Uranyl Sensing and Extracting Using Salen-base Quinoxalinol Ligands
by

Maya M. West

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy in Chemistry

Auburn, Alabama
May 5, 2019

Keywords: uranyl, sensing, chemosensor, extracting, cellulose

Copyright 2019 by Maya West

Approved by

Anne Gorden, Chair, Associate Professor of Chemistry and Biochemistry
German Mills, Professor of Chemistry and Biochemistry
David Stanbury, J. Milton Harris Professor of Chemistry and Biochemistry
Wei Zhan, Associate Professor of Chemistry and Biochemistry



Abstract

In spite of infamous nuclear accidents, the increasing need for low cost, reliable
energy with low greenhouse emission makes the use of nuclear power an attractive
option. Unfortunately, the nuclear fuel cycle produces a plethora of radioactive metal
enriched wastes. This waste consists of not only environmentally unfriendly toxins, but
also recyclable radioactive metals, that could be reused. One of the main issues
associated with current methods of detection is that the concentrations of contaminants
found at sites are relatively low, and are difficult to detect due to having a low or weak
signal. Research has shown that the signal of the low concentrated contaminants can be
enhanced using a matrix or chelate. In regards to implementing a chelate to enhance the
signal a 2-quinoxalinol salen ligand synthesized by the Gorden research group has shown
binding capabilities of 2+ metal ions. Coupling this ligand with a solid support has the
ability to enhance the probability of using this metal-scavenging ligand as an aid for the
extraction of metals from the environment. Reported herein, is the study on how varying
electronic groups of Schiff-base ligands effects the metal chelation, development of a

solid-support system for uranyl extraction, and applications using the developed systems.

i



Acknowledgments

First and foremost, I would like to thank God for his strength and blessings over my time
here at Auburn. I would also like to think my wonderful parents for their love, patience,
and support, and for allowing me to pursue my PhD. I would also like to thank my family

for helping me and supporting me whenever I needed them.

I would like to thank Dr. Gorden and my committee members; Dr. Mills, Dr. Peresin, Dr.
Stanbury, and Dr. Zhan for their patience and guidance throughout this process. I would
also like to thank Dr. Ortiz and Dr. Mulligan-Guy for their mentorship and being people,

1 could confide in.

I would like to extend a thank you to all the members of the Gorden lab, past and present
and would like to wish the remaining few the best of luck! I would also like to thank the
three undergraduates that I had the privilege to mentor: Will Scott, Kate Valentine, and

Ryan Yates.

Last but not least, I would like to thank all the wonderful people I had the pleasure to
meet during my time here at Auburn; Charmaine Tutson, Emily Hardy, Jessica Crumbly,
Ana Dmytrejchuk, Hector Corzo, Manuel Diaz, Nick Klann, Selam Manghisteab, Radini
Dissanayaka, Sam Bond, Jamonica Moore, Andrius Burton, Rachal Wills, Julie Niklas,

Chasity Ward, and Joxuany Santiago, along with countless others.

iii



Table of Contents

ADSTTACT. .. et 1
ACKNOWIEAZEMENLS. . ...t il
List Of Tables. ..o .nee e vii
LSt Of FagUICS . ...ttt e e e e viii
List 0f SChemEs. ... .ot Xiv
List 0f AbDIevIations. ... ...ouuiti e XV
Chapter 1: INtrodUCtion ...........oiuiiiiii e e 1
1.1 L0538 L1 o 1
1.2 Nuclear Energy.......ccoouiiiiiiii e 2
1.3 Current Processes for Actinides and Lanthanides Remediation.............. 6
1.4  Uranyl Sensing and ChemoSensors. ..........ooveiiieeiiiiiieiiieeineenann, 10
1.5 CONCIUSION. ... 23
1.6 ReferenCeS. . .oueiiiii 24

Chapter 2: Ligand Design: Electronic Effects on Metal Chelation of Schiff-based Salen

35T 1 T (P 34
2.1 INtrodUCHION. .. u e e 34
2.2 RESUILS. ..o 36
23 L0703 1107 LT3 T ) P 49
2.4 Experimental.............coiiiiiiiiii e 50
2.5 ReferenCes. . ..o 57

iv



Chapter 3: Incorporation of Schiff-Based Salen Ligand into Cellulose film for Uranyl

Extraction

3.1

3.2

33

34

3.5

........................................................................................... 60
Introduction. ... ... ..cooi i 60
RESUILS. .ot 61
CONCIUSTION. ...t 89
Experimental..........cooiiiiiii e 90
ReTRIENCES. ..t 99

Chapter 4: Application I: Using Functionalized Cellulose Film for Uranyl Extraction

from

Seawater...

4.1

4.2

4.3

4.4

4.5

Chapter 5:

.......................................................................................... 103
INtroduction. ... ...o.uiu i 103
RESUILS. . 104
L7077 10153 10 o P 106
Experimental........ ..o 107
References. .......ouiinii i 109

T34 1 14 111
5.1 INtrodUCHION. ....u et 111
5.2 ReSUILS. ..o 112
53 CONCIUSION. .ottt 116
54 Experimental..........ccoiiiiiiiiii e 117
5.5 ReferenCes. . ..veei i 120
Chapter 6: Conclusion and Future Work...............ooooiiiiiiiiiiie, 122



6.1
6.2
6.3

Appendix 1

CONCIUSIONS ..ttt e 122

Future Work. ... ..o i 123

References. ... .o 128
......................................................................................... 131

Vi



List of Tables

Table 2.1: UV-Vis data for serial titration of L1 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios). Ligand concentration: 20 ppm...............c.ooeeen... 39
Table 2.2: UV-Vis data for serial titration of L2 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios). Ligand concentration: 20 ppm...............ccevvennn... 40
Table 2.3 UV-Vis data for serial titration of L3 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios). Ligand concentration: 20 ppm.............c.ccevennnn... 41
Table 2.4 UV-Vis data for serial titration of L4 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios). Ligand concentration: 20 ppm .........c...ooevinennnnne. 45
Table 2.5: UV-Vis data for serial titration of LS with various metal ions (data shown at
2.2:1 metal to ligand molar ratios) Ligand concentration: 20 ppm............cocevnvinnnnnnn 46
Table 2.6: UV-Vis data for serial titration of L6 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios). Ligand concentration: 20 ppm ...............cceueennene. 48
Table 3.1: Measurements (in mm) and averages of thickness of films...................... 97
Table 4.1: Uranyl analysis of environmental samples using Cell-3 highlighting the
amount of uranyl extracted over the 3 h extraction period and the amount of uranyl
recovered With 20 mMin....... ..o 105
Table 4.3: Uranyl analysis of environmental samples using Cell-3 highlighting the
amount of uranyl extracted over the 3 h extraction period and the amount of uranyl

recovVered With 20 IIN. ..o ouun ettt e e e e e 106

vii



List of Figures

Figure 1.1: The nuclear fuel cycle.........ooovviiiiiiiiii e 5
Figure 1.2 PUREX Ligand: tri-n-butylphosphate (THP)..................c.oii. 7
Figure 1.3 DIAMAX Ligands: (a) N,N’-dimethyl-N,N’-dibutyltetradecylmalonamide and
(b) N,N’-dimethyl-N,N’dioctylhexylethoxymalonamide.....................cooeiiiian..n. 8

Figure 1.4 TRUEX Ligand (N,N’-diisobutylcarbamoylmethyl)-octylphenylphosphine

OXIAC. . .ottt 8
Figure 1.5 CyaneX 300, ..ottt e e 9
Figure 1.6 TALSPEAK ligand di(2-ethylhexyl)phosphoric...............c.ocooiiiiiiat. 9

Figure 1.7 SANEX (a) bis-1,2,4,triazin-3-yloligopyridine base ligand (b) 6,6 -bis(5,6-
dialkyl[1,2,4]triazine-3-yl)[2,2’ |bipyridine base ligand.....................cooiiiiiiiin.. 10
Figure 1.8: General structure of Salen ligands, and crystal structures of 1.2a
(heterometallic complex) and 1.2b (monometallic complex).............c.ooooiiiiiiiin. 16

Figure 1.9: M?" = Ag?"/ Cu?" metal ions interacting weakly with the —-CH=N- unit of
g g g y

Figure 1.10: {UOz[TAM(HOPO)2]}2_ ligand with phenylene linker and 1,2-HOPO

EEIMINAL GIOUPS . ...ttt ettt et e e 19

Figure 1.11: Salen ligand [UO(salen)]- CsF-CHCl3

Figure 2.1: Structures of salen ligands employed..............c.coooiiiiiiiiiiiiii i, 37

Figure 2.2: Spectra of results of serial titration of L1 with metals of interest at 2.3: 1

metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and fluorescence data

viii



depicting quenching upon the addition of metals (excitation at 383 nm) (R). Ligand
CONCENTAtION: 20 PPN . .vitiitt ettt et et et e et e e e e e e e e et e e e anas 39
Figure 2.3: Spectra of results of serial titration of L2 with metals of interest at 2.3: 1
metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and fluorescence data
depicting quenching upon the addition of metals (excitation at 383 nm) (R). Ligand
CONCENLTAION: 20 PPIML.ucs ettt ettt et et et et e e et et e ae et e e e aeeie e eneeaneennns 41
Figure 2.4: Spectra of results of serial titration of L3 with metals of interest at 2.3: 1
metal to ligand ratio: UV-Vis highlighting spectral shifts Inset expand view of the

spectroscopic differentiation observed between uranyl and copper. Ligand concentration:

Figure 2.5. Quenching of emission spectra of serial titration of L3 with 0.09 molar
equivalent of uranyl per addition (excitation at 381 nm). The inset is the fluorescence
intensity upon addition of uranyl ions up to 2.2 equiv. (emission: 501 nm)................. 43
Figure 2.6: Quenching of emission spectra of serial titration of L4 with 0.09 molar
equivalent of copper per addition (excitation at 381 nm). The inset is the fluorescence
intensity upon addition of copper ions up to 2.2 equiv. (emission: 501 nm)................. 44
Figure 2.7: Spectra of results of serial titration of L4 with metals of interest at 2.3: 1
metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and Fluorescence data
depicting quenching upon the addition of metals (excitation at 383 nm) (R). Ligand
CONCENLTAtION: 20 PPIML. ..ttt ettt et ettt et e et e et et e e et e te e e e e eaeeneenaane 45
Figure 2.8: Spectra of results of serial titration of L5 with metals of interest at 2.3: 1

metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and fluorescence data

15:¢



depicting quenching upon the addition of metals (excitation at 383 nm) (R). Ligand
CONCENITALION: 20 PPN ..ttt e et eet e e reeeiteeerreeesteeessaeeesaseeesaeessseesssaeesseeesseeenns 47
Figure 2.9: Spectra of results of serial titration of L6 with metals of interest at 2.3: 1
metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and fluorescence data
depicting quenching upon the addition of metals (excitation at 383 nm) (R). Ligand
CONCENLIAtION: 20 PPIM...ntieiieiiireteeee et ereeeereeeeeereesreesreessnesnseeseessneenseesnneens s B
Figure 3.1: Structure of L3/6 Ligands. ..o 60
Figure 3.2: The percent of metal ions remaining in solution after 5 min extracting period.
(left) The results of extraction using the salen coated films showing results for the metal
of interest, Uranyl ........oo i e 62

Figure 3.3: Absorbance spectra of salen coated films indicating leaching over varying pH

TANEZE (0-14).. o 63
Figure 3.4: Structure of MCC Monomer Unit...........oooviiiiiiiiiiiiiiiiiiieeiiieaneennn, 64
Figure 3.5: Structure of Sodium Carboxymethyl Cellulose Monomer Unit................. 66
Figure 3.6: Structure of 2-Hydroxyethyl Cellulose Monomer Unit.................c......... 67
Figure 3.7: Structure of Arsenazo III (A) un-complexed and (B) complexed............... 69

Figure 3.8: (L) Absorbance spectra of Arsenazo dye titrated with uranyl showing increase
in 1:1 metal to ligand complex at 651 nm. (R) Arsenazo III Standard Curve showing
increase in 1:1 metal complex at 651 M ... 70
Figure 3.9: Uranyl extraction analysis of Cell-1 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651

nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using



Figure 3.10: Uranyl extraction analysis of Cell-2 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-2 (D)
Fluorescence of Cell-2 film over extraction period showing a decrease in
1015781531 74
Figure 3.11: Uranyl extraction analysis of Cell-3 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-3 (D)
Fluorescence of Cell-3 film over extraction period showing a decrease in
T 01 1] 101 P 76
Figure 3.12: Uranyl extraction analysis of Cell-4 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-4 (D)
Fluorescence of Cell-4 film over extraction period showing a decrease in
1001 1S] 4017 N 78
Figure 3.13: Uranyl extraction analysis of Cell-5 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-5 (D)
Fluorescence of Cell-5 film over extraction period showing a decrease in
101153 15017 PP 80
Figure 3.14: The Absorbance spectra of L7 with copper and uranyl (shown at 2.3: 1 metal

to ligand ratio) showing red and blue shifts, respectively as the result of serial titration,

X1



(left) and fluorescence intensity of serial titration indicating an increase in intensity in the
presence of uranyl and a quenching occurring in the presence of copper. (right).......... 83
Figure 3.15: Uranyl extraction analysis of Cell-6 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-6 (D)
Fluorescence of Cell-6 film over extraction period showing a decrease in
TEEIISTEY .« e ettt ettt et ettt e et et e 84
Figure 3.16: Uranyl extraction analysis of Cell-7 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-7 (D)
Fluorescence of Cell-7 film over extraction period showing a decrease in
1101153 4017 85
Figure 3.17: Uranyl extraction analysis of Cell-8 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-8 (D)
Fluorescence of Cell-8 film over extraction period showing a decrease in
111115 150 1N 87
Figure 3.18: Uranyl extraction analysis of Cell-9 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-9 (D)
Fluorescence of Cell-9 film over extraction period showing a decrease in
LT L7813 1 88

