varied amounts of Salen and di-t-butyl Salen

Table 4.5. Extraction stoichiometry values obtained for extraction studies with Pu(V1)

Stoichiometry
Salen 0.63 £ 0.067
di-t-butyl Salen 0.43 £ 0.098

4.2.4. An(VI) Extraction Dependence on pH
4.2.4.1. Uranium

Since the ligands are deprotonated during complexation with actinyl cations® " 7>
extraction experiments where the pH was varied would provide valuable insight into the

extraction mechanism of U(VI1). Since concentration of the ligands are being held constant, the

slope of the plot of the uranyl(\V1) distribution and the recorded equilibrium pH should provide
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the number of H atoms exchanged during the extraction process (eg. 4). The dependency of Dy
values on pHeq for the ligands is depicted in the figure below. It is apparent that there is a steep
dependency on pH since distribution values greatly increase with increasing pH. Structural data
collected from X-ray crystallography in a single solvent system does suggest that complexation
between the Schiff base ligand and metal occurs through the deprotonation of the phenolic
oxygens. Figure 4.29 indicates that the slope of the pH dependence is close to 2 for di-t-butyl
Salen and Salen, suggesting the deprotonation of both phenolic protons on a single ligand
molecule during extraction. The slope of 2.4 for Salen could be a result of an average of 2
protons released during the extraction, suggesting a possible 1:1 ligand to metal complex,
although results from ligand dependency studies suggested a 2:1 ligand to metal extraction
complex. Previous studies have also demonstrated the release of 2 protons by Salen, in benzene,
during the extraction of uranyl(V1).>> Surprisingly, due to the lack of flexibility expected from
the aromatic backbone, slopes obtained from solvent extraction suggest that Salophen and di-t-
butyl Salophen exchange only one H atoms during the extraction process. Ligand dependency
studies suggested that uranyl(VI) was extracted by only 1 ligand molecule of di-t-butyl Salen.
This would imply that the uranyl cation is extracted as either a mononitrate species as
(UO,)(Hdi-t-butyl Salophen )(NOs) or possibly as a hydrolyzed cation as (UO,)(OH)(Hdi-t-butyl
Salophen). Previous studies have reported the extracted species of uranyl(\V1), from perchlorate
solutions, by Salen, dissolved in benzene, to be (UO,)(OH)(HSalen).® In addition, ligand
dependency studies suggested that uranyl(\VI) was extracted by an average of 2 Salophen
molecules. In conjunction with results from pH dependence, the uranium cation could be
extracted into the aqueous phase as (UO,)(HSalophen), where the actinyl cation is bound by two

mono basic Salophen molecules. It could be possible that pi stacking from the aromatic rings
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facilitates this process. Previous studies in non coordinating solvents showed that dimers were
formed during complexation, where the uranyl cation was coordinated by 2 ligands, where the
equatorial position was filled by a phenolic oxygen of another (UO,)(HSalophen) complex.'®
As previously stated, pending analysis of EXAFS data was collected from ligand dependency

studies can assist in determining the structure of the extracted species.
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Figure 4.29. Distribution ratios for the extraction dependence of U(VI) on pHeq by di-t-butyl
Salen (0.025 M), Salen (0.003 M), Salophen (0.003 M), and di-t-butyl Salophen (0.025 M).

Table 4.6. Slopes obtained from Dy dependency on pHeq

Slope
Salen 2.4+£0.12
Salophen 1.25+£0.21
di-t-butyl Salen 2.03£0.07
di-t-butyl Salophen 1.07 £ 0.07

4.2.5. Effect of Metal Concentration
4.2.5.1. Uranium
Experiments were carried out where the uranyl concentration was varied (1x10™ to 0.08

M) with 0.001 and 0.006 M Salen as the extractants in order to quantify the effect of metal
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concentration on distribution values. For concentrations of 0.001 M and 0.006 M Salen there is
an overall suppression of Dy values as the metal concentration is increased (Figure 4.30).
When the uranyl concentration was increased from 1x10™ to 0.08 M, distribution values for
uranyl decreased by about 2 orders of magnitude.
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Figure 4.30. Distribution plot for the extraction of uranyl(VI) from 0.1 M KNOj3 at varying
uranyl concentrations by 0.001 and 0.006 M Salen.

A plot of the total uranium concentration in the organic phase versus total uranium
concentration will yield the extraction capacity of the ligand solutions.?® Solvent saturation for
uranyl is observed for both 0.001 and 0.006 M Salen solutions within this metal concentration
range. Capacity curves (Figure 4.31) reveal that there is an increase by a factor of 6 when the

ligand concentration is increased by a factor of 6.
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Figure 4.31. Capacity curve for the extraction of uranyl by 0.001 and 0.006 M Salen (1:1
volume ratios).

4.2.6. Kinetic and Thermodynamics of Uranyl(V1) Extraction
4.2.6.1. Kinetic Studies

The effect of ligand concentration on the extraction rate of uranyl(VI) was investigated.
If the extraction of uranyl(VI) follows first order kinetics, a plot of the natural log of
concentration vs time should result in a straight line. This was observed for the 4 different
ligands, allowing us to confirm that extraction of uranyl(V1) is a first order (Figure 4.32). The
observed rate constants (kons) were calculated based on the estimated remaining uranyl(V1)
concentration in the aqueous phase. The slope of a plot of the natural log on the remaining
uranyl(\VI) aqueous concentration vs time will give Kq,s. The figure below displays first-order
plots for different concentrations of the different salen-type ligands. Unsurprisingly, observed
rate constants increases with increases ligand concentration. Ligands with bulky butyl groups

also demonstrated slower extraction kinetics than non substituted ligands. The slope of a line in
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a log-log plot of the observed rate constants and ligand concentration can give an estimated order

dependence of the extraction.
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Figure 4.32. First-order plots for the extraction of Uranium(VI) from 0.1 M KNOs at varying
ligand concentrations for Salen (top left), Salophen (top right), di-t-butyl Salen (bottom left) and

di-t-butyl

Salophen (bottom right).

Table 4.7. Observed rate constants calculated for varied concentrations of tetradentate Schiff

Base ligands
Kobs (s™)
Concentration (M) Salen Salophen
0.001 0.25x107 £2.5x10*  2.90x10™ +2.1x107
0.003 1.27x10% +5.3x10™*  6.33x10™ + 6.4x107
0.006 3.21x107 + 1.4x10°  10.1x10™ +9.2x107
0.009 6.02x107% + 3.1x10°
0.012 9.96x107 + 1.2x10
0.025 15.9x107 + 2.6x107

di-t-butyl Salen
1.69x107 + 1.4x10°°
4.32x107 +3.6x10°
10.3x107 + 1.3x107
14.9x107 +3.3x10°
20.9x107 + 1.1x107
27.9x107 + 1.6x107

di-t-butyl Salophen
8.95x107 + 4x10®
2.38x10° + 1.6x107

1.96x10° + 3.9x10”
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Salen exhibits overall much faster extraction kinetics, as calculated observed rate
constants are 2 orders of magnitude greater than those corresponding to Salophen and over 3
orders of magnitude greater than those for di-t-butyl Salen and di-t-butyl Salophen. It's apparent
that the tert-butyl substituted ligands exhibit slower extraction kinetics than the non bulky
substituted group. Within those two groups, the more flexible ethylene backbone ligands
extracted uranyl(VI) at a faster rate than the phenylenediamine group. The combination of
rigidity and the presence of bulky tert-butyl groups, unfavorable steric constraints, lead to the
slow extraction kinetics by di-t-butyl Salophen. A similar trend is observed in the BTBP ligand
group, as the addition of a t-butyl group slows extraction kinetics.*'

Since the total ligand and nitrate concentration were held constant at each calculated rate
constant, a plot of the log(kobs) Vs the log of ligand concentration should give the order of the rate
of extraction with respect to the ligand concentration.**! The slope for the ligands were all close
to 1, suggesting that the rate of extraction for uranyl(\V1) with respect to ligand concentration is

first order (Figure 4.33).
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Figure 4.33. Dependence on the rate of extraction of uranyl(VI) with respect to ligand
concentration.

