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CHAPTER1

Coordination Chemistry of Solid-Liquid Adsorption of Rare-Earth Elements
1.1 Permissions and Description of Author Contributions

This chapter was adapted with permission from Hovey, J. L.; Dittrich, T. M.; Allen, M. J. J.
Rare Earths. 2021, https://doi.org/10.1016/j.jre.2022.05.012. Chapter 1 was written in
collaboration with Dr. Timothy M. Dittrich and Dr. Matthew J. Allen. All authors contributed to the
writing, editing, and formatting of the manuscript.

1.2 Introduction

The contents of this chapter pertain to the coordination chemistry of rare-earth elements
using solid—liquid extraction, which are critical materials used in everyday technologies such as
cell phones, laptop computers, hybrid and electric vehicles, wind turbines, and as catalysts in
petroleum refining among other uses. Currently, the most widely used enrichment technique for
rare-earth elements is a combination of fractional precipitation and liquid-liquid (or solvent)
extraction which provides a reliable way to enrich rare-earth elements but takes many rounds to
prepare pure rare-earth elements. Solid-liquid extraction involves the grafting of surface
functional groups designed to bind rare-earth elements to a solid-phase material. Compared to
liquid-liquid extraction, solid—liquid extraction features a single-phase media that facilitates the
binding and elution to enrich rare-earth elements. This chapter explores the solid—liquid extraction
of rare-earth elements using ligand-functionalized media with examples taken from reports
published between 2009 and 2021.

In the era of constantly advancing technological efficiency, rare-earth elements are
essential to new technologies because they exhibit a wide range of magnetic, electrochemical,
and photochemical properties.''® Rare-earth elements comprise the lanthanides plus scandium
and yttrium, and their oxides are found mixed with each other in ore deposits such as monazite,
bastnasite, xenotime, and ion-adsorption clays.*”'":® Due to the similar coordination chemistry

and solubility of the elements, it is difficult to extract and purify them,*'":7.1® As the demand for



rare-earth elements increases, so does the need for new approaches to extract and recycle rare-
earth elements from ores, magnets, batteries, optoelectronic devices, by-products of burning coal,
and spent nuclear materials.

Despite the challenges associated with separations of rare-earth elements, the
coordination chemistry of lanthanides is widely studied, and reported structural, kinetic, and
thermodynamic properties inform extractions of the rare-earth elements from each other and from
other elements.”'®=2" In this thesis, extraction of rare-earth elements refers to the abstraction of
rare-earth elements from solutions containing other chemical species; separation refers to the
isolation of subgroups of rare-earth elements or individual rare-earth elements from other rare-
earth elements; and enrichment refers to the increase in concentration of one or more of the rare-
earth elements through extraction, separation, or both. Extraction, separation, and enrichment of
rare-earth elements can be tuned by adjusting coordination chemistry,?2* Consequently,
analysis of factors—including ligand denticity, pKa,, kinetic inertness, and thermodynamic
stability—pertaining to the binding of ligands to rare-earth elements yields a general set of
coordination-chemistry parameters to enable adjustment of rare-earth element extraction,
separation, and enrichment processes.

A commonly used enrichment technique involves the coordination environment of rare-
earth elements and is a combination of fractional precipitation and liquid—liquid (or solvent)
extraction. Fractional precipitation of rare-earth elements refers to the addition of a chemical
reagent to a solution of rare-earth ions to form insoluble complexes. Liquid—liquid extraction of
rare-earth elements involves biphasic systems most often comprised of an organic layer doped
with extractant (or ligand) designed to bind select metal ions from an acidic aqueous layer. These
methods produce rare-earth oxides with purities >99.9% after more than 50 rounds of
enrichment.” The methods are compatible with large-scale extractions, but they produce large

amounts of organic waste.?



Another method of rare-earth element extraction that uses coordination chemistry is solid—
liquid extraction. Solid-liquid extraction of rare-earth elements typically uses a solid-phase
material made of two parts: a solid support that serves as an attachment surface and
functionalized ligands that contain various functional groups for binding rare-earth elements.
Surface-binding sites are either covalently or noncovalently incorporated into the solid-phase
materials. Different solid-phase materials are used in solid—liquid extractions, including carbon-
or silica-based matrices,?-2° iron- or titanium-infused particles,**=2 and biofilms consisting of
bacteria or proteins,-3¢ and critical reviews of the solid supports and solid-phase materials used
as matrices for rare-earth extraction can be found elsewhere.* % Often if materials are
functionalized with ligands, they can have synergistic properties, binding metal ions to both the
solid support and the ligand. This chapter focuses on the coordination chemistry relevant to the
use ligands on the solid-phase materials.

Ligand design for solid—liquid extraction and separation of rare-earth elements takes into
account several considerations including metal charge density, donor-atom polarizability, ligand
denticity, and binding-site pK, (Figure 1.1). Rare-earth ions that have larger charge densities,
such as the heavy rare earth elements relative to the light rare earth elements, tend to have
increased electrostatic attraction with ligands. Because of the stronger metal-ligand interactions
with rare-earth ions with larger charge densities, complexes of heavy rare-earth elements tend to

be more inert than complexes of light rare-earth elements.?
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Figure 1.1. General design considerations of ligands for rare-earth element enrichment including
metal charge density, donor atom polarizability, ligand denticity, and pKa values of the ligand.
Elements are listed in order of decreasing ionic radius of the +3 oxidation state. Blue circles
represent heavy rare-earth elements and red circles represent light rare-earth elements. The size
of the circles correlates to the trend of decreasing ionic radii across the series which also
correlates to increasing charge density across the series.

Donor-atom polarizability is often described using hard—soft acid—base theory, where
Lewis acids and bases are characterized on a continuum between hard and soft. lons and atoms
that are less polarizable, or less susceptible to distortion from an outside electronic field, are
referred to as hard. More polarizable ions and atoms are referred to as soft. When analyzing
trends in rare-earth element separations, the use of hard—soft acid—base theory enables
qualitative comparison of donor-atom polarizability to rare-earth element selectivity, in which the
light rare-earth ions are slightly more polarizable Lewis acids than the heavy rare earth ions and
generally bind to more polarizable donor atoms (Lewis bases).*!

Multidentate ligands generally have greater affinity for metal ions than monodentate
ligands because of entropic considerations. Generally, larger denticities are associated with larger

thermodynamic stabilities of the resulting rare-earth element complexes, up to the point of



saturation of the coordination sphere of the ions as a result of the chelate effect. In general, rare—
earth ions in the +3 oxidation state tend to have coordination numbers of eight or nine.

Another important design feature of ligands for rare-earth element extractions is the range
of pH in which the rare-earth ions will bind to ligands. In rare-earth element extractions, pH
determines the speciation of metal ions and counterions in solution.*? Other metal ions commonly
found in recycled materials—such as AI**, Fe®*, or Ni2*—2%43-45 can compete with the target metal
ions and influence enrichment efficiencies. Because solution pH is related to the amount of
protonation of the ligand, it is often beneficial to design ligands with a large range of pK, values
to increase selectivity. To illustrate this point, the three equilibria on the left of Figure 1.2 represent
the effect of pH on tridentate ligand speciation through deprotonation. As the pH increases,
ligands are deprotonated, consistent with increasing pKa values. The three equilibria on the right
side of Figure 1.2 represent the same ligand species in the same range of pH in the presence of
a trivalent metal ion. As pH increases and the ligand is deprotonated, monodentate solvent
molecules on the metal are displaced and the metal-ligand complex becomes increasingly stable,
which is usually desirable to achieve increased enrichment of rare-earth elements.”-2°4¢ Complex
stability is defined by the conditional equilibrium complexation constant and is dependent on
environmental variables such as ionic strength and pH.?° In the example in Figure 1.2, lowering
the pH results in a decrease of complex formation. Because competing cations such as Al**, Fe®*,
or Ni?* are often present in much greater concentrations than the rare-earth ions, differences in
the conditional equilibrium complexation constants create opportunities to selectively bind or elute
rare-earth ions. Thus, the larger the range of pK; values of a ligand, the more opportunity there is

to selectivity elute rare-earth ions as a function of pH.
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Figure 1.2. Relation between pKa and complex formation. The left three equilibria represent the
stepwise deprotonation of a multidentate triprotic ligand (HsL) resulting from increasing the pH.
The right three equilibria represent the complexation of each deprotonated species with a solvated
trivalent metal ion (S,M**), where n molecules of solvent are coordinated to the metal ion. This
figure is an oversimplification for the purpose of illustration.

Despite the aforementioned trends, experimental variability causes anomalistic behavior,
leading to unique enrichment behavior. Exceptions to trends arise from ligand features that
include steric hindrance, saturated binding sites, variability in speciation caused by the identity of
counterions and ionic strength, and size-exclusivity in ligands stemming from differences in bite
angle, preorganization of the ligands, or intraligand interactions. These trends and exceptions are
described in this chapter and offer insight into the impact that coordination chemistry has on the
efficiency of the enrichment of rare-earth elements. This chapter analyzes the general design
considerations for rare-earth element enrichment including metal charge density, donor-atom
polarizability, ligand denticity, and binding-site pK, for solid—liquid extraction organized by donor
type with examples taken from reports published between 2009 and 2021. For a detailed review

of rare-earth element extractions prior to 2009, readers are directed elsewhere.*’



1.3 Solid-phase materials

Solid—liquid adsorptions of rare-earth ions use insoluble materials with affinity for rare-
earth ions in an aqueous phase with no need for an organic phase during enrichment processes.
There are several considerations to take into account when selecting or designing ligands for
solid-phase materials, including donor-atom polarizability, denticity, and pKa, of the ligands as well
as the kinetic inertness and thermodynamic stability of the resulting complexes. Other variables,
such as steric bulk of the ligand and factors that influence speciation including choice of acid and
ionic strength, play a role in selectivity. The ligands used in the solid-phase materials described
in this section are divided into groups based on type of donor atoms. In each section, the ligands
chosen for discussion are relevant to the design considerations discussed in Figure 1.1 and
provide insight into the relationship between coordination chemistry and rare-earth ion
enrichment.
1.3.1 Carboxylic acids, alcohols, glycolic acids, glycolamic acids, and glycolamides

Ligands that contain carboxylic acids, alcohols, glycolic acids, glycolamic acids, and
glycolamides in the solid-liquid separation of rare-earth elements described in this section are
depicted in Figure 1.3.434648-78 The majority of studies reported for the solid—liquid enrichment of
rare-earth ions using these systems report a preference for heavy rare-earth ions, likely based on
the increased Lewis acidity of the heavy rare-earth elements compared to the light rare-earth

elements.46:55-65
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Figure 1.3. Oxygen-donor ligands reported as part of solid-phase materials for enrichment of

rare-earth elements since 2009: diglycolic acid on polystyrene solid-phase material (1.1); di-

substituted diglycolamic acid solid-phase material (1.2);

N, N-di(2-ethylhexyl)-diglycolamide

(DEHDGA) (1.3); diglycolamic acid solid-phase material (1.4); di-substituted succinamic acid

solid-phase material (1.5); di-substituted glutaramic acid solid-phase material (1.6); bis-butyl



diglycolamic acid (1.7); bis-hexyl diglycolamic acid (1.8); bis-octyl diglycolamic acid (1.9); bis-
decyl diglycolamic acid (1.10); mono-substituted N-methyl diglycolamic acid solid-phase material
(1.11); N,N,N',N'-tetraoctyldiglycolamide (TODGA) (1.12); N,N'-dimethyl-N,N*-
dioctyldiglycolamide = (DMDODGA) (1.13); 2,2-oxybis(1-(3-(((2-ethylhexyl)thio)methyl)-4-
methylpyrrolidin-1-yl)ethan-1-one) (DEHPDGA) (1.14); N,N'-dioctyl-diglycolic acid (DODGA)
solid-phase material (1.15); N,N-dibutyl diglycolamic acid solid-phase material (1.16); and N,N-
diethyl diglycolamic acid solid-phase material (1.17); N,N-diisopropyl N'-diglycolamide solid-
phase material (1.18); N,N-diethyl N'-diglycolamide solid-phase material (1.19); N,N-dibutyl N*-
diglycolamide solid-phase material (1.20); N,N-diglycolamide solid-phase material (1.21);
N,N,N’,N'-tetrakis-2-ethylhexyldiglycolamide (TEHDGA) (1.22); N,N-dioctylfuran-2,4-diamide
(FDGA)-solid-phase material (1.23); diglycolylester (DGO) solid-phase material (1.24); and N,N*-
bis-propy! diglycolamide (PDGA) solid-phase material (1.25); mono-substituted succinamic acid
solid-phase material (1.26); mono-substituted N-methyl succinamic acid solid-phase material
(1.27); mono-substituted glutaramic acid solid-phase material (1.28); mono-substituted N-methyl
glutaramic acid solid-phase material (1.29); fluorinated -diketone solid-phase material (1.30);
Arsenazo | (1.31); Arsenazo lll (1.32); tannic acid (1.33); maleamide-solid-phase material (1.34);
3,6-dioxaoctanedioic acid (DOODA)-solid-phase material (1.35); N,N-dioctyl-1,2-phthaloyl
diamido-solid-phase material (1.36); N,N-dioctyl-1,2-phenylenedioxy diamido-solid-phase
material (1.37); N,N-dioctyl-1,3-phthaloyl diamido-solid-phase material (1.38); N,N-dioctyl-1,3-
phenylenedioxy diamido-solid-phase material (1.39); N,N-dioctyl-1,4-phthaloyl diamido-solid-
phase material (1.40); N,N-dioctyl-1,4-phenylenedioxy diamido-solid-phase material (1.41); and
diglycolic acid solid-phase material (1.42);. Black circles in 1.1, 1.2, 1.4-1.6, 1.11, 1.15-1.21,

1.23-1.30, and 1.34-1.42 represent the location of attachment to solid supports.
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Diglycolic acids, diglycolamic acids, and diglycolamides (Figure 1.3, 1.1-1.25, and 1.42)
generally coordinate to rare-earth ions in a tridentate fashion through an ether oxygen and two
carbonyl or carboxylate oxygens. One such diglycolic-acid-modified polystyrene nanofiber solid-
phase material (1.1) was reported through the synthetic modification of electrospun fiber supports
using diglycolic acid (15% w/w).%¢ The sorption of Ce®*" and Nd** from solution (100 ppm, HNO3,
pH 6) by the modified nanofiber media showed comparable adsorption capacities of 152.5 and
146.2 mg/g, respectively. Investigations into the selectivity of 1.1 revealed that the material is still
selective for Ce3* when in competition with Co?*, Ni?*, and Sr?* (100 ppm each, HNO3, pH 6)
binding 100.3 mg/g Ce®*, 2.01 mg/g Co?*, 4.99 mg/g Ni?*, and 3.30 mg/g Sr?*.%6 The main reason
for the preferential binding of rare-earth elements was determined to be a combination of size-
specific binding in the solid-phase material leading to a chelate effect and larger charge density
in the rare-earth ions compared to d-block ions. Because diglycolic acid binds 3:1 with the rare-
earth elements and 2:1 with the smaller d-block ions, the relatively large rare-earth element (ionic
radius of Ce®* = 1.02 A) was generally entropically preferred over Ni?* (0.69 A), Co?* (0.65-0.745
A), and Sr?* (1.18 A)." Even though Sr?* is larger than Ce®*, it is probable that there was relatively
low competition between the ions because of the larger charge density of Ce®* compared to Sr?*.

Increases in denticity also influence the enrichment of rare-earth ions. Silica solid-phase
supports electrostatically modified with chromophores Arsenazo | (1.31) and Arsenazo Il (1.32)
were reported resulting in quantitative adsorption of rare-earth elements from a solution of La®",
Nd**, Sm**, Gd**, Ho®**, and Er** (0.1 ppm each, HNO; at pH 5.5-7 for 31 and pH 2-6 for 32).5”
Although both chromophores bind rare-earth elements to form 1:1 complexes, the major
difference in the coordination chemistry is the presence of one arsenic acid in 1.31 versus two
arsenic acid groups in 1.32, leading to more thermodynamically stable complexes of rare-earth
elements with 1.32 compared to 1.31. The difference in size is also significant between the two
ligands: because 1.32 is larger than 1.31, the surface of the silica has the capacity to fit only 42%

of the larger ligand 1.32 (~0.0075 mmol/g) compared to the smaller ligand 31 (~0.018 mmol/g).%’
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In this noncovalently bound solid-phase material, the difference in size and denticity of the two
ligands resulted in a media prepared with 1.32 that was more selective for the rare-earth elements
relative to the media prepared with 1.31.

The nature of the matrix in which metal ions are introduced to the solid-phase materials is
also important because it impacts the chemical species that are introduced for adsorption.%8-70
One such example is N,N-di(2-ethylhexyl)-diglycolamide (DEHDGA) functionalized Amberlite
IRA-910 resin (1.3).°8 Solid-phase material 1.3 exhibits preference for the heavy rare-earth
elements over light rare-earth elements and selectivity for the trivalent rare-earth ions over other
trivalent ions, specifically Fe** and AI** (HCI, pH 1.5). The preference for rare-earth ions over Fe**
is likely due to the anionic speciation of Fe3* in high concentrations of HCI and provides an
opportunity for preconcentration of the heavy rare-earth elements from a solution of competing
trivalent metal ions.

A diglycolamic acid modified solid-phase material (1.4) was used at low pH (HCI, pH 1) to
enrich Sc* from a solution of Sc®*, La%*, Ce®, and AP* (20, 300, 750, and 2,000 ppm,
respectively).”® This finding is a result of the differences in size of Sc**, La®*, and Ce®* (0.745,
1.032, and 1.02 A, respectively).' Because the main species at pH 1 is Sc®* (Figure 1.4), the
ionic radius of Sc** was complimentary to the pore size of their solid-phase material (0.89 A),
whereas La®* and Ce®" were not complimentary sizes. These studies underline the idea that the
ionic radius plays a critical role in variability between adsorption studies using solid-phase

materials for rare-earth element adsorption.
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Figure 1.4. Speciation of Sc* in chloride medium as a function of pH. Reprinted from
Hydrometallurgy, 165 (Part 1), Van Nguyen, N.; lizuka, A.; Shibata, E.; Nakamura, T. Study on
adsorption behavior of a new synthesized resin containing glycol amic acid group for separation
of scandium from aqueous solutions, Pages 51-56, Copyright (2015), with permission from
Elsevier.