Figure 3.19: Points of measurements for determination of film thickness................... 96

xii



Figure 4.1: Structure of general Bis-amidoxime polymer sorbent, with amidoxime units

highlighted inred...... ..o e 104
Figure 5.1: Structure of Arsenazo I1........ ..o, 111
Figure 5.2: 1:1 Uranyl metal complex with the Arsenazo [l dye ......................... 112

Figure 5.3: Images of the Arsenazo 3-trapped film (pink) (A) Arsenazo 3-trapped film
after reacting with 1000 ppm uranyl solution (teal) (B) highlighting the colorimetric
properties of dye (~45 s time-lapse between A and B).................ooo, 113
Figure 5.4: Colorimetric Uranyl Concentration Scale (in ppm)............ccccvvvviiinnnnnn. 114
Figure 5.5: Absorbance spectra of results of serial titration of Arsenazo III dye with
copper, uranyl, and ytterbium at 1.2 : 1 metal to ligand molar ratio depicting the

selectivity and pH dependence of the Arsenazo III dye at (a.) pH = 0 (b.) pH = 7.483 and

() LI LB e 116
Figure 6.1: General structure of amidoXime ..........cccoevviiiiiiiiiiiiiiii e, 124
Figure 6.2: Binding motif of uranyl with amidoxime ligands................................ 124

Figure 6.3: Images of (a) freshly prepared hydrogel (4 wt % cellulose and 5% ECH) and
(b) swollen hydrogel.........c.ooiniiii i e e 126
Figure 6.4: Images of cellulose-quantum dots hydrogel (a) under visible light and (b)

under UV 1amp (302 M) ..onnei et 127

xiil



List of Schemes

Scheme 1.1: Generic salen-based ligand detecting AI** via transmetalation and chemical
structures of the actual salen complexes used in metal transmetalation..................... 15
Scheme 1.2: Synthesis of salen ligand Na(Hzbsalcen) (L4)..........ccoooiiiiiiiiiinn. 16
Scheme 1.3: Synthesis of salen ligand H3bsal4cpn (L5) with [ZnCIl(THF)2]...............16
Scheme 1.4: Synthetic route of the ligands L6 and L7 ...t 17
Scheme 1.5: Synthesis of L8-metal compleX...........cooiiiiiiiiiiiii e, 18
Scheme 1.6: Sensing of uranyl ion sensor via the inhibition of BSA-AuNCs peroxidase
101 170 1 2 21
Scheme 1.7: Synthesis of terbium(IIl)-based MOF.............cooiiiiiiiiiiiiiieenee 22
Scheme 2.1: General synthesis of 2-quinoxalinol salen-based Ligand...................... 35
Scheme 3.1: Reaction of 2-HEC with epichlorohydrin.......................coonl . 71
Scheme 3.2: Reaction of 2-HEC with glutaraldehyde.........................ooil. 73
Scheme 3.3: Reaction of 2-HEC with citric acid..............coooiiiiiiiiiiiiiii e, 77
Scheme 3.4: Steglich esterification of L7 and 2-HEC....................coooiiiiiiinan. 81
Scheme 6.1: Proposed synthesis of bis-amidoxime ligand..................cooooooiiinn 125

Xiv



ACS

AEC

AuNCs

BSA-AuNCs

BTP

°C

Cald

cm

CMC

CMPO

D.L

DIAMAX

DIPEA

DMF

DMSO

DTBP

EBR-1

HCI

List of Abbreviations

American Chemical Society

Atomic Energy Commission

gold nanoclusters

bovine serum albumin-stabilized gold nanoclusters
bis-1,2,4-triazide-3-yl-oligopyridine

degrees Celsius

Calculated

centimeter

Carboxymethyl Cellulose
(N,N’-diisobutylcarbamoylmethyl)-octylphenylphosphine oxide
Deionized

Diamide Extraction

N, N-diisopropylethylamine

N, N-dimethylformamide

Dimethyl Sulfoxide
6,6’-bis(5,6-dialkyl[1,2,4]triazine-3-yl)[2,2’ |bipyridine
Experimental Breeder Reactor-1

Extinction Coefficient (M cm™)

hour

Hydrogen Chloride

XV



HEC 2-Hydroxyethyl Cellulose

HL Heterogeneous Ligand

HMTA Hexamethylenetetramine

HPLC High Performance Liquid Chromatography
HOPO Hydroxypyridonates

HRMS High-Resolution Mass Spectrometry

ICP-OES Inductively Coupled Plasma- Optical Emission Spectroscopy

Amax lambda max

MCC Microcrystalline Cellulose

min minute(s)

mL milliliter

mm millimeter

mmol millimole

MOF Metal-Organic Framework
mPVA magnetic Polyvinyl Alcohol

N Normality

NaOH Sodium Hydroxide

NMR Nuclear Magnetic Resonance
NRC Nuclear Regulatory Commission
T Pi

ppb parts per billion

ppm parts per million

PUREX Plutonium Uranium Recovery by Extraction

XVi



RC Regenerated Cellulose

RFU Relative Fluorescence Units

Rpm Revolutions per minute

SANEX Selective Actinide Extraction process
c Sigma

TALSPEAK Trivalent Actinide-Lanthanide Separation by Phosphorous reagent

Extraction from Aqueous Komplexes

TAM 2,3-dihydroxy terephthalamide
TATAB 4,4'.4°-(1,3,5-triazine-2,4,6-triyltriimino)tris-benzoic acid
TBP tri-n-butyl phosphate

TFA Trifluoroacetic acid

THF Tetrahydrofuran

TLC Thin-layer Chromatography
TMB 3,3",5,5" -tetramethylbenzidine
TRUEX Transuranium Extraction Process
v/v volume/volume

A Wavelength (nm)

Wt % weight percent

w/v weight/volume

xvii



Chapter 1

Introduction

1.1 Uranium

Uranium, named after the planet Uranus, was discovered in 1789 by the German
chemist Martin Heinrich Klaproth.! Though Klaproth claimed to have extracted the pure
element from the yellow oxide that was precipitated from pitchblende and nitric acid, it
was not until 1841 when the French chemist Eugene Peligot debunked Klaproth claims.!-
In a 2:1 ratio the green crystals of the uranium chloride, UCls, was reduced with
potassium metal in a platinum crucible with gentle heat.* Once cooled, the products
rinsed with water to dissolve the potassium salt, KCl, and yield uranium metal in the
form of black powder.* Peligot at that time determined the atomic weight of uranium was
approximately 120 amu, which was supported by other experimentalists at that time.! In
1869, when the Russian scientist Dimitri Mendelev was arranging all know elements into
a table based on their atomic mass, he discovered Peligot’s reported mass was incorrect. !>
3> Mendelev believed that the atomic mass of uranium was only “half-correct” and that
the actual mass was approximately 240, about 2 Daltons off from the accepted value used
today.!:?

The radioactivity of uranium would not be discovered until 1896 by the French
scientist Henri Becquerel.®® Continuing his father’s research on the phosphorescence of
uranium using photographic plates, Becquerel believed that light rays could be
transferred into deeply penetrating radiations via the transformation of cathode rays into
X-rays that took place in the Crookes tubes.” To test his theory, Becquerel wrapped a

photographic plate in paper to protect it from light, on the plate he placed a uranium ore,



which would fluoresce upon the exposure of light.® 7 After the system was exposed to
sunlight, it was disassembled, and the plate was developed revealing fluorescence where
the uranium was placed, thus supporting his theory.® 7 He then decided to repeat the
experiment using uranium sulfate crystals; however since the sun did not shine for
several days, the system was stored in a drawer on a wrapped package of photographic
plates.® 7 After development of the plates, the plates were found to have streaks like the
preceding experiments in which the sun's rays caused the material to fluoresce, leading
Becquerel to believe that the uranium crystals emits “radiations which penetrate paper
that is opaque to light.” %7 He decided to test this theory using an opaque cardboard box
and glass, aluminum, and emulsion plates. Each experiment revealed the same result,
fluorescence, thus leading Becquerel to the conclusion that the phenomenon was not
caused by luminous radiation emitted by phosphorescence, but by an undiscovered
element. He termed the phenomenon radiation, and assigned Marie Curie the task of
determining what element was responsible for radioactivity for her PhD thesis.® 7 Curie
conducted research on how to efficiently measure the radiation in uranium and soon
discovered that thorium possessed the same radioactive properties; she then coined the
term radioactivity to describe the phenomena.” Working alongside her husband Pierre
Curie, they discovered two more radioactive elements, polonium and radium.% ° They
shared the 1903 Nobel Prize in Physics with Becquerel for their research on the radiation
phenomena and in 1911 Marie Curie received the Nobel Prize in Chemistry for her
discovery and research of polonium and radium.'®

1.2 Nuclear Energy

Fossil fuels emit a great amount of harmful toxins, such as greenhouse gases,



sulfur dioxide, and mercury, when burned for energy. Because of this, the use of oil and
coal for energy production is also a leading cause of acid rain, due to the sulfur dioxide
reacting with water molecules in the atmosphere.'’> 1> On December 20, 1951, the first
commercial nuclear power station, Experimental Breeder Reactor-1 (EBR-1), began
operating, nearly six years after actinides were first exploited for their energy potential.
Since then over 430 commercial nuclear power stations are operating in over 31
countries, with at least 70 under construction, evidence of an increasing demand for
nuclear energy.!> 4 These reactors are responsible for providing more than 11% of the
world's electricity and 20% of the United States’ civilian energy.'> Nuclear power is a
reliable base-load power that affords large amounts of useable energy with limited carbon
emissions and a smaller land use footprint than current available solar methods.

The capacity factor, which is the amount of electricity a generator actually
produces compared to the maximum it could produce when operating at continuous full
power during the same period; has increased from 50% in the early 1970’s to above 90%
since the turn of the millennium, providing 800 TWh/yr of energy to the United States in
2008.13- 16 Currently, there are over 15 pending license applications under review by the
U.S. Nuclear Regulatory Commission (NRC) for new nuclear reactors based on the third-
generation once-through fuel cycle designs.!® With new nuclear power plants on the rise,
the challenge of managing, safely storing, and limiting the potential environmental or
injurious effects is persistently increasing.

Uranium is a key component for nuclear energy because of the presence of
several fissile isotopes.!” Consisting of six isotopes, half of which are long-lived U-238

(99.2745%), U-235 (0.720%), and U-234 (0.0055%), is one of the main reasons uranium



is able to undergo nuclear fission for the production energy used in nuclear power.!® The
isotope U-235 has the ability to undergo induced nuclear fission, a rare phenomenon
where a heavy nucleus is capture a neutron and split into two lighter ones releasing a
large amount of energy; for this reason U-235, is critical in the production of nuclear
power.'* 1 The nuclear fuel cycle (Figure 1.1) begins with mining uranium from various
deposits, followed by milling to separate the uranium from other material found in the
ore.!8-22 After this, an increase of the concentration of the fissile isotope uranium-235 is
achieved making low-enriched uranium fuel.'! Uranium dioxide is then pressed into fuel
pellets and stacked into long thin rods, which are then bundled together in a fuel
assembly.!? The fuel rods are removed from the reactor after some of the U-235 and Pu-
239 have undergone fission. The material is then referred to as spent, irradiated, or used
fuel. The spent fuel is then placed in water to allow it to cool; once cooled, the fuel may
remain stored in the pool for years or moved to a dry storage cask.?* The fuel is then
placed in cooling pools and later stored onsite in dry casks. Ideally the nuclear plants
would like to use recycled or reprocessed the spent fuel, however, in the United States

energy program, there is not currently a cost-effective way to reprocess this fuel.?*
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Figure 1.1 The nuclear fuel cycle??

James B. Conant, a former president of Harvard University, predicted that the
world would turn away from the use of nuclear energy due to problems with proper waste
disposal just four years after Eisenhower launched commercial generation of energy via
nuclear fission.'3 During the early nuclear energy development, waste was the least of the
manufacturers’ concerns due to low level of understanding. Initially, the ocean was
considered to be the perfect place to dump low-level radioactive waste because it was big
enough to dilute the waste without causing any problems.'* From 1946-1970, the U.S.
dumped about 87,000 steel packed drums into the ocean under license by the Atomic

Energy Commission (AEC); however disposal at sea did not always run smoothly. It was



determined that microorganisms can ingest toxic material and pass up toxins via the food
chain to humans, thus leading to the end of ocean dumping.?

The U.S. turned to land disposal, which was considered a less expensive option. By
1962, 95% of radioactive waste was buried on land; in 1986 the U.S. began to develop a
plan to store the waste for long-term in dry cask drums in Yucca Mountain, NV.?3-2¢ By
2009, there were over 1000 dry casks, each containing 100 tons or more radioactive
waste scattered over 44 sites in 31 states.? The dry casks were originally manufactured to
only last for 20 years, but were later extended to 120 years; however, the manufacturer
later released a statement stating, “Leaving spent fuel on-site for extended periods of time
was never intended and is not responsible.”3°

The year 2011 brought attention to the spent fuel that remained stored in pools,
where the U.S. still had three quarters of their spent fuel submerged, due in large part to
the nuclear crisis at the Fukushima nuclear plant in Japan. This disaster, paired with the
previous September 11™ terrorist attack in 2001, prompted the Department of Homeland
Security and Nuclear Regulatory Commission (NRC) to investigate the possibility of a
terrorist accessing the spent fuel stored in pools and releasing radioactive waste into the
environment.?! Most of the U.S. spent fuel pools were either full or had up to four times
the amount they were designed to hold.!® It was determined that the danger posed by
these pools could be prevented; therefore the NRC mandated further safeguards at all
operating reactor sites and a more secure storage route for dry casks, all of which are still
in use today.*?-3* To date, none of the dry casks have been shipped to Yucca Mountain for

storage. !