4.2.6.2. Temperature Dependent Studies
The definition of Gibbs free energy (eq. 13) and the relationship between Gibbs free
energy (eq. 14) and the equilibrium constant are expressed as follows:
AG = AH — TAS (eq. 13)
AG = —RTIn(K¢q) (eq. 14)
From the combination of the two equations, the linear form of the Van't Hoff equation can be

derived:
ln(Keq) =——+4+— (eq. 15)

Temperature dependent solvent extraction data is usually treated using the van't Hoff method,

where the thermodynamics parameters of change in enthalpy (AH) and entropy (AS) can be
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calculated and obtained by plotting the equilibrium constant (Kex) of the extraction process at
varied temperature. In order to asses a rigorous thermodynamic evaluation of the extraction
process, the equilibrium constants must be accurately calculated for the system. Due to the
complicated nature of the bi-phasic solvent extraction process, calculating equilibrium constants
is not necessarily a trivial task. However, a conditional relationship between the equilibrium
constant and distribution ratio can provide some insight into the overall thermodynamic trends of
the extraction process. The extraction equilibrium can be expressed as (eq. 17) (Bustillos, May,
Nilsson 2018):

(An03") (aq) + N(HzL) (org) = (ANO; - L) (org) + 2H (o) (eq. 16)

K = [AnOZ-L](org)[HJ']%aq)
X [An03*](aq) [H2L]{org)

(eq. 17)
where K’ 1s a conditional extraction constant assuming that the activity coefficients in both
organic and aqueous phase are constant. Given that the distribution ratio is the total
concentration of the actinyl cations in the organic phase divided by the total actinyl cations

concentration in the aqueous phase (eq. 18)

_ [AnO3-L](org)

Dy = eq. 18
M [Anog-’-](aq) (cq )

and changes in ionic strength and changes in nitrate concentration can be neglected, eq. 2 can be

rewritten as the following (eq. 19):

2
k= DMl Gg)
ex [HZ L] ?org)

(eq. 19)
Therefore, with the presumption that Dy is proportional to K’c, van't Hoff analysis can
be performed in which In(Dy) vs T is analyzed and calculated thermodynamic values can be used

to reveal overall trends of the extraction process.''> Because of its rather slow kinetics and

reasonable uranyl distribution values (Dy not too high or too low), temperature dependence
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studies were carried out with di-t-butyl Salen. Time dependence studies at room temperature
(19° C) indicated that the extraction equilibrium for uranyl(VI) was reached at a contact time of
2 h. Extraction studies were carried out with different concentrations of di-t-butyl Salen at
varying temperatures (10, 19, 22, 30, 35 and 40° C) for a contact time of 2 h. Figure 4.34 depicts
the affect that temperature has on the extraction of uranyl(VI). Since the partitioning of
uranyl(VI) increases with increasing temperature, the extraction of uranyl(VI) in a bi-phasic
solvent extraction system by di-t-butyl Salen is an endothermic process. Temperature dependent
studies on the extraction of Pd(II) by a tetradentate pyrazole derived Schiff base revealed an
inverse relationship between temperature and distribution values, although the decrease in
extraction at higher temperatures was attributed to the dissociation of the ligand at higher

11
temperatures. :

This was not observed with di-t-butyl Salen (I'm not sure if this is entirely
relevant). Conditional enthalpy and entropy values can be calculated from the slope and

interesct of the line and are listed in table 4.8.
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Figure 4.34. Temperature dependence of the extraction of U(VI) by varied concentrations ofdi-
t-butyl Salen.

Table 4.8. Thermodynamic parameters for the extraction of uranyl(VI) by di-t-butyl Salen

Concentration (M)  AH (kJ mol") AS (kI mol' K  AG (kJ mol™)
0.001 533+£3.9 0.16 £ 0.01 6.2+0.7
0.003 70.5+5.6 0.23 +£0.02 2.7+0.3
0.006 729+ 14.2 0.25+0.05 0.42+0.12
0.012 147.9 + 34.3 0.52+0.12 -4.04 +1.31
0.025 268.2 £40.1 0.95+0.14 -10.9+2.3

Although we can infer from the extraction data that the overall extraction is endothermic,
detailing the interpretation of the thermodynamic parameters is difficult due to numerous
processes occurring. Contributions to change in enthalpy and entropy values can arise from

complexation of the metal ion, dehydration of the metal ion, dissolution of the complex in the
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organic phase, protonation equilibria and ligand-ligand interactions. Since a single ligand class
of extractant is under investigation, and no functional groups are varied, a direct comparison can
be made as ligand concentration is varied. Bonds in soft acid soft base complexes results in the
sharing of an electron pair while bonds in hard acid hard base complexes is characterized by
electrostatic interactions.”> 1In relation to solvent extraction, the interactions between "hard"
cations, such as An(IIl) and An(VI), and "hard" donor (O, N) ligand form complexes which are
often characterized by both positive enthalpy and entropy changes.”” Effectively, the extraction
of uranyl(VI) by di-t-butyl Salen resembles the extraction mechanism of a chelating acidic
extractant. The driving force of the extraction of a metal cation by a chelating acidic extractant
is the replacement of water molecules. These interactions are referred to as entropy driven due
to the loss of hydration of the cations. As water molecules are displaced from the metal cation,
there is an overall increase in the disorder and randomness of the system resulting in positive
entropy contribution. The dehydration results in endothermic enthalpy contribution as energy
input is required for the breaking of water-metal bonds. During complexation of the actinyl
cation by the ligand, a negative enthalpy contribution should be expected due to bond formation.
The bond formation should also result in negative entropy contribution since the randomness of
the system decreases as the metal-ligand complex forms. Calculated entropy and enthalpy values
are listed in Table 4.8 and represent thermodynamic parameters for the overall extraction system.
The solvent extraction of uranyl(VI) is described by endothermic enthalpy change for all ligand
concentrations and positive entropy contribution. Entropy values increase with increasing ligand
concentration. These values indicate that dehydration of the actinyl cation is the most significant
step in the solvent extraction process.''* The contribution to change in entropy due to the release

of protons upon ligand deprotonation and the formation of hydrolytic products can not be
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discounted. The extraction of uranyl(VI) by neutral organo-phosphorous compounds has