Although one of the most notable trends among the solid-phase materials described in
this section is the selectivity for heavy rare-earth elements, there are some instances where the
mid-lanthanide ions are preferred.**”'-"* The preference for mid-lanthanide ions usually stems
from adjusting the ligand in the solid-phase material: designing a preorganized solid-phase
material typically leads to unique rare-earth ion selectivity (Figure 1.3, 1.21, 1.23-1.25, 1.34—
1.41). For example, a solid-phase material featuring maleamide, 1.34, that links a maleamide
group to mesoporous silica nanoparticles using two amide linkages (Figure 1.5a) were used to
enrich rare-earth elements from a solution of Sm**, Eu®*, Gd**, Tb**, Dy3*, Ho**, and Er®* (20 ppm
each, HNOg3, pH 4) and exhibited the following selectivity: Gd** > Tb3* > Eu®* > Sm3* > Er®* = Dy**
> Ho® (Figure 1.5b).”" The preorganized ligand assembly likely created a size-specific

environment, leading to the preference for ions with ionic radii between 0.94 and 0.90 A"
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Figure 1.5. (a) Preparation of preorganized maleamide-solid-phase material for the enrichment
of mid-lanthanide ions where the grey rectangles represent the solid support, MAH is maleic
anhydride, MAc is maleic acid, and MACI is maleic acid chloride, and APTES is 3-
aminopropyltriethoxysilane; (b) distribution constants of metal ions using 1.34 where MSNP-OH
(squares) is the pre-ATPES mesoporous silica nanoparticle, MSNP-N (circles) is post-ATPES
treated mesoporous silica nanoparticle, MSNP-N-1 (triangles) is monosubstituted mesoporous
silica nanoparticle, and MSNP-N-2 (upside-down triangles) is disubstituted mesoporous silica
nanoparticle. Adapted with permission of Royal Society of Chemistry from Design of mesoporous
silica hybrid materials as sorbents for the selective recovery of rare earth metals, Zheng, X.;
Wang, C.; Dai, J.; Shi, W.; Yan, Y. Volume 3, Copyright 2015; permission conveyed through
Copyright Clearance Center, Inc.

Lariviére, Kleitz and coworkers provided examples of diglycolamide solid-phase material
that exhibits selectivity for the mid-lanthanide ions.”> A macroporous silica support covalently

functionalized with diglycolamide ligands through both of the amide moieties was reported,
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creating a rigidly linked disubstituted ligand (1.21). A synthetic solution of all trivalent rare-earth
ions except Pm3* (2 ppb each, HNOs3, pH 4) was introduced to the media, and Eu®" and Gd** were
preferentially adsorbed to the solid-phase material up to ~3 times more than other rare-earth ions
when in competition with the other rare-earth ions and competing cations such as Al**, and Fe **.
The selectivity for mid-lanthanide ions was attributed to the relatively rigid structure of the
synthetically modified solid-phase material providing fixed spacing for binding of the mid-sized
ions™

By adjusting the angle at which the coordinating atoms of a ligand bind to a metal ion,
known as bite angle, selectivity for rare-earth ions is adjusted (Figure 1.3 compounds 1.21, 1.23,
1.35-1.41).7>"® Two classes of ligands were covalently attached to KIT-6 mesoporous silica:
phenylenedioxy diamides and phthaloyl diamides (Figure 1.6). The separation of all of the rare-
earth elements except Pm3* (30 ppb each, HNO3, pH 4) was analyzed using three bidentate
phthaloyl diamides N,N-dioctyl-1,2-phthaloyl diamido-solid-phase material (1.36), N,N-dioctyl-
1,3-phthaloyl diamido-solid-phase material (1.38), N,N-dioctyl-1,4-phthaloyl diamido-solid-phase
material (1.40) with different bite angles (1.40 > 1.38 > 1.36, Figure 1.6).” The extraction and
separation of rare-earth elements (30 ppb HNOs3, pH 4) was analyzed from bauxite leachate using
tetradentate phenylenedioxy diamide ligands N,N-dioctyl-1,2-phenylenedioxy diamido-solid-
phase material (1.37), N,N-dioctyl-1,3-phenylenedioxy diamido-solid-phase material (1.39), N,N-
dioctyl-1,4-phenylenedioxy diamido-solid-phase material (1.41) with bite angles 1.41 > 1.39 >
1.37.7° In general, ligands with smaller bite angles showed preference for the heavy rare-earth
elements, and ligands with larger bite angles showed preference for the light rare-earth
elements.”>"8 Another comparison between the phthaloyl diamides and phenylenedioxy diamides
from these two reports is the impact of the chelate effect on rare-earth ion enrichment. Bidentate
1.36 and tetradentate 1.37 had distribution coefficients (or the amount of metal ion bound to the
solid-phase material) of 53,500 and ~80,000 mL/g Lu3* (30 ppb, HNOs, pH 4),57¢ respectively,

demonstrating that the chelate effect is important to rare-earth binding.



15

() H H O
Q-5 N N Si-0 -0 o)
‘O’ S 7(@\”/ N ‘G" O-SMNRMS{-O
Q! PTIIT

KIT-6-1,3-PA KIT-6-1,2-PA
O » REE 1 ||
[ ] . ® competitive lons I 1 I 1 ) . .
— X La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu —
900 | 103 | 101 | 990 | 983 | 970 | 958 | 947 | 935 | 923 | 912 | 901 | 890 | 880 | 868 | 861
Decreasin, . -
S diusg L ) Size-selective
extraction
(pm) 1
0, : - O
0, >—< >—4 0
07N N o)
o4 H H 0

KIT-6-1,4-PA
Figure 1.6. Solid-phase media reported in rare-earth element binding studies with ligands
featuring varying bite angles: (a) KIT-6-1,2-PA (1.36) top right, KIT-6-1,3-PA (1.38) top left, KIT-
6-1,3-PA (1.40) bottom. Media generally display a direct relationship between bite angle and
preference for ions based on radius. Reprinted with permission from Hu, Y.; Drouin, E.; Lariviére,
D.; Kleitz, F.; Fontaine, F-G. Highly efficient and selective recovery of rare earth elements using
mesoporous silica functionalized by preorganized chelating ligands. ACS Appl. Mater. Interfaces.
2017, 9, 38584. Copyright 2017 American Chemical Society.

In addition to general considerations for coordination chemistry, this section has outlined
the general trend for selectivity for heavy rare-earth ions by carboxylic acid, alcohol, glycolic acid,
glycolamic acid, or glycolamide solid-phase materials, the role denticity plays in ligand design,
the effect of pH on rare-earth ion binding, the importance of sample matrix on the uptake of rare-
earth ions by solid-phase materials, and the effect of preorganization and bite angle adjustment
on ligand design for mid-lanthanide ion selectivity. It is also important to consider the main
speciation of target ions in the sample environment to give efficient enrichment: for example, if
the species will be anionic or cationic, the sizes of the species, and electrostatic interactions with
solid-phase material. In addition, there are some examples of the preorganization of ligands
resulting in selectivity for mid-lanthanide ions. Taking into consideration that heavy rare-earth

elements are the most commonly enriched group of rare-earth elements by solid-phase materials
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featuring carboxylic acids, alcohols, glycolic acids, glycolamic acids, or glycolamides, and the
preorganized ligands shift the preference to the mid rare-earth elements, it is possible to use
coordination chemistry to separate the rare-earth ions into three main categories: light, medium,
and heavy.
1.3.2 Phosphoric acids, phosphate esters, phosphazenes, and phosphoryl-containing
ligands

Phosphoric acids, phosphate esters, phosphazenes, and phosphoryl-containing solid-
phase materials tend to have softer oxygen donors than carboxylic acids, alcohols, glycolic acids,
glycolamic acids, or diglycolamides because the phosphorous atom is softer than oxygen.*!
Although many phosphorus-containing ligands were designed to bind softer actinide ions from
solutions containing mixtures of lanthanides and actinides from spent nuclear fuel, the slight
gradient shift in polarizability of phosphorus-containing ligands used in solid-phase materials for
rare-earth element adsorption results in mixed selectivity among the rare-earth ions.”®-'33
Phosphorus-containing solid-phase materials reported since 2009 include phosphoric acids,
phosphonic acids, phosphate esters, phosphine oxides, and other phosphorus-containing ligands

(Figure 1.7, compounds 1.43-1.84).
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Figure 1.7. Phosphorous-containing ligands reported as part of solid-phase materials for

enrichment of rare-earth elements since 2009: bis(2-ethylhexyl)phosphoric acid (HDEHP,
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D2EHPA, TOPS 99, or P204) (1.43); 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
(HEHEHP, D2EHPA, PC88A, or P507) (1.44); di-(2,4,4-trimethylpentyl) phosphinic acid
(HTMPeP, Cyanex 272) (1.45); octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide
(CMPO) (1.46); diprotic phosphonic acid (DPA)-solid-phase material (1.47); ethylene glycol
phosphate diethyl ester (pEG1)-polyvinylbenzyl material (1.48); triethylene glycol phosphate
diethyl ester (pEG3)-polyvinylbenzyl material (1.49); ethylene glycol monoprotic phosphate ethyl
ester (PEG1M)-polyvinylbenzyl material (1.50); and triethylene glycol monoprotic phosphate ethyl
ester (pEG3M)-polyvinylbenzyl material (1.51); N-(phosphonomethyl)iminodiacetic acid (PMIDA)-
solid-phase material (1.52); dinonyl phenyl phosphoric acid (1.53); Cyanex 923 (1.54); 1,5-bis[2-
(oxyethoxyphosphoryl)phenoxy]-3-oxapentane (1.55); 1,5-bis[2-(oxyethoxyphosphoryl-4-
ethyl)phenoxy]-3-oxapentane (1.56); 1,5-bis[2-(oxyethoxyphosphoryl-4-tert-butyl)phenoxy]-3-
oxapentane (1.57); 1,5-bis[2-(oxybutoxyphosphoryl)phenoxy]-3-oxapentane (1.58); 1,5-bis[2-
(oxybutoxyphosphoryl-4-ethyl)phenoxy]-3-oxapentane (1.59); 1,5-bis[2-(butoxyoxyphosphoryl-4-
tert-butyl)phenoxy]-3-oxapentane (1.60); 1,5-bis[2-(diethoxyphosphoryl-4-ethyl)phenoxy]-3-
oxapentane (1.61); phosphonate diester-polyvinylbenzyl material (1.62); phosphorylated
pentaerythritol-polyvinylbenzyl material (1.63); phosphinic acid-polyvinylbenzyl material (1.64);
monoprotic  phosphorylated pentaerythritol-polyvinylbenzyl material (1.65); monoprotic
phosphorylated glycerol-polyvinylbenzyl material (1.66); diphosphonic acid-solid-phase material
(1.67); acetamide phosphonic acid-solid-phase material (1.68); propionamide phosphonic acid-
solid-phase material (1.69); (trimethoxysilyl)propyl diethylphosphonate-solid-phase material
(1.70); tetraphenylmethylenediphosphine oxide (1.71); sodium-treated phosphonate-solid-phase
material (1.72); phosphoric acid-solid-phase material (T-PAR solid support) (1.73); phosphonate-
solid-phase material (1.74); n-ethyl phosphonate-solid-phase material (1.75); n-propyl
phosphonate-solid-phase material (1.76); n-butyl phosphonate-solid-phase material (1.77);
benzene triamido-tetraphosphonic acid-solid-phase material (1.78); phosphonoacetic acid (1.79);

N,N-bisphosphono(methyl)glycine (1.80); aminophosphonic acid-solid-phase material (1.81);
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sulfonic acid/phosphonic acid-solid-phase material (1.82); aminoethylphosphonic acid (1.83); and
imino-bis-methylphosphonic acid (1.84). Black circles in 1.47-1.52, 1.62-1.70, 1.72-1.78, 1.81,
and 1.82 represent the location of attachment to solid supports.

Stemming from a large body of research of the separation of lanthanides from actinides in
spent nuclear fuel using liquid—liquid extraction,'* there is significant insight into the use of bis(2-
ethylhexyl)phosphoric acid (HDEHP) 1.43 and 2-ethylhexylphosphonic acid mono-2-ethylhexyl
ester (HEHEHP) 1.44 for the adsorption of rare-earth elements from solutions of competing ions
depending on separation conditions.”®:83.87.88.91.9296-99.103 The majority of solid—liquid adsorption
studies involving 1.43 report a preference for heavy rare-earth elements with some reports of
preference for light rare-earth elements.”®83-1%% Similarly for ligand 1.44, rare-earth ion selectivity
is dependent on separation conditions.'%-% To elaborate on the differences in binding between
1.43 and 1.44, a comparative publication analyzed bidentate ligands 1.43, 1.44, and di-(2,4,4-
trimethylpentyl) phosphinic acid (HTMPeP) 1.45 anchored onto reverse-phase C18 silica for their
ability to separate lanthanide ions (10 ppm each, 2 M HNQO3).”® As the number of P-O bonds
decreases (1.43 > 1.44 > 1.45), the pK, of the acidic proton increases (2.04, 2.75, and 3.62 for
1.43, 1.44, and 1.45, respectively). All three solid-phase materials demonstrate a preference for
heavy rare-earth ions, and the trend in binding capacity decreases for the solid-phase materials
using ligands 1.43 > 1.44 > 1.45 (Figure 1.8).”° The difference in binding suggests that the change

in pKa among the three ligands impacted the equilibrium complexation constants.
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An example of a solid-phase material that was selective for light rare-earth elements used
the ligand octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide 1.46 adsorbed onto
silica to bind Nd®*, Gd**, Sr?*, Zr**, Mo®*, Ru®*, Pd?*, Cs*, and trace amounts of Am3* (5 mM in 3
M HNO3).8° The results show a breakthrough curve from a column experiment (flow rate: 1
cm?®/min; 25 °C) where the order of elution is Cs*, Sr?*, Ru®*, Pd?*, Gd**, Nd**, Am®*, Zr**, then
Mo®*. Although it is unclear why this selectivity of ions is present, ligand 1.46 might be a good
starting point for selective extraction of light rare-earth elements.

To compare the effects of changing a phosphonic acid functionality to a phosphate ester
or phosphate diester, one study compared five ligands on polyvinylbenzyl chloride for the
adsorption of Lu?* and La** (0.1 mM in 0.1 M H3PO4).8' The five ligands were diprotic phosphonic
acid 1.47, ethylene glycol phosphate diethyl ester 1.48, triethylene glycol phosphate diethyl ester

1.49, ethylene glycol monoprotic phosphate ethyl ester 1.50, and triethylene glycol monoprotic
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phosphate ethyl ester 1.51. The results indicate a general preference for Lu®* over La®*" up to
three-fold and rare-earth ion binding following the order: 1.51 > 1.50 > 1.47 > 1.49 > 1.48.
Comparison of binding among the solid-phase materials led to the conclusion that the phosphate
ester media sorbed rare-earth ions better than the phosphonic acid media because the
phosphonic acid media binding was hindered by hydrogen-bond interactions between the
hydroxyl groups. Rare-earth element affinity was found to be enhanced by the ion exchange of
the monoprotic solid-phase material more than the phosphate diester media containing no
exchangeable acidic protons.®' The ligands with three ethylene glycol groups coordinated rare-
earth ions better than the ligands with one ethylene glycol group because the oxygens in ethylene
glycol coordinated to the rare-earth ions, enhancing the chelate effect. This example highlights
the impact of designing a ligand that binds to rare-earth ions through ion exchange or through
neutral donor coordination and the direct correlation between denticity and rare-earth ion complex
affinity.

Phosphorus-containing ligands provide insight from the history of actinide enrichment, and
there is a large amount of research for the separation of actinide ions from rare-earth
ions 80115135136 Similar to Section 1.2.1, design considerations to keep in mind for the
coordination chemistry of phosphorus-containing ligands include the pKa of the acidic protons on
the ligand, the speciation resulting from the acidic matrix of the system, and the denticity of the
ligand. The pKa of the acidic protons on the phosphate group is influenced by the amount of
electron withdrawing groups on the ligand that affects the enrichment of rare-earth ions. It is also
important to note that mixed selectivity of rare-earth ions can be caused by differences in
speciation that result in unique selectivity of rare-earth ions. In addition, ligands with larger

denticities tend to have higher affinities for rare-earth ions than those with smaller denticities.
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1.3.3 Hydroxamates, polyamido acetic acids, Schiff bases, pyridine derivatives,
phenanthroline, benzotriazoles, aza-crown ethers, amides, and imines

There is a large body of research surrounding the use of nitrogen-based ligands,
specifically hydroxamates, polyamido acetic acids, Schiff bases, pyridine derivatives,
phenanthroline, benzotriazoles, aza-crown ethers, amides, and imines in solid-phase materials
for the enrichment of rare-earth elements (Figure 1.9 compounds 1.85—1.142).2944.45.116,121,137-200
These ligands feature a mixture of nitrogen and oxygen donor atoms that tend to be softer donors
than carboxylic acids, alcohols, glycolic acids, or diglycolamides.*' The majority of studies in this
group of donor atoms report selectivity for the heavy rare-earth elements, but there is some mixed

selectivity throughout.
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Figure 1.9. Nitrogen-containing ligands reported as part of the solid-phase materials for
enrichment of rare-earth elements since 2009: N-benzoyl-N-phenylhydroxylamine-solid-phase
material (1.85); monoaza dibenzo 18-crown-6 ether-solid-phase material (1.86); 2,6-bis(5,6,7,8-
tetrahydro-5,8,9,9-tetramethyl-5,8-methano-1,2,4-benzotriazin-3-yl)pyridine  (1.87);  N-propyl
salicylaldimine-solid-phase material (1.88); ethylenediaminepropyl salicylaldimine-solid-phase
material (1.89); ethylenediaminetetraacetic acid-solid-phase material (1.90);
diethylenetriaminepentaacetic acid-solid-phase material (1.91); triethylenetetraminehexaacetic
acid-solid-phase material (1.92); diethylenetriamine (1.93); tetramethylmalonamide-solid-phase

material (1.94); urea-solid-phase material (1.95); N-aminopropylen-amidoiminodiacetic acid-
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solid-phase material (1.96); dimethoxy iminodiacetate-solid-phase material (1.97);
iminodiacetamide-type solid-phase material (1.98); N,N"-bis(ethylhexylamido)
diethylenetriaminetriacetic acid (1.99); ethyleneglycol tetraacetic acid (1.100); pyridine-a,f3-
dicarboxylic acid bis(propylenamide)-solid-phase material (1.101); carbonylated catechol-solid-
phase material (1.102); catechol-solid-phase material (1.103); iminodiacetic acid-solid-phase
material (1.104); phenylarsonic acid-solid-phase material (1.105); iminodimethylphosphonic acid-
solid-phase material (1.106); serine-solid-phase material (1.107); 2,6-pyridinedicarboxaldehyde
(1.108);  2,6-diacetylpyridine  (1.109);  8-hydroxy-2-quinolinecarboxaldehyde  (1.110);
N,N,N',N',N",N"-hexaoctylnitrilotriacetamide  (1.111);  phenanthroline  diamide-solid-phase
material (1.112); 1-(2-pyridylazo)-2-naphthol-solid-phase material (1.113); acetyl acetone-solid-
phase material (1.114); N-methyl-N-phenyl-1,10-phenanthroline-2-carboxamide (1.115); N-octyl-
N-tolyl-1,10-phenanthroline-2-carboxaide (1.116); 4-tert-octyl-4-((phenyl)diazenyl)phenol
(1.117); 4-dodecyl-6-((4-(hexyloxy)phenyl)diazenyl) benzene-1,3-diol (1.118); glutamine-solid-
phase material (1.119); diethylamine-substituted pentaerythritol-solid-phase material (1.120);
benzotriazole  (1.121); N-a-Fmoc-N-g-boc-  L-lysine-solid-phase  material (1.122);
aminocarbonylmethylglycine-solid-phase material (1.123); bis(3-methoxysalicylaldehyde)-o-
phenylenedi-imine (1.124); N-(2-hydroxyethyl)salicylaldimine-solid-phase material (1.125); N,N'-
bis(salicylidene)-1,3-ethylenediamine-solid-phase material (1.126); salicylamide-solid-phase
material (1.127); 2-(2-nitrobenzylideneamino)guanidine (1.128); eriochrome black T (1.129); 1-2-
(aminoethyl)-3-phenylurea-solid-phase material (1.130); 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-
yhpyridine (1.131); 2,(2,4-dihydroxyphenyl)-benzimidazole-solid-phase material (1.132); 3,4-
hydroxypyridinone-solid-phase material (1.133); iminodiacetic acid-solid-phase material (Chelex
100) (1.134); N-2-hydroxyethyl ethylenediamine (1.135); benzoyl hydrazine-solid-phase material
(1.136); amidoxime-solid-phase material (1.137); N*-[(2-hydroxy phenyl) methylene]
benzohydrazide  (1.138);  N-[5-(trimethoxysilyl)-2-aza-1-oxopentyl]caprolactam-solid-phase

material (1.139); dimethylamine-solid-phase material (1.140); 1-hydroxy-2-pyridinone-solid-
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phase material (1.141); and N-[(3-trimethoxysilyl)propyl]-ethylenediaminetriacetic acid-solid-
phase material (1.142). Black circles in 1.85, 1.86, 1.88—1.92, 1.94-1.98, 1.101-1.105, 1.112-
1.114, 1.119, 1.120, 1.122, 1.123, 1.125-1.127, 1.130, 1.132-1.137, 1.139, 1.141 and 1.142
represent the location of attachment to solid supports.