1.3 Current Processes for Actinides and Lanthanides Remediation



Current processes used to remediate uranium and lanthanides from spent fuel
include; PUREX, DIAMEX, TRUEX, Cyanex, TALSPEAK, and SANEX. The
Plutonium Uranium by Extraction (PUREX) process is the most widely used process for
recycling uranium and plutonium from fuel rods as implemented in other countries, such
as France.3* 3> The PUREX process utilizes a phosphate-based ligand called tri-n-butyl
phosphate (TBP) (Figure 1.2) to extract the uranyl from dodecane or kerosene.?% 37 Over
99% of U(VI) and Pu(IV) ions are removed within the first few cycles of liquid-liquid
extraction, and then the U(IV) and Pu(IV) are further separated.>’” Pu(IV) is reduced to
Pu(Ill) and can be precipitated out of the solution, the U(IV) containing waste is treated
with diluted acid until it precipitates out of solution.?” 3% In the United States, issues
implementing or using this method arise because of the potential for nuclear weapons

proliferation with the isolation of pure plutonium.*
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Figure 1.2 PUREX Ligand: tri-n-butylphosphate (THP)

The Diamide Extraction (DIAMAX) acts as a follow up to the PUREX process, it
focuses on separating the lanthanides from the actinides.*® It utilizes the diamide ligand,
N,N’-dimethyl-N,N’-dibutyltetradecylmalonamide (Figure 1.3), as the extracting agent.*!
The diamide, N,N’-dimethyl-N,N’dioctylhexylethoxymalonamide (Figure 1.3), has been

recently synthesized and used to increase the efficiency of extracting minor actinides in



the presences of lanthnides.*!

Figure 1.3 DIAMAX Ligands: (a) N,N’-dimethyl-N,N’-dibutyltetradecylmalonamide
and (b) N,N’-dimethyl-N,N’dioctylhexylethoxymalonamide

The Transuranium Extraction Process, TRUEX, focuses on extracting actinides
beyond  uranium.*?> It utilizes the  phosphine-based  ligand, (N,N’-
diisobutylcarbamoylmethyl)-octylphenylphosphine oxide (Figure 1.4), CMPO.# The
CMPO ligand is able to successfully extract transuranium elements, however it is not
considered a “stand alone” process due to its inability to differentiate between 4f and 5f
elements.®3 Therefore, it has been used in conjunction with the PUREX process,3”> 43

and attached to macrocycles such as calixarenes*>46-*® and resorcinarenes.*% >
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Figure 14 TRUEX Ligand (N,N’-diisobutylcarbamoylmethyl)-
octylphenylphosphine oxide



The Cyanex process utilizes the thio-containing ligand, Cyanex 301 (Figure 1.5),
to extract actinides over lanthanides in acidic media.>'=*? The ligand can only differentiate

Am** from lanthanides, but the ligand decomposes at pH levels below 3.347

{( .

Figure 1.5 Cyanex 301°3

The Trivalent Actinide-Lanthanide Separation by Phosphorous reagent Extraction
from Aqueous Komplexes (TALSPEAK) process employs the ligand di(2-
ethylhexyl)phosphoric acid (Figure 1.6) to extract lanthanides over actinides in aqueous

media.’® In reverse TALSPEAK the actinides are selectively removed for reprocessing.>®

Figure 1.6 TALSPEAK ligand di(2-ethylhexyl)phosphoric acid

The Selective Actinide Extraction (SANEX) process uses N-donor ligands to

selectively extract trivalent actinides in the presence of trivalent lanthanides.’® This



process initially started with bis-1,2,4-triazide-3-yl-oligopyridine (BTP) base ligands
(Figure 1.7) but has since move towards 6,6’-bis(5,6-dialkyl[1,2,4]triazine-3-
y1)[2,2’]bipyridine (DTBP) based ligands (Figure 1.7) to overcome the radiolytic
degradation problem the BTP ligands endured in nitric acid.®%-%> The DTBP ligand not
only maintained its structural integrity in acidic media, it also exhibited a high

separation factor for actinides over lanthanides.®* 63

Figure 1.7 SANEX (a) bis-1,2,4-triazin-3-yloligopyridine base ligand (b) 6,6’-

bis(5,6-dialkyl[1,2,4]triazine-3-yl)[2,2’ |bipyridine base ligand
1.4 Uranyl sensing and chemosensors

The mass accumulations of nuclear waste contain environmentally unfriendly toxins
and radioactive contaminants.!> The waste also contains recyclable radioactive metals,
which could be reused if scavenged. Uranium, a major component of aqueous nuclear
waste, is most commonly found in the form of the uranyl ion (U0%%).%® The uranyl ion is
thermodynamically stable; however, uranium can also exist in various different oxidation
states.®” The reactions of uranyl ions are critical in the extraction of uranium ore,
processing of nuclear fuel, precipitate processes, and in uranium distribution in the
environment.®® Unlike most transition metal oxides, the uranyl ion is linear and is more
likely to create complexes with ligands in the equatorial plane, to maintain the linear

U(VI) units where the two oxygen atoms (“yl”—oxygen atoms) are in the axial
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positions.18 69 These yl-oxygen atoms were believed to be chemically inert until Clark
and coworkers reported in 1999 that they are rapidly exchangeable at high pH.”® Arnold
et al. later succeeded in preparing a complex featuring covalent bond formation at one of
the “yl”—oxygen atoms after uranium(VI) was reduced to uranium(V).”'72 It is important
to note, detection of some lanthanide and actinide ions based on ionic bonding is difficult
in spent fuel due to similarities in ionic radii; however covalent bonds created amongst
the actinides are much stronger than those created by the lanthanides, due in large to the
greater radial extent of the 5f orbitals versus that of the 4f orbitals of the lanthanides.”?
Usage of detection based on covalent bond formation is useful in separation of the
actinides from the lanthanides, however concentrations of actinides in contaminants are
relatively low, thus giving off a very weak signal, making them hard to detect. Other
issues associated with current methods of managing the nuclear contamination include;
mobility, cost, sample preparation, and detection. Current methods used for actinide
detection in waste include but are not limited to alpha spectroscopy and UV-Vis
spectroscopy.

Alpha spectroscopy is a low-cost and robust radio-analytical method commonly
used in routine analysis for the determination of isotopic ratios of alpha-radionuclides in
natural samples. However, before alpha-radiometric analysis can be performed, pre-
concentration and separation of the radionuclide from the matrix is required.”* Sample
preparation is vital because of the miniscule radionuclide concentration present in the
sample of interest and the possibility of interference of other impurities with the emitter
of alpha particles. Interferences from other impurities causes lower spectral resolution

and higher detection limits. Pre-concentration and separation procedures require
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additional techniques such as; extraction, co-precipitation, and ion-exchange. These
additional techniques are not only time-consuming, but are costly as well.”

UV-Vis spectroscopy allows moderate to high sensitivity and selectivity, fair
accuracy, and real-time field analysis.”> 7 Unlike alpha spectroscopy, UV-Vis is often
portable and doesn’t require extensive sample preparation. Due to the low concentration
of actinides in spent fuel, coupling UV-Vis with a chemosensor is ideal for the
development of a real-time on-site actinide sensor. Chemosensors, such as porphyrins or
salen ligands, are molecules that bind an analyte and cause a detectable change, via color
change detectable by UV-Vis or an increase or decrease in fluorescence emission
spectroscopy and can aid in nuclear remediation.”’ Typically, a chemosensor works by
chelating a metal ion into the binding pocket. Once the metal is chelated inside the
pocket, if there is a visible color change it is termed a colorimetric chemosensor, if there
is a change in fluorescence it is simply referred to as a chemosensor.”® In colorimetric
chemosensors, a molecule may experience a spectral band shift from a shorter
wavelength to a longer wavelength (lower frequency), which is known as a bathochromic
shift, or vice versa, a hypsochromic shift. These shifts are dependent on an increase or
decrease in electron densities on the chromophore moiety, which is more effectively
observed for charged analytes, such as cations or anions.”® The binding may cause a
change in fluorescence; however, since metals often exist in different oxidation states a
sensor must be able to efficiently detect and yield different signals for each state.” For
example, when uranium is exposed to air it commonly forms the aforementioned uranyl

(UO%*) cation, while other actinides such as plutonium exist in the IV, V or VI oxidation

state in air and aqueous solution. Therefore an efficient sensor must be able to distinguish
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between these various cations.?

Actinides have the ability to form hydrolyzed acidic metal ions, where when placed
in aqueous media, water molecules act as ligands and coordinate to the actinide ion via
the oxygen donor atoms. These ions also have the ability to form strong complexes with
common chelating agents, such as salen ligands'.®' These hard ions prefer to interact with
hard acid donors like oxygen or carboxylate, alkoxide, and fluoride anions, but tend to
exhibit covalent-like interactions with softer donor atoms, such as chloride, nitrogen, and
sulfur.” Common methods for separation of actinides from reactor fuels tend to take
advantage of their unique differences in redox chemistry.”> 8" The large size and flexible
coordination geometry of the actinide ions provides insight into the design of actinide-
specific chelating agents.®? Design specifications include using ligands that structurally
control the coordination environment; therefore, an important key in designing a metal
scavenging ligand is high affinity for a target metal while maintaining a low affinity for
other metal ions.®?

Salen ligands have been of interest due to their ability to form stable metal
complexes.®* They are formed from reacting a salicylaldehyde compound and an ethylene
diamine compound, giving it the name "salen".%> 8¢ First introduced in the 1990s, by
Jacobsen and Katsuki as highly enantioselective catalysts for the asymmetric epoxidation
of functionalized olefins, salen ligands have since been used in various applications.®’-%
They have been utilized as catalytic scavengers of hydrogen peroxide and cytoprotective
agents, in the catalytic oxidation of secondary amines, or as catalysts for ring-opening

metathesis.?® °° Salen-metal complexes have been utilized in medical chemistry as

antitumor agents and have been shown to exhibit catalytic behavior.”! Salen ligands can

13



play an important role in solid-phase extraction technologies, where they are used to
scavenge toxic metals from the environment.% 72

Research conducted by the Cheng research group studied chemosensors based on
transmetalation of salen-based complexes.”? In this work they determined that in order to
achieve high selectivity, the ligand must have the strongest binding affinity to the metal
of interest, which is nearly impossible to achieve since the ligand affinities for different
metal ions cannot be anticipated in a straightforward manner.®? In their experiment, three
types of salen ligands; N,N’-bis(salicylidene)-1,2-phenylenediamine (L1), N,N’-bis(4-
diethylamino-2hydroxybenzylidene)-1,2-dicyano-1,2-ethenediamine (L2) and N,N’-
bis(3-chloro-5-sulfonatosalicylidene)-4,5-dimethyl-1,2-phenylenediamine disodium salt
(L3) (Scheme 1.1) were studied. They were able to conclude that Cu(L.1) exhibited the
most sensitive fluorescence probes for detecting AI** giving it the ability to be used as a
highly selective AI** optical chemosensor, while Pt(L1) complexes are phosphorescent
and could be used as phosphorescent probes. Phosphorescent probes offer several
advantages compared to that of fluorescence probes including: longer lifetimes of
emission, larger Strokes shifts and richer excited states.”> Unfortunately, no
transmetalation reactions were observed when various metal ions were added to the
solution of Pt(L1). The L2 ligand, Cu(L2) exhibited strong capabilities for A"
selectivity, while the L3, which contained sulfonate groups to ensure stability and
solubility in water without affecting their excited-state properties, also demonstrated
great selectivity for AI** in aqueous media. This study demonstrates promising results of

selective transmetalation and water-soluble sulfonated salen ligands.*?
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Scheme 1.1: Generic salen-based ligand detecting AI** via transmetalation and
chemical structures of the actual salen complexes used in metal transmetalation.”?

Through the use of cyclic voltammetry of the ligands depicted in Scheme 1.2 and
1.3, fluorescence properties of Zn pyrazolone based salen ligands shown in Scheme 1.4,
and the reversible binding and changes in fluorescence of a binuclear Zn complex,
N,N’bis(2-hydroxybenzilidene)-2,4,6-trimethylbenzene-1,3-diamine (Scheme 1.5) with
various metals all constitutes as numerous examples of salen ligands containing Schiff
base donors atoms utilized as chemosensors.”>*> The Schley research group discovered
that for the 3,5-di-tert-butyl-salicylaldehyde (bsal) based ligands (Figure 1.8)
heterobimetallic, consisting of two different metal, complex (1.8a) the redox potential is
50 mV higher than that of the monometallic (1.8b) equivalent indicating a small electron-
withdrawing effect caused by the late transition metal nickel.”®> These findings show that
differences in the metal binding can cause differences in the electrochemistry of the
bound metals, which could be a great way to evaluate the electrochemical behavior of

actinides.”%

15



COONa

> oH + COONa
. 7\ 2M NaOH OH HO
HoN NH
tBu 2 MeOH

Scheme 1.2: Synthesis of salen ligand Na(Hz2bsalcen) (L4)

COO-
COO-
1. ZnCly(thf)l, th, 1, A
2 tBu _
2. MeOH =N N
tBu OH HO:@ftBu
tBu tBu
Scheme 1.3: Synthesis of salen ligand Hsbsal4cpn (L5) with [ZnCl2(THF):]
COOR oRo
¢ ,w\ - H104
037/;‘—@03
1\ \( /—&;'\"/
d i%}im% ~ - cay c31
O ) c29 &4 j EANLT _— Clz
A Lal OB I A— C16 C T Y >
o 0 8 e N
2a=M=Ni,R=LaTp’, 20=M=N,R=H ¢ \(:. 1 B $a v@?‘\ fc?"oz Pl _Jah
where, 4 ¢ )C24 c13
. co7 c22 o /
Tp= H—B-H\LQA]3 c23td) CB‘(»':j‘\m 10
a b

Figure 1.8: General structure of salen ligands, and crystal structures of
(a) heterometallic complex and (b) monometallic complex

Song’s research group studied pyrazolone-based salen ligands; they have

synthesized and characterized two 4-acyl pyrazolone derivatives: N,N’-ethylamine bis[1-
(4-methoxy-phenyl)-3-methyl-4-benzoylimino-2-pyrazoline-5-ol] (L6) and N,N’-
ethylamine bis[1-(4-methoxy-phenyl)-3-methyl-4-benzoylimino-2-pyrazoline-5-ol] (L7)
(Scheme 1.4).°* Based on the 'TH NMR and FT-IR spectra collected, they concluded that
the two Zn(Il) metal complexes (L6 and L7) exist as dinegative tetradentate ligands with
a conjugated chelate ring in the enolized form. Upon coordinating to Zn(Il), a prominent

fluorescence enhancement is observed in L6 with a significant hypsochromic shift from
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544 to 459 nm denoting a CHEF (chelating-enhanced fluorescence) due to intraligand
transitions.”> °* In contrast, coordination of L7 with the Zn?" ion, did not yield a CHEF,
which may be caused by the weaker bonding forces of the Zn?" ion first coordinating
shell of the (L7)> anion compared to that of the (L6)> anion. The hypsochromic shift

observed in L6 is an important characteristic for chemosensor applications.