115

demonstrated exothermic heats of extraction and negative entropy contributions. ~ Exothermic

heats of extraction are also typical for the extraction of trivalent actinides by solvating

116

extractants. Results obtained from extraction studies of uranyl(VI) by di-t-butyl Salen are

similar to the extraction of trivalent lanthanides by chelating acidic extractants.''”-''®

The plot below depicts the extraction of uranyl(VI) at varying di-t-butyl Salen Salen
concentration and increasing temperature (Figure 4.35). The slope at T= 10° suggests that the
extraction stoichiometry appears to be a 1:1 ligand to metal ratio through the entire tested ligand
concentration range. At T= 20°, a 1:1 stoichiometry is presumed through the concentration
range 0.001 - 0.006 M and Dy values increase drastically at concentrations above 0.006 M
possibly due to a change in the extraction mechanism. When the temperature is increased to 30°
C, in the 0.001 - 0.006 M range, a slope of 1.62 is obtained, suggesting a mixture of 1:1 and 2:1
ligand to metal complexes. At T=35° C, it appears that a 2:1 ligand to metal complex dominates

the extraction in the same ligand concentration range. As temperature is increased, it is possible

that sufficient energy becomes available in order to form higher order ligand to metal complexes.
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Figure 4.35. Effect of di-t-butyl Salen concentration dependency on uranyl(VI) extraction at
varied temperatures.
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Additional kinetic experiments were pursued with di-t-butyl Salen at different
temperatures in order to uncover further details in regards to the kinetics of the initial uptake of
uranyl(VI). Extraction k., were calculated for different concentrations of di-t-butyl Salen at
different temperatures of 10, 20, 30 and 40 °C (Figure 4.36). Calculated observed rate constants
are listed in table 4.9. At low ligand concentration, as the temperature increases by 10 °C, the
kobs appears to more or less double. As temperature is increased from 10 to 40 °C, the ks
roughly increases by an order of magnitude. At higher ligand concentration the changes in kops

at higher temperatures are relatively larger.
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Figure 4.36. Effect of temperature on observed rate constants for different concentration of di-t-
Bu Salen (0.003 - 0.025 M) at 10° (top left), 20° (top right), 30° (bottom left) and 40° (bottom
right).
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Table 4.9. Observed rate constants for the uptake of uranyl(VI) by varied di-t-butyl Salen at
different temperatures.

Kobs
Concentration (M) 10° 20° 30° 40°
0.003 3.04x10° £ 1.7x10°  8.31x10° £3.7x10°  1.67x10* +3.1x10°  4.92x10™ + 4.5x10”
0.006 5.57x10° £2.3x10°  12.2x10° +4.0x10°  3.85x10* +2.9x10°  10.4x10™*+9.0x10”
0.012 9.34x10° + 1.8x10°  19.7x10° £ 1.9x10°  6.72x10* +4.9x10°  30.2x10™ + 3.8x10™
0.025 16.4x10° + 1.7x10°  45.8x10° +1.8x10°  21.7x107 +3.6x10"  48.3x10* + 1.5x10™

The linear relationship between ks and inverse temperature can be obtained from the

Arrhenius equation:

-E
Kops = Ae */rt

(eq. 20)

where R is the universal gas constant, T is the absolute temperature and A in the frequency factor

and E, is the possible activation energy.'*® The figure below (4.37) plots In(Kops) Vs 1/T where

the slope is the energy of activation of the extraction process. Calculated energy of activation for

the extraction system are listed in Table 4.

Figure 4.37.
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As mentioned previously, it was apparent that energy barriers were present in the
extraction of uranyl(VI) by the di-t-butyl Salen. Calculated activation energy increases with
increasing ligand concentration, suggesting states which require larger energy input at higher
ligand concentrations. Slope analysis results suggested the formation of 2:1, and possibly higher,
extraction stoichiometry of uranyl(V1) by di-t-butyl Salen at higher temperatures. An energy of
activation greater than 20 kJ mol™ suggests the transfer of the metal cation into the organic phase
is carried out mostly through chemical reactions rather than diffusion.’*® Calculated energy of
activation values help illustrate the energy associated with the possible formation of higher order
ligand to metal complexes. Previous work on solvent extraction of Cu(ll) by the reagent LIX
64N indicate that there is a slight increase in the energy of activation for increasing extractant

concentration, although no reason for this observation was given.**?

Table 4.10. Calculated energy of activation for the extraction of uranyl(VI)

Concentration (M) E, (kJ mol™)

0.003 68.8 +4.5
0.006 756 £3.5
0.012 88.7+9.5
0.025 89.2+6.7

In similar fashion, the calculated observed rate constants at different temperatures can also be
used in determining the enthalpy and entropy of activation through the Eyring equation:

Ast —ant

Kops = ﬂeTe RT (eq. 21)

Where R is the universal gas constant, T is absolute temperature, N is avogadros number, h is
Plancks constant, AS* is entropy of activation and AH¥ is enthalpy of activation. From the linear

relationship, the enthalpy and entropy of activation can be calculated:
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1n(k°Tbs)_l ( )+A—Sﬁ—i—lf (eq. 22)

Enthalpy of activation values can be calculated from the slope of the plot of the natural log of the
observed rate constant over temperature vs inverse temperature while entropy of activation can

be calculated from the intercept. The plot and table with calculated values are shown below.
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Figure 4.38. Observed rate constants over temperature vs temperature for di-t-butyl Salen.

Table 4.11. Enthalpy and Entropy of activation values calculated for the extraction of 0.003 -
0.025 M di-t-butyl Salen.

Concentration (M) AH* (kJ mol™) AS* (J mol” K)

0.003 66.3+4.5 -97.2+£14.5
0.006 73.1+3.5 -69.2 £ 6.4
0.012 86.2+9.5 -19.6 £ 3.5
0.025 86.7+6.7 -11.7+ 1.4
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As mentioned previously, the equilibrium extraction of uranyl(VI) is characterized by
endothermic enthalpy values and a positive entropy contribution. It is believed that these values
are largely due to the dehydration of the metal cation as energy inputs break the metal-water
bond and the overall increase in disorder of the system. Activation values indicate that the initial
uptake of uranyl(VI) involves endothermic change in enthalpy and negative contributions to
entropy although entropy becomes less negative as ligand concentration increases. The
activation endothermic heats of extraction reflect the breaking of metal-water bonds. However,
negative activation entropy values suggest an ordered activated system. This could reflect
complexation of the metal by the ligand, leading to a decrease in the degrees of freedom by the
ligand (loss of configurational entropy) but dehydration of the metal has not occurred. As the
ligand concentration increases, change in entropy becomes more positive suggesting that the
system is becoming more disordered. Although multiple ligand binding to a metal cation would
lead to negative entropy contributions, the increase in change in entropy values could be due to
dehydration by multiple ligands. Again, change in entropy contributions from deprotonation and

the formation of hydrolytic products can not be discounted nor ignored.