Selectivity for the heavy rare-earth elements was observed in a study using N,N*-
bis(ethylhexylamido)diethylenetriaminetriacetic acid-type ligand (1.99) noncovalently associated
with an organically modified silica gel as the solid-phase material.?® The solid-phase material was
used to extract all of the rare-earth ions except Pm*" (5ppm each, HNOs, pH 3.3) resulting in a
3.5-fold preference for the heavy rare-earth elements compared to the light rare-earth elements.
Because unsubstituted DTPA has a wide range of pKa values, 2.00-10.48.%° the enrichment of
rare-earth ions using ligand 1.99-solid-phase material featured pH-dependent binding: at pH 3.3,
the solid-phase material extracted 21 mg/g rare-earth ions and at pH 0.9, the solid-phase material
bound 1.6 mg/g rare-earth ions. The pH-dependent nature of the system is an important tool not
only for reusability of the solid-phase material, but also could be used to increase the enrichment
of rare-earth ions where differences in selectivity are observed at different pH as illustrated in
Figure 1.2.

Another example of a solid-phase material with selectivity for heavy rare-earth elements
includes N-benzoyl-N-phenylhydroxylamine functionalized to silica gel (1.85)."*7 All of the
lanthanides excluding Pm3* and Sm** (1 ppm, HNOs, pH 5) were introduced to 1.85 resulting in a
separation factor (the ratio of uptake of two metal ions) of ~80 for Lu*/La®", compared to a
separation factor of ~20 for Gd3*/La%*."®” The separation factors were determined to be dependent
on the amount of ligand bound to the solid-phase material (Figure 1.10) indicating that the solid-
phase material becomes saturated with metal ions at a certain threshold (around 5 ppm starting
concentration of rare-earth ions). As a general design consideration for ligands to increase the
selectivity for rare-earth ions, it is important to keep in mind the impact of ligand loading on the

solid support because it relates to target ion selectivity.
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Figure 1.10. Separation factors reported for 1.85 as a function of atomic number where Co
represents the starting concentration of rare-earth ions in solution: squares represent 1 mg/L,
circles represent 2 mg/L, and triangles represent 5 mg/L. Adapted from Separation and
Purification Technology, 231(115934), Artiushenko, O.; Avila, E. P.; Nazarkovsky, M.; Zaitsev, V.
Reusable hydroxamate immobilized silica adsorbent for dispersive solid phase extraction and
separation of rare earth metal ions, Pages 1-10, Copyright (2019), with permission from Elsevier.
Although the majority of studies in this section report selectivity for heavy rare-earth
elements, there are also reports of mixed selectivity among the hydroxamates, polyamido acetic
acids, Schiff bases, pyridine derivatives, phenanthroline, benzotriazoles, aza-crown ethers,
amides, and imines in solid-phase materials. For example, monoaza dibenzo 18-crown-6 ether
was attached to styrene divinylbenzene to form solid-phase material 1.86 and enrich La®*, Nd**,
and Sm*" (1.5 mM, HCI, pH 4.5)."*® Solid-phase material 1.86 retained La** over Nd*" and Sm?*,
likely because of the cavity size of 1.86 creating a size-preference for the largest ion, La®".
Towards the goal of achieving increased separation among the rare-earth ions, a
silica/polymer composite solid support was functionalized with 2,6-bis(5,6,7,8-tetrahydro-5,8,9,9-
tetramethyl-5,8-methano-1,2,4-benzotriazin-3-yl)pyridine, 1.87, for the extraction of Y3*, La®',

Ce®*, Pr¥*, Nd*, Sm®, Eu®*, Gd*, Dy*, Er*, Yb%*, and Lu** (1 mM, HNOj3)."*® Distribution
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coefficients of the mid-lanthanide ions Dy3* and Er®* were an order of magnitude greater than
heavy rare-earth ion Lu®* and four orders of magnitude greater than light rare-earth ion La3*. The
authors suggest that the selectivity towards mid rare-earth ions could be caused by the cavity size
of the solid-phase material having a complimentary size to the mid rare-earth ions.'3°

An example of the chelate effect in solid-phase materials is in the functionalization of a
chitosan-silica  solid support with  ethylenediaminetetracetic acid (1.90) and
diethylenetriaminepentaacetic acid (1.91) for the enrichment of Nd** (0.51 mM, HNO3).™" The
results indicate that the solid support functionalized with 1.91 had ~25% higher adsorption of Nd**
at pH 2.5 than the solid support functionalized with 1.90 (Figure 1.11), which can be explained
by the additional carboxylic acid and amine donors in 1.91 compared with 1.90. This observation
demonstrates how modifying the denticity of ligands is a useful way to adjust enrichment among

target metal ions.
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Figure 1.11. Uptake of Nd** as a function of time using 1.90 (circles) and 1.91 (squares). Adapted
with permission of Royal Society of Chemistry from Adsorption performance of functionalized
chitosan—silica hybrid materials toward rare earths, Roosen, J.; Spooren, J.; Binnemans, K.
Volume 2(45), Copyright 2014; permission conveyed through Copyright Clearance Center, Inc.

Mixed oxygen and nitrogen donor ligands provide insight into the adjustment of ligand

basicity for rare-earth ion enrichment. Although most of the solid-phase materials with



28

hydroxamates, polyamido acetic acids, Schiff bases, pyridine derivatives, phenanthroline,
benzotriazoles, aza-crown ethers, amides, or imines exhibit selectivity for the heavy rare-earth
ions, there are some reports of mixed selectivity of rare-earth ions. Compared to Section 1.2.1,
the ligands in this section are reported to have less predictable selectivity among the rare-earth
elements, which is likely caused by the presence of softer nitrogen donors compared to oxygen
donors. When designing enrichment experiments, important variables that impact both rare-earth
element uptake and selectivity include the range of pKa values of the ligand, the number of
available metal binding sites on the solid-phase solid support, variability in cavity size enabling
selectivity of mid rare-earth elements, and ligand denticity varying the selectivity of rare-earth
ions. In the examples shown, pH-dependent binding was observed with a ligand featuring a wide
range of pK, values, rare-earth ion uptake is directly proportional to the amount of ion binding
sites on the solid-phase solid support, and selectivity can be altered by adjusting the rigidity of
the ligand through macrocyclic ligand design or through differences in cavity size. In addition to
these considerations, an increase in ligand denticity provides a means to adjust rare-earth ion
selectivity through a decrease in entropy.
1.3.4 Thiazols, thiols, sulfides, and sulfoxides

Because sulfur-based ligands have the largest donor atom polarizability of the ligands
discussed in this chapter, there are few reports of their use for the enrichment of rare-earth
elements.101102201-204 Becguse of their “softer” nature, thiazols, thiols, and sulfoxides have mixed
selectivity in rare-earth element enrichment, but can be useful in the separation of rare-earth
elements, such as the mid-lanthanide ions that are otherwise comparatively difficult to separate.
Thiazols, thiols, sulfides, and sulfoxides reported in solid-phase materials for the enrichment of

rare-earth elements since 2009 are reported in Figure 1.12, 1.143-1.146.
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Figure 1.12. Sulfur-donor ligands reported as part of solid-phase materials for enrichment of rare-
earth elements since 2009: L-cysteine (1.143); 2-mercaptobenzimidole-solid-phase material
(1.144); benzoyl thiourea-solid-phase material (1.145); and bis(2,4,4-
trimethylpentyl)dithiophosphinic acid (Cyanex 301) (1.146). Black circles in 1.144 and 1.145
represent the location of attachment to solid supports.

An example of a sulfur-containing ligand for rare-earth ion enrichment is the
functionalization of iron oxide nanoparticles with L-cysteine (1.143) for the separation of La®*,
Nd?*, Gd*", and Y3* (200 ppm, HNO3).2°" The results indicate uptake of the rare-earth ions in the
order Nd3* > La* > Gd* > Y3* (Figure 1.13).2°" The solid-phase material exhibited mixed
selectivity, but this method might be a reasonable pathway to separate Y3* from mixed solutions

of rare-earth ions.
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Figure 1.13. Uptake of rare-earth ions La®* (triangles), Nd** (squares), Gd** (circles), and Y**

(upside-down triangles) as a function of pH using iron oxide nanoparticles functionalized with L-
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cysteine. Adapted from Journal of Environmental Chemical Engineering, 4(3), Ashour, R. M,;
Abdel-Magied, A. F.; Abdel-khalek, A. A.; Helaly, O. S.; Ali, M. M. Preparation and
characterization of magnetic iron oxide nanoparticles functionalized by L-cysteine: adsorption and
desorption behavior for rare earth metal ions, Pages 3114-3121, Copyright (2016), with
permission from Elsevier.

Sulfur-based ligands such as thiazols, thiols, sulfides, and sulfoxides feature donor atoms
with large donor atom polarizability, which should display selectivity for lighter rare-earth ions, but
there is mixed selectivity among this group of ligands. Despite sulfur-based ligands being less
predictable for rare-earth ion enrichment than ligands with less polarizable donor atoms, the
mixed selectivity provides an opportunity to separate ions among the rare-earths that are typically
difficult to separate such as the mid-lanthanide ions or light-rare-earth ions.

1.4 lon-imprinted polymers

In addition to solid-phase materials for solid—liquid rare-earth element adsorption, another
method of rare-earth element enrichment uses crosslinked polymers imprinted with the target
metal ion, where the imprinted metal ion is removed after synthesis to create the finished media
with exposed ligand designed for ion-specific binding. lon-imprinted media are used for many
different ions,?°5-2%7 including rare-earth ions?%¢-22¢ and the polymer is designed to create a binding
site to match the size and coordination sphere of the target ion. lon-imprinted polymers are
designed to address ligand features for rare-earth ion enrichment including donor atom
polarizability, ligand denticity, pKa range of binding sites, steric hindrance, bite angle, and
preorganization of ligands.

Towards the size-selective extraction of rare-earth ions, an ion-imprinted polymer was
formed from a polymerization of ethylene glycol dimethacrylate, methacrylic acid, and a
photoactive ligand Alizarin Red S (1.147) (Figure 1.14).2%¢ After the polymer was formed in the
presence of Gd**, the ion was removed using HCI (0.1 M), leaving Gd**-sized binding sites open

for rare-earth element separation. Separations were performed using a group of rare-earth
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elements La*", Ce®*, Eu®*, Gd*, Lu®*" (3 ppm each, HCI, pH 6) and a separate extraction of Gd**
(3 ppm, HCI, pH 6) against a series of competing ions including Al®*, Fe3*, Cu?*, Zn?*, and Sr*
(10 ppm each, HCI, pH 6). The system was not selective for Gd®* in the presence of other rare-
earth ions but showed preference for the heavier rare-earth elements and other trivalent metal
ions in the competition experiments. The lack of selectivity for Gd** can be attributed to the nature

of the ligand that tends to form stable complexes with metal ions of larger charge density.?%
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Figure 1.14. Alizarin Red S (1.147).

Eu*-imprinted polymer nanoparticles were synthesized using vinyl pyridine and
methacrylic acid as ligands that were polymerized using divinyl benzene and 2,2*
azobisisobutyronitrile as an initiator (Figure 1.15).2°° The Eu®** was leached from the polymer
using 1.90 and a carbon paste electrode was functionalized with the prepared polymer. The
prepared polymer-functionalized electrode was introduced to individual solutions of rare-earth
ions (La%*, Ce®, Sm®, Eu®, Gd*, or Dy**, 1 x 10°% M, HCI, pH 7) containing Cu?* (5 x 10 M,
HCI, pH 7). To measure rare-earth ion selectivity to the system, oxidative stripping differential
pulse voltammetry was used to detect the amount of Cu?* displaced from the electrode. When a
target ion outcompetes Cu?*, the measured current for the Cu?* peak decreases, and the results
indicate that the peak decreased by ~20% when in competition with Eu®* and did not decrease in
the presence of any of the other tested rare-earth ions, indicating that the Eu®*-imprinted polymer

is selective for Eu®*.2°° Among other preorganized ligands reported for rare-earth ion enrichment,
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ion-imprinted polymers provide another tool to extract mid-lanthanide ions through

preorganization of ligands.

- & 7V i G IOy
%j N 47 O A v
7, - v
g ((/ %7 | A
L S,/ | s - 1
™ N h s TR i >—V/
\ WA + 7 A A P4 Y 1
N 'B“. H/° AIBN f,) A R o F—"/.
\s W opolymerization A oL . Y il
o : b
BN O N 0 QD&
L/ A I \rff\ X
N AN
=) P e A
l e
o
8
s
E’,
i
7 e = I~/ ST~
- iy e
1" O A i WP
: < N\ \\\. "l ‘;.’ =, b \\/l °>4Hf"-
" / ' 4
i i . d Y ﬁ\ 7~ o ¥ 1
J/\‘ /’" E _{ Recognition ///‘ / i ‘/;
=) N T LR ] — " M\ [~
’/)—( = el ! =/ ] ream (—< Nt Lo
EEN Wl g L7 E " /
=1\ £ <~ ~ P Ny iy <
K0 D& N ==
s o oo AN, TN ot >N N
g Sl N IS *'/\‘ N e

Figure 1.15. Visualization of the synthesis of a Eu3*-imprinted polymer using vinyl pyridine and
methacrylic acid as ligands, divinyl benzene as a polymerization agent, and 2,2-
azobisisobutyronitrile (AIBN) as an initiator. After Eu3* is complexed with vinyl pyridine and
methacrylic acid and polymerized with divinyl benzene, Eu®*is removed using a leaching agent
(1.90) resulting in the Eu®*-imprinted polymer. Reprinted from Talanta, 106, Alizadeh, T.; Amjadi,
S. Synthesis of Eu**-imprinted polymer and its application for indirect voltametric determination
of europium, Pages 431-439, Copyright (2013), with permission from Elsevier.

Although ion-imprinted polymers address ligand features for rare-earth ion enrichment
including donor atom polarizability, ligand denticity, pKa range of binding sites, steric hindrance,
bite angle, and preorganization of ligands, it is important to keep in mind other variable factors
including matrix speciation and intraligand interactions when designing templated extraction solid-
phase materials. The two examples of ion-imprinted polymers in this section for the enrichment
of rare-earth ions give some insight into the much larger body of research using templated
extraction solid-phase materials to enrich target ions. Readers are encouraged to consult other

reviews for more information regarding ion-imprinted polymers.227-2%0
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1.5 Polymers, solid supports, and hydrogels

Systems with well-defined coordination environments have been discussed with solid-
phase materials exhibiting variable surface ligand distribution. There are many examples of rare-
earth ion enrichment using polymers, solid supports, or hydrogels with variable surface ligand
distribution and ill-defined coordination environments.26-28:30-32.231-2%5 |t js jmportant to analyze how
these solid supports impact solid—liquid extraction for the enrichment of rare-earth ions because
commercially available solid supports provide a streamlined and relatively cost-effective approach
compared to the solid-phase materials described in Sections 1.2 and 1.3 of this chapter.

A study analyzed an amine—epoxy monolith polymerized from tetraethylenepentamine
with an epoxide such as diepoxide, triepoxide, or tetraepoxide for their uptake of lanthanides
(La®*, Nd®*, Eu®, Dy%, and Yb* ~0.14 mM each, HCI).2" The monoliths feature amine (and
possibly hydroxyl) binding sites and the monolith formed from triepoxide and
tetraethylenepentamine precursors had selectivity for the heavy rare-earth ions, binding roughly
double the amount of Yb3* ions compared to La®* at pH 2.5 and >90% uptake of all rare-earth
ions at pH 6.4.2%! In this example, the full range of binding sites is not known, but the system is
effective in the removal of rare-earth ions. Knowledge of the surface binding sites enables gauging
of the general selection of ions based on donor atom polarizability and pKa range of binding sites,
but the full coordination sphere is often not elucidated to enable detailed insight into design
analysis.

Even though polymers, solid supports, and hydrogels have variable coordination
environments, they provide effective enrichment of rare-earth elements as seen in the provided
example. A controllable ligand design feature in this case is the identity of the donor atoms on the
precursor molecules that guide the general selectivity of the polymeric species for rare-earth ions,
and subsequently, adjust the pKa range of the donor atoms on the surface binding sites. Polymers,
solid supports, and hydrogels impact the field of rare-earth element enrichment by extracting rare-

earth ions from mixtures of other ions to streamline the process of rare-earth ion separation.
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1.6 Conclusions and Future Outlook

The use of solid—liquid adsorption for the enrichment of rare-earth ions enables for
adjustments in selectivity through the use of coordination chemistry in the design of ligands for
solid-phase materials. Several actions may be taken towards the general goal of decreasing the
number of steps needed to obtain pure rare-earth oxides including using a rare-earth-ion-specific
polymer, solid support, or hydrogel as a preliminary step to extract rare-earth ions from other
competing ions in solution, improving the selectivity of ligands used in solid-phase materials, and
increasing the amount of surface-bound ligand for the extraction of rare-earth elements. General
design considerations for improving rare-earth ion separation include adjusting ligand donor atom
polarizability, ligand denticity, and the pKa range of the binding sites on the ligand. Currently, the
rare-earth ions can be readily separated into three main groups using solid—liquid adsorption
methodologies: heavy, mid, and light rare-earth elements. To separate the heavy rare-earth
elements, a ligand with a smaller donor atom polarizability such as oxygen can be used. From
the two resulting fractions (heavy- and light- rare-earth ions) a preorganized ligand with binding
cavity complimentary to the ionic radii of the mid-lanthanide ions can be used to create heavy,
mid, and light rare-earth element fractions. From the three fractions of rare-earth ions, the future
of solid—liquid adsorption would benefit from creating a single column or set of columns with solid-
phase materials designed to fully separate the individual rare-earth ions, providing an organic
solvent-free method to efficiently remove rare-earth ions from aqueous solutions.
1.7 Thesis Overview

Because of the demand for rare-earth elements from the rapidly improving efficiency of
today’s technology, there is a need for an efficient, reusable, and reliable method to enrich rare-
earth elements from spent materials. Although liquid—liquid extraction provides and efficient and
reliable method to enrich rare-earth elements, solid—liquid extraction provides an opportunity for
reuse of materials, which increases the efficiency of enrichment and extraction. To compliment

the methods discussed in Chapter 1 for the solid—liquid extraction of rare-earth elements,



35

Chapter 2 describes the development of a pH-dependent solid-phase media for use in extraction
of rare-earth elements from waste materials such as leachate from fly ash, and Chapter 3
discusses further modifications to the ligand on the solid-phase media. Chapter 4 delves into the
use of one of the rare-earth elements, europium, in a computational study analyzing the
luminescent effects of coordination chemistry of divalent europium.