NaOH O O
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HCI

AcOH Ca OH
reflux @— reflux
N= HoN EtOH
O@N + reflux
/ R
o S NH,
%

L6:R = @ Q
L7:R= --CH,4
Scheme 1.4: Synthetic route of the ligands L6 and L7°

To date, there have been only a few systems devised with the ability to selectively
and reversibly recognize heavy and transition metals (HTM) ions by the emission of
distinct signals; however, the Pandey research group has been able to synthesize a Schiff
base ligand, N,N’bis(2-hydroxybenzilidene)-2,4,6-trimethylbenzene-1,3-diamine (LS8),
exhibiting on-off switch capabilities towards Cu?" and Ag" ions.”> The binuclear Zn

complex of the ligand exhibited (Scheme 1.5) stability in the pH range of 6-12 with
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optimal stability in the range of 7.0-7.4. The maximum or minimum fluorogenic output of
the ligand is attributed to the weak interactions of [M-n (-CH=N-)] between the ligand
and metal ions.”>®” The Cu?" and Ag" ions do not displace Zn?*, instead they interact
weakly with the ~-CH=N- unit of the ligand by metal-to-ligand-charge transfer for Cu?*
and ligand-to-metal-charge transfer for Ag” (Figure 1.9). With the ability to act as a
molecular keypad lock system, which follows correct chemical orders due to reversible
on-off behavior, this ligand has the ability to yield a new class of chemosensors.”> The
aforementioned study once again provides a salen ligand in an application of a

chemosensor that can selectively detect specific metal ions.

1; | : ? <|
©? Zn(NOg),* 6H0 O N N. O
Zn Zn.
TMeOH/t o N =N 0
©) = f)

Scheme 1.5: Synthesis of L8-metal complex®?

TP
ORI S

M = Agor Cu
Figure 1.9: M = Ag'/ Cu?" metal ions interacting weakly with the -CH=N- unit
of L8.%

Raymond and co-workers have studied actinide-specific chelators for both

environmental decontamination and chelation therapy applications. This “HOPO”
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(hydroxypyridonates) class of ligands offer a biomimetic, synthetic approach with the
ability to mimic that of a biological process approach with promising potential as
biological decorporation, the therapeutic process in which radioactive material is
removed from the body, agents due to their high affinity and selectivity towards
actinides.”® They have synthesized a siderophore inspired [TAM(HOPO)?] class of
ligands (L9) (Figure 1.10) featuring a 2,3-dihydroxy terephthalamide (TAM) backbone
with ethyl or phenyl linkers on either end terminating in hydroxypyridonates groups
(either Me-3,2-HOPO or 1,2-HOPO).*° Uranyl(VI) adducts of this ligand, [UO2(L9)*]
were found to exhibit saturated chelation of the uranyl ion with the oxygen atoms of the
ligand. The coordinate saturation, the ligand’s ability to form ¢ and © bond via donation
and 7 bonds by accepting electron density from the metal to achieve complete saturation

of coordinating sites, of the metal-ligand complex offers promising results for the

incorporation of the uranyl ion into a salen pocket.’* 98 100

Figure 1.10: [UOQ(L9)2_] ligand-metal complex with phenylene linker and 1,2-
HOPO terminal groups”®

Work conducted by Cametti and co-workers focused on the ion-recognition

attributes of uranyl complexes with salen/salophen-type ligands.”” They successfully
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synthesized a salen ligand functionalized with a phenyl methoxy “side-arm” forming the
[UOz2(salen)]-CsF-CHCIl3 complex, a dimeric 2:2 complex mediated by coordination of
two cesium cations to two uranyl receptor molecules (Figure 1.11).'%" They later showed
that uranyl—salophen complexes could co-crystallize tetramethylammonium halide salts
revealing, that anion recognition is obtained via equatorial binding to the uranyl cation,

while cation recognition is achieved through cation- = /CH- = interactions of the

quaternary ions with the aromatic side arms of the ligand.!?

Figure 1.11: Salen ligand uranyl complex:!°! [UO>(salen)]- CsF-CHCl3

Research conducted by the Khashab research lab utilized bovine serum albumin-
stabilized gold nanoclusters (BSA-AuNCs) to create a simple, reliable, and selective
colorimetric sensor for uranyl ions in seawater.'”® As depicted in Scheme 1.6 BSA-
AuNCs strong peroxidase activity, which is mostly attributed to the transitions of free
electrons of gold nanoclusters (AuNCs), the detection mechanism is based on the ability
of TMB (3,3',5,5’-tetramethylbenzidine) to oxidize in the presence of hydrogen peroxide
and BSA-AuNCs and rapidly transform into a blue charge-transfer complex
(chromogen).!%-1% However in the presence of uranyl, the peroxidase-like activity of

BSA-AuNCs is inhibited.!®> Under optimized conditions the detection limit of uranyl is
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1.86 uM with a signal-to-noise ratio of 3.1 The selectivity of the system was then tested
against other ions including; Li*, Na* , AP, S, K*, Ca*", Fe**, Co*", Cu?*", Zn*",
Ag", I, Hg*, and Pb*". There were no observable changes for all the metal ions,
excluding Hg?" and Ag"; however, a solution of potassium iodide was used to form a
stable masking reagent with those ions, thus “muting” their assay responses and creating

a selective colormetric uranyl sensor.'%

H20, H,0,

H20 ox Hz0 QXT'%
per_mfidase-like inhibition of the peroxidase- |
activity of AuNCs like activity of AuNCs t U

P 5% Tk O O NH, 3,3',5,5-tetramethyl-
¢ BSA-protected AUNCs %UOZ 2 zbenzidine (TMB)

S‘C'ht:;le 1.6: Sensing of uranyl ion sensor via the inhibition of BSA-AuNCs peroxidase
activity.!%3

Wang, and researchers have also studied the detection of uranyl in natural water
systems. Their research is centered on using luminescent mesoporous terbium(IIl)-based
Metal-Organic Framework (MOF) systems equipped with exposed Lewis base sites
capable of quenching the luminescence of the system in the presence of uranyl.'® As

depicted in Scheme 1.7, the MOF contains a 3-D framework with a series of 1-D

rhombic channels with dimensions of 27 x 23 A% capable of accommodating uranyl
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cations.!® The channels are equipped with substantial amounts of readily available
coordination amine (6 mol per mole of MOF ) and triazine groups (6 mol per mole of
MOF ) facing inward to chelate uranyl ions.!*® In samples of 5 mg/L and 50 mg/L, the
MOF was able to remove 80% and 60% of uranyl respectively from the samples in as
little as 10 minutes. The detection limit of the system was determined to be 0.9 ug/L,
which is lower than the maximum contamination standard (30 pg/L) in drinking water as

106-108 T determine the

defined by the United States Environmental Protection Agency.
selectivity of the system, the MOF was submerged in several aqueous metal nitrate
solutions including, Th*", Eu**, Sr?*, AI’", Ca?>", Cs* , K'. There were negligible
influences on the emission intensity of the MOF from the metal cations tested, excluding
Eu*" which yielded notable quenching of the luminescence but not nearly as much as
uranyl.!% When uranyl was added to the aforementioned metal solutions, the
luminescence was completely quenched. Wang attributed this uranyl selective quenching
to the electronic structure of the uranyl ion, which has the capability of a more efficient

resonance energy transfer that can be amplified by the soft nitrogen donor ligand, which

in return enables selective enrichment of the uranyl ion in the presence of competing

106

cations.

U0,*(H,0),

U-ON_:2.48 A
E, =-63.64 kcal/mol

Equatorial 5-coordination: 5 H,O

Scheme 1.7: (a) Crystal structure of compound MOF along Z axis. (b) Fragment of
compound MOF. (¢) Structure of uranyl hydrate.!%

22



1.5 Conclusion

Since its discovery in 1789, uranium has flourished from an insignificant element
commonly used to color glassware and in pottery glaze to the leading non-petroleum fuel
source for nuclear energy. Nuclear power is a low cost, reliable energy source with a low
carbon footprint. Unfortunately, the nuclear fuel cycle produces an abundance of
recyclable radioactive metal enriched wastes. Current methods used to extract these
radioactive metals include PUREX, SANEX, TALSPEAK, Cynex, DIAMAX, and,
TRUEX. However, these processes are time-consuming and performed under extremely
acidic conditions or require environmental-unfriendly hydrocarbons, such as kerosene
and dodecane. Chemosensors are molecules that bind an analyte and cause a detectable
change, via color change or fluorescence detectable by UV-Vis spectroscopy and can aid
in nuclear remediation. The aforementioned research performed by Cametti, Wang, and
Khashab, are all examples of promising uranyl chemosensors; however, there is still a
need for a real-time, highly selective uranyl sensor with capabilities of detecting uranyl in

various media.
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Chapter 2
Ligand Design: Electronic Effects on Metal Chelation of

Schiff-based Salen Ligands

2.1 Introduction

Electronic effects are those that influence the structure, reactivity, or properties of
a molecule; they are responsible for the ionization and hybridization state of the molecule.
The most common types of electronic effects are: induction, resonance (formally known
as mesomerism), resonance effect of a substituent, and hyperconjugation.'? Induction is
defined as the phenomenon of withdrawing electrons via sigma (o) bonds to the more
electronegative atom or group in a molecule.! The resonance effect is the donation or
withdrawal of electrons via orbital overlap with neighboring pi () bonds.> Resonance
effects of a substituent is the term used to incorporate two obsolete effects: mesomeric and
electromeric effects.? The mesomeric effect is caused by a substituent due to overlap of its
n orbitals with the m orbital of the rest of the molecule, resulting in induced or extended
delocalization caused by the electronic flow to or from the substituent.! The electromeric
effect is an intermolecular electron displacement caused by the complete shift of the
bonding 7 electrons in a double or triple bond to an atom within the same atomic octet.?
Hyperconjugation is the interaction resulting from the overlap of a vacant m orbital on one
atom with a neighboring sigma ¢ bond.? The aforementioned effects and phenomena, along

with a few others, all give rise to the electronic effects of a molecule/system.
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Electronic effects have been used in catalysis to explain the enantioselectivity of
certain Rh(I) catalysts* as well as to explain the effects on late transition metal olefin
polymerization catalysis.® It has been used in biochemistry to study the effects on metal-
flavin ligation® and on the analogs of 4-hydroxy-3-(hydroxymethyl) phenyl ester
interactions with the protein kinase C1 domain.” Electronic effects have been used to study
their influence on metal-ligand chelation.®'? It has also been used to study the effects on
metal-mediated enediyne cyclization,'? the photophysical properties of triarylboranes,'* as
well as studying the © complexation between cyano-olefins and nt bases.'’

Research in the Gorden lab has focused on the synthesis of Schiff-base salen ligands
for metal chelation and uranyl sensing.!'®?® The ligands consist of a 2-quinoxalinol
backbone, which 1is subjected to an acid-catalyzed condensation reaction with
salicylaldehydes bearing various R-groups to yield a quinoxalinol salen-based ligand

bearing a tetradentate (O-N-N-O) pocket (Scheme 2.1).

N |
R N
, L |
HoN N\ + | P Trifluoroacetic acid OH N N\
— | ~
HoN N™ "OH OH O OH N N~ “OH
I
| X
\z

Scheme 2.1: General synthesis of 2-quinoxalinol salen-base ligand
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These ligands have also been used for the catalytic oxidation of propargylic alcohols?-3?

and as solid-support heterogeneous ligands for copper extraction in aqueous media.?
Reported herein, is the study of how electronic effects influence the chelation of various

di-, tri-, and tetravalent metal ions with 2-quinoxalinol Schiff-base salen ligands.