4.2.7. Continuous Extraction Studies- Retention of Cation in Aqueous Phase
4.2.7.1. Uranium
Extraction studies with uranyl(VI) with Salen-SO3; and Saldien-SOj3 acting as holdback
reagents have been studied and is reported in (Hawkins et. al.).”
4.2.7.2. Neptunium
Extraction studies with the neptunyl cations with Salen-SO3; and Saldien-SOj3 acting as

holdback reagents has been studied and is reported in (Hawkins et. al).”
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4.2.7.3. Plutonium

Competitive continuous extraction studies were carried out, in separate experiments, with
Salen-SO3; and Saldien-SO3; as holdback reagents in the agueous phase and an organic phase
consisting of HDEHP as in toluene. The figure below (4.39) plots the distribution values
calculated at different time points for the extraction of Pu(VI) by HDEHP with and without
Salen-SO; present in the aqueous phase. Extraction of Pu(VI) with no Salen-SO; yields
distribution values close to 10 after 30 minutes of contact. However, when the Salen-SOs is
present in the aqueous phase, extraction of Pu(VI) decreased by almost an order of magnitude
and remains in the aqueous phase for the duration of the experiment. Complexation studies with
Pu(V1) revealed no apparent reduction of Pu(VI) in an aqueous medium. Under the assumption
that there was also no reduction of Pu(VI) in this experiment, we can conclude that the
tetradentate Salen-SOszdoes function as an efficient holdback reagent for Pu(VI). In the
likelihood that there was reduction to Pu(V), distribution values for the +V oxidation state would

be expected to be much lower.
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Figure 4.39. Distribution ratio of the extraction of Pu(VI) (1x107 M) from 0.1 M KNO; as a
function of contact time by 0.01 M HDEHP with 0.01 M SOs-Salen present and not present.

Studies with the pentadentate Saldien-SO; demonstrated overall similar retention of the
Plutonyl(VI) cation as the tetradentate system (Figure 4.40). It appears that when the Saldien-
SO; is present, at a contact time of 15 h, there is an increase in the distribution ratio. Similar to
the Salen-SOs, Saldien-SO; showed no reduction of Pu(VI) to Pu(V), and we would expect
Pu(V) to suppress distribution values. The spike is the partitioning of plutonium in the organic

phase could be due to the hydrolysis and breakdown of the ligand itself.
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Figure 4.40. Distribution ratios for the extraction of Pu(VI) by 0.010 M HDEHP with Saldien-
SO;(0.010 M) present and not present.

4.2.7.4. Americium

Competitive biphasic continuous extraction studies were continued with Americium
oxidized to the pentavalent state. The extraction behavior of Am(V) and Am(VI) has been
observed to exhibit similar extraction behavior as other the hexavalent and pentavalent mid

actinides.*>'®

The pentavalent actinyl cation, due to its low charge density, is difficult to
extract, similar to Np(V). Similar to previous experiments, HDEHP served as the extractant and
Salen-SOs; served as the holdback reagents. Experiments were carried out with and without
aqueous soluble ligands present. Results indicate that there is immediate extraction of the Am
when there is no Salen-SOj; in the aqueous phase (Figure 4.41). When the water soluble Schiff

base is incorporated in the aqueous phase, distribution values for Am are similar, and greater,

than those with no holdback reagent present in the aqueous phase. Americium is essentially
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completely extracted into the organic phase, exhibiting distribution values similar to the
extraction of Am(IIl) by 0.010 M HDEHP. The extraction of Am with Salen-SO; present in the
aqueous phase also exhibits similar distribution values and extraction trend as the extraction of
Cm(III) in the same system.76 This leads us to believe that significant, if not complete, reduction
of Am(V) to Am(III) occurs in this system. Since extraction of Am is greater when the water-
soluble Schiff base, we can assume that the presence of the ligand contributes to the reduction of
Am(V). Reduction of high valency americium is not surprising, and more accurate result could
have been collected with shorter contact times. Additionally, without proper spectroscopic

analysis, accurate extraction behavior of high valency americium is difficult.
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Figure 4.41. Extraction of Am(V) by 0.010 M HDEHP in toluene with and without Salen-SO;
in 0.10 M KNOs present.

4.3. Degradation Studies

4.3.1. Hydrolysis
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Although it is understood that the imine position on Schiff base ligands is readily
susceptible to hydrolysis, especially at pH<2'?, it's important to investigate the extent of
hydrolysis of di-t-butyl Salen in the diluent mixture of 1-octanol/toluene (7:3 v/v). The
hydrolytic stability of a 0.025 M solution of tBu Salen was tested by contacting the organic
solution, in separate experiments, with aqueous solutions at different pH for a varied amount of
time. Contact times of up to 2 h, and greater, were chosen since solvent extraction studies with
di-t-butyl Salen and actinyl(VI) cations were contacted for 2 h. The absorption spectra of the
organic ligand solutions were recorded at each pH after each contact.

The absorption spectra for contacts at pH ranges 2-6 are characterized by a slight, gradual
decrease of the intensity of the band at 330 nm. Along with the decrease in intensity, there is a
slight shift of the band to a longer wavelength (Figure 4.42). One of the possible hydrolytic
products, and starting material in the synthesis of the ligand, is 3,5-di-tert-butyl salicylaldehyde,
which has an absorption band at 345 nm and would remain soluble in the organic phase. The
slight shift of the 330 nm band to lower energy could be attributed to the formation of a
hydrolytic product. When the 0.025 M di-t-butyl Salen solution was contacted with an aqueous
solution at pH= 9 there was also a decrease in intensity of the absorption band at 330 nm.
However, instead of the band shifting to a longer wavelength as observed with contacts with
pH= 3 and 6, there is a shift of the band to a shorter wavelength. This could be attributed to

addition of OH groups on the imine carbon.
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Figure 4.42. Absorption spectrum of 0.025 M di t-butyl Salen contacted with aqueous solutions
at pH= 2 for varied time collected in a 1 cm path length cell.

Although the ligand demonstrated somewhat stability in neutral pH ranges for extended
period of time, that was not the case when the organic solutions came into contact with more
acidic aqueous solutions. The absorption spectra of contact with a pH of 2.0 solution displays a
more pronounced decrease in the intensity of the band at 330 nm after 2 h (Figure 4.42). This
feature is even more evident when the ligand solution is contacted with an aqueous solution at a
pH of 1 or lower (Figure 4.43). When the organic solution is contacted with an aqueous solution
of a pH of 0.52, there is a more pronounced decrease and shift of the absorption band to lower
energy after only 5 minutes of contact. After 30 minutes of contact, there is almost a complete
discoloration of the organic solution from bright yellow to pale yellow. The intact ligand in

organic solvent is bright yellow and 3,5-di-tert-butyl salicylaldehyde in organic solvent is pale
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yellow and almost colorless. This result, and absorption spectra, suggest that the ligand

undergoes significant hydrolysis at this low pH range.