In Chapter 2, a solid-phase media is described that binds and elutes rare-earth elements
for extraction and enrichment. The synthesis and methodology for a solid-phase media that
exhibits pH-dependent binding of aqueous rare-earth elements is found in Chapter 2. The media
shows pH-dependent binding of Nd'" and retains efficiency over at least six cycles of binding and
elution. Mixed solutions of rare-earth elements demonstrated a preference for mid and heavy
rare-earth elements based on thermodynamic binding preferences of the ligand, and selectivity
for rare-earth elements over iron and aluminum were observed with coal fly ash leachate. This
method is expect this new recovery method to be a significant step towards aqueous-based
extraction and enrichment of critically important rare-earth elements.

Chapter 3 describes my contributions towards the adjustment of the hydrophobic moieties
in amphiphilic ligand used in Chapter 2 to analyze the properties of grafting ligands to organically
modified silica for the enrichment of rare-earth ions. The derivatives of diethylenetriamine
pentaacetic acid (DTPA) feature oxygen and nitrogen donors to bind the rare-earth elements and
hydrophobic moieties designed to bind to the solid support. By controlling the length of the
hydrophobic moieties in the DTPA derivatives—butyl or hexyl moieties—greater noncovalent
interactions were expected to occur with ligands featuring longer chains with the solid support.
We found that the ligand featuring butyl moieties adsorbed less than the ligand featuring hexyl
moieties. The ligand with butyl hydrophobic binding groups also showed increased wash-off at
pH 5.5 compared to the ligand with hexyl hydrophobic binding groups, likely due to the differences
in solubility between the two ligands in aqueous environments. The results presented in this

chapter lend to the rational design of noncovalently bound solid-phase media.



36

In Chapter 4, the properties of the rare-earth element europium was explored through a
computational study of the photophysical properties of two divalent europium cryptates. The
calculations provided an explanation for the bright yellow luminescence of the Eu'-containing
octaaza-cryptate compared to the less intense blue luminescence of the structurally similar Eu'-
containing 2.2.2-cryptate. Calculations using time-dependent density functional theory with the
B3PW91 functional, the Stuttgardt—Dresden relativistic core potential basis for europium, and
SMD implicit solvation were used to compute the excitation and emission spectra of both
complexes. Emission was also calculated with state-specific solvation. The results were
compared with experimental luminescence data acquired in methanol. Natural-transition orbitals
revealed similar spin-allowed transitions between the 4f and 5d orbitals on the europium ion in
both complexes. For the 2.2.2-cryptate, the emissive state was hidden underneath the broad
ultraviolet absorption; therefore, the state was not experimentally differentiated in the spectra,
despite being present in the calculated spectra. For the octaaza-cryptate, the emissive state was
observed as a separate band, shifted to lower energy than the broad ultraviolet absorption. Using
ligand-field arguments, sharp differences in luminescence and the bathochromic shift of the
emissive state were attributed to a greater splitting of the 5d orbitals of the octaaza-cryptate
relative to the 2.2.2-cryptate.

Chapter 5 provides a summary of the contributions from Chapters 2—4, and the potential

future directions of the research are discussed.
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CHAPTER 2
Sorption of Rare-Earth Elements onto a Ligand-Associated Media for pH-Dependent
Extraction and Recovery of Critical Materials
2.1 Permissions and Description of Author Contributions

This chapter was adapted with permission from Hovey, J. L.; Dardona, M.; Allen, M. J.;
Dittrich, T. M. Sep. Purif. Technol. 2021, 258, 118061-118068. The studies described in this
chapter were performed in collaboration with Mohammed Dardona, Dr. Timothy M. Dittrich, and
Dr. Matthew J. Allen. In addition to writing and editing the manuscript, my contributions to the
research included the synthesis and characterization of the bis(ethylhexyl)amido DTPA ligand,
preparation of the solid-phase materials, pH versus loading experiments, and cycling pH
experiments. Within Chapter 2, “we” and “our” refers to the authors of the manuscript Hovey, J.
L.; Dardona, M.; Allen, M. J.; and Dittrich, T. M.

2.2 Introduction

In this chapter, the extraction of rare-earth elements from solutions of different pH values
and from competing metal ions in leachate solutions for reuse using solid-phase materials is
discussed. The studies done in this chapter aim to identify the selectivity of the solid-phase
material and the pH-dependent binding of the system in aqueous solutions of metal ions. The
ingenuity of the system is found in the pH-dependent nature of the ligand leading to control over
the binding and elution of rare-earth ions, desirable for reuse of the system to create an organic
solvent-free method of extracting rare-earth elements from spent materials.

The unique optical, magnetic, and catalytic properties of rare-earth elements make these
elements critical to many industrial processes and technologies including cell phones, laptops,
and electric vehicles."">'” Production of such technologies can be problematic and costly
because of difficulties in separation and purification of the required rare-earth elements.” 1217
Global production of these elements relies on ores such as monazite,*”'12% bastnasite, 471125

xenotime, #”1" and ion-adsorption clays. 47:1116.2%|n 2018, China was responsible for >70% of the
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world mine production of rare-earth elements.?®” Recent geopolitical issues have increased
interest in recovering these elements from non-traditional sources such as electronic waste*” and
fly ash, waste produced from burning coal for electricity generation.'3*2%-260 An economical
procedure to extract rare-earth elements from such abundant by-products is highly desirable. The
most common technique for separating rare-earth elements from the valueless gangue metals in
an aqueous solution on a commercial scale is liquid—liquid (or solvent) extraction.".12-261-264 \While
solvent extraction has many advantages including efficiency and relatively small space
requirements, there are large quantities of organic solvent waste that require additional costs and
have potential environmental implications. Recent advances have been made towards using
room-temperature molten salts known as ionic liquids,®265-2%8 for rare-earth element separations;
however, these remain expensive and will require further developments to reduce organic waste
streams.

In contrast to liquid—liquid extractions, solid—liquid separations remove the need for
organic solvent in the separation process and have the potential to increase the efficiency and
selectivity of extractions.5':68.75.77.91.111,113,142,146,147,149,152,195,156.269-272 \Jany ligands have been used
with solid—liquid extractions, but most efforts have focused on high capacity and selectivity at the
expense of recovery, limiting the reusability of these materials.'" 152270272 Qne particularly
interesting ligand used to overcome this limitation in solid—liquid extractions is
diethylenetriaminepentaacetic acid (DTPA) covalently linked to solid supports.'42.146:149.1% These
systems demonstrate pH-responsive binding to rare-earth elements. Moderately acidic solutions
(pH ~0.5) are used to elute the rare-earth elements into concentrated solutions for further
processing. The binding of DTPA covalently linked to solid supports has been shown to be
influenced by the presence of surface functional groups remaining from the inability to perfectly
functionalize solid supports or by instability of the support to pH ranges needed to elute bound
rare-earth elements. 142146149156 A study done by Karamalidis and coworkers analyzed grafting

different lanthanide-chelating ligands onto resin beads using two equlibrium adsorption isotherms:
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the Langmuir model to analyze monomolecular adsorption and the Freundlich model for multilayer
adsorption.'® They found that the Langmuir model best represented the binding sites with strong
affinity for rare-earth elements at the ligand binding site, and the Freundlich model best described
the weak interactions between the aminated resin and the rare-earth elements.® Although a
multisite modeling approach was necessary to calculate the total rare-earth element uptake on
their aminated resin, they determined that the Langmuir model could be used as an indicator for
binding strength for DTPA and rare-earth elements because the binding of DTPA is much stronger
than the resin to rare-earth elements.™® The complexation thermodynamics of DTPA with rare-
earth elements also were studied by Grimes and Nash who reported generally larger
complexation constants of unmodified DTPA with the heavier rare-earth elements suggesting that
DTPA-associated media would also show similar binding preference for the heavy rare-earth
elements.?’ To overcome the limitations associated with covalent attachment of DTPA to solid
supports, we hypothesized that modification of DTPA with hydrophobic groups would enable
noncovalent interaction with a hydrophobic support to enable isolation of rare-earth elements.
Here, we present hydrophobicly modified pH-dependent ligands on solid support for use in
extractions of rare-earth elements.

To design a ligand-associated media for enrichment of rare-earth elements, the main
ligand selection criteria were (1) the presence of hydrophobic moieties to attach the ligand to a
hydrophobic solid support, (2) the presence of pH-sensitive moieties to control sorption of
aqueous metal species, and (3) selectivity for the more valuable mid and heavy rare-earth
elements over competing metals with lower value such as lanthanum, cerium, iron, and aluminum.
In addition to the wide use of DTPA in lanthanide separations chemistry, we were also inspired
by the rich history of Gd"'DTPA as a contrast agent for magnetic resonance imaging because it
dissociates rapidly upon lowering pH.?”3-2"> Notably, DTPA has acid dissociation constants (pKa
2.00-10.48)%° that suggest effective dissociation of rare-earth elements is possible if binding

occurs at a higher pH than elution. Because the rare earths can precipitate above ~pH 5.5, we
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expected a functional pH range to be below pH 5. To interact with both solid support and metals,
bis(ethyhexyl)amido DTPA, a pH-sensitive multidentate chelator (Figure 2.1), was selected
because of its ability to bind rare-earth elements effectively and also to release them in a

reasonable pH range (pH 1-5).
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Figure 2.1. Structure and design features of bis(ethylhexyl)amido DTPA.

For solid-liquid extraction, the choice of solid support is critically important. Swellable
organically modified silica was chosen as the solid support because it has a high surface area, a
high capacity for organics, and features hydrophobic ethylbenzyl silane groups that are ideal for
interaction with aliphatic regions of adsorbed ligands.?’5-2’ DTPA was synthetically modified to
include two hydrophobic ethylhexyl groups needed to anchor the ligand to the media through
hydrophobic interactions,?%?% leaving three carboxylic groups to drive pH-responsive metal
binding. A 20% (wt/wt) media was synthesized by adding a methanolic solution of ligand to the
organosilica, removing solvent using a centrifuge vacuum system, rinsing with purified water, and
drying the resulting media under reduced pressure. Aqueous metal ion sorption was tested in
batch experiments. Once metals bind to the ligand-associated media, they can be eluted by
lowering the pH to result in an enriched solution of rare-earth elements while the ligands remain
attached to the surface. To the best of our knowledge, this is the first reported use of a
hydrophobic attachment mechanism to make a DTPA-associated media. These results are also
the first report of synthesizing bis(ethylhexyl)amido DTPA (modified DTPA) for sorption

applications.
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2.3 Materials and Methods
2.3.1 Ligand Synthesis

Bis(ethylhexyl)amido diethylenetriaminepentaacetic acid was prepared following a
published procedure.?®' Commercially available chemicals were of reagent-grade purity or better
and were used without further purification unless otherwise noted. Ethylhexylamine and
diethylenetriaminepentaacetic acid bis-anhydride were purchased from TCI Chemicals and used
as purchased. Water was purified using a water purification system (ELGA PURELAB Ultra Mk2
high purity water, 18.2 MQ-cm resistivity). A solution of ethylhexylamine (4.39 g, 0.0340 mol) in
anhydrous dimethylformamide (50 mL) under an atmosphere of argon was heated to 70 °C.
Diethylenetriaminepentaacetic acid bis-anhydride (6.02 g, 0.0168 mol) was added to the solution
while stirring. The reaction was stirred for 4 h at 70 °C. Solvent was removed, and the resulting
light-yellow oil was solidified by adding acetone (30 mL). The solid was recrystallized from boiling
ethanol to yield 6.58 g (79%) of the desired product as a white microcrystalline solid.
2.3.2 Ligand Characterization Methods

To characterize the purity of products, '"H-NMR and C-NMR spectra were acquired
(Agilent MR-400, 399.78 MHz for 'H and 100.53 MHz for '*C). Chemical shifts are reported
relative to residual solvent signals (CDsOD: 'H & 4.95, *C & 49.15). NMR data are assumed to

be first order, and the multiplicity is reported as “s” = singlet, “t” = triplet, and “m” = multiplet.
Italicized elements are those that are responsible for the shifts. Correlation spectroscopy (COSY),
distortionless enhancement by polarization transfer (DEPT), and heteronuclear multiple quantum
coherence (HMQC) spectra were used to assign spectral peaks.

To characterize the identity of products, high-resolution mass spectrometry (HRMS,
Waters LCT Premier Xe time-of-flight high-resolution mass spectrometer) was used in the
Lumigen Instrument Center in the Department of Chemistry at Wayne State University. pH values

were determined using a benchtop pH meter (Accumet AE150, FisherScientific). NMR and MS

data for bis(ethylhexyl)amido DTPA are in agreement with reported values (Figures 2.2 and
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2.3).281 T4 NMR (400 MHz, CDsOD): & = 3.83 (s, 2H; CH2CO3), 3.50 (s, 4H; CH>CO), 3.46 (s, 4H;
CH:CO), 3.40 (t, J = 6 Hz, 4H; NCH,CH), 3.20-3.12 (m, 8H; NCH.CH. and NCHCH), 1.56-1.46
(m, 2H; CH), 1.42—1.23 (m, 16H; CH>), 0.98-0.86 (m, 12H; CHs); *C NMR (100.53 MHz, CDsOD):
5 = 174.9, 173.0, 170.5, 58.9 (CH,CO), 56.9 (CH2CO), 56.4 (CH,CO2), 54.6 (NCH,CH), 51.6
(CHz), 43.6 (CHz), 40.7 (CH), 32.2 (CH,), 30.1 (CHz), 25.3 (CHz), 24.3 (CH,), 14.6 (CHs), 11.3
(CHs). HRMS (m/z): [M + Na]* calcd. for CsoHs7NsOs, 638.4099; found, 638.4096.
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Figure 2.2. "H-NMR Spectrum of Bis(ethylhexyl)amido DTPA.
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Figure 2.3. *C-NMR Spectrum of Bis(ethylhexyl)amido DTPA.
2.3.3 Sorbent Media Synthesis

The sorbent was synthesized by attaching the hydrophobic ethylhexyl chains of the ligand
to the hydrophobic organosilica, leaving three carboxyl groups to interact with aqueous cations
(Figure 2.1). A swellable organically modified silica, or organosilica, was purchased as the
hydrophobic solid support (Osorb®, ABS Materials, Wooster, OH, lot #0035). Before modification,
the organosilica had a reported surface area of >600 m?/g (BET N, method), a pore volume of
0.65 mL/g, and an average pore size <6 nm.?”” SEM images were taken of the osorb material
(Figure 2.4). Batches of organosilica media (4.03 + 0.01 g) were loaded with bis(ethylhexyl)amido
DTPA by adding solutions of bis(ethylhexyl)amido DTPA (50 mL, 32.6 + 0.1 mM) in methanol to
the organosilica in 50 mL screw-top polypropylene centrifuge tubes. The suspensions were

rotated at 19 revolutions per minute for 1 h at ambient temperature. Methanol was removed
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(Vacufuge Concentrator 5301) at 45 °C for approximately 3 h to visible dryness. Portions of
purified water (3 x 40 mL) were used to rinse the media. The ligand-associated media was filtered
using a Buchner funnel, filter paper (Qualitative 90 mm, Whatman), and water-aspiration vacuum

filtration. The media was returned to the vial and residual solvent was removed under reduced

pressure.

Figure 2.4, SEM images of unmodified media. SEM images were taken using JEOL JSM 7600F
(JEOL, USA), magnification of 35% and 100x. The voltage was 15 kV at low vacuum. Samples
were sputter coated with gold, the current was 60 mA for 30 seconds then the images were
acquired.

We made ~25 g of ligand-associated media by attaching bis(ethylhexyl)amido DTPA (5 g
dissolved in methanol) to organosilica (20 g) in batches of 5-7 grams [for example,
bis(ethylhexyl)amido DTPA (1 g) + organosilica (4 g)]. This procedure resulted in 20% (wt/wt)
loading of bis(ethylhexyl)amido DTPA on the organosilica media that was used in all of the

sorption experiments presented here. The media was a darker yellow than the unmodified
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organosilica. The dried media also had good handling properties for transferring between vials
and did not clump or have static issues.
2.3.4 16-Element Competition Studies

Solutions of all 16 naturally occurring rare-earth elements (Sc, Y, and the lanthanides
minus Pm) were prepared by diluting a standard solution [250 mL, ICP-MS-B in nitric acid (2%,
aqueous), each of the 16 rare-earth elements (10 ppm), High Purity Standards] into a 500 mL
volumetric flask and diluting to the mark with purified water resulting in 80 ppm total concentration
of rare-earth elements. The 16-element competition experiments were conducted with 80 ppm
total rare-earth element concentration (5 ppm x 16 elements) to interpret competition between
individual elements in a lower concentration range than the proof-of-concept experiments. The
pH of the resulting solution was 0.9 and was used as the low pH point for the experiment. The pH
of a separate sample of rare-earth element solution (80 ppm) was adjusted to pH 3.3 using NaOH
(5 M, VWR). For each sample, prepared rare-earth element solutions (40 mL) were pipetted into
preweighed ligand-associated media (104 + 2 mg) in 50 mL screw-cap polypropylene centrifuge
vials. Control samples used unmodified organosilica (104.6 £ 0.5 mg) as purchased. The sample
vessels were capped and rotated at 5 revolutions per minute for 24 h. Dilutions for ICP—MS were
prepared by filtering aliquots (500 pL) from the sample vessels into disposable glass test tubes
using 1 mL polypropylene syringes and 0.2 um nylon hydrophilic filters (Basix, 8mm, Fisher).
Samples were filtered, diluted, and analyzed by ICP-MS as described above. All rare-earth
element standards (12 points between 0.005 and 200 ppb) were prepared by diluting
commercially available standard (170 ppm total rare-earth elements) with a solution of OmniTrace
acid (2% nitric).
2.3.5 pH versus Loading experiments

Solutions of Nd"' (50 mL, 300 ppm) were prepared by pipetting 1.5 mL of Nd"' in aqueous
nitric acid (4%, 10,000 ppm, High Purity Standards) into 50 mL screw-cap polypropylene

centrifuge vials and diluting with purified water or 0.1 M acetate buffer (48.5 mL). A 300 ppm Nd"
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concentration was selected for initial proof-of-concept experiments to represent the anticipated
upper range of total rare-earth element concentrations possible in acidic coal fly ash leachate. pH
was adjusted using NaOH (0.5 M, Honeywell) or nitric acid (2% OmniTrace). Each reaction was
begun by pipetting a prepared solution of Nd" (40 mL) into preweighed ligand-associated media
(253 £ 3 mg) in 50 mL screw-cap polypropylene centrifuge vials. The reaction vessels were
rotated at 19 revolutions per minute for 1 h (Tube Revolver/Rotator, ThermoScientific). Serial
dilutions for ICP—MS were prepared by filtering aliquots (500 uL) from the reaction vessel into
disposable glass test tubes using plastic 1 mL syringes and 0.2 um hydrophilic filters (4 mm,
PFTE, Millex-LG). Filtered solutions (200 uL) were diluted with purified water (19.8 mL). From the
diluted solutions, 500 pL was further diluted with a solution of OmniTrace acid (9.5 mL 2% nitric,
0.5% hydrochloric). All Nd" standards (5 points between 5 and 200 ppb) were prepared by diluting
commercially available standard (10,000 ppm Nd"') with a solution of OmniTrace acid (2% nitric,
0.5% hydrochloric). ICP—MS measurements were performed in triplicate with independently
prepared solutions, and the values are reported as the mean + standard error of the mean of the

independent measurements. Calibration curves can be seen in Figure 2.5.
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Figure 2.5. Inductively coupled plasma—-mass spectrometry calibration of neodymium using "*%In
as an internal standard. Nd"" curves are shown as an example of calibration curves, and all
other metals showed similar accuracy.
2.3.6 Cycling pH experiments