2.2 Results:
Synthesis

The 2-quinoxalinol salen-based ligands were synthesized via an acid-catalyzed
condensation reaction between the 6,7-diamino-3-isobutyl-2-quinoxalinol backbone and
the salicylaldehyde of interest as depicted in the synthetic shown route in Scheme 2.1. The
synthesis of the 3-formyl-4-hydroxybenzoic acid was completed via saponification of the

methyl ester or via the Duff reaction.”- %3

UV-Vis Absorption Studies:

With the six salen ligands, L1, L2, L3, L4, L5, and L6 synthesized (Figure 2.1),
determination of the ligands’ ability to chelate assorted di-, tri-, and tetravalent metal ions
were studied. Each ligand contained either an electron donating or accepting group in the
5-position, while L4 containing a hydrogen atom in the 5-position was used as a reference

compound.
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Figure 2.1: Structures of salen ligands employed

A Cary 50 spectrophotometer was used for all Ultraviolet-visible spectra data. The
ligand solutions prepared were 20 ppm (parts per million) in concentration in N’N-
dimethylformamide. The 20 ppm metal solutions were made by dissolving 0.5 mg of metal
salt in methanol into a 25 mL volumetric flask. Serial titrations were completed by the
addition of the metal salt solution in 20 pL aliquots to minimize the amount of solvent in
the cuvette. Each serial titration was performed over a 20 min period, to determine their
ability to be used as a real-time detector. Metal to ligand molar ratios ranged from 0.09-

2.3: 1 to ensure the completion of metal chelation. Note: for simplicity only, the metal to
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ligand ratio of 2.3:1 is displayed in each UV-Vis spectrum; the complete spectra of
individual titrations can be found in the Appendix.

The L1 ligand features a ¢-butyl group, a weakly activating and electron donating
group, in the 5-position. The UV-Vis spectra of the ligand exhibited two major peaks at
310 nm and 383 nm. Upon the addition of the vanadyl solution (Figure 2.2) a
hypsochromic shift from 310 nm to 280 nm accompanied by a small shift from 383 nm to
386 nm of the second peak was observed. As the copper(Il) chloride solution was added to
the free base, the formation of a shoulder at 287 nm was observed accompanied by a
bathochromic shift from 310 nm to 330 nm and the formation of a possible charge transfer
band at 452 nm. When the zinc solution was added to the free base, a new peak was
observed at 478 nm accompanied small bathochromic shifts from 310 nm to 315 and 383
nm to 389 nm. Upon the addition of the cobalt solution, a small hypsochromic shift was
observed from 310 nm to 300 nm along with a minor bathochromic shift from 383 nm to
385 nm. Similar results were observed when uranyl (310 nm to 305 nm and 383 nm to 382
nm) and thorium (310 nm to 305 nm and 383 nm to 385 nm) metal solutions were added
to the free base. There were no significant spectroscopic changes for the other metals
titrated. The summary of these titrations can be found in Table 2.1. The ligand (20 ppm)
exhibited a fluorescence intensity of 151 relative fluorescence units (RFU), which was
nearly completely quenched with the addition of the transition metals, excluding vanadyl,

and experienced significant quenching with the addition of the actinides.
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Table 2.1: UV-Vis data for serial titration of L.1 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios) Ligand concentration: 20 ppm.

A (nm) Absorbance
L1 310, 383 0.84, 0.84
VO*+ [L1] 280, 386 0.91, 0.60
Cr¥t+ [L1] 310, 330 0.69, 0.61
Mn?*+ [L1 312,374 0.57,0.61
Fe**+ [L1] 307, 383 0.65, 0.64
Co?" + [L1] 300, 385 0.63,0.61
NiZ*+ [L1] 303, 385 0.68, 0.68
Cu*'+[L1] 287,330 0.66, 0.64
Zn** + [L1] 315, 389 0.68, 0.60
Dy**+ [L1] 308, 385 0.60, 0.60
Yb3*+ [L1] 295, 382 0.83, 0.60
Th* + [L1] 305, 385 0.65, 0.63
U0+ [L1] 305, 382 0.63,0.61
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Figure 2.2: Spectra of results of serial titration of L1 with metals of interest at 2.3: 1 metal
to ligand ratio: UV-Vis highlighting spectral shifts (L) and fluorescence data depicting
quenching upon the addition of metals (excitation at 383 nm) (R). Ligand concentration:
20 ppm.

The L2 ligand consisted of an electron donating and weakly activating methyl
group in the 5-position. It exhibited four peaks; 360 nm, 385 nm, 404 nm, and 486 nm
(Figure 2.3). Upon the addition of cobalt solution, a small hypsochromic shift from 360

nm to 354 nm was observed as well as the formation of a small shoulder at 424 nm.

Similarly, with the addition of zinc solution induced a small hypsochromic shift from 360
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nm to 356 nm and a small shoulder was observed at 435 nm. Notable spectroscopic changes
were observed upon the addition of copper, a hypsochromic shift from 360 nm to 353 nm
and the formation of a possible large charge transfer band at 420 nm. There were no
significant spectroscopic changes for the other metals titrated. The full summary of the
metal titrations with the L2 can be found in Table 2.2. The ligand (20 ppm) exhibited a
fluorescence intensity of 150 RFU, which was nearly completely quenched with the
addition of the other metals (transition, lanthanides, and actinides).

Table 2.2: UV-Vis data for serial titration of L2 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios) Ligand concentration: 20 ppm.

Momax Absorbance
L2 360, 385, 404, 486 0.99, 0.75, 0.64, 0.35
VO* + [L2] 356, 397 0.82,0.52
Crit+[L2] 358, 378, 399, 439 0.82, 0.65, 0.53, 0.23
Mn2*+ [L2] 358, 382,401, 424 0.75, 0.61, 0.58, 0.40
Fe* + [L2] 354,399 0.87, 0.53
Co?* + [L2] 354, 402, 424 0.76, 0.50, 0.40
Ni?*+ [L2] 354, 402, 430 0.75, 0.45, 0.40
Cu?*+ [L2] 353, 420 0.79, 0.50
Zn* + [L2] 356, 401, 435 0.79, 0.50, 0.33
Dy3*+ [L2] 358, 383, 402, 437 0.79, 0.64, 0.56, 0.29
Yb3t+ [L2] 358, 385, 402, 445 0.81, 0.60, 0.51, 0.20
Th* + [L2] 360, 383, 402 0.88,0.67, 0.55
U022+ [L2] 356, 383, 402, 441 0.87,0.63, 0.52,0.18
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Figure 2.3: Spectra of results of serial titration of L2 with metals of interest at 2.3: 1 metal
to ligand ratio: UV-Vis highlighting spectral shifts (L) and Fluorescence data depicting
quenching upon the addition of metals (excitation at 383 nm) (R). Ligand concentration:
20 ppm.

40



The L3 ligand consisted of a carboxylic acid group in the 5-position, which is a
mildly deactivating and electron withdrawing group. The ligand exhibited three peaks; 308
nm, 381 nm, and 399 nm (Figure 2.4). As the chromium solution was added a
bathochromic shift from 308 nm to 331 nm was observed. While the addition of the cobalt
and nickel solutions resulted in the formation of a new peak around 398 nm, the two ligand
peaks (381 nm and 399 nm) diminished. Upon the addition of copper an 11 nm
bathochromic shift from 399 nm to 411 nm and a small shoulder at 390 nm were observed.
In contrast, the addition of zinc solution resulted in a hypsochromic shift from 399 nm to
394 nm with a small shoulder at 326 nm. Addition of the uranyl solution resulted in a small
hypsochromic shift from 381 nm 379 nm and 399 nm to 392 nm, accompanied by a small
shoulder at 364 nm. There were no significant spectroscopic changes for the other metals

titrated, the observations are summarized in Table 2.3.

Table 2.3: UV-Vis data for serial titration of L3 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios. Ligand concentration: 20 ppm.

Amax Absorbance
L3 308, 381, 399 0.67,0.68, 0.69
VO* + [L3] 324, 381, 400 0.44, 0.54, 0.51
Cr¥+|[L3] 331, 381, 400 0.56, 0.54, 0.50
Mn2*+ [L3] 381, 400 0.54,0.52
Fe*™ + [L3] 324, 381, 400 0.44, 0.54, 0.55
Co* + [L3] 298, 397 0.63, 0.51
NiZ*+ [L3] 298, 398 0.63, 0.53
Cu?*+ [L3] 296, 411 0.96, 0.70
Zn* + [L3] 296, 326, 394 0.40,0.37,0.54
Dy3*+ [L3] 300, 324, 381, 396 0.38,0.40, 0.51, 0.51
Yb3*+ [L3] 300, 324, 381, 396 0.38, 0.40, 0.53, 0.51
Th* + [L3] 324,379, 394 0.39,51,0.48
U022+ [L3] 300, 324, 364, 379, 392 10.49, 0.51, 0.60, 0.68, 0.61
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Figure 2.4: Spectra of results of serial titration of L3 with metals of interest at 2.3: 1 metal
to ligand ratio: UV-Vis highlighting spectral shifts. Inset expand view of the spectroscopic
differentiation observed between uranyl and copper. Ligand concentration: 20 ppm.

It is important to note that distinct spectral shifts occurred only for the uranyl and
copper species. The shifts are presented in Figure 2.4 for the L3 ligand (blue, A=381 nm
and 400 nm) with uranyl (green A=379 nm) and copper (red, A=411 nm) indicating blue
and red shifts, respectively. This differentiation is important because it demonstrates a
spectral method to differentiate binding of copper, a common false-positive, from that of
the metal of interest, uranyl.

Fluorescence Studies:
Due to its capability to differentiate between Cu?" and uranyl ions, the

photophyisical properties of the L3 were studied via fluorescence spectroscopy. The L3
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ligand (20 ppm) exhibits a maximum intensity at 500 nm, which exhibited a bathochromic
shift for copper and uranyl of 456 nm (AL =44 nm) and 467 nm (AX = 23 nm) respectively.
To study the sensitivity of the ligand, serial titrations with the metal ions were performed.

As the uranyl solution was added, the ligand fluorescence was quenched and

reached complete saturation after the introduction of 1.5 equivalent of uranyl (Figure 2.5).
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Figure 2.5. Quenching of emission spectra of serial titration of L3 with 0.09 molar
equivalent of uranyl per addition (excitation at 381 nm). The inset is the fluorescence
intensity upon addition of uranyl ions up to 2.2 equiv. (emission: 501 nm)

In contrast, as the copper solution was added complete quenching of the ligand peak

was observed (Figure 2.6) due the copper ions’ ability to attain a square planar geometry

in the pocket of the ligand and the ease of reduction of Cu(Il) to Cu(I) and oxidation to
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Cu(II). Saturation of the ligand with the copper ions occurred after 1.7 molar equivalents

was added.
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Figure 2.6: Quenching of emission spectra of serial titration of L3 with 0.09 molar
equivalent of copper per addition (excitation at 381 nm). The inset is the fluorescence
intensity upon addition of copper ions up to 2.2 equiv. (emission: 501 nm)

The L4 is considered control ligand, possessing a hydrogen atom in the 5-position.
This ligand exhibited three major absorptions; 362 nm, 377 nm, and 396 nm (Figure 2.7).
Due to the lack of electronic groups in the 5-position of the ligand, which influence the
chelation of metal ions, very subtle changes (1-2 nm shifts) were observed with the addition
of cobalt, nickel, and zinc. However, upon the addition of copper a significant spectral
changed occurred. As the copper solution was added a 13 nm bathochromic shift from 396

nm to 409 nm occurred. There were no significant spectroscopic changes for the other
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metals titrated which is summarized in Table 2.4. The ligand exhibited a fluorescence
intensity of 112 RFU, which was significantly quenched with the addition of copper,

however little to no decrease in fluorescence occurred with the other transition metals.

Table 2.4: UV-Vis data for serial titration of L4 with various metal ions (data shown at

2.2:1 metal to ligand molar ratios) Ligand concentration: 20 ppm.

A (nm) Absorbance

L4 362,377,396 0.66, 0.75, 0.50
VO** + [L4] 362,377,396 0.55,0.61, 0.40
Cr3t+ [L4] 362,377,396 0.55,0.61, 0.40
Mn?* + [L4] 362,377,396 0.53, 0.60, 0.41
Fe** + [L4] 362,377,396 0.60, 0.65, 0.43
Co> + [L4] 364,377,396 0.47,0.52,0.42
NiZ*+ [L4] 361, 377, 396 0.50, 0.58, 0.42
Cu?*+ [L4] 392, 409 0.61, 0.58

Zn** + [L4] 361, 377,396 0.50, 0.59, 0.43
Dy3*+ [L4] 362,377,396 0.54, 0.60, 0.39
Yb3*+ [L4] 362,377,396 0.54, 0.60, 0.39
Th* + [L4] 362,377,396 0.54, 0.60, 0.39
UO2* + [L4] 362,377,396 0.53, 0.60, 0.39
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Figure 2.7: Spectra of results of serial titration of L4 with metals of interest at 2.3: 1 metal
to ligand ratio: UV-Vis highlighting spectral shifts (L) and Fluorescence data depicting
quenching upon the addition of metals (excitation at 383 nm) (R). Ligand concentration:
20 ppm.
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The LS ligand consists of a weakly deactivating and electron withdrawing chlorine

atom in the 5-position. The least amount of spectrophotometric shifts, resulting from the

introduction of metal ions, occurred with this ligand due to the electron withdrawing

chlorine pulling electron density away from the tetradentate pocket of the ligand. The L5

ligand exhibits 2 peaks at 341 nm and 381as depicted in Figure 2.8. Upon the addition of

copper, a small band grew in at 417 nm, suggesting a charge-transfer, accompanied by a

small shoulder at 392 nm. The full summary of the metal titrations with the LS could be

found in Table 2.5. The ligand exhibited a fluorescence intensity of 427 RFU, which was

slightly quenched with the addition of copper.

Table 2.5: UV-Vis data for serial titration of L5 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios) Ligand concentration: 20 ppm.