— 0.025 M tBu Salen

—— 0.025 M tBu Salen pH=0.5 5 min Contact
- 0,025 M tBu Salen pH=0.5 10 min Contact
~— 0.025 M tbu Salen pH=0.5 30 min Contact
===+ 0.025 M tBu Salicylaldehyde

2.0

1.5 -

1.0+

Absorbance (arb. units)

0.5+

0.0 - wmmmmwmmm """
260 280 300 320 340 360 380 400 420 440 460 480 500
Wavelength (nm)

Figure 4.43. Absorption spectrum of di-t-butyl Salen contacted with an aqueous phase of
pH=0.52 in 1 cm path length cell

The rate of hydrolysis can be quantified if the concentration of the remaining ligand in
organic solution is known. Although the absorption band decreases in intensity and shifts, the
absorbance at 330 nm can allow an estimate of the apparent remaining ligand concentration.
Concentrations were calculated for each time point for each pH and are plotted against the time
of contact. A plot of the natural log of ligand concentration versus time results in a straight line,
indicating that the rate of hydrolysis of di-t-butyl Salen follows a first-order kinetics. First order
rate of hydrolysis constant can be calculated, or estimated, from the slope of If we believe that
the overall hydrolysis follows first order kinetics, the hydrolysis constant can be calculated, from
the slope of the natural log of ligand concentration versus time. Calculated observed first-order
rate constants and exponential constants indicate that the rate of hydrolysis of the 0.025 M di-t-

butyl Salen solution at pH= 0.52 is an order of magnitude greater than at the other pH points.
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Figure 4.44. First-order plot of the change in apparent concentration of 0.025 di-t-butyl Salen at
varying pH

Table 4.12. Calculated first-order observed rate constants (Kops) for the hydrolysis of di-t-butyl
Salen

Kobs (57)
pH=3 1.54x10° + 1.91x10°®
pH=2 1.36x107 + 3.66x10°°
pH=1 6.61x107 + 1.68x10~

pH=10.5

7.1x10*+ 2.59x10™
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Figure 4.45. Change in apparent concentration of 0.025 M tBu Salen at varing pH

4.3.1.1. Identification of Hydrolytic Products Through ESI-MS

Since organic solutions of 0.025 M di-t-butyl Salen contacted with aqueous solutions of
pH= 0.52 exhibited significant apparent hydrolysis, they were analyzed by ESI-MS in order to
identify and confirm the possible organic soluble hydrolytic products. ESI-MS spectra of 0.025
M di-t-butyl Salen contact with an aqueous solution of pH= 0.52 at contact times of 5, 10, and 30
minutes and shown below (Figures 4.46-4.48). The peak at (m/z)= 493 corresponds to
protonated di-t-butyl Salen (M+H"). After only 5 minutes of contact, the most abundant peak is
(m/z)= 277.20 which corresponds to the ligand having undergone partial hydrolysis. After a
contact time of 10 minutes, (m/z)= 277 and (m/z)= 493 are the only dominant identifiable peaks,
with the same relative abundance as in t= 5 min. After 30 minutes, the (m/z)= 493 peak is still
present in siginificant quantities although (m/z)= 277 remains the most abundant peak. More

peaks are also present in greater abundance than there were at t= 5 and 10 min. The (m/z)= 235
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peak corresponds to (3,5)-di-tert-butyl salicylaldehyde, a starting material in the synthesis of di-t-

butyl Salen. Although it is a primary hydrolytic product, it did not appear at t=5 and 10 min.

CB 090716 25 mM tBu Salen pH 052 5 min-1 32 (0.532) Cm (2:60) TOF MS ES+
100+ 277.2058_ 3.29e4
32017
493.3222
19650
%,
494.3342
278.2125 5060
4231
299.1871 533.3442 569.2587
2306 317.2138 2450 1630
2113 (
0 L A T \ : — “\" S N b ' m/z
100 150 200 250 300 350 400 450 500 550 600 650 700

Figure 4.46. 25 mM Salen contacted with pH = 0.52 after 5 minutes

(m/z)=277
—N NH,
CHj
HaC OH
CH
3 CH,
H.C
3 CHj
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CB 090716 25 mM tBu Salen pH 052 10 min-1 33 (0.549) Cm (2:59) TOF MS ES+
100~ 277.2058_ 2.93e4
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Figure 4.47. 25 mM Salen contacted with pH = 0.52 after 10 minutes
CB 090716 25 mM tBu Salen pH 052 30 min-1 23 (0.382) Cm (2:59) TOF MS ES+
100~ 277.2212_ 3.15e3
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Figure 4.48. 25 mM Salen contacted with pH = 0.52 after 30 minutes

(m/z)= 235
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CHj3

4.3.2. Radiolytic Studies

Solutions of 0.025 M Salen, 0.025 M tBu Salen and 0.012 M tBu Salophen were
irradiated in a Cs-137 source at a dose rate of 2 kGy h™' for an extended period of time. The
extent and quantification of ligand degradation was predominantly studied by absorption
spectroscopy and concentrations were calculated from absorptions at Ayps, max= 318 for Salen, Aqps,
max—= 330 for tBu Salen and Aups, max=340 nm for tBu Salophen. The absorption spectrums for the
irradiated ligands are shown below in figure 4.49. The absorption spectrum of 0.025 M Salen is
characterized by an intense band at 318 nm, and a lower energy band at 420 nm and a higher
energy band at 280 nm. As the total dose absorbed increases, there is a gradual decrease in
intensity of the band at 318 nm, likely due to the radiolytic degradation of the ligand, but there is
no pronounced shift of the band. Although the bands at 318 and 420 nm decrease in intensity
with increasing absorbed dose, the band at 280 nm increases in intensity. The increase in
intensity could be due to the formation and accumulation of a specific radiolytic product or a
charge transfer band. Similar to Salen, the absorption spectra of the radiolytic degradation of
tBu Salen is characterized by a gradual decrease in intensity of its absorption band at 330 nm
with increasing total absorbed dose. The decrease in intensity of the band was not accompanied
by a dramatic shift in the band as it was observed in hydrolytic studies (Figure 4.49). A notable

feature of irradiated tBu Salen is the growth of a shoulder around 280-290 nm, similar to the
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band present in the absorption spectrum of Salen. This band was not present in spectra collected
from hydrolytic studies, suggesting the band could correspond to a radiolytic product. Ifitis a
radiolytic product, it could correspond to a fragment which hast-butyl groups. Similar to the
other ligands, the absorbance band corresponding to tBu Salophen at 340 nm decreases in
intensity with increasing absorbed dose. Initially the band at 340 nm is a broad feature, multiple

shoulders/bands appear at a high absorbed dose.
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s gf?ezrs 2';4 : ?rlreaI:iialion 20+ —— After 24 h Irradiation
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After 71 h | S —— After 72 h Irradiation
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—— 0.012 M tbu Salophen
—— After 24 h Irradiation
—— After 48 h Irradiation
—— After 72 h Irradiation
—— After 96 h Irradiation
—— After 121 h Irradiation
—— After 145 h Irradiation
—— After 169 h Irradiation
—— After 193 h Irradiation
—— After 265 h Irradiation
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Figure 4.49. Absorption spectra for irradiated 0.025 M Salen (top left), 0.025 M tBu Salen (top
right) and 0.012 M tBu Salophen (bottom left) recorded in a 1 cm path length cell

The degradation of organic solutions subjected to irradiation have been described by
series of first-order reactions.”® Degradation of tributyl phosphate (TBP) due to gamma

irradiation has been described by the following equation:
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Cr = Cpe &Pt (eq. 23)
Where Cr, is the initial concentration at zero dose, D, is the gamma dose rate, t is irradiation time
and k, is the degradation constant. If the degradation of our ligand solutions would appear to
follow first-order kinetics, then the above equation can be applied in order to calculate a k,
degradation constant. Concentrations of the apparent ligand concentration remaining in organic
solution were calculated at their Amax throughout the entire irradiation time. A plot of the natural
log of the ligand concentration against the time of irradiation in seconds yields a straight line,
suggesting that the radiolytic degradation of the ligands follow first-order kinetics (Figure 4.50).