Samples were prepared by mixing ligand-associated media (253 + 2 mg) with Nd"' in 0.1
M acetate buffer (40 mL, 300 ppm) and adjusting the pH (3.3 £ 0.2) using concentrated nitric acid.
Controls containing no media were prepared by adding the Nd"' solution (300 ppm, 40 mL) to a
clean 50 mL polypropylene centrifuge tube. Tubes were rotated for 1 h, and the pH was measured

and recorded. Aliquots (100 pL) were removed from each sample and filtered into disposable
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glass test tubes using hydrophilic filters (0.2 um, 4 mm PFTE, Millex-LG). Filtered aliquots (50 pL
of each filtered sample) were diluted to 5 mL using purified water, and the solutions were further
diluted (500 pL to 10 mL) using a solution of OmniTrace acid (9.5 mL 2% nitric, 0.5% hydrochloric).
Concentrations of Nd"' were determined using ICP-MS. The pH of the samples was adjusted (1.5
+ 0.1) using concentrated HNO3 (adding the same volume of nitric acid to the controls as to the
samples), and samples were equilibrated for 20 min by rotating at 19 revolutions per minute. The
pH was measured, and a sample was collected (100 pL), filtered, and diluted (1:200). The same
process as described above for the first loading and strip cycle was repeated five additional times.
2.3.7 Rare-Earth Element Recovery from Fly Ash Leachate

Fly ash was sampled from a local coal-fired power plant, and acid digested by adding fly
ash (5.0 £ 0.1 g) to HCI (aqueous, 20 mL, 4 M, OmniTrace) in a 50 mL polypropylene centrifuge
tube and rotating for 22 h. The solution was centrifuged (30 min, 3500 rpm, IEC International
Centrifuge, HT) and filtered (Quantitative Grade 41, Whatman), and the pH was raised to 3.0 by
adding NaOH (aqueous, 8 M, Fisher). The resulting solution was centrifuged (30 min, 3500 rpm,
IEC International Centrifuge, HT) and filtered a second time (Quantitative Grade 41, Whatman),
and the resulting leachate was used in sorption experiments.

For each sample, prepared leachate solutions (10 mL) were added to preweighed ligand-
associated media (51.5 = 0.4 mg) in 50 mL screw-cap polypropylene centrifuge vials. Control
samples used organosilica (51.6 £ 0.5 mg) as purchased. The sample vessels were capped and
rotated at 5 revolutions per minute for 24 h. Dilutions for ICP-MS analysis were prepared by
filtering aliquots (500 pL) from the sample vessels into disposable glass test tubes using 3 mL
polypropylene syringes and 0.2 um nylon hydrophilic filters (Basix, 13 mm, Fisher). The nickel
and rare-earth element solutions were diluted from the filtered aliquots (10 uL) with OmniTrace
acid (9.99 mL, 2% nitric). Aluminum and iron samples were further diluted: 1 mL was diluted with
a solution of OmniTrace acid (9 mL, 2% nitric) and the diluted solutions (1 mL) were diluted with

a solution of OmniTrace acid (9 mL, 2% nitric). The calibration curve (11 points between 0.005
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and 200 ppb) was prepared by diluting several standards to a single standard in OmniTrace acid
(1000 ppb, 10 mL, 2% nitric): multielement standard containing Al, As, Ba, Be, Cd, Ca, Ce, Cr,
Co, Cu, Dy, Er, Eu, Gd, Ga, Ho, Fe, La, Pb, Lu, Mg, Mn, Nd, Ni, P, K, Pr, Rb, Sm, Se, Ag, Na, Sr,
S, TI, Th, Tm, U, V, Yb, Zn, Cs, B [IV-ICP-MS-71A in nitric acid (3%), each of the 43 elements
listed (10 ppm each), High-Purity Standards], Sc (10,000 ppm, hydrochloric acid, 10%, High-
Purity Standards), Tb in aqueous nitric acid solution (100 + 0.6 ppm, nitric acid, 2%, High-Purity
Standards), and Y (9.99 £ 0.06 ppm, nitric acid, 2%, High-Purity Standards).

2.4 Results and Discussion

2.4.1 16-Element Competitive Sorption Experiments

The complexation constants for DTPA are well established, but to the best of our
knowledge, there has been no report of complexation constants with all of the rare-earth elements
and the bis(ethylhexyl)amido DTPA analog. However, we garnered knowledge about our system
from reports of the binding of DTPA with rare-earth elements.?>'*° A 16-element sorption
competition experiment was designed as a screening test to determine whether or not
bisethylhexylamido DTPA has the same complexation constants as aqueous DTPA. By
comparing the rare-earth element uptake of our ligand-associated media to the 16 REE
complexation constants reported for aqueous DTPA,?° we can test if (1) the addition of two
ethylhexyl chains to DTPA, and (2) the attachment of the chains to organosilica, do not change
the sorption order and sorption magnitude of the 16 rare earth elements being studied.

Batch sorption experiments were conducted using solutions with 16 rare-earth elements
at pH 3.3 with bis(ethylhexyl)amido DTPA-associated organosilica (Figure 2.6). Enough metal
must be present to ensure that there was excess remaining in solution at equilibrium. We chose
to use 10,000 ppm ICP-MS standard for our stock solution and sacrifice a small amount of error
(<1%) introduced by the molarity variance between elements. There is a strong linear correlation

(R? = 0.91) between the normalized amount of metal sorbed (mol sorbed/mol added) for
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bis(ethylhexyl)amido DTPA-associated media and the reported equilibrium complexation

constants for dissolved DTPA for a solution at pH 3.3.
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Figure 2.6. Metal sorbed (mol sorbed/mol added) for bis(ethylhexyl)amido DTPA-associated
media versus the equilibrium stability constants for DTPA.20282 The dotted line represents linear
trendline with R = 0.91.

Because the bis(ethylhexyl)amido DTPA has three remaining carboxylic acid functional
groups of the five present on DTPA (two carboxyl groups are sacrificed to attach the two
hydrophobic chains), this correlation suggests the remaining three carboxyl groups are
responsible for the complexation constants of DTPA. Although this method can only indirectly
verify if a set of known complexation constants for a ligand are still mostly valid for the modified
molecule (DTPA and bisethylhexylamido DTPA, in this case), this method can be a useful
screening method for efficient decision making in custom media design. This proof-of-concept
experiment aided in the thermodynamic characterization of our ligand-associated media, showing
that the addition of two ethylhexyl chains to DTPA and the hydrophobic interaction with the
organosilica does not change the sorption order of the 16 rare-earth elements being studied.

Batch sorption experiments were conducted using solutions with 16 rare-earth elements
at pH 0.9 and 3.3 with both unmodified organosilica and bis(ethylhexyl)amido DTPA-associated

organosilica (Figure 2.7). These pH values were selected to bracket the anticipated working
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range of the ligand—rare-earth element system. The amount of metal sorbed was calculated using

Equation 1,

& = (Tovotm) 1)
where Cy is the amount of metal sorbed to the media (mol), C; is the initial metal concentration in
solution (ppm), C, is the unbound metal in solution after sorption (ppm), m is the molar mass of
the metal (g/mol), and V is the volume of metal solution (L). Control experiments with only metal
and no media present were conducted for each experiment to monitor for precipitation and were
used to determine C;. The metal sorbed, C», was divided by the amount of ligand associated with
the media. Figure 2.7a shows control experiments of unmodified media at both pH 0.9 and pH
3.3 and Figure 2.7b shows ligand-associated media binding rare-earth elements at both pH 0.9
and pH 3.3. The unmodified media shows little to no sorption of rare-earth elements at both high
and low pH (Figure 2.7a). Ligand-associated media binds 6 and 130 times more rare-earth
elements than unmodified media at pH 0.9 and 3.3, respectively, at these concentrations.

At pH 0.9, the sorption of all rare-earth elements excluding scandium is insignificant
(Figure 2.7b). Metal sorption increases significantly at pH 3.3, where a total of 0.69 mol of rare-
earth elements are extracted per mol of added metal (21 mg rare-earth elements per g of media).
At pH 0.9, only 0.13 mol rare-earth elements per mol of added metal are extracted (1.6 mg metal
per g media), with scandium accounting for 76% of the total bound metal at the lower pH. The
solution at pH 3.3 shows notable selectivity of binding heavy over light rare-earth elements with
lanthanum and cerium exhibiting the lowest sorption overall. Because only Sc binds to the ligand-
associated media at pH 0.9, the selectivity for Sc presents an opportunity to remove Sc at a low
pH with ligand-associated media prior to exposing solutions to ligand-associated media at higher

pH.
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Figure 2.7. (a) Sorption of trivalent rare-earth elements to the unmodified media. (b) Sorption of
trivalent rare-earth elements to the ligand-associated media. The ligand-associated media shows
preference for binding the mid to heavy rare-earth elements. Metal sorbed is C, from Equation
1. The bars for each element on the primary (left) y-axis represent metal sorbed per metal added
(mol/mol): black bars at pH 3.3 and grey bars at pH 0.9. The lines for each element on the
secondary (right) y-axis represent metal sorbed per media added (mg/g): black line at pH 3.3 and
grey line at pH 0.9. Error bars indicate the standard error of the mean of three independently
prepared samples.

2.4.2 pH-dependent Sorption and Cycling of Nd"

Due to the critical nature of neodymium in many technologies,?®® we focused our cycling
studies on Nd". The effective pH range of Nd" sorption to the ligand-associated media was
determined by measuring metal binding as a function of pH (Figure 2.8). Six solutions of Nd"
(300 ppm) in dilute nitric acid (<0.2% v/v) were prepared within a range of pH (0.8-5.4). The

amount of metal sorbed after 1 h was calculated using Equation 1. The metal sorbed, Cs, was
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divided by the amount of ligand associated with the ligand-associated media to yield the data in
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Figure 2.8. Nd" sorption as a function of pH. Nd"' sorbed is C, from Equation 1. Error bars indicate
the standard error of the mean of three independently prepared samples.

We observed an insignificant amount of metal binding at pH 0.8 (<0.01 + 0.03 mol Nd"
sorbed per mol of added ligand). As the pH increases, the ligand-associated media sorbed more
metal per mole of added ligand, reaching a plateau at pH 3.4 + 0.1 with 0.57 + 0.06 mol Nd"
sorbed per mol of added ligand. This observation is consistent with the pH-dependence of DTPA
complexation where the metal binding sites (carboxylic acids and amines) are largely protonated

below pH 2. DTPA has a pKa, of 4.3;% therefore, the plateau in binding above pH 3.6 is

reasonable. A plausible reason for the value of less than 1:1 metal/added ligand in Figure 2.8 is
the presence of inaccessible binding sites that are blocked by the solid support, as is often the
case in solid-phase chemistry.'®

A cycling experiment was performed to study the regeneration of our ligand-associated
media. Nd" solutions (300 ppm) were mixed with ligand-associated media in 0.1 M acetate buffer
(pH 3.3) and cycled between pH 3.3 and 1.5 (Figure 2.9). To confirm that acetate does not impact
Nd"' binding, experiments using acetate buffer versus no acetate buffer can be seen in Figure
2.10. As was observed in our pH-dependent metal binding experiments, more Nd'"' binds at the
higher pH than at the lower pH for each cycle. The overall mean binding at pH 3.3 is 0.51 + 0.02
mol Nd" per mol added ligand. The overall mean binding at pH 1.5 is 0.19 + 0.01 mol Nd"' per

mol added ligand. From this cycling experiment, a clear trend of binding Nd'"" at a mildly acidic pH
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and eluting Nd"" at lower pH is apparent. Furthermore, we did not observe a significant decrease
in the binding efficiency between the first and sixth cycles, suggesting that the ligand-associated

media has the potential for many rounds of reuse.
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Figure 2.9. pH-cycling experiment with sorption and desorption of Nd" from the organosilica-
ligand system. Nd"' sorbed is C, from Equation 1. Grey bars represent Nd"' bound between pH
1.5 and 1.6, and black bars represent Nd"' bound between pH 3.2 and 3.5. Error bars indicate the
standard error of the mean of three independently prepared samples.
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Figure 2.10: Comparison of acetate content in sorption experiments. Squares represent data
from Figure 2.8 where acetate (0.1 M) is present only in samples within pH range 3.6-5.6, and
circles represent acetate (0.1 M) present in all solutions.

2.4.3 Proof-of-concept: Rare-earth element recovery from coal fly ash leachate
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To evaluate the potential of using the DTPA-associated media for rare-earth element
extraction from a more complex solution, we tested the ligand-associated media sorption
performance with a coal fly ash digestion leachate in a nitric acid system raised to pH 3 for sorption
experiments. In addition to coal fly ash being an abundant waste product with significant amounts
of rare-earth elements,'332°"-260 fly ash leachates contain large concentrations of competing
trivalent ions such as aluminum and iron. The concentrations of rare-earth elements and Al, Fe,
and Ni in the fly ash leachate used in this study are shown in Table 2.1. The rare-earth elements
and Ni were measured at concentrations between 0.06 and 4.2 ppm with much higher
concentrations of Al (5,500 ppm), and Fe (1,800 ppm). Although not a main consideration for this
paper, Ni is included as a point of comparison of the trivalent rare-earth elements with divalent
metals.

Table 2.1: Metal concentrations of fly ash leachate measured by ICP—MS. Reported values are

the mean concentration of three replicates.”

Element Leachate Concentration (ppm)

Al 5500
Sc 0.82
Fe 1800
Ni 4.2
Y 4.2
La 4.1
Ce 8.2
Pr 1.0
Nd 3.7
Sm 0.78
Eu 0.19
Gd 0.82
Tb 0.13
Dy 0.76
Ho 0.15
Er 0.43
Tm 0.06
Yb 0.37
Lu 0.06

* The standard error of the mean was <5% for all measurements
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Sorption experiments were performed to test the ability of both unmodified organosilica
and DTPA-associated organosilica to sorb rare-earth elements (Figure 2.11) in the presence of
iron and aluminum at several orders or magnitude higher than the rare-earth elements (~700- to
90,000-fold excess) (Table 2.1). At these concentrations, the unmodified organosilica only sorbed
Al, Fe, and Sc, while all other rare-earth elements and nickel did not significantly sorb. These
experiments demonstrate that sorption of rare-earth elements to ligand-associated media occurs
as a result of the modification with hydrophobic bis(ethylhexyl)amido DTPA. Interestingly, these
data also suggest that the unmodified organosilica could be used as a means to pretreat samples

to remove iron or aluminum or to select for scandium among the other rare-earth elements at

these concentrations.
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Figure 2.11. Metal sorption from fly ash leachate solutions at pH 3.0. Grey bars for each element
represent percent metal extracted with unmodified media at pH 3.0, and black bars for each
element represent metal extracted with the ligand-associated media. Error bars represent the
standard error of the mean of three independently prepared samples.

Fly ash leachate was treated with our ligand-associated media using the same procedure
as the 16-element experiments described above. The ligand-associated media showed a sorption
preference toward mid and heavy rare-earth elements (Figure 2.12), even in the presence of
large concentrations of Al and Fe. There is a strong linear correlation (R? = 0.94) between the

normalized amount of metal sorbed (mol sorbed/mol added) for bisethylhexylamido DTPA-
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associated media and the reported equilibrium complexation constants for dissolved DTPA for a

pH 3.3 solution.?%-282
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Figure 2.12. Metal sorbed (mol sorbed/mol in leachate) for bis(ethylhexyl)amido DTPA-
associated media versus the lanthanide equilibrium stability constants for DTPA.2%282 The dotted
line represents linear trendline with R = 0.94.

Notably, even though iron and aluminum were present at concentrations several orders of
magnitude higher than the rare-earth elements in the leachate (Table 2.1), iron and aluminum
competed poorly with the rare-earth elements. We attribute this unique selectivity to the speciation
at low pH.?* Nickel sorbed at a similar level to the mid and heavy rare-earth elements. These
experiments demonstrate that the observed selectivity of rare-earth element binding is not altered
when in competition with iron and aluminum; however, nickel competes with rare-earth elements
for binding. These results indicate that a resin of this type would be more useful for coal fly ash
leachate compared to recycled batteries that would contain larger amounts of nickel.

2.5 Conclusions

We have synthesized a new pH-dependent media by noncovalently adding hydrophobic
moieties to DTPA and attaching them to organosilica. The ligand-associated media sorption
capacity increases as a function of pH in the pH range 1-5, which is well-suited for metal recovery

from acid leach solutions. We have also demonstrated that the ligand-associated media can be
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reused for at least six cycles, binds rare-earth elements with selectivity for the heavier elements
over cerium and lanthanum, and can extract rare-earth elements when in competition with other
metals found in fly ash. The selectivity for heavy rare-earth elements over cerium and lanthanum
is a key finding because of the critical importance of the elements. The technology described here
is an inroad to organic solvent-free methods of recovering essential elements from a variety of

sources.
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CHAPTER 3
Adjusting Chain Length of Amphiphilic Ligands for the
Preparation of Solid-Phase Media Designed to Enrich Rare-Earth Elements
3.1 Description of Author Contributions

The studies in this chapter were carried out in collaboration with Nicholas Peraino and
Matthew J. Allen. My contributions to the studies described in this chapter include the synthesis
and characterization of the bis(butyl)amido DTPA ligand and the bis(hexyl)amido DTPA ligand,
preparation of the solid-phase materials, washes of the solid-phase materials, and preparation of
calibration curves and samples for quantitative chromatography. Within Chapter 3, Nicholas
Peraino carried out quantitative chromatography measurements.

3.2 Introduction

In this chapter, the hydrophobic interactions between ligands and hydrophobic
organosilica were probed by adjusting the length of the hydrophobic chains on the ligands. The
studies in this chapter aimed to characterize the interactions involved in the design of solid-
phase media with noncovalently bound ligands. By characterizing both the initial adsorption of
ligands and the adsorption of the ligands after washing the solid-phase media in different
solvents, the aim of the studies described in this chapter was to establish ligand properties that
provide efficient and reusable solid-phase media designed for the enrichment of rare-earth
elements.