A (nm) Absorbance
LS 341, 381 0.81, 0.80
VO + [L5] 341, 381 0.69, 0.65
Cr¥t+ [L5] 341, 381 0.72,0.65
Mn2*+ [L5 341, 381 0.65, 0.64
Fe* + [L5] 341, 381 0.77,0.70
Co?" + [L5] 341, 381 0.66, 0.56
NiZ*+ [L5] 341, 381 0.65, 0.58
Cu?*+ [L5] 339, 396, 419 0.57, 0.60, 0.61
Zn** + [L5] 341, 381 0.65, 0.60
Dy** + [L5] 341, 381 0.69, 0.65
Yb3* + [L5] 341, 381 0.68, 0.66
Th* + [L5] 341, 381 0.68, 0.65
U022+ [L5] 341, 381 0.67,0.65
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Figure 2.8: Spectra of results of serial titration of L5 with metals of interest at 2.3: 1 metal
to ligand ratio: UV-Vis highlighting spectral shifts (L) and Fluorescence data depicting
quenching upon the addition of metals (excitation at 383 nm) (R). Ligand concentration:
20 ppm.

The L6 ligand includes an electron donating strongly activating hydroxyl group in
the 5-position. It exhibited two peaks; 307 nm and 391 nm (Figure 2.9). Upon the addition
of the vanadium solution, a small hypsochromic shift occurs from 307 nm to 281 nm. The
addition of manganese to the free base resulted in bathochromic shift from 307 nm 383 nm
accompanied by a small shoulder at 342 nm. As the concentration of cobalt increased, a
bathochromic shift from 307 nm to 327 nm was observed, accompanied by a small shoulder
at 374 nm, and a charge transfer band at 449 nm. With increasing in nickel concentration,
a small bathochromic shift from 307 nm to 315 nm, a hyposchromic shift from 391 nm to
383 nm, and two small charge transfer peaks at 446 nm and 523 nm were observed. Very
distinguishable spectroscopic changes were observed upon the addition of copper and zinc.
With the addition of copper, a bathochromic shift from 307 nm to 327 nm was observed
and was supplemented by a large charge transfer band at 473 nm. Similarly, as the zinc

concentration increased a small bathochromic shift from 307 nm to 317 nm was observed,

accompanied by a large charge transfer band at 462 nm There were no significant
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spectroscopic changes for the other metals studied. The full summary of the metal titrations
with the L6 could be found in Table 2.6. The ligand (20 ppm) exhibited a fluorescence
intensity of 634 RFU, which was significantly quenched with the addition of the transition

metals.

Table 2.6: UV-Vis data for serial titration of L6 with various metal ions (data shown at
2.2:1 metal to ligand molar ratios) Ligand concentration: 20 ppm.

A (nm) Absorbance
L6 307, 391 0.54, 0.49
VO* + [L6] 281, 391 0.47, 0.40
Cr¥*+ [L6] 307, 391 0.42,0.42
Mn2* + [L6] 278, 342, 383 0.23,0.36, 0.41
Fe** + [L6] 310, 391 0.45,0.42
Co*" + [L6] 273,327,374, 449 0.50, 0.43, 0.36, 0.29
Ni%*+ [L6] 273. 315, 383, 446, 523 0.37,0.43, 0.38,0.27,0.13
Cu*'+ [L6] 276,327,473 0.28,0.41, 0.42
Zn**+ [L6] 317,462 0.45,0.43
Dy** + [L6] 305, 391 0.39, 0.40
Yb3*+ [L6] 307, 391 0.39,0.42
Th* + [L6] 313, 383 0.33,0.36
U0+ [L6] 312, 391 0.37,0.39
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Figure 2.9: Spectra of results of serial titration of L6 with metals of interest at 2.3: 1 metal
to ligand ratio: UV-Vis highlighting spectral shifts (L) and Fluorescence data depicting
quenching upon the addition of metals (excitation at 383 nm) (R). Ligand concentration:
20 ppm.
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2.3 Conclusion:

Six Schiff-base salen ligands were synthesized, each containing a different electronic
group, to determine the effect such groups exert on the ligand’s chelation ability for various
metal ions. Although possible anion coordination effects may have played a role in the
kinetics of the metal chelation for salts like vanadyl acetylacetonate and chromium(III)
acetylacetonate, this study just focuses on the effects caused by varying the electronic
groups. Using L4 (H in 5-position) as a reference ligand, it was determined that the ligands
containing electron withdrawing groups, such as a halogen (LS5) greatly affected the
chelating properties of the ligand causing it to only coordinate with the copper ions. In
contrast, the ligands containing electron withdrawing carbonyl groups, L2 and L3, were
able to chelate several metal ions due to resonance stabilization. The ligands containing
electron donating groups, L1 and L6, were able to chelate a wide range of metal ions,
including both transition metals and actinides, due to their ability to donate electron density
to the tetradentate pocket of the ligand. Previous research in the Gorden lab showed that
L1 can differentiate between copper, a common false positive, and uranyl, but only after
allowing the ligand (LI) and metal solution to react for 2-3 h prior to conducting spectral
analysis.!® Though the electron donating ligands were more successful at chelating metal
ions, only L3 was able to differentiate between copper and uranyl within a reasonable time
frame of twenty minutes. This supports the goal for a real time, on-site sensor, therefore it

was further probed as a uranyl chemosensor.
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2.4 Experimental:
Caution! The uranium metal salt — UO2(NO3)2:6H20 — used in this study contained
depleted uranium. Standard precautions for handling radioactive materials or heavy metals,

such as uranyl nitrate and lead sulfate, were followed.

Reagents:

The reagents THF (Macron), ethyl acetate (Macron), ethanol (200 proof, PharmCo-Aaper),
methanol (HPLC grade, EMD Millipore), N, N-dimethyl formamide (Fisher Scientific) and
hexanes (ACS grade, EMD Millipore), L-Leucine methylester - HCI (98 % TCI
Chemicals), N,N-diisopropylethylamine (99 % Alfa Aesar), palladium on carbon (dry, 5
%, Alfa Aesar), trifluoroacetic acid (TFA) (99 %, Alfa Aesar), Celite hyflo super-cel (Alfa
Aesar), 2,5-dihydroxybenzaldehyde (98+ %, Alfa Aesar), 5-chlorosalicyaldehyde (98%,
Alfa Aeser), ammonium hydroxide (28-30 %, BDH), silica gel (60-200 um, BDH),
ammonium formate (97 %, Sigma-Aldrich), methyl 3-formyl-4-hydroxybenzoate (Sigma-
Aldrich), regenerated cellulose film (0.021 mm thickness, Sigma-Aldrich), p-
hydroxybenzoic acid (99+ %, Aldrich), and 1,3-difluoro-4,6-dinitrobenzene (97 %, Matrix
Scientific), salicyaldehyde (99 %, Acros Organic), hexamethylenetetramine (EMD
Millipore Corporation) were purchased and used as received without any further
purification. Uranyl nitrate hexahydrate was purchased from Fischer Scientific,
recrystallized in 6 M nitric acid, and stored under hexanes until used to prevent moisture.
Deuterated DMSO and chloroform were purchased from Cambridge Isotope and kept in a

desiccator when not in use. The following metal salts were used; copper(Il) chloride
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dihydrate, manganese(Il) chloride, = chromium(IIl) acetylacetonate,  vanadyl
acetylacetonate, cobalt(I) chloride, nickel(Il) chloride octahydrate, zinc(Il) chloride,

dysprosium(III) acetate, ytterbium(III) acetate, and thorium(IV) nitrate.

Instrumentation

The 1H NMR analysis was conducted on Bruker AC 250 or 400 spectrometer with shift
values given as § values (ppm). DMSO-d6 was the solvent used to analyze all samples.
Mass spectrometry analysis was conducted using a Micromass Q-TOF mass spectrometer
from the Waters Corp (Miliford, MA). UV-Vis spectra were collected on a VARIAN Cary
50 WinUV Spectrometer and the fluorescence data collected on a Shimadzu RF-5301 PF

fluorospectrophotometer.

Synthesis of the 6,7-diamino-2-quinoxalinol backbone:

In a 250-mL round-bottom flask equipped with a magnetic stirrer; 1,5-difluoro-2,4-
dinitrobenzene (2.00 mmol), isoleucine methyl ester (2.00 mmol), N,N-
diisopropylethylamine, DIPEA (2:1 equivalent), tetrahydrofuran, THF and ethanol were
added and allowed to stir for 22 h, the reaction was monitored by TLC. Ammonium
hydroxide (6.00 mmol) was added to the flask, and the flask was then sealed with Parafilm
and allowed to stir for 23 h. Wet palladium on carbon (5 %), ammonium formate (0.04
mmol) and ethanol were then added to the flask and stirred for 4.5 h at 65 °C. The reaction
was then cooled and filtered over Cellite. The solution was concentrated via rotary
evaporation, then purified by column chromatography to afford 6,7-diamino-2-

quinoxalinol as a bright yellow solid; yield: 65 %.

51



"H NMR (400 MHz, DMSO-ds): 5 0.88 (d, J.6.8 Hz, 6H), 2.13 (m, 1H), 2.52 (d, 2H), 4.60
(br s, 2H) 5.37 (br s, 2H), 6.34 (s, 1H), 6.78 (s, 1H), 11.74 (s, 1H). HRMS m/z: calcd

233.1402, found 233.14.

Synthesis of 3-formyl-4-hydroxybenzoic acid (both synthetic methods were used):
5-Methyl 3-formyl-4-hydroxybenzoate (2.5 mmol) was dissolved in methanol (1 mL) and
was charged in a 50-mL round-bottom flask containing a 10 % aqueous solution of NaOH
(25 mL). The solution was brought to a boil and stirred vigorously for 2 h. The solution
was then cooled and concentrated via rotoary evaporation. The solution was then acidified
via the drop-wise addition of 1 M HCI until precipitation occurred. The precipitate was
filtered and washed with cold ethanol, then dried under vacuum to afford the product as a
pale-yellow solid; yield 93 %

Duff Reaction” 33

HMTA (2 mol) dissolved in TFA was added drop-wise to a solution of p-hydroxybenzoic
acid dissolved in TFA over a period of 20 min. The reaction was heated to 90 °C and was
allowed to react for 16 h. Upon cooling, the reaction was quenched with copious amounts
of deionized water (~ 200 mL) and then acidified with a 4 N HCI solution. With
acidification, the reaction was stirred at room temperature to facilitate precipitation of the
pale-yellow product. The solid was filtered off and recrystallized from ethanol to yield the

desired product; yield 51 %

'H NMR (400 MHz DMSO-ds): § 7.08 (1H, d), 8.04 (1H. dd), 8.23 (1H, s), 10.29 (1H, s),
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11.47 (1H, bs), 12.86 (1H, bs). HRMS: found (167.2163), caled (166.03).

3.5-ditertbutyl-2-quinoxalinol Salen Ligand (L1):

2-Quinoxalinol (1 mmol) was charged in a 100-mL round-bottom flask containing 2.2
molar equivalent of 3,5-di-tert-butyl-2-hydroxybenzaldehyde, and a drop of trifluoroacetic
acid in ethanol (40 mL). The reaction mixture was stirred at reflux temperature for 16 h.
Then the reaction mixture was allowed to cool and was filtered. The precipitate was washed
with cold ethanol. The solid collected was dried under vacuum to afford the 3-5-ditertbutyl-

2-quinoxalinol salen ligand; yield: 69 %.

'H NMR (250 MHz DMSO-d6): & 0.82 (d, 6H), 1.10 (s, 9H), 1.11 (s, 9H), 1.19 (s, 9H),
1.22 (s, 9H), 2.13 (m, 1H), 2.57 (d, 2H ), 7.1 (d, 2H), 6.88 (s, 1H), 7.04- 7.06 (dd, 2H),
7.21 (d, 2H), 7.23 (d, 2H), 7.47 (s, 1H), 8.47 (s, 1H), 8.58 (s, 1H), 12.08 (bs, 1H), 13.15

(bs, 1H), 13.25 (bs, 1H). HRMS: found (666.4431), caled (665.44).

S-methyl-3-formyl-2-quinoxalinol Salen Ligand (L2)

2-Quinoxalinol (1 mmol) was charged in a 100-mL round-bottom flask containing 2.2
molar equivalent of 2,6-diformyl-4-methyl phenol and a drop of trifluoroacetic acid in
ethanol (40 mL). The reaction mixture was stirred at reflux temperature for 16 h. The
solution was cooled and concentrated via rotary evaporation then purified by column
chromatography. The solid collected was dried under vacuum to afford the corresponding

symmetric salen ligands; yield: 76 %.

53



'H NMR (400 MHz DMSO-d6): & 0.98 (d, 6H), 2.24-2.30 (m, 4H), 2.37 (s, 3H), 2.87 (d,
2H), 7.54 (d, 1H), 7.60 (d, 1H), 7.66 (d, 1H), 7.82 (d, 1H), 8.41 (d, 1H), 8.98 (s, 1H), 9.09
(s, 1H), 10.9 (d, 2H), 11.91 (bs, 1H), 12.80 (bs, 1H), 12.91 (bs, 1H). HRMS: found

525.2191, cald 524.21

S-carboxylic acid-2-quinoxalinol Salen Ligand (L3)

2-Quinoxalinol (1 mmol) was charged in a 100-mL round-bottom flask containing 2.2
molar equivalent of 3-formyl-4-hydroxybenzoic acid in ethanol (40 mL). The reaction
mixture was stirred at reflux temperature for 16 h under nitrogen then was cooled and
filtered. The precipitate was washed with cold ethanol. The solid collected was dried under

vacuum to afford the 5-carboxylic acid-2-quinoxalinol salen ligands; yield: 83 %.

'H NMR (400 MHz DMSO-d6): § 0.93 (d, 6H), 2.28 (m, 1H), 2.82 (d, 2H), 7.18-7.20 (dd,
2H), 7.82 (dd, 1H) 8.39 (d, 1H), 8.52 (d, 1H), 8.58 (dd, 1H), 8.64 (dd, 1H), 8.84 (dd, 1H),
8.98 (s, 1H), 9.31 (s, 1H) 12.21 (s, 2H) 13.8 (s, 2H). HRMS: found (529.2401), calcd

(528.16).