Calculated observed rate constants indicate di-t-butyl Salen undergoes the least degradation by

radiolysis.
3.0 .
® Salen slope=-1.72x10
® di-t-butyl Salen slope= 5.92x10”
-3.5 = O di-t-butyl Salophen slope= -1 88x10°°
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Figure 4.50. First-order plot of the change in apparent concentration of 0.025 M Salen, 0.025
di-t-butyl Salen, and 0.012 M di-t-butyl Salophen

108



Table 4.13. Calculated first-order observed rate constants (ko) for the radiolysis of the ligands

kobs (s-l)
Salen 1.72x10°%+3.11x107
di-t-butyl Salen 5.92x107 + 7.83x10”

di-t-butyl Salophen  1.88x10°+ 1.44x10”

30x10° =
® (Bu Salen k=0.00277
® Salen k=0.00401
25 _I\\ O tBu Salophen k= 0.00731

\}

N

&
—_ N
= \\.\
=~ 204 Ww
S NN
© ' e
E \\ \. \.
[0} 15 - " .
8 N s o=
o N s
(@) ¢ \ \\ . ~®

\o ‘\

10 = 4 b
~ ~
0 ' > ~
N ®
o ®e9
5 — “o-~g.a Tl
Q... 00 --©  TTT=~eaa_._ [
T T T T T
0 200 400 600 800 1000

Total Dose Absorbed (kGy)

Figure 4.51. Calculated degradation constants for irradiated ligands (0.025 Salen, 0.025 di-t-
butyl Salen and 0.012 M di-t-butyl Salophen)

The concentration of the observed ligand concentration remaining in the organic solution

was plot against the total absorbed dose in kGy (Figure 4.51). From this analysis, calculated

dose constants further indicate that di-t-butyl Salophen was the most susceptible to degradation

while di-t-butyl Salen was the least susceptible. However, di-t-butyl Salophen contains an extra

aromatic ring that Salen and di-t-butyl Salen do not possess. The slight increase in overall

aromaticity of the ligand should provide more stability and resistance to radiolytic degradation as
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aromatic compounds scavenge reducing free radicals.®’ A comparison of G-values could provide
a better comparison in regards to their radiolytic susceptibility (Figure 4.52). G-values can be
obtained from the derivative of concentration versus absorbed dose, and are listed in the table

below (Table 4.14). Calculated G-values indicate that Salen is the most susceptible to gamma

irradiation.
35x10° =
@® Salen m=-0.0000650
@® tBu Salen m=-0.0000388
309~ O tBu Salophen m=-0.0000421
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Figure 4.52. Degradation of Salen, di-t-butyl Salen and di-t-butyl Salophen where the slope of
the line represents the G-value

Table 4.14. Calculated G-values for Ligand Radiolysis

G-value (umol J™)
Salen -6.50x10” + 3.15x10°°
di-t-butyl Salen -3.88x10° + 1.32x10°°
di-t-butyl Salophen  -4.21x10” + 4.32x10°
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During reprocessing conditions, both the organic and aqueous phases are in constant
contact and are both exposed to ionization radiation emitted from spent nuclear fuel. With the
presence of both aqueous and nitric compounds also exposed to radiation, overall radiolysis of
the ligand solutions could be affected differently. Since experiments utilizing a continuous flow-
loop exposed to gamma radiation is not feasible, a solution of 0.025 M Salen was contacted with
0.010 M HNOs and exposed to low LET radiation. The contacted solution was exposed to the
same dose rate (2 kGy/h) and total irradiation time as non contacted 0.025 M Salen. The
absorption spectra of 0.025 M Salen and acid contacted 0.025 M Salen are shown below in
Figure 12. The spectra of the acid contacted Salen is overall similar to that of non contacted
Salen. There is a decrease in intensity at Aabs, max= 318 nm with increasing absorbed dose with no
significant shift by the band. However, features in the range of 270-310 nm differ in intensity,
which could be attributed to the formation of different radiolytic products. Calculated
degradation constants (Figure 4.54) indicate a solution of 0.025 M Salen that was contacted with
0.01 M HNO:; is slightly less resistant to radiation than the non contacted solution of 0.025 M
Salen. Working under the assumption that the density of the 0.025 M Salen solution does not
change drastically after contact with 0.010 M HNOs;, obtained G-values indicate that the acid
contacted solution is slightly more stable than the non contacted solution (Figure 4.55). The
slight stability could be attributed to possible presence of a nitrate (NO3") ion which can rapidly

scavenge hydrated electrons.'”’
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Figure 4.53. Absorption spectra of irradiated 0.025 M Salen and 0.010 M HNOj; contacted 0.02

M Salen recorded in a 1 cm path length cell

—— 0.025 M Salen contacted with 0.01 M HNO;
—— After 22 h Irradiation

—— After 49 h Irradiation

— After 71 h Irradiation

— After 96 h Irradiation

—— After 166 h Irradiation

— After 191 h Irradiation

— After 215 h Irradiation

—— After 239 h Irradiation

— After 259 h Irradiation

— After 331 h Irradiation

—— After 550 h Irradiation

2.0

Absorbance (arb. units)

0.5+

0.0

400
Wavelength (nm)

500

30x10° =
‘\ @® Salen k=0.00401
o \y ® Acid Contacted Salen k= 0.00368
-1\
i)
L \e
— AN
‘o
g 20 \ \@
NN
s -
=] s
O 454 ‘o
= Y [l
C G %
8 R M
c Yo s
(@] 10 = ~ & \ Sl
®) :\: e~~_._ o
"o 9 _ e ®
5 - T, mReEE
S e - '
0 T T T T T
0 200 400 600 800 1000

Total Absorbed Dose (kGy)

Figure 4.54. Calculated degradation constants for 0.025 M Salen and 0.01 M HNOs3 contacted

0.025 M Salen
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Figure 4.55. G-values for 0.025 M Salen and 0.025 M Salen contacted with 0.010 M NO;

4.3.2.1. Effect of Degradation on Extraction Properties

In figure 4.56 the extraction of UO,™ is plotted against dose received by 0.025 M tBu
Salen and 0.025 M Salen. The extraction of UO,*" decreases with increasing absorbed dose,
suggesting that significant ligand degradation occurs enough to decrease extraction
efficiency.'”*'* 1In order for the UO,*" cation to be extracted into the organic phase, the ligand
metal complex must be charge neutral and the equatorial positions must be occupied in order to
make the complex more soluble in the lipophilic phase. Tetradentate Schiff base ligands
complex and extract to UO,>" by coordinating each O atom, to neutralize the charge, and each N
atom. A decreasing Dy implies that the incoming ionization radiation is rupturing the
tetradentate integrity of the ligand. This rupturing could be occurring at the imine position, on
the ethylene backbone or between the imine carbon and the aromatic ring. Although Salen was
the most susceptible to degradation due to gamma radiation, as determined from G-values, Salen

maintains Dy values greater than tBu Salen for higher absorbed dose. For di-t-butyl Salen, Dy
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values decrease to 0.1 at a dose of 700 kGy but Salen required a dose of 1100 kGy to drop down
to that distribution value. Analysis of degradation products utilizing mass spectrometry can help

identify specific products.