Rare-earth elements are crucial to the development of everyday technologies including
displays, batteries, permanent magnets, catalysts in petroleum refineries, and other
applications.'"*'” The rare-earth elements are among the most critically scarce elements with
calculated consumption of rare-earth elements in the United States outweighing the calculated
supply from mining and reused materials.” The paucity of local primary sources of rare-earth
elements has shifted the focus from mining rare-earth elements to the enrichment of rare-earth

elements in secondary sources such as recycled electronic waste,*” coal fly ash,'33258-260 or
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spent nuclear fuel 813513 Some common methods used to enrich rare-earth elements include
liquid—liquid extraction combined with fractional precipitation or solid—liquid extraction. Liquid—
liquid extraction involves a biphasic system where the extractant, or ligand, is added to the
organic phase and used to extract the rare-earth ions from the aqueous phase. Combined with
fractional precipitation, where counterions are used to precipitate rare-earth ions from solution,
liquid—liquid extraction produces purities of rare-earth oxides >99.9% after more than 50 rounds
of separations.” Although liquid—liquid extraction is widely used commercially to provide rare-
earth oxides, there is a significant amount of organic waste produced from many rounds of
separations.?® An organic-solvent-free method of rare-earth element enrichment is solid—liquid
extraction, where solid-phase materials are comprised of solid supports with ligands that are
either covalently or noncovalently associated with the solid support. A benefit of using solid—
liquid extraction is the solid-phase material is designed to bind rare-earth ions from a single
aqueous phase. In addition to omitting the use of organic solvent during extractions, the solid—
liquid extraction method provides the opportunity to increase selectivity and efficiency of rare-
earth element enrichment by modifying both the ligand and solid support. By adjusting the
interactions between ligands and solid supports, ligands can be synthetically modified to
enhance enrichment of rare-earth ions.

The strategy described in this chapter for rare-earth-element enrichment involves grafting
ligands to organically modified silica for the enrichment of rare-earth ions in a pH-dependent
fashion, and the specific study central to this chapter analyzes the effects of adjusting the
interactions between ligands and solid support on the amount of metal adsorbed to the solid-
phase media. Amphiphilic ligands (3.1 and 3.2) were selected for study because they are
derivatives of diethylenetriamine pentaacetic acid (DTPA) were chosen with metal-binding
moieties featuring oxygen and nitrogen donors and hydrophobic moieties to facilitate noncovalent
interactions with hydrophobic solid supports (Fig. 3.1). Because DTPA is widely used for binding

rare-earth elements, the thermodynamics and kinetics of binding are well-studied and aid in the
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application for rare-earth element extraction.20.282.142.146,149,156 Qng of the main reasons behind the
choice of ligand was to enable binding of rare-earth ions in a pH-dependent fashion. DTPA
features pKa values that range from 2.00 to 10.5,%° resulting in a trend where the rare-earth ions
bind at a higher pH (pH = 3.3) and elute at a lower pH (pH = 1).2° In the interest of reusability of
the solid-phase media, it is important to choose a solid support and ligand that are stable at the
pH values at which the metals are extracted and eluted. To address the impact of adjusting the
ligand used in rare-earth-element enrichment, DTPA was synthetically modified with different
hydrophobic moieties selected to study noncovalent interactions with hydrophobic organically

modified silica.

OH T HO

N/\/N\/\N

Y Y

NHR NHR

31:R= C4Hg
3.22.R= CGH13

Figure 3.1. Amphiphilic ligands described in this chapter.

The focus of the study described in this chapter is to analyze the effects of adjusting the
length of the hydrophobic moieties on ligand loading and wash off. Ligands 3.1 and 3.2 feature
butyl and hexyl hydrophobic functional groups. The bis(ethylhexylamido) DTPA ligand is
discussed in Chapter 2 for rare-earth ion enrichment and the selection criteria for ligands 3.1 and
3.2 included synthetic feasibility and solubility.?® Because the ligands were expected to interact
with solid supports through hydrophobic interactions, the central hypothesis of this chapter is that
ligands featuring longer chains will exhibit stronger noncovalent interactions to the solid support.
Consequently, stronger ligand-resin interactions would be expected to shift equilibrium toward
ligand-bound solid-phase material and result in more ligand bound to the solid support.

Experimentally, this hypothesis was tested by measuring the amount of ligand on the solid-phase
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media. Further, the material that has the most ligand interactions would also feature the most
stable ligand-solid support interactions leading to the least amount of ligand washed off through
reuse of the solid-phase material. Wash off was measured by exposing solid-phase media to
different environments relevant to rare-earth element enrichment such as methanol, pH 5.5 water
representative of a binding pH, and pH 0.9 water representative of an elution environment.
3.3 Materials and Methods
3.3.1. Ligand Synthesis

Ligands 3.1 and 3.2 were prepared by using procedures similar to those reported
elsewhwere.?8528¢ Commercially available chemicals were of reagent-grade purity or better and
were used without further purification unless otherwise noted. NMR characterization was
performed using 'H- and "*C-NMR spectroscopy (Agilent MR-400, 399.78 MHz for 'H and 100.53
MHz for '*C). Chemical shifts are reported relative to residual solvent signals (CDzOD: 'H & 3.31,
3C & 49.15). NMR data are assumed to be first order, and the multiplicity is reported as “s” =
singlet, “t” = triplet, and “m” = multiplet. Italicized elements are those that are responsible for the
shifts. Correlation spectroscopy (COSY), distortionless enhancement by polarization transfer
(DEPT), and heteronuclear multiple quantum coherence (HMQC) spectra were used to assign
spectral peaks. The identity of products was characterized by high-resolution mass spectrometry
(HRMS, Thermo Scientific LTQ Orbitrap XL high-resolution mass spectrometer). Water was
purified using a water purification system (ELGA PURELAB Ultra Mk2 high purity water, 18.2
MQe-cm resistivity). A swellable organically modified silica, or organosilica, was purchased as the
hydrophobic solid support (Osorb®, ABS Materials, Wooster, OH, lot #0035). Samples were
rotated using a Tube Revolver/Rotator, ThermoScientific. Quantitative chromatography was
accomplished with a Waters Acquity UPLC.
General ligand synthesis procedure:

To a stirring solution of amine (butylamine: 4.12 g, 0.0563 mol, or hexylamine: 5.72 g,

0.0565 mol) in anhydrous dimethylformamide (100 mL) under an atmosphere of Ar at 70 °C was
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added diethylenetriaminepentaacetic acid bis-anhydride (10.0 g, 0.0280 mol). The resulting
reaction mixture was stirred for 4 h at 70 °C. Solvent was removed under reduced pressure, and
the resulting solid was crystallized from boiling ethanol to yield 3.1: 6.00 g (43%) or 3.2: 121 g
(77%) as a white microcrystalline solid.

N,N"-Bis(butylamido)diethylenetriaminetriacetic acid (3.1):

H NMR (399.78 MHz, CDs;0D) (Figure 3.2): 5 = 3.82 (s, 2H; CH,CO), 3.57-3.35 (m, 12H;
CH.CO, NCH>CHz), 3.28-3.19 (m, 4H, CH-), 3.19-3.08 (m, 4H; NCH>CH>), 1.60-1.44 (m, 4H;
CH.), 1.44-1.26 (m, 4H; CH.), 1.02-0.84 (m, 6H; CH3); *C NMR (100.53 MHz, CDs0D) (Figure
3.3): 6=175.0,173.0, 170.5, 58.9(CH.CO), 56.7 (CH2CO), 56.4 (CH2CO3), 54.8 (NCH2CH.), 51.6
(NCH2CH_), 40.3 (CH), 32.7 (CH2), 21.3 (CH>), 14.3 (CHs). HRMS (m/z): [M + Na]* calcd. for

szH41N508Na, 526.2847; found, 526.2841.
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Figure 3.2. "H-NMR Spectrum of 3.1.
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Figure 3.3. *C-NMR Spectrum of 3.1.

N,N"-Bis(hexylamido)diethylenetriaminetriacetic acid (3.2):

H NMR (399.78 MHz, CDs0D) (Figure 3.4): 5 = 3.78 (s, 2H; CH.COy), 3.45 (s, 4H; CH,CO), 3.40
(s, 4H; CH»CO), 3.36 (t, 4H, J = 6 Hz; NCH.CH>), 3.16 (t, 4H, J = 6 Hz; CH.), 3.10 (t, 4H, J=6
Hz; NCH.CHy), 1.53-1.42 (m, 4H; CH), 1.35-1.21 (m, 12H; CH,), 0.90-0.81 (m, 6H; CHs); *C
NMR (100.53 MHz, CD30OD) (Figure 3.5): 6 = 174.9, 173.0, 170.5, 58.9 (CH2CO), 56.7 (CH2CO),
56.4 (CH2COz), 54.8 (NCH2CH>), 51.5 (NCH2CH?2), 40.6 (CH), 32.9 (CHz), 30.6 (CHz), 28.0 (CHz),
23.8 (CHy), 14.6 (CH3). HRMS (m/z): [M + Na]* calcd. for CzsH4gNsOgNa, 582.3473; found,

582.3476.
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Figure 3.4. "H-NMR Spectrum of 3.2.
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Figure 3.5. *C-NMR Spectrum of 3.2.
3.3.2 Preparation of Ligand-Functionalized Media

All ligand-functionalized media were prepared at a concentration below which aggregation
was expected based on reported critical micelle concentration of the hexadecyl bisamide
derivative of DTPA.28” Samples of organosilica media were loaded with ligand by adding a solution
of 3.1 (600 mL, 0.516 £ 0.004 mM) or 3.2 (500 mL, 0.515 + 0.003 mM) in methanol to preweighed
organosilica (741 £ 1 mg) in a 1 L round bottom flask. The suspensions were rotated at 30
revolutions per minute for 1 h at ambient temperature. The samples of ligand-functionalized media
were filtered using water-aspiration vacuum filtration with a Buchner funnel and filter paper
(Qualitative 90 mm, Whatman) and filtrates were collected in 500 mL plastic screw-cap
polypropylene containers. The media was returned to the vial and residual solvent was removed

under reduced pressure. Dilutions for liquid-chromatography—mass spectrometry (LCMS)
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analysis were prepared by diluting the collected water filtrates to 500 mL using a 500 mL
volumetric flask with methanol. Aliquots (1 mL) were removed from each sample and filtered into
disposable glass test tubes using hydrophilic filters (0.2 um, 4 mm PFTE, Millex-LG). Filtered
aliquots (50 pL of each filtered sample via glass syringe) were added to a 22 mL glass vial and
diluted to 10 mL using a water/methanol solution (80/20 v/v, 9.95 mL). Each sample (80 pL) was
further diluted using a water/methanol solution (80/20 v/v, 1.92 mL). The samples were filtered
into 2 mL screw cap glass LCMS vials and sealed with a septum cap using hydrophilic filters (0.2
um, 4 mm PFTE, Millex-LG). The calibration curve for 3.1 was prepared starting with a working
solution of 3.1 (25 mL, 1000 ppm). The working solution (3 mL) was filtered into a disposable
glass test tube using hydrophilic filters (0.2 ym, 4 mm PFTE, Millex-LG) and diluted (25 pL to 25
mL) using a 25 mL volumetric flask using water/methanol (80/20 v/v). The solution was further
diluted using a 10 mL volumetric flask (1 mL to 10 mL) using water/methanol (80/20 v/v) and the
resulting 100 ppb solution was used to prepare the calibration curve for 3.1 (5 points between 5
and 100 ppb) using water/methanol (80/20 v/v). The calibration curve for 3.2 was prepared
starting with a working solution of 3.2 (250 mL, 100 ppm). The working solution (1 mL) was filtered
into a disposable glass test tube using hydrophilic filters (0.2 ym, 4 mm PFTE, Millex-LG) and
diluted using a 10 mL volumetric flask (1 mL to 10 mL vial pipet) using water/methanol (80/20
v/v). The resulting 100 ppb solution was used to prepare the calibration curve for 3.1 (5 points
between 5 and 100 ppb) using water/methanol (80/20 v/v). Chromatography was performed with
10 pL injection of sample dissolved in water/methanol (80/20 v/v); elution with A: water containing
formic acid (0.1%); B: acetonitrile containing formic acid (0.1%); a Phenomenex Aeris widepore
C4 200 3.6 ym x 50 mm x 2.1 mm column; and a Thermo LTQ-XL operating in CID MS/MS mode
with an isolation width of 1.5 Da scanning for 3.1 (504.3 @20CID to 215.13, 316.26 @ 4.13 min)

and 3.2 (560.3 @20CID to 243.20, 344.29 at 8.46 min).
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3.2.3 Washes of Ligand-Functionalized Media

The values of pH were determined using a benchtop pH meter (Accumet AE150,
FisherScientific) or pH paper (MColorpHast, pH 0-14 universal indicator pH strips). For the pH
5.5 water wash, samples were prepared by mixing ligand-functionalized media prepared with 3.1
(252 £ 1 mg) or 3.2 (251 + 1 mg) with water (8.5 mL, pH ~5-6 via pH strips). For the pH 0.9 wash,
samples were prepared by mixing ligand-functionalized media prepared with 3.1 (251.4 £ 1.0 mg)
or 3.2 (251.0 £ 0.4 mg) with acidic water (8.5 mL, HCI, pH 0.90 + 0.01). For the methanol wash,
samples were prepared by mixing ligand-functionalized media prepared with 3.1 (526.0 £ 0.9 mg)
or 3.2 (5626.3 + 0.3 mg) with methanol (18 mL). The suspensions were rotated at 30 revolutions
per minute for 1 h at ambient temperature and filtered using water-aspiration vacuum filtration
with a Buchner funnel and filter paper (Qualitative 90 mm, Whatman). Filtrates were collected in
15 mL plastic screw-cap vials. The media was returned to the vial and residual solvent was
removed under reduced pressure. Dilutions for LCMS analysis were by prepared by diluting the
water filtrates to 25 mL using a 25 mL volumetric flask with purified water. Aliquots (2 mL) were
removed from each sample and filtered into disposable glass test tubes using hydrophilic filters
(0.2 ym, 4 mm PFTE, Millex-LG). Each filtered aliquot (1.6 mL of each filtered sample via pipet)
was added to a 2 mL volumetric flask and diluted to 2 mL using methanol. The samples were
added to 2 mL screw cap glass LCMS vials and sealed with septum caps. The collected methanol
filtrates were each diluted to 25 mL using 25 mL volumetric flasks with methanol. Aliquots (1 mL)
were removed from each sample and filtered into disposable glass test tubes using hydrophilic
filters (0.2 um, 4 mm PFTE, Millex-LG). Filtered aliquots (0.4 mL of each filtered sample) were
added to a 4 mL screw cap vial using a glass syringe and diluted to 2 mL using purified water (1.6
mL via pipet). The resulting samples were filtered into 2 mL screw cap glass LCMS vials and
sealed with septum caps. All diluted filtrate samples were quantified using the calibration curves

described in Section 3.3.2.
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3.4 Results and Discussion
3.4.1 Comparison of Amphiphalic Ligand Loadings

To measure the amount of ligand adsorbed to organosilica, techniques quantifying the
prepared solid-phase media or the filtrate were performed. Attempts to quantify ligand loading on
the solid-phase media by directly measuring the solid-phase media focused on the fact that the
only source of nitrogen in the ligand-functionalized media is from the ligand. Thus, X-ray
photoelectron spectroscopy (XPS) was used to analyze the relative percent nitrogen composition
of the solid-phase media samples. The results from XPS analysis for both 3.1-loaded media and
3.2-loaded media showed results that were within the baseline and could not be fitted for
quantification. Although the limit of detection for a nitrogen signal in XPS is ~0.1%, we determined
that XPS was not compatible with quantification 3.1 or 3.2 on the solid-phase media. The next
characterization technique used to measure percent nitrogen was combustion analysis. The
values obtained for percent loading in the 3.1-loaded media had deviation of £ 33% and the values
obtained for percent loading in the 3.2-loaded media had deviation of + 51%. Again, nitrogen was
observed in the samples above the limit of quantification, but after multiple attempts to
troubleshoot the variability from the measured values, alternate characterization methods sought
to obtain reliable results.

To quantify the amount of ligand bound to the resin, the amount of unbound ligand
measured in the filtrate post-adsorption was measured using liquid-chromatography—mass
spectrometry (LCMS). To prepare the solid-phase media, methanolic solutions of ligands 3.1 and
3.2 (0.51 mM) were rotated with organosilica for 1 h at room temperature. 3.1 resulted in a solid-
phase media that had 6.0 + 0.7% loading and 3.2 was measured to have 9.7 + 0.7% loading
(Figure 3.6). These data support the hypothesis that ligands featuring longer chains (3.2) exhibit
stronger noncovalent interactions with the hydrophobic solid support than ligands featuring
shorter chains (3.1), as evidenced by the difference in the amount of ligand bound to the solid

support.
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Figure 3.6. Ligand-functionalized media loadings where the ligand on the media is represented
by the number below each set of data on the x-axis. Error bars for 3.1 indicate the standard error
of the mean of five independently prepared samples, and error bars for 3.2 indicate the standard
error of the mean of seven independently prepared samples.
3.4.2 Ligand-Functionalized Media Washes

Because one goal for solid-phase media is to reuse the material, it is important to
characterize the stability of the ligand through changes in environment such as changes in pH to
characterize the extent to which ligand washes off of the media. The prepared solid-phase media
from Section 3.3.1 was used to analyze three different environments relevant to rare-earth
element enrichment: methanol representative of ligand loading conditions; pH 5.5 water
representative of the binding pH; and pH 0.9 water representative of the elution environment. To
test wash off under these conditions, solid-phase media (525 mg) was added to methanol (18
mL), a second batch of solid-phase media (250 mg) was added to pH 5.5 purified water (8.5 mL),
and a third batch of solid-phase media (250 mg) was added to pH 0.9 water adjusted with
concentrated HCI (8.5 mL), and all samples were rotated for 1 hr at room temperature. Ligand 3.1
exhibited 0.02 £ 0.01% wash off in methanol, 0.28 £ 0.08% wash off in pH 5.5 water, and <0.01%

wash off in pH 0.9 water (Figure 3.7). Ligand 3.2 exhibited 0.01% wash off in methanol, <0.01%
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wash off in pH 5.5 water, and <0.01% wash off in pH 0.9 water (Figure 3.7). The increased wash-
off of ligand 3.1 at pH 5.5 compared to ligand 3.2 is likely due to the solubility differences of 3.1
and 3.2, where ligand 3.1 is more soluble in aqueous environments. Therefore, the data suggest
that solid-phase media prepared with ligand 3.2 would be more stable over rounds of reuse

compared to solid-phase media prepared with ligand 3.1.
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Figure 3.7. Washes of ligand-functionalized media. The ligand on the media is represented by
the compound number below each set of data on the x-axis. Grey bars represent media washed
in methanol; white bars represent media washed in pH 5.5 water; and black bars represent media
washed in pH 0.9 water. Error bars indicate the standard error of the mean of three independently
prepared samples for all data, except error bars for methanol wash for compound 3.1 represent
the standard error of the mean of two independently prepared samples. A data point was removed
by statistical analysis using a q test from the methanol wash for compound 3.1. *Values measured
for the pH 5.5 and pH 0.9 washes were below the limit of detection of LCMS (10 ppb).
3.5 Conclusions

Solid-phase materials were synthesized containing amphiphalic ligands differing in

hydrophobic chain lengths were prepared to characterize the loading of the materials on
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hydrophobic organically modified silica and to analyze the effects of increasing chain length on
the stability of the solid-phase materials. The use of ligands 3.1 and 3.2, support the hypothesis
that ligands featuring longer chain lengths exhibit increased uptake onto the resin compared to
ligands featuring shorter chain lengths. Future studies with ligands featuring longer hydrophobic
chains are expected to show similar results, provided the solubility is compatible with the
preparation of the solid-phase media. The data also show that solid-phase media prepared with
ligand 3.1 exhibits ligand wash off at pH 5.5. Because of the stark differences in ligand wash off
between ligands 3.1 and 3.2, testing of ligands featuring longer chain lengths are expected to
support many rounds of reuse and increase the efficiency of rare-earth element extraction. Future
studies aim to test metal uptake by comparing the solid-phase media that exhibited the best

uptake onto the solid support to the solid-phase media that had the least wash off.
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CHAPTER 4

Luminescence Differences between Two Complexes of Divalent Europium
4.1 Permissions and Description of Author Contributions

This chapter was adapted with permission from Corbin, B. A.; Hovey, J. L.; Thapa, B.;
Schlegel, H. B.; Allen, M. J. Luminescence Differences between Two Complexes of Divalent
Europium. J. Organomet. Chem. 2018, 857, 88—-93. The studies described in this chapter were
performed in collaboration with Dr. Bishnu Thapa, Brooke A. Corbin, Dr. H. Bernhard Schlegel,
and Dr. Matthew J. Allen. My contributions to the research included the UV-visible and
fluorescence measurements for the two divalent europium complexes, optimization of the
functional used in calculations using time-dependent density functional theory, and the
calculations for the Eu'-containing octaaza-cryptate. Within chapter 4, “we” and “our” refers to the
authors of the manuscript Corbin, B. A.; Hovey, J. L.; Thapa, B.; Schlegel, H. B.; and Allen, M. J.
4.2 Introduction

In this chapter, studies analyzing one of the critically important rare-earth elements,
europium, are described with respect to its use in photoredox chemistry and magnetic resonance
imaging. Europium has been determined by the U.S. Department of Energy to be of critical
importance because the demand of europium for fluorescent lighting, phosphors in the screens
of electronic devices, and as a dopant for laser production outweighs the current accessible
supply of europium.2” The aforementioned uses of europium stem from the unique luminescent
properties of trivalent europium featuring 4f—4f electronic transitions, but europium also has a
redox-accessible divalent state where the luminescence is caused by a 5d—4f transition.