Salicyl-2-quinoxalinol Salen Ligand (L4)

2-Quinoxalinol (1 mmol) was charged in a 100-mL round-bottom flask containing 2.2
molar equivalent of salicylaldehyde and a drop of trifluoroacetic acid in ethanol (40 mL).
The reaction mixture was stirred at reflux temperature for 16 h. The solution was cooled

and concentrated via rotary evaporation then purified by column chromatography. The
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solid collected was dried under vacuum to afford the corresponding symmetric salen

ligand; yield: 81 %.

'H NMR (400 MHz DMSO-ds): § 0.90 (d, 6H), 2.27 (m, 1H), 2.81 (d, 2H), 6.99-7.05 (d,
2H), 7.17 (t, 1H), 7.35 (m , 1H), 7.50-7.67 (m, 2H), 7.81 (d, 1H), 7.98 (d, 1H), 8.35 (s, 1H),

8.90 (s, 1H), 8.97 (s, 1H), 12.21 (bs, 1H). HRMS: found 441.1941, cald 440.18

5-chloro-2-quinoxalinol Salen Ligand (L5)

2-Quinoxalinol (1 mmol) was charged in a 100-mL round-bottom flask containing 2.2
molar equivalent of 5-chlorosalicylaldehyde and a drop of trifluoroacetic acid in ethanol
(40 mL). The reaction mixture was stirred at reflux temperature for 16 h. The solution was
cooled and concentrated via rotary evaporation then purified by column chromatography.

The solid collected was dried under vacuum to afford the corresponding symmetric salen

ligands; yield: 60 %.

'H NMR (400 MHz DMSO-d6): § 0.96 (d, 6H), 2.35 (m, 1H), 2.88 (d, 2H), 6.99-7.07 (dd,
2H), 7.02 (dd, 2H), 7.34 (dd, 1H), 7.51 (dd, 1H), 7.95 (dd, 1H), 8.07 (dd, 1H), 8.39 (d, 1H),
8.49 (d, 1H), 8.95 (s, 1H), 9.02 (s 1H) ), 11.89 (bs, 1H), 12.78 (bs, 1H), 12.83 (bs, 1H).

HRMS: found 509.118, cald 508.11

3,5-dihydroxy-2-quinoxalinol Salen Ligand (L6)

80 mL of methanol was purged under argon for 30 minutes. Using a 3-neck round bottom,

15 molar equivalents of 2,5-dihydroxybenzaldehyde dissolved in 20 mL of the purged
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methanol was allowed to slowly drip into the round bottom containing 40 mL solution of
the 2-quinoxalinol (1mmol) in the purged methanol. The reaction mixture was stirred at
room temperature for 16 h under a constant flow of argon. The precipitate was washed with
cold ethanol and dichloromethane. The solid was dried under vacuum to afford the

corresponding symmetric salen ligand; yield: 72%

'H NMR (400 MHz DMSO-d6): 5 0.98 (d, 6H), 2.27-2.31 (m, 1H), 2.71 (d, 2H), 6.77-6.91
(m, 4H), 7.06 (s, 2H), 7.14 (s, 1H), 7.92 (s, 1H), 8.77 (s, 1H), 9.01 (s, 1H), 9.12 (bs, 1H),
9.15 (bs, 1H), 11.49 (bs, 1H), 12.36 (bs, 1H), 12.45 (bs, 1H). HRMS: found 473.1832, cald

(472.18).

Metal Serial Titrations:

Spectra were collected on a VARIAN Cary 50 WinUV Spectrometer. The ligand solutions
prepared were 20 (parts per million) ppm in concentration in N’N-dimethylformamide. The
20 ppm metal solutions were made by dissolving 0.5 mg of metal salt in methanol into a
25 mL volumetric flask. Serial titrations were completed by the addition of the metal salt
solution in 20 puL aliquots to minimize the amount of solvent in the cuvette. The solutions
were shaken for 5 seconds and replaced in the spectrometer and the absorbance spectrum
was collected. Metal to ligand ratios ranged from 0.09-2.3: 1 to ensure the completion of
metal chelation. This process was repeated, and data collected on a Shimadzu RF-5301 PF

fluorospectrophotometer.
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Chapter 3
Incorporation of a Schiff-Base Salen Ligand into

Cellulose Films for Uranyl Extraction

3.1 Introduction

5 4
6 N_3
N
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Figure 3.1: Structure of L3/6 Ligands

Previously in the Gorden lab, the Schiff-base ligand L6 was used in conjunction
with a solid support for metal extraction.!-* Reported in 2008, the L6 ligand was covalently
linked via the 5° hydroxyl group on the ligand (Figure 3.1) to a functionalized polystyrene
aminomethyl resin via a modified Steglich esterification reaction. The heterogeneous
ligand (HL) was able to extract 100 % of the Cu?* ions from a DCM/MeOH bi-phase
system in as little as 30 min at a metal to HL ratio of 1:12.! Using the same process, the L6
ligand was later incorporated onto functionalized magnetic polyvinyl alcohol (mPVA)
beads and used to extract uranyl ions from aqueous media.? This HL was able to
successfully remove 95.4 % of the uranyl ions in as little as 5 min at a metal to HL ratio of

1:1, due to its ability to absorb the large uranyl ions onto the surface of the mPVA
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resin.’ Here, because of the ability to spectroscopically differentiate between copper (as
Cu?") and uranyl (UO2%") ions achieved with the L3 ligand, L3 is paired with cellulose as
a solid-support, and further investigated for usage as a uranyl extractor.

Cellulose is the most profuse, natural, eco-friendly and inexhaustible biopolymer
available in nature.* 3 It is considered to be an important alternative resource in replacing
petrochemicals for obtaining biofuels, chemicals, and materials.® The recent demands for
products made from renewable and sustainable resources that are not only biodegradable,
carbon neutral, non-petroleum based, with low environmental, animal/human health and
safety risks on the rise by the consumers, industry, and the government, is resulting in an
increased interest in cellulose research. Cellulose research includes using the polymer to
aid in drug delivery,’ imaging and therapeutic agents for cancer research,!® heavy metal

=22 antimicrobial and microbial biomedical research,4

extraction and/or adsorption,
sensors,”>?® and catalysis.”” Reported herein is the synthetic route for creating and

perfecting cellulose film for the incorporation of a Schiff-based salen ligand for the

extraction of uranyl ions in aqueous media.

3.2 Results:
3. 2. 1. Absorption of Schiff-base Ligands onto Cellulose Films

All metals concentrations were analyzed using Inductively Coupled Plasma with
Optical Emission Spectroscopy (Perkin Elmer Optima 7100 DV).

Metal extractions were performed in aqueous media using the 3 ligands of interest
(L1, L2, and L3). The study was conducted to determine the ligands’ ability to extract

metal ions from aqueous media and study the effectiveness of using cellulose film as a
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solid-support. As depicted in Figure 3.2, the cellulose film coated with salen ligand as well
as the bare cellulose film removed the most uranyl ions in comparison to the rest of the
metal ions examined. The preference for the uranyl ions could be caused by the ability of
the large uranyl ions absorbing onto the surface of the film as well as chelating into the
ligand’s pocket. The L3 was able to extract the most uranyl ions from the aqueous media
in comparison to the other ligands within 5 minutes; it extracted 36 % of the uranyl ions

compared to 28 % for both the L1 and L2 ligands and 31 % for the cellulose film.
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Figure 3.2: The percent of metal ions remaining in solution after Smin extracting period.
(left) The results of extraction using the salen coated films showing results for the metal of
interest, uranyl. (right)

Unfortunately, leaching of the ligand from the film into the solution was observed
after only 15 minutes at the following pH: 5, 7, 8, and 12. (Figure 3.3) The leaching
continued to increase after 30 minutes, with a great increase at the pH of 14, thus proving

to be not only an inefficient metal extracting method over a wide pH range, but also over

a long period of time.
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Figure 3.3: Absorbance spectra of salen coated films indicating leaching over varying pH
range (0-14)

3. 2. 2. Toward the Synthesis of regenerated cellulose (RC) film from Microcrystalline
Cellulose (MCC)

(Methodology adopted from Bansal 2012 publication.’) A sample of 5 g of micro-
crystalline cellulose (Figure 3.4) was added to a 100 mL solution containing 7 % NaOH
and 12 % urea in water. Urea dramatically increases the solubility of cellulose in aqueous
alkali media.?® The solution was stirred at room temperature for 30 minutes then kept static
for 16 h at -20 °C. Upon thawing the cellulose was regenerated by adding 10 times v/v of
deionized water to prepare a regenerated cellulose (RC). The regenerated cellulose (RC),
was precipitated and separated via centrifugation at 5000 revolutions per minute (rpm).
The resulting precipitate was washed several times with deionized water to remove any
remnants of NaOH and urea. The RC was preserved at 4 °C as a 2 % slurry (in deionized
water) until use. From the stock of RC, stock solutions containing various concentrations
of cellulose was prepared in deionized water. The solution was then ultrasonicated for 2
min using a 2 mm probe at 75 % amplitude. The pH of the solution was measured before

and after sonication to ensure that the value remained very close to 8; if not, a small aliquot
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(1-1.5 mL) solution of 1 M NaOH or HCI was used to adjust it.
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Figure 3.4: Structure of MCC Monomer Unit

Freestanding films of RC were prepared by pouring the dispersed RC (10 mL) ina
glass Petri dish (~ 100 mm diameter), the solvent was allowed to evaporate slowly at room
temperature, and then dried in an oven at 70 °C for 2 h. Upon drying, the film was peeled
from the Petri dish using forceps; however, the film obtained was very fragile during the
removal process, resulting in only small (~ 1 cm) pieces being attained. The film was
transparent, flexible, and insoluble in water, due to the significant loss of crystallinity and
hydrogen bonding of the original MCC.?

Ligand in-trapped films of RC was prepared using the aforementioned procedure;
however, 5 mL of 1000 ppm L3 in DMF was added to the dispersed cellulose prior to
solvent evaporation. Unlike the freestanding film, the solution for the ligand in-trapped
film never formed a film upon solvent evaporation, due to the ligand precipitating out of
solution upon dilution, thus resulting in the disruption and clumping of the regenerated
cellulose. In order to create cellulose film, cellulose and all solutes must be fully dissolved

or completely dispersed in the solvent of choice, otherwise no film will be obtained.> This
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method proved to be a practical method for making cellulose film, without chemically
modifying cellulose to disrupt the strong intra and intermolecular hydrogen bonds;
however, it was not found to be practical for the making of ligand chemisorbed films due

to some precipitation of the ligand.

3. 2. 3. Toward the Synthesis of Sodium Carboxymethyl cellulose film.

(Methodology adopted from Rhim’s 2015 publication.?”) Using a 250 mL round-bottom
flask, 3 g of CMC (Figure 3.5) and 0.9 g of glycerol (plasticizer), was added into 150 mL
of distilled water with stirring, and was heated at 90 °C for 20 min or until the CMC was
fully dissolved. Plasticizers are low molecular weight chemicals that are often added to
polymers to increase flexibility and/or plasticity while reducing brittleness.’® They work
by introducing a hydrogen donor, which reduces the amount of hydrogen bonding amongst
the constituent molecules.® The solution was then poured into a glass mold and allowed to
dry at room temperature. Once the solvent was evaporated, the film was dried in an oven
for 2 h at 40 °C. The film obtained was transparent and flexible, however it was water-
soluble due to the numerous polar carboxyl groups that decorate the surface of the film,

thus resulting in an impractical solid-support for uranyl extraction in aqueous media.
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Figure 3.5: Structure of Sodium Carboxymethyl Cellulose Monomer Unit

Ligand incorporating films of CMC film were prepared using the aforementioned
procedure; however, 5 mL of 1000 ppm L3 in DMF was added to the dissolved CMC and
glycerol solution prior to solvent evaporation. The film obtained was a pale yellow
transparent and flexible film. Resembling the characteristics of the free-standing film, this
ligand in-trapped film was also soluble in water, thus making it not useful as a uranyl

extractor in aqueous media.

3. 2. 4. Toward the Synthesis Cellulose Film using epichlorohydrin as Cross-linker (Cell-
1)

A modified procedure was adopted from a Yan 2013 published method.?! For 5%
ligand loading of the cellulose film, 0.56 g of 2-hydroxyethyl cellulose (HEC) (Figure
3.6) with an average molecular weight of 1.30 x 10° g/mol was placed in 100 mL of water
and heated at 40 °C until the cellulose was fully dissolved. The solution was then allowed
to cool to room temperature. Next 0.1 mL of epichlorohydrin (3 wt %) was added to the
solution under stirring to obtain a homogeneous (20-45 min). After the solution had

become homogeneous, 10 mL solution of the L3 ligand (1000 ppm) was added and stirred
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vigorously (~1000 rpms) for about 5 mins. The mixture was then poured into a Petri dish
where the solvent was allowed to evaporate (~3-5 days). Once dried, the film was washed

with 5% acetic acid and deionized water, then dried in an oven at 40 °C for 2 h.
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Figure 3.6: Structure of 2-Hydroxyethyl Cellulose Monomer Unit

3. 2. 5. Toward the Synthesis Cellulose Film using glutaraldehyde as Cross-linker (Cell-2
and Cell-3)

Methodologies were adopted from Mills 2006 publication.>? For 5 % ligand
loading of the cellulose film, 0.081 HEC (MW= 90,000 g/mol) was dissolved in water
(12 mL for Cell-2 and 100 mL for Cell-3) and heated at 40 °C, the solution was then
allowed to cool to room temperature, then a solution of 1 % glutaraldehyde (0.75mL for
Cell-2 and 9 mL for Cell-3) was added and stirred for 5 min, followed by the addition of
a 0.5 M HCl solution. The reaction was allowed to stir for 30 s followed by the addition
(10 mL) of the 1000 ppm L3 (in DMF) solution. The solution was then vigorously stirred
(~ 900 -1000 rpms) for 5 min, then poured into a glass mold, where it was allowed to air
dry for 2-3 days. For standard films, the process was repeated using an equivalent amount

DMEF in place of the ligand solution. For Cell-3 film, the aforementioned procedure
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proceeded as written using HEC with a molecular weight of 1,300,000 g/mol in place of
the original HEC (MW = 90,000 g/mol). Successful crosslinking was confirmed via FT-

IR (see Appendix for spectra).

3. 2.6. Toward the Synthesis Cellulose Film using citric acid as a Cross-linker (Cell-4 and
Cell 5)

Methodologies were adopted from Mills 2006 publication.>? For 5 % ligand
loading of the cellulose film, 0.81 g of HEC (MW = 1,300,000 g/mol) was dissolved in
water (100 mL for Cell-4 and 12 mL for Cell-5) and heated at 40 °C, the solution was
then allowed to cool to room temperature, then a solution of 1 % citric acid (9 mL for
Cell-4 and 0.75mL for Cell-5) was added and stirred for 5 min, followed by the addition
of'a 0.5 M HCl solution. The reaction was allowed to stir for 30 s followed by the
addition of the 1000 ppm L3 (in DMF) solution (10 mL). The solution was then
vigorously stirred (~ 900 -1000 rpms) for 5 min, then poured into a Petri dish, where it
was allowed to air dry for 2-3 days. For standard films, the process was repeated using an
equivalent amount DMF in place of the ligand solution. For Cell-5 film, the
aforementioned procedure proceeded as stated using HEC with a molecular weight of
90,000 g/mol in place of the original HEC (MW = 1,300,000 g/mol). Successful

crosslinking was confirmed via FT-IR (see Appendix for spectra).

3. 2. 7. Uranyl extraction using ligand-trapped Cellulose films

With five functionalized ligand-trapped cellulose films in hand, Cell-1, -2, -3, -4, -

5, determining their ability to extract uranyl from aqueous media was studied. The amount
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of uranyl (in ppm) remaining was determined spectroscopically using the Arsenazo III
method.??3* Arsenazo I1I (Figure 3.7) is a bis-azo chromogenic reagent known for its high
sensitivity, low selectivity, and its ability to form stable metal complexes (Figure 3.7) with

actinides and lanthanides over a wide pH range.?> 3¢
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Figure 3.7: Structure of Arsenazo III (A) un-complexed and (B) complexed

The 1:1 Arsenazo Ill-uranyl complex exhibits signals at 610 nm and 651 nm.3337
Using standard uranyl solutions, a linear correlation (Figure 3.8) between the
concentration of uranyl (ppm) and the absorbance at 651 nm was plotted and used to

determine the percent uranyl removed after the extraction periods (10 min, 30 min, 1 h, 5

h, 10 h, 24 h and 72 h).
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Figure 3.8: (L) Absorbance spectra of Arsenazo dye titrated with uranyl showing increase
in 1:1 metal to ligand complex at 651 nm. (R) Arsenazo III Standard Curve showing
increase in 1:1 metal complex at 651 nm.

Each film was cut into 2.5 cm x 5 cm rectangular strips, one strip was then placed
in a Petri dish containing 10 mL of 10 ppm aqueous uranium solution. The solution was
then agitated, after the extraction period the film was removed, and a 0.25 mL sample of
the uranyl solution was tested. The sample was mixed with 2.0 mL of the Arsenazo III dye
and analyzed via UV-Vis spectroscopy, where the uranyl complex absorbance peak at 651
nm was used to determine the amount of uranyl remaining in the solution. The fluorescence
of the film was then analyzed via excitation at 380 nm. The film was then placed back into
the uranyl solution and agitated until the next extraction analysis. It is important to note
that no direct comparison within the series of films was possible because the amount of
crosslinker used in each film was determined based on percent weight, instead of molar
ratio.

3. 2. 7. 1. Uranyl extraction using ligand-trapped Cellulose films: Cell 1

Aqueous uranyl extractions studies began with Cell-1, the cellulose film in which

epichlorohydrin was utilized as the crosslinker (Scheme 3.1), resulting in the addition of

free hydroxyl groups, which aid in the swelling properties of the film. Swelling of the film
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allows for the uranyl ions to bind in the unexposed pockets of the salen ligands (L.6) that

are trapped within the film.
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Scheme 3. 1: Reaction of 2-HEC with epichlorohydrin

Cell-1 film exhibits very promising uranyl extracting properties (Figure 3.9); in as

little as 10 minutes it extracted over 40 % of the uranyl in the sample. Within an hour it

removed over 55 %, unfortunately around this time the integrity film was becoming

compromised. After an hour the film began to swell excessively into a jelly-like substance,

due to too little crosslinking. The film was then remade several times, increasing the cross-

linking from 3 wt % up to 25 wt %. With the increase in crosslinking the ability of the film

to swell decreased significantly, thus limiting the amount of uranyl ions that can flow into
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the film. Unfortunately, the films continued to decompose after about an 2-3 hours in
aqueous media, thus rendering the epichlorohydrin film an ineffective solid support for

uranyl extraction in aqueous media.

25 0.35
. 0.3
2 g
) < 0.25
2. . =
s+ L 02
5 g
2 1 Eo.ls
< =
0.5 g o1
< 0.05
0
400 500 600 700 0
W ] h 0 10 30 60
A. avelength (nm) B Time (min)
100
90
80
_ 70
260
£ 50
= 40
O\O
30
20
10
0
0 10 30 60
Time (min)
C. B Remaining Removed

Figure 3.9: Uranyl extraction analysis of Cell-1 (A) showing a decrease in 1:1 metal to

ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651

nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-1.

3. 2. 7. 2. Uranyl extraction using ligand-trapped Cellulose films: Cell 2 and Cell 3
Aqueous uranyl extraction studies also used Cell-2 and 3, where the hydroxyl

groups on the cellulose monomers undergo a nucleophilic substitution with glutaraldehyde

as the crosslinker (Scheme 3.2). This doubled the amount of free hydroxyl groups and an

elongated carbon chain between the monomers.
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Scheme 3. 2: Reaction of 2-HEC with glutaraldehyde

Cell-2 film was then explored for its ability to extract uranyl from aqueous media
over a period of 3 days. As depicted in Figure 3.10a and 3.10b, over the duration of the
extraction a decrease in the absorbance peak at 651 nm was observed indicating a decrease
in uranyl concentration. In as little as 10 minutes it extracted about 15 % of the uranyl in
the sample (Figure 3.10c), which is significantly less than Cell-1, however the Cell-2 film
retained its structural integrity. Within an hour it removed about 40-45 % of the uranyl in
the solution and began to level off there for several hours, then after 72-h. The removal
fraction increased to about 65 %. The standard film, without the ligand present only

removed 11 % of the uranyl over the 72-h period. This indicates that the salen ligand
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present plays a critical role in removing the uranyl ions via chelation in the tetradentate
pocket. Fluorescence data of the Cell-2 film, with an excitation at 381 nm, correlates with
the aforementioned (Chapter 2) data observed for the salen ligand (LL3) in solution phase,
where the chelation of uranyl inside the pocket of the ligand quenches its fluorescence

(Figure 3.10d).
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Figure 3.10: Uranyl extraction analysis of Cell-2 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-2 (D)
Fluorescence of Cell-2 film over extraction period showing a decrease in intensity.

Cell-3 film was then explored for its ability to extract uranyl from aqueous media

over a period of 3 days. As depicted in Figure 3.11a and 3.11b, over the duration of the

extraction a decrease in the absorbance peak at 651 nm was observed indicating a decrease
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in uranyl concentration of the solution. In as little as 10 minutes it extracted about 25 %
of the uranyl in the sample (Figure 3.11¢), within an hour it removed about 30 % of the
uranyl in the solution. After about 5 hours it increased about 56 % then began to level off
after several hours at around 66-70 %. The standard film, the film without the ligand
present only removed 46 % of the uranyl over the 72-h period. These results indicated that
the salen ligand present enhances the films’ ability to remove the uranyl ions via chelation
in with the Schiff base. Fluorescence data of the Cell-2 film, with an excitation at 381 nm,
correlates with the aforementioned (Chapter 2) data observed for the salen ligand (L3) in
solution phase, where the chelation of uranyl inside the pocket of the ligand quenches its

fluorescence (Figure 3.11d).

Along with the ligand’s chelation ability, the molecular weight of the cellulose
units utilized affects the amount of uranyl extracted. With the increasing molecular
weight of the cellulose the films becomes more permeable extensively swelling in
aqueous media, thus allowing more uranyl ions to flow into and become trapped
within the film’s matrix. With this permeability, comes the potential for the ligand to
leach out of the film, which could be responsible for the rapid decrease in fluoresence

of the film over time.
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3. 2. 7. 3. Uranyl extraction using ligand-trapped Cellulose films: Cell-4 and Cell-5

The free hydroxyl groups of Cell-4 and Cell-5 were subjected to an acid catalyzed
esterification reaction with citric acid (Scheme 3.3). The esterification resulted in 2 new

carbonyls, a carboxylic acid, and a hydroxyl group, crosslinking the monomers, each

consisting of electron donating oxygens capable of chelating free uranyl ions.
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Scheme 3. 3: Reaction of 2-HEC with citric acid

Cell-4 film was then explored for its ability to extract uranyl from aqueous media
over a period of 3 days. As depicted in Figure 3.12a and 3.12b, over the duration of the
extraction a decrease in the absorbance peak at 651 nm was observed indicating a decrease
in uranyl concentration of the solution. Within 30 minutes it extracted about 8 % of the
uranyl in the sample (Figure 3.12¢). After an hour it removed about 10-15 % of the uranyl
in the solution and began to level off there for several hours, then after 72 h it increased to
about 35 %. In comparison the film without the ligand present only removed 15 % of the
uranyl over the 72-h period. This indicates that the salen ligand present is playing a role in
removing the uranyl ions via chelation in the tetradentate pocket. However, the dramatic

decrease in uranyl being removed with Cell-4 in comparison to that of Cell-2 and Cell-3
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indicates that the molecular weight of the cellulose polymer chain may be affecting the
extraction.

Fluorescence data of the Cell-4 film, with an excitation at 381 nm, correlates with
the aforementioned (Chapter 2) data observed for the salen ligand (L3) in solution phase,
where the chelation of uranyl inside the pocket of the ligand quenches its fluorescence
(Figure 3.12d). However, the fluorescence results does not correlate with the absorbances
data very well suggesting that there is another cause for the decrease in ligand fluorescence

that’s not caused by chelation of the metal.

=
w
51

g 03
o]

— 0.25
<] n

|8}

= E o2
© o
Q Qo

5 S 015
(3]

w

a el
—

< 5 o1
)

< 005

0

0 10 30 60 300 600 1440 4320
430 530 630 730 Time (min)

Wavelength (nm) B

% Uranyl
S o))
o o (=)

[=]

8
500
400
E 300
2 [a<
200
0

600 1440 4320

Time (mln) I I I
B0

@ Blank: Removed Blank: Remaining C D 0 10 300 600 1440 4320
@ Cell-4 + Ligand : Removed @ Cell-4 + Ligand: Remaining Tlme (min)
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Cell-5 film was then explored for its ability to extract uranyl from aqueous media
over a period of 3 days. As depicted in Figure 3.13a and 3.13b, over the duration of the
extraction a decrease in the absorbance peak at 651 nm was observed indicating a decrease
in the solution uranyl concentration. Within 10 minutes the film extracted about 10 % of
the uranyl in the sample (Figure 3.13c), and about 20 % after 1 hour. The amount of uranyl
extracted began to level out around 40 % after 5 hours, and maximized at 41 % after 72 h.
In comparison, the film without the ligand present, extracted only 26 % of the uranyl over
the 72-h period. Fluorescence data of the Cell-5 film, with an excitation at 381 nm,
correlates with the aforementioned (Chapter 2) data observed for the salen ligand (L3) in
solution phase, where the chelation of uranyl inside the pocket of the ligand quenches its

fluorescence (Figure 3.13d).

It’s important to note the differences between Cell-4 and Cell-5 extraction
capabilities. Cell-4 was only able to extract an overall ~ 34% while Cell-5 extracted ~ 41
%. These differences could be attributed to the molecular weight of the cellulose used to
make the films. The most notable difference about the two films is their ability to swell in
aqueous media. Cell-4 swelled extensively when placed in water which in turn caused the
ligands trapped in the film to leach into the solution, thus resulting in less uranyl being

extracted by the film and a decrease in the fluorescence intensity.
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Figure 3.13: Uranyl extraction analysis of Cell-5 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-5 (D)
Fluorescence of Cell-5 film over extraction period showing a decrease in intensity.

3. 2. 8 Leaching Test

Utilization of the films as a solid-phase extractor exhibits the possibility of leaching of the
ligand into the solution or structural degradation of the system. This can occur immediately
or over time; to monitor such processes a leaching study was performed to ensure that the
ligand remains incorporated into the film and that the film retains its integrity over a 1-
week period in basic, neutral, and acidic media. Unfortunately, leaching occurred within
30 minutes due to ligands that weren’t completely trapped in the film. Ligand leaching took

place upon the film swelling in solution, thus explaining the rapid decrease in fluorescence
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of the film. Basic environments yielded the most leaching, followed by the acidic media,

thus making neutral solutions the optimal conditions (see Appendix for UV-Vis spectra for

each film).

3. 2. 9 Towards the Synthesis of Covalently Linked Cellulose Films

A modified Steglich esterification on ligand L7 (Scheme 3.4) was used to covalently link