1000
1000

100

0.1 0.1

0 100 200 300 400 500 600 700 0 200 400 600 800 1000
Total Absorbed Dose (kGy) Total Absorbed Dose (kGy)

Figure 4.56. Distribution plot of the extraction of uranyl(VI) by irradiated 0.025 M tBu Salen
and 0.025 M Salen

4.3.2.2. Identification of Degradation Products Through ESI-MS

The concentrations used for tBu Salen, Salen and tBu Salophen in 70% 1-octanol/toluene
(0.025 M, 0.025 M and 0.012 M) are relatively low. The probability of direct interaction
between the incoming ionizing radiation and the salen type ligands is therefore rather low and
the majority of interaction takes place between the incoming ionization radiation and the diluent
mixture. Chemical species formed from this direct radiolysis can then proceed in additional
chemical reactions as indirect, or secondary, radiolysis.*** This suggests that the decomposition
of the salen type ligands is caused by reactive species formed in the radiolysis of the diluent,
likely a 1-octanol/octane radical.'’®*® '2° The formation of free radicals from alcohols is
described by the following equations. The most important products resulting from the direct
radiolysis of alkanes and alcohols are solvated electrons, hydrogen gas radical, alcohol radical
cation and carbon-centered a-hydroxy radicals which are able to react with the ligands.*®
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RCH,OH + y - [RCH,O0H]* (eq. 24)
[RCH,O0H]* — ey, + [RCH,OH]* (eq. 25)
[RCH,0H]* — RC*HOH + H* (eq. 26)

Functional groups present in the organic molecules will then largely affect the
composition of the radiolytic products.> In compounds containing polar functional groups, a
rupturing of the bond in the o-position to the functional group tends to predominate.® The
presence of unsaturated bonds and aromatic also increase the overall radiolytic stability of
compounds.®®®®?  Therefore it is expected to identify to find 1-octanol adducts, reduction of
unsaturated bonds from reactions with formed reductive species. Since distribution values for
uranyl(\V1) decrease with increasing absorbed dose, there should also be fragments resulting from
the direct radiolysis of the ligands. Noted trends can aid in identifying the possible chemical
structure of radiolytic products. For direct comparison, identification of radiolytic products for
the acid contacted 0.025 M Salen solution was also attempted.

Below are the ESI-MS spectrums of the organic solutions after irradiation at set periods
of time. The spectra are generally characterized by a decrease in the relative abundance of peaks
corresponding to the intact ligands and an increase in numerous radiolytic products, most of
which are 1-octanol adducts. MS-ESI spectra indicate that most of the degradation of the ligand
seems to occur from attacks from hydrogen and 1-octanol radicals rather than direct radiolysis
from the ionization radiaition.

di-t-butyl Salen

Mass spectrometry spectra at select absorbed dose for the irradiation of 0.025 M di-t-
butyl Salen are shown below along with structures of possible radiolytic products. As the

absorbed dose increases, there is a decrease in the relative abundance of (m/z)=493 which
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corresponds to the protonated ligand (M+H") and gradual increase of numerous degradation
products. In the solution irradiated for 24 h, masses that we are confident belong to degraded
ligand are at (m/z)= 277.0820, 387.1346 and 623.1767. The (m/z)= 516.0792 corresponds to
intact ligand with a sodium adduct. (M+Na") Suggested structures are shown below.

(m/z)=277.0820 (M+H")

—N NH,
CH,
H;C OH
H3C CH,
H.C
3 CHj

(m/z)= 387.1346 (M+H")

CH,

(m/z)= 623.1767 (M+H")
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—N NH
CHs CHy

HaC OH HO CH,

HyC CHj
Figure 4.58 shows m/z peaks after 48 h of irradiation. Peaks that were present at 24 h of
irradiation are also present. Figure 18 shows the presence of more degradation products after 72
h of irradiation, specifically at (m/z)=169.1202, 311.2091, 401.2033, 409.1727 and 499 which
correspond to fragments formed by the recombination of degraded ligand and solvent
compounds. The (m/z)=323.1755 and 457.0740 appear in a blank spectra. Suggested structures
are shown below.

(m/z)= 169.1202

H;C

+

=_,

NH,

(m/z)=401.2033 (An extra C atom added to the (m/z)= 387 fragment)
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CH,

Figure 4.60 shows the increase in the relative intensity of the aforementioned degradation

fragments after 96 h of irradiation and the decrease in the relative intensity of the (m/z)=

493.1984 and the growth of (m/z)= 169, a condensation product between 1-octanol and

ethylenediamine. Towards longer irradiation times (196 and 339 h, Figure 4.69 and 4.62) the

(m/z)=169 continues to increase in relative intensity, becoming the most abundant product. At

339 h, a peak present at (m/z)= 259 is the second most abundant product present. This peak

could correspond to a 1-octanol dimer.
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Figure 4.57. 25 mM tBu Salen after 24 h irradiation
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CB 080416 25 mM tBu Salen 48 h Irradiation-1 18 (0.299) Cm (2:60) TOF MS ES+
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Figure 4.58. 25 mM tBu Salen after 48 h irradiation
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Figure 4.59. 25 mM tBu Salen after 72 h irradiation
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Figure 4.60. 25 mM tBu Salen after 96 h irradiation
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Figure 4.61. 25 mM tBu Salen after 196 h irradiation
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Figure 4.62. 25 mM tBu Salen after 339 h irradiation

di-t-butyl Salophen

ESI-MS spectra are shown below for the irradiation of 0.012 M di-t-butyl Salophen along

with the structures of possible radiolytic product. As the absorbed dose increases, there is a

decrease in the relative abundance of (m/z)=541 which corresponds to the ligand (M+H") and

gradual increase of numerous degradation products and (m/z)=563.5078 corresponds to the

sodium adduct (M+Na'). Most notably, as total absorbed dose increases, the (m/z)=217

increases in intensity eventually becoming the predominant product. This peak corresponds to

the condensation between 1-octanol and phenylenediamine.