Divalent lanthanides have been a flourishing area of study, especially with the recent
completion of the divalent series by Evans and co-workers.?8-3%° Of the divalent lanthanides,
europium is of specific interest due to the stability imparted by half-filled 4f orbitals making the
divalent state relatively easy to access. Owing to the exceptional electronic stability and distinct

magnetic properties, divalent europium has become prevalent in fields such as magnetic
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resonance imaging,?74:301,306,310-313 photochemistry,3'4315 and lanthanide-activated
phosphors.303318317 Complexes of divalent europium, like 4.1 (Figure 4.1), generally absorb UV
radiation, emit blue light, and have low quantum yields in solution®'® (0.1% quantum yield for 4.1
in 6:4 methanol/water *'°; ~9.3% quantum vyield for 4.1 in methanol*?). Recently, we reported a
Eu'-containing complex, 4.2, that exhibits yellow luminescence with an exceptionally high
quantum yield (26% in aqueous solution3®). The stark difference in luminescence properties
between 4.1 and 4.2 highlights the need to more thoroughly understand the energetics of 4.1 and

4.2 if new Eu-containing luminescent materials are to be designed and studied.
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Figure 4.1. (left) Eu'-containing 222-cryptate 4.1 and (right) Eu'-containing octaaza-cryptate 4.2.

Computational chemistry offers a unique way to investigate the molecular orbitals involved
in electronic transitions and predict energies that can be applied to understanding ligand effects.
There are few computational studies that report UV-visible spectral models for divalent lanthanide
complexes in solution and examine excited states,®?'23 and to the best of our knowledge,
calculated emission spectra of divalent europium complexes in solution have not been reported.
This paucity is likely because a common computational method for lanthanides employs f-in-core
pseudopotentials that enforce fixed 4f" configurations.®?* While this enforcement minimizes
convergence problems, it precludes studies of f—-d luminescence. The lack of reported divalent
europium emission studies could also be attributed to the anticipation that Eu" complexes in
solution have low quantum yields, similar to 1.3'® However, given the bright luminescence of 4.2

and its excitation by visible light, along with other Eu'"-containing complexes demonstrating high
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quantum yields,3?5-328 the number of interesting systems that contain divalent europium that would
benefit from computational analysis is expanding.

In the present study, we used density functional theory to examine the differences in
luminescence between 4.1 and 4.2. Our calculations reproduce the expected spin- and dipole-
allowed transition from the Eu" ground state (4f") to the excited state (4f°5d'), and from excited
state to ground state.3?° In these transitions, no spin flip is expected due to the strong exchange
interaction of Eu" (spin multiplicity = 8). We hypothesized, based on ligand field theory, the
difference in electronic energies is likely due to the 5d orbitals that are influenced by the ligand
field unlike the shielded 4f orbitals. In our computational study, we compare 4.1 and 4.2 because
these complexes are structurally similar and have reported absorption, excitation, and emission
spectra, with distinct excitation and emission characteristics.

4.2 Materials and Methods
4.2.1 UV-visible and fluorescence measurements

Commercially available chemicals were of reagent-grade purity or better and were used
without further purification unless otherwise noted. Water was purified using a PURELAB Ultra
Mk2 water purification system (ELGA). Anhydrous methanol was stored over activated molecular
sieves (3 A) and degassed under reduced pressure (0.2 Torr). The ligand for 4.1 (4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) was purchased from TCI chemicals. The ligand for
4.2 (1,4,7,10,13,16,21,24-octaazabicyclo[8.8.8]hexacosane) was prepared according to a
reported procedure.®3%33! Concentrations of Eu were determined using energy-dispersive X-ray
fluorescence spectroscopy with an EDX-7000 spectrometer (Shimadzu Scientific Instruments) at
the Lumigen Instrument Center at Wayne State University. A calibration curve was used to
determine the concentration of a stock solution of EuCl,. The curve was created using the Eu
fluorescence intensity at 5.485 keV for a 250—1000 ppm concentration range prepared using a
standard solution of europium (Europium Standard for ICP 1000 mg/L Eu in nitric acid, Sigma)

and dilutions with water.
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Samples of 4.1 and 4.2 were complexed in a dry glove box under an atmosphere of N2in
a 5 mL volumetric flask. Solutions of the complexes were transferred into quartz cuvettes with
screw-top caps and sealed with electrical tape to maintain inert atmosphere. UV—visible spectra
were recorded using a Shimadzu UVmini-1240 spectrophotometer. Emissions were recorded
using a HORIBA Jobin Yvon Fluoromax—4 spectrophotometer. Slit widths of 1 and 0.5 nm were
used for excitation and emission, respectively.
4.2.2 Computational Details

All calculations were carried out with the Gaussian 09 suite of programs.®*? Density-
functional-theory (DFT) calculations employed the hybrid B3PW91 functional (optimized using
energies and oscillator strengths outlined in Table 4.1),33%-33% the Stuttgardt—Dresden relativistic
core potential (SDD)*¢3% basis set for europium, and the D95 basis set for the remaining
elements®®. Calculated structures were tested for self-consistent-field (SCF) stability339340,
Solvent effects were modeled using the SMD implicit solvation method3*' in methanol. The ground
state geometries of both cryptates were optimized in solution starting from the reported crystal
structures®?3'2, The absorption spectra were calculated with time-dependent density functional
theory (TD-DFT, 80 states).3¥?34* Spin-orbit effects broaden the 4f-5d transitions of Eu"
compounds by 6000 cm~" or more®?° but were not taken into account in the present calculations.
For the emission spectra, the lowest energy 4f—5d transition with the highest oscillator strength
was chosen for optimization. Fluorescence energies were calculated with state-specific
solvation3#34¢ and the width of the Gaussian lineshape was adjusted to match experiment.
Natural-transition-orbital®**” calculations were used to characterize the excitations. Molecular

orbitals and spin densities were plotted with GaussView.3*?
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Table 4.1: Optimization of the functional using experimental values for 4.1.

Functional Excitation Emission Oscillator Energy
(nm) (nm) Strength (kcal/mol)

Experimental 400 576 - -

PBEPBE 616.01 - 0.0018 46.41395

B3PW91 427.49 582 0.0006 65.65336

wB97XD 430.64 - 0.0017 66.39361

LC-BLYP 427.19 - 0.0020 83.49761

4.3 Results and Discussion

To augment the previously reported luminescence data for 4.1 and 4.2,300319320 e
measured UV-visible and fluorescence spectra with similar concentrations (2—5 mM) in methanol
at ambient temperature. Methanol was chosen as the solvent because the reported crystal
structures of both 4.1 and 4.2 were obtained using crystals grown from methanol, and our
calculations used the reported crystal structures as starting coordinates.®**°3'2 For 4.1, our
experimental data corresponded well to the reported spectra in methanol®?° and water®'®. We
experimentally measured the absorbance maximum for 4.1 to be 259 nm (38,600 cm™) and the
emission maximum to be 471 nm (21,200 cm™). For 4.2, the reported absorption and emission
experiments were run in pH 12 solutions of KOH, and the absorbance maximum was reported as
415 nm (24,100 cm™") with an emission maximum of 580 nm (17,200 cm~").3% In methanol, we
experimentally measured the absorbance maximum for 4.2 to be 400 nm (25,000 cm™) and the
emission maximum to be 576 nm (17,400 cm™"). Our experimental excitation and emission spectra
in methanol differ from aqueous data by 4—15 nm,3% suggesting that computations in methanol
serve as good approximations for aqueous photophysical behaviors.

To calculate electronic properties of the divalent-europium-containing cryptates, we
started by optimizing the ground-state structures of 4.1 and 4.2. Although structurally comparable,
the crystal structures have slightly different geometries: 4.1 has an eclipsed hula-hoop geometry

and 4.2 has a distorted staggered hula-hoop geometry. Upon optimization with implicit solvation,
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the structures show good agreement with the reported crystallographic data (Tables 4.2 and 4.3).
For 4.1, the calculated Eu"-O bond lengths range from 2.750 to 2.843 A compared to the
experimental range of 2.659-2.707 A, and the computed Eu"-N bond lengths range from 2.936
to 3.084 A compared to the experimental range of 2.838-2.859 A. The Eu"-Cl bond lengths for
4.1 computed and measured from crystallographic data are 2.962 and 2.837 A, respectively. The
overall trend for the bonds in 4.1 shows slightly longer computed bonds compared to
crystallographically measured bond lengths, but the differences are in the range reported for the
B3PW91 density functional and SDD basis set.3*° A similar lengthening is found for 4.2, with the
calculated Eu"-N bond lengths ranging from 2.705 to 3.119 A compared to the experimental
values ranging from 2.675 to 2.958 A. The calculated Eu'"-Cl bond for 4.2 is 3.286 A, which is
considerably longer than the bond length of 2.694 A in the crystal structure.

Table 4.2: Bond lengths (A) for 4.1 from crystallographic®'? and computational structures.

Complex Eu-O; Eu-N; Eu-O; Eu-0; Eu-Os Eu- Eu-N; Eu-Os Eu-Cl

4.1 crystaliographic) 2.681 2.838 2.659 2707 2.701 2678 2.859 2.686 2.837

4.1 carculated, ground ~ 2.810 2936 2750 2772 2843 2.832 3.084 2.784 2.962

state)

4.1 calculated, excited ~ 2.683 2806 2.735 2.690 2768 2.833 3.037 2.767 2.924

state)
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Table 4.3: Bond lengths (A) for 4.2 from crystallographic®® and computational structures

Complex EU—N1 Eu—Nz EU—N3 EU—N4 EU—Ns Eu—Ne EU—N7 EU—Ns EU—C|9

4.2 crystallographic) 2.895 2845 2795 2696 2.675 2958 2922 2774 2.964

4.2(ca|cu|ated, ground 2933 2923 2835 2725 2720 3072 3005 2806 3293

state)

4.2(ca|cu|ated, excited 2640 2757 2679 2653 2655 2640 2758 2682 4537

state)

Computational studies of lanthanide luminescence require careful consideration of how
spin multiplicity is affected by excitation. For divalent europium in the ground state, the spin
multiplicity is eight due to the seven unpaired 4f electrons. Because of strong exchange
interactions, the 5d electron in the excited state aligns with the total spin vector, thus simplifying
calculations and leaving the spin multiplicity of the system unchanged throughout the original
optimization and subsequent calculations. Spin-density plots show that the seven unpaired

electrons in the ground states of both 4.1 and 4.2 are localized on the metal (Figure 4.2).
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Figure 4.2. B3PW91/SDD optimized ground-state structures in SMD methanol: (top left)
optimized structure of 4.1; (top right) optimized structure of 4.2; (bottom left) spin density (blue)
mapped onto 4.1; (bottom right) spin density (blue) mapped onto 4.2.

The broad luminescence curves present in all spectra (Figure 4.3) are indicative of a Eu'-
containing complex, in part due to spin-orbit effects for the 4f—5d transitions. The TD-DFT
calculated absorption spectrum for 4.1 (broad range of 200—400 nm; maximum absorbance = 277
nm, 36,100 cm™") reproduced the experimental values (broad range of 230-375 nm; maximum
absorbance = 259 nm, 38,600 cm™). Similarly, the results for 4.2 are consistent with experiment;
the calculated excitation (range of 380—600 nm; maximum absorbance = 427 nm, 23,400 cm™)
are comparable to the experimental values (broad range of 350-550 nm; maximum absorbance
=400 nm, 25,000 cm~"). Both experimental and calculated spectra for 4.2 showed the same broad
higher-energy absorbance curve with the previously reported visible-light excitation curve.

Interestingly, the higher-energy curve (experimental maximum absorbance = 265 nm, 37,200 cm~
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', calculated maximum absorbance = 260 nm, 38,500 cm™") is similar in energy to the absorbance

curve for 4.1.

& (arbitrary units)
e

200 300 400 500 600 700
Wavelength (nm)

€ (arbitrary units)

Figure 4.3. UV—visible spectra from experiment and TD-DFT B3PW91/SDD calculations in SMD
methanol. Experimental absorption (—) and emission (---) and calculated absorption () and
emission (---) of 4.1 (top) and 4.2 (bottom).

The excited states in the absorption spectra of 4.1 and 4.2 were interpreted by visualizing
the natural-transition orbitals. The peak in the absorption spectrum for 4.1 corresponds to a

Laporte-allowed 4f'—4f55d' excitation. Natural-transition-orbital calculations for this state find that

the electronic transition can be described as an excitation from 4f.3 orbital to a 5d,2 orbital (Figure

4.4). For 4.2, natural-transition-orbital calculations reveal that the high-energy excited state (260

nm calculated) involves a transition from a 4f;3 orbital to a 5d2 orbital. Structure 4.2 has the distinct

visible-light absorbance (400 nm experimental) that initiated interest in the complex. Natural-
transition-orbital calculations indicate that this peak corresponds to transition from 4f orbitals to a
5dy, orbital. Closer inspection of the calculated absorption spectrum of 4.1 (Figure 4.5) reveals a
set of weaker excitations than the maximum excitations for 4.1 forming a shoulder (around 365
nm, 27,400 cm™' calculated) that also involves 4f-5d,, transitions. Figures 4.6 and 4.7 show

calculated transitions of the absorption and emission of 4.2 respectively.
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Figure 4.4. Energy diagram depicting 4f-5d transitions and the respective natural-transition
orbitals involved based on TD-DFT B3PW91/SDD calculations of ground-state-to-excited-state

and excited-state-to-ground-state transitions for (left) 4.1 and (right) 4.2.
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Figure 4.5. Spectrum depicting 80 calculated transitions of the absorption of 4.1.
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Figure 4.6. Spectrum depicting 80 calculated transitions of the absorption of 4.2.
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Figure 4.7. Spectrum depicting the lowest nine calculated transitions of the emission of 4.2.

The changes in the energies of the 4f and 5d orbitals on going from 4.1 to 4.2, and hence
the changes in the excitation energies, can be understood qualitatively in terms of ligand field
theory. Similar ligand-field arguments have been employed to explain 4f—5d transitions for Ce'".3%°
The strong-field character of the N-donors of 4.2 induces a larger energy splitting (A) between the

5d,2 and 5d,, orbitals compared to the O-donors of 4.1, in agreement with the well-established

trends of the spectrochemical series (Figure 4.8). Consequently, the energy difference between

the 5dx, and the 4f;3 orbitals in 4.2 is smaller than in 4.1; this transition experiences a bathochromic

shift in the absorbance spectra with 4.2 compared to 4.1, and this difference in energy moves the
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transition far enough from the high-energy excitation to appear as a separate peak. While the 4f
orbitals are generally shielded from direct interaction with the ligand orbitals, the greater
electronegativity of the oxygens in 4.1 compared to the nitrogen atoms in 4.2 induces a small
(0.40 eV) lowering of the f orbital energies through longer range electrostatic interactions relative

to 2. As a result, the 4f—5d,2 energy difference is nearly the same in the two complexes, and both

have strong absorbances near 270 nm.
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Figure 4.8. Orbital energy diagram of the 5d2, 5dx,, and 4f.3 orbitals for 4.1 (left) and 4.2 (right).

The relatively large splitting energy in 4.2 is due to the presence of strong-field amine donors in
the octaaza-cryptate compared to ethers in 4.1.

Emission occurs from the lowest vibrational levels of the lowest 4f°5d" state that has
significant oscillator strength for a transition to the ground state (Figure 4.4). Geometry
optimization of the 4f—5d,, transition of 4.1 using TD-DFT leads to an average shortening of the
Eu'"-O and Eu"-N bonds by 0.05 and 0.09 A, respectively, and a 0.04 A shortening of the Eu"—ClI
bond (Table 4.2). These changes stabilize the excited state by 1.23 kcal/mol, but the calculated
emission maximum at 380 nm (26,300 cm™") differs considerably from the observed maximum at

471 nm (21,200 cm™). For 4.2, geometry optimization of the emitting state resulted in an average
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shortening of the Eu"-N bonds by 0.2 A (Table 4.3) and a stabilization of the excited state by 11.4
kcal/mol. Interestingly, the bond length of Eu"-Cl extends to the point of full dissociation (4.54 A),
and subsequently the cryptand ligand geometry for 4.2 changes to become more symmetric,
which did not occur for 4.1. The emission maximum is calculated to be at 558 nm (17,900 cm™")
and compares well with the observed emission maximum at 576 nm (17,400 cm™").

In the TD-DFT calculations, solvent effects for the absorption spectra are treated by linear
response, which is adequate for states with large transition dipoles.?** State-specific solvation
calculations for the absorption maximum in 4.1 caused a shift of 11 nm; however, state-specific
solvation calculations might be more important for emission because solvation accounts for
solvent equilibration for the lowest-energy structure of the emitting state. Considering the state-
specific solvation effects on emission, the calculated emission maximum for 4.1 is shifted to 402
nm, which is a relatively closer value to the experimental value than the original solvation method.
For 4.2, the emission maxima with and without state-specific solvation (582 nm and 558 nm) are
both in good agreement with the observed value of 576 nm.

The experimental quantum yield for 4.1 is ~9.3% in methanol, but only 0.1% in water. This
difference has been attributed to radiationless deactivation by water.®'® For 4.2, the quantum yield
in aqueous solution is 26%.3%° Because the absorption and emission involve the same electronic
state, there is less opportunity for radiationless deactivation, resulting in a significantly higher
quantum yield for 4.2 than for 4.1.

4.4 Conclusions

We reported the use of TD-DFT calculations as a method to analyze the photophysical
properties of divalent-europium-containing complexes. Structurally similar cryptates 4.1 and 4.2
were studied because of their different luminescence properties, and the results showed
excitation and emission data that reflected experimental data. Natural-transition-orbital
calculations provided visualizations of the orbitals of interest in the transition of one electron from

the degenerate 4f orbitals to the 5d orbitals. State-specific solvation improved the calculated
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values for the emission of both 4.1 and 4.2. Based on the strong-field properties of the octaaza-
cryptand ligand of 4.2, we conclude that the difference in luminescence properties of 4.1 and 4.2
are due to a lowering in energy of the emissive state of 4.2, resulting in a longer wavelength
emission with greater quantum yield than 4.1. The present study demonstrates the utility of
computational methods in unraveling the complexities of photophysical properties of lanthanide

complexes.
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS

5.1 Summary of Thesis

Differences in ligand donor atom polarizability impact both the selectivity for specific rare-
earth elements and the luminescence properties of rare-earth element complexes. Within this
thesis, Chapter 1 provides important background in the use of coordination chemistry to adsorb
rare-earth elements for enrichment and separation. Other than donor-atom polarizability, the main
considerations discussed for solid—liquid extraction of rare-earth elements include metal charge
density, ligand denticity, and the pKa values of ligands. Although liquid—liquid extraction remains
the most commonly used commercial technique for the extraction of rare-earth ions, solid—liquid
extraction provides a pathway for a highly customizable, reusable, organic-solvent-free method
of rare-earth element enrichment.

In Chapter 2, a pH-dependent solid-phase media is described that was developed using
a multidentate chelator bis(ethyhexyl)amido DTPA noncovalently attached to a swellable,
organically modified silica. The solid-phase media was used to enrich rare-earth elements and
was found to show preference for the mid- to-heavy rare-earth elements. The monotonic trend
between the complexation constants of unmodified DTPA and the uptake of rare-earth elements
by the solid-phase media suggests that the binding mode of the solid-phase media was the same
as the unmodified DTPA. The solid-phase media was found to bind Nd** above pH 3.3, elute Nd3*
below pH 1.0, and retain the binding and eluting trend for at least six cycles. When introduced to
a solution of fly ash leachate containing rare-earth elements and competing ions including iron
and aluminum, the ligand-associated media retained the preference toward mid and heavy rare-
earth elements, even in the presence of large concentrations of Al and Fe (~700- to 90,000-fold
excess with respect to the rare-earth ions). The results of this study outline the selectivity for mid-

to-heavy rare-earth elements using a pH-dependent solid-phase media for rare-earth ion
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enrichment, and provide details of the use of this media to enrich critical materials from fly ash
leachate.

In Chapter 3, experiments are described that focus on the analysis of the chain length of
DTPA derivatives in the solid-phase media. Because the solid-phase media described in Chapter
2 is prepared from the hydrophobic interactions between ethylhexyl chains and the hydrophobic
pockets in organically modified silica, we proposed that from ligands featuring butyl or hexyl,
hydrophobic moieties, the ligands featuring longer chains would exhibit stronger noncovalent
interactions to the solid support. To test this hypothesis, we prepared DTPA derivatives featuring
butyl or hexyl hydrophobic moieties. The ligands were loaded onto organosilica, and we found
that the ligand featuring butyl moieties adsorbed less than the ligand featuring hexyl moieties.
The ligand featuring butyl moieties also exhibited less wash off than the ligand featuring hexyl
moieties, providing preliminary data to suggest that the ligand featuring the hexyl moiety would
lead to a solid-phase media that may be reused for rare-earth element enrichment without marked
loss of efficiency. The results of this study provide insight into the effects of varying the binding
modes of solid-phase media through noncovalent interactions and inform future solid-phase
media design for the enrichment of rare-earth elements.

In Chapter 4, computational analyses were performed to determine the cause of observed
differences in luminescence behavior between two complexes of divalent europium differing only
in ligand donor atoms. After optimization of complexes 4.1 and 4.2, the absorbance and emission
spectra were calculated using TD-DFT with implicit solvation in methanol and found to be
consistent with experimental spectra. Natural transition orbitals showed the absorbance of both
4.1 and 4.2 involved either a 4f;3-5d2-type transition or a 4f—5d,,-type transition. After plotting the
orbital energies for 4.1 and 4.2, the bright yellow luminescence observed from complex 4.2 was
determined to be due to a lowering in energy of the emissive state of 4.2, resulting in a longer

wavelength emission with greater quantum yield than 4.1. The results of this study provide an
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important tool by which the design of ligands for divalent lanthanides may be adjusted to regulate
photophysical properties of rare-earth complexes.
5.2 Future Directions

Chapters 2 and 3 describe the development of a pH-dependent solid-phase media for the
enrichment of rare-earth elements. Because the solid-phase media is likely compatible with most
leachate materials, a logical extension of this research would be to experiment with leachate
materials from different spent materials to further gauge the utility and efficiency of the system in
the presence of different matrices. Future directions of this project include the analysis of loading
and wash off of ligands with longer hydrophobic moieties—dodecyl or tetradecyl moieties— using
the same experimental conditions as Chapter 3 to fully characterize the properties of this family
of solid-phase media. When designing a solid-phase media for the enrichment of rare-earth
elements, both the solid support and the ligand can be adjusted to tune the selectivity and
efficiency of rare-earth enrichment. Thus, further investigation into rare-earth element enrichment
is likely to focus on analyzing solid-phase media with different solid supports, such as polymeric
resins or inorganic materials, or by adjusting the ligand to tune rare-earth element selectivity.
Toward the goal of increasing selectivity and productivity, the future of solid—liquid adsorption
would benefit from creating a single column or set of columns with solid-phase materials designed
to fully separate individual rare-earth ions. Although column-based separation has been shown
to be an efficient technique for separating individual rare-earth elements from each other in bench
scale analytical separations, one of the major obstacles that must be overcome is scaling to
achieve sufficient productivity. Sorbents with fast sorption kinetics, high sorption capacities, and
the ability to be cycled many times could provide an organic-solvent-free method to efficiently
remove rare-earth ions from aqueous solutions.

Chapter 4 describes a computational method for the calculation of absorbance and
luminescence data for two geometrically similar divalent europium cryptates. Since the publication

of Chapter 4, the Allen research group has used the calculations to discern photophysical
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differences in other geometrically similar complexes of divalent europium. Because adjusting
ligand field can drastically change the photophysical effects of complexes of rare-earth elements,
it is likely that these calculations will continue to provide details to discern energetic differences
of new coordination complexes of divalent europium. Another possible use for these
computational analyses could be to create a screening procedure from which light-promoted
precatalyst candidates for photoredox chemistry might be chosen based on maximum calculated

absorbances.
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17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of

articles however authors can update their preprints on arXiv or RePEc with their Accepted

Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
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via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
o After the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

o

o

[e]

In all cases accepted manuscripts should:

e link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

e if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
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Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:

Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
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CC BY NC SA: The CC BY-NC-SA license allows users to copy. to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:
e Associating advertising with the full text of the Article
e Charging fees for document delivery or access
e Article aggregation
¢ Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

20. Other Conditions:

v1.10

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

Permission to adapt Scheme 1 and Figure 5 from Zheng, X.; Wang, C.; Dai, J.; Shi, W.; Yan, Y.
Design of mesoporous silica hybrid materials as sorbents for the selective recovery of rare earth

metals. J. Mater. Chem. A. 2015, 3,10327-10335:



CCC Marketplace”

This is a License Agreement between Jessica Hovey ("User") and Copyright Clearance Center, Inc. ("CCC") on behalf of the Rightsholder identified in the order details below. The
license consists of the order details, the CCC Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below.

Order Date
Order License ID
ISSN

Publication Title
Article Title

Author/Editor
Date
Language
Country

Portion Type

Number of charts / graphs / tables /
figures requested

Format (select all that apply)
Who will republish the content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

Title

Instructor name

Order reference number

Title, description or numeric reference of
the portion(s)

Editor of portion(s)

Volume of serial or monograph

Page or page range of portion

20-Apr-2022
1212988-1
2050-7488

Journal of materials chemistry

Design of mesoporous silica hybrid
materials as sorbents for the selective
recovery of rare earth metals

Royal Society of Chemistry (Great Britain)
01/01/2012
English

United Kingdom of Great Britain and
Northern Ireland

Chart/graph/table/figure
2

Print, Electronic
Academic institution
Life of current edition
Up to 499

Main product

LANTHANIDE COORDINATION CHEMISTRY
IN RARE-EARTH ELEMENT EXTRACTION
AND PHOTOCATALYSIS

Jessica L. Hovey

N/A

Scheme 1, page 10329 and Figure 5, page
10332

Zheng, Xudong; Wang, Chun; Dai,
Jiangdong; Shi, Weidong; Yan, Yongsheng

3
10327-10335

104

Type of Use
Publisher
Portion

Rightsholder
Publication Type
Start Page

End Page

Issue

Volume

Distribution
Translation
Copies for the disabled?

Minor editing privileges?
Incidental promotional use?

Currency

Institution name
Expected presentation date

The requesting person / organization to
appear on the license

Title of the article/chapter the portion is
from

Author of portion(s)
Issue, if republishing an article from a

serial

Publication date of portion

Republish in a thesis/dissertation
Royal Society of Chemistry
Chart/graph/table/figure

Royal Society of Chemistry
Journal

10327

10335

19

3

Worldwide
Original language of publication
No

Yes

usD

Wayne State University
2022-05-20

Jessica Hovey

Design of mesoporous silica hybrid
materials as sorbents for the selective
recovery of rare earth metals

Zheng, Xudong; Wang, Chun; Dai,
Jiangdong; Shi, Weidong; Yan, Yongsheng

19

2015-01-01



105

CCC Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication of one or more copyrighted works as described in detail on the
relevant Order Confirmation (the "Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the rightsholder identified on the Order
Confirmation (the "Rightsholder"). "Republication”, as used herein, generally means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the
Order Confirmation. "User", as used herein, means the person or entity making such republication.

N

. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a particular Work, govern the terms of use of Works in connection with
the Service. By using the Service, the person transacting for a republication license on behalf of the User represents and warrants that he/shef/it (a) has been duly authorized by the
User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b) shall inform User of all such terms and conditions. In the event such person is a
"freelancer" or other third party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and conditions. In any event, User shall be
deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The license created by the exchange of an Order
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that document includes only those rights expressly set forth in the Order
Confirmation and in these terms and conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby reserved.

3.

[N]

. General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are
payable upon their delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days, outstanding amounts will be subject to a service
charge of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written
agreement signed by CCC, invoices are due and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of the Order
Confirmation, the license is automatically revoked and is null and void, as if it had never been issued, if complete payment for the license is not received on a timely basis
either from User directly or through a payment agent, such as a credit card company.

3.

w

. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including the editions and product family specified in the license), (ii) is non-
exclusive and non-transferable and (jii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included
in the Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either secure a new permission for further use of

the Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further
copies of the Work (except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar
materials) which are identified in such material as having been used by permission, User is responsible for identifying, and seeking separate licenses (under this Service or
otherwise) for, any of such third party materials; without a separate license, such third party materials may not be used.

3.

w

. Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless otherwise provided in the Order Confirmation, a proper
copyright notice will read substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in the place where substantially all other
credits or notices for the new work containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the
User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any
other fees and charges specified.

3.

o

. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes
aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other tangible or intangible property.

o

Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES
(INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective
employees and directors) shall not exceed the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals, employees,
agents, affiliates, successors and assigns.
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6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS,
ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

>

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a material breach of the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in no eventto a
payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses incurred
in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and conditions, and CCC reserves the right to send notice to
the User by electronic mail or otherwise for the purposes of notifying User of such changes or additions; provided that any such changes or additions shall not apply to
permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available online here:https://marketplace.copyright.com/rs-ui-

8.

w

. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person
or an organization of any kind) the license created by the Order Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User
may assign such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating

procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

8.

n

. The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be
brought, at CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such
federal or state court.If you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-mail to
support@copyright.com.

Permission to reprint TOC graphic from Hu, Y.; Drouin, E.; Lariviére, D.; Kleitz, F.; Fontaine, F-G.
Highly efficient and selective recovery of rare earth elements using mesoporous silica

functionalized by preorganized chelating ligands. ACS Appl. Mater. Interfaces. 2017, 9, 38584
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Highly Efficient and Selective Recovery of Rare Earth Elements Using Mesoporous Silica
Functionalized by Preorganized Chelating Ligands
Author: Yimu Hu, Elisabeth Drouin, Dominic Lariviére, et al

ACSPublications publication: Applied Materials

Most Trusted. Most Cited. Most Read,

Publisher: American Chemical Society
Date: Nov 1, 2017

Copyright © 2017, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms and Conditions, is sent to you because no fee is being charged for your order. Please
note the following:

- Permission is granted for your request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy of it to your publisher/graduate school.

- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission from {COMPLETE REFERENCE
CITATION}. Copyright {YEAR} American Chemical Society." Insert appropriate information in place of the capitalized words.

- One-time permission is granted only for the use specified in your RightsLink request. No additional uses are granted (such as derivative works or
other editions). For any uses, please submit a new request.

If credit is given to another source for the material you requested from RightsLink, permission must be obtained from that source.

Permission to adapt Ramzan, M.; Kifle, D.; Wibetoe, G. Comparitive study of stationary phases
impregnated with acidic organophosphorous extractants for HPLC separation of rare earth

elements. Sep. Sci. Technol. 2016, 57, 494-501:

Comparative study of stationary phases impregnated with acidic organophosphorus extractants for HPLC
separation of rare earth elements

Author: Muhammad Ramzan, , Dejene Kifle, et al
[2 Publication: Separation Science & Technology

Publisher: Taylor & Francis

Date: Feb 11, 2016

Rights managed by Taylor & Francis

Thesis/Dissertation Reuse Request

Taylor & Francis is pleased to offer reuses of its content for a thesis or dissertation free of charge contingent on resubmission of permission request

if work is published.
CLOSE

Permission to adapt Figure 4 from Roosen, J.; Spooren, J.; Binnemans, K. Adsorption
performance of functionalized chitosan-silica hybrid materials toward rare earths. J. Mater. Chem.

A. 2014, 2, 19415-19426:
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. General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. If you and we agree that you may establish a standing
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are
payable upon their delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days, outstanding amounts will be subject to a service
charge of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written
agreement signed by CCC, invoices are due and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of the Order
Confirmation, the license is automatically revoked and is null and void, as if it had never been issued, if complete payment for the license is not received on a timely basis
either from User directly or through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including the editions and product family specified in the license), (ii) is non-

exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included
in the Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either secure a new permission for further use of
the Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further
copies of the Work (except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar
materials) which are identified in such material as having been used by permission, User is responsible for identifying, and seeking separate licenses (under this Service or
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copyright]; permission conveyed through Copyright Clearance Center, Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in the place where substantially all other
credits or notices for the new work containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the
User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any
other fees and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes
aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES
(INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective
employees and directors) shall not exceed the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals, employees,
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agents, affiliates, successors and assigns.

. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS,
ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

o

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a material breach of the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses incurred
in collecting such payment.

N

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and conditions, and CCC reserves the right to send notice to
the User by electronic mail or otherwise for the purposes of notifying User of such changes or additions; provided that any such changes or additions shall not apply to
permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available online here:https://marketplace.copyright.com/rs-ui-
web/mp/privacy-policy

8.

w

. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person
or an organization of any kind) the license created by the Order Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User
may assign such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(<) licensed 1inder this Service

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

8.

g

The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be
brought, at CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such
federal or state court.If you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-mail to
support@copyright.com.

Permission to adapt Figure 14 from Artiushenko, O.; Avila, E. P.; Nazarkovsky, M.; Zaitsev, V.
Reusable hydroxamate immobilized silica adsorbent for dispersive solid phase extraction and

separation of rare earth metal ions. Sep. Purif. Technol. 2020, 231, 1-10:
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6. If the permission fee for the requested use of our material 1s waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
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The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
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Permission to adapt Figure 4 from Ashour, R. M.; Abdel-Magied, A. F.; Abdel-khalek, A. A.; Helaly,

O. S.; Ali, M. M. Preparation and characterization of magnetic iron oxide nanoparticles
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This thesis outlines projects pertaining to the extraction, enrichment, and use of rare-earth
elements in the trivalent and divalent states through the modification of coordination chemistry.
Modulating the coordination environment can impact the selectivity of rare-earth elements in solid-
liquid enrichment through the adjustment of donor atoms, denticity and pKa values as detailed in
Chapter 1. Changes in coordination environment, such as to the identity of donor atoms, can lead
to major differences in properties such as luminescence. The studies reported in this thesis
contribute to the body of knowledge surrounding the use of coordination chemistry for both the
solid—liquid extraction of rare-earth elements and the luminescence properties of divalent
europium.

Chapter 2 describes the analysis of a multidentate, pH-dependent solid-phase media for
rare-earth element extraction. Separation experiments showed selectivity for the mid and heavy
rare-earth elements and attachment of the ligand to the solid phase had similar thermodynamic
affinities to trends in unmodified ligands. The pH-dependent nature of the ligand was
characterized, and efficiency was retained for at least six cycles of reuse. The solid-phase media
retained the selectivity for mid and heavy rare-earth elements from fly ash leachate, even in

competition with much higher concentrations of competing ions. The results of this study expand
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the body of research surrounding solid—liquid extraction of rare-earth elements towards creating
an organic solvent-free method of extraction.

Chapter 3 focused on the interactions between the noncovalently attached ligand and
resin in the solid-phase media described in Chapter 2. By adjusting the length of the hydrophobic
group that interacts with the hydrophobic resin, we found that the ligand featuring the butyl
hydrophobic groups showed less loading onto the resin than the ligand featuring the hexyl
hydrophobic groups. We also determined that the ligand featuring butyl groups showed less wash
off at pH 5.5 than the ligand with hexyl groups, suggesting that longer hydrophobic groups lead
to less wash off and therefore more efficient solid-phase media than solid-phase media with
shorter hydrophobic groups. This study outlines preliminary results towards the rational design of
reusable noncovalently attached solid-phase media for the enrichment of rare-earth elements.

Chapter 4 aimed to distinguish the experimental luminescent differences between two
divalent europium cryptates using computational analyses. Crystal structures were optimized in
methanol and time-dependent density functional theory calculations were used to calculate
excitation and emission spectra of both complexes. Natural-transition orbitals revealed that similar
orbitals were involved in the excitation and emission of both complexes. Therefore, the bright
yellow luminescence observed experimentally with the octaaza-cryptate was attributed to a
greater splitting of the 5d orbitals of the octaaza-cryptate relative to the 2.2.2-cryptate. This study
provided foundational knowledge for the calculation of emission spectra for solvated divalent
europium complexes.

This thesis outlines the general ligand design for rare-earth elements taking into
consideration the charge density of the metal, ligand donor identity, ligand denticity, and the range
of pKa values on the ligand. Chapter 5 discusses how these reports are expected to provide tools
for the rational design of ligands for rare-earth element enrichment and modulation of
photophysical properties of low-valent rare-earth element complexes using coordination

chemistry.
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