In the 12 mM tBu Salophen solution that was irradiated for 24 h, the fragments in which

we are confident belong to radiolytic degradation products are at (m/z)=217.2310, 325.3177,

281.3214, 325.3177 and possibly 669.6614 and 671.6831.
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(m/z)=217.2310

N NH
N\ :
CH3
(m/z)=281.3214
—N NH-CHj
CH3
HyC OH
H3C

(m/z)=325.3177 (M+H")

NH,

(m/z)= 669.6614 (M+H")
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OH

CHs CHy
H,C OH HO CH,

H5;C CH,4

(m/z)= 671.6831

OH
NH
CHj

HO CHj

H;C CHy
After only 48 h of irradiation, the fragment corresponding to the peak at (m/z) = 217
becomes the abundant radiolytic product. As the total absorbed dose increases, the (m/z) = 217

remains the most abundant while the peaks at higher (m/z) decrease in intensity. After 339 h of
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irradiation, the peak at (m/z) = 540 (corresponding to intact di-t-butyl Salophen) is no longer

present in significant quantities in the spectra.
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100- 541.5208 765
563.5078
217.2310
325.3177
%,
274.2198
188.2632 281.3214
323.3092 £64.5010 716851
218.1498
326.3242
167.1500 218.2321 374.3053 465.4573
143.0153 ‘ ‘ \l ‘ ‘ ’ h/375.3039 499.5344 565.5062 669.6614
fo ““\‘\‘w‘ ‘\‘ ‘H“‘l “‘Hi J‘ N M ! ‘M\‘ i ‘H‘n‘.“; ““‘"“\‘““‘ ‘H‘H‘ “\‘M‘hw‘“ " “‘n‘ : \“\‘U‘ ‘1|‘J|‘ o Lh‘ \“‘ iy - \“ —— L Y- ‘\“ 4 “\ o “‘ SN NV Y S SO ‘j“\‘ _— L . m/z
100 150 200 250 300 350 400 450 500 550 600 650 700

Figure 4.63. 12 mM tBu Salophen after 24 h irradiation
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Figure 4.64. 12 mM tBu Salophen after 48 h Irradiation
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Figure. 4.65. 12 mM tBu Salophen after 339 h
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Salen

ESI-MS spectra are shown below for the irradiation of 0.025 M Salen along with the
structures of potentially corresponding radiolytic product. As the absorbed dose increases, there
is a decrease in the relative abundance of (m/z)=268 and (m/z)= 291 which corresponds to the
protonated ligand (M+H") and sodium adduct (M+Na') and gradual increase of numerous
degradation products. Although acid contacted Salen solution did demonstrate slight resistance
to degradation as calculated from G values, similar ESI-MS spectra indicates that there was no
difference in possible radiolytic products formed.

After only 22 h of irradiation, peaks at (m/z)= 165 and (m/z)= 277 are present in
significant quantities.
(m/z) = 165.0797 (M+H")

—N NH,

OH

(m/z) = 277.2003 (M+H")

—N NH
OH

CHj
After 96 h of irradiation there is a significant presence in the condensation product

between 1-octanol and etyhelenediamine.

(m/z) = 169.1527
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25 mM Salen after 96 h
After 96 h of irradiation, (m/z) = 277 becomes the most intense band indicating that it is
the most abundant fragment.

(m/z) = 377.3488 (L+H")

After 166 h of irradiation, the peak at (m/z) = 267 and 291, corresponding to the intact

ligand, is no longer present in significant quantities.
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Figure 4.67. 25 mM Salen after 49 h irradiation
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Figure 4.68. 25 mM Salen after 96 h irradiation
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5. Conclusion

The development of novel reagents for application in the reprocessing of spent nuclear
fuel for the specific removal and separation of the mid actinides is a step closer towards closing
the nuclear fuel cycle. The objective of this work was to develop a novel separation scheme for
the selective separation of the mid actinide cations in their penta and hexavalent oxidation states
utilizing functionalized Schiff base ligands. Complexation and solvent extraction studies were
carried out in order to study the feasibility of such separation scheme.

The redox chemistry of the actinide cations in solution can be complicated, and
complexation studies with the actinyl cations were instrumental in understanding their redox
behavior with the ligands that were studied in a single phase. To the best of our knowledge, we
synthesized and characterized, structurally and spectroscopically, the first crystalline
isostructural actinyl(VI) (U, Np, Pu) complexes in an organic medium with di-t-butyl Salen. In
addition, crystalline solids between novel water-soluble Salen-SO; and Saldien-SO; and
uranium(V1) were also synthesized and characterized. Although the water-soluble ligands were
successful in complexing Np(V) and Pu(V1), the redox stability of Np(V1) and Pu(V) proved to
be more challenging. Information collected from these experiments increase the overall
knowledge of the behavior in solution of the actinyl cations and allowed us to predict possible
redox behavior during biphasic solvent extraction studies.

Thorough solvent extraction experiments were carried out between the organic soluble
ligands and uranium(VI). Understanding as much as possible about the extraction system is
important in order to analyze whether the process can be implemented on an industrial scale and
to address potential shortcomings. The belief was that since the actinyl(\VI) cations exhibit

similar behavior in solution, results gathered from uranium(V1) studies could be extrapolated to
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the other actinyl(VI) species. Solvent extraction studies allowed us to estimate the dependency
of uranyl(VI) extraction on pH and ligand concentration. In addition, Kkinetic values and
conditional thermodynamic parameters for the extraction of uranium(VI) were calculated.
However, although the ligand was successful in complexing and stabilizing Np(VI) and Pu(V1),
it was apparent that the complete stabilization would not translate to a biphasic solvent extraction
system.

A more efficient option for the group separation of the actinyl cations could be through
their sequestration in the aqueous phase. Biphasic competitive continuous extraction studies
with the water-soluble ligands serving as holdback reagents against HDEHP as the extractant
indicate their potential use as holdback reagents for group actinyl retention. Uranyl(VI) was
successfully retained in the aqueous phase while trivalent lanthanides were extracted away.
Although the ligand system reduces Np(VI) to Np(V), neptunium is also separated from trivalent
lanthanides as the neptunyl cation is also retained in the aqueous phase. From complexation
studies we understood that the water-soluble ligands stabilized plutonium in the hexavalent state,
and the ligands also demonstrated the ability to also retain Pu(V1) in the aqueous phase. Studies
with americium were brief, but the rapid reduction of Am(V) to Am(lI1) is believed to occur.
Additional modification to the structure of the water-soluble ligands could improve on the redox
stability of the actinyl cations and the ligands.

The work illustrates the difficulty in the successful closure of the nuclear fuel cycle, as
the redox stability of the actinide pose a stark challenge. We believe that we have laid the
foundation, framework and need for additional studies into the application of Schiff base ligands
in a fuel cycle process. The use of water-soluble Schiff base ligands as holdback reagents for the

actinyl cations has great potential and must be studied further. The field of actinide science in
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general is exciting and there is much more to be uncovered. Exploring the reduction potential
and redox properties of the ligand actinyl complexes can further illustrate details of actinyl
behavior. It may also be worthwhile to carry out experiments with a nitrate or phosphate derived
water-soluble Schiff base ligands to complement studies with the sulfate derivative.
Modification of the lipophilic ligand system to include long chain hydrocarbons can possibly
enhance solubility in organic diluents applicable for reprocessing. A more accurate depiction of
radiolytic behavior demonstrated by the ligand system can be uncovered through biphasic
radiolytic studies in a continuous flow loop system. The use of Schiff base ligands in nuclear
fuel cycle applications is promising and provide an attractive alternative for the treatment of

spent nuclear fuel not previously considered.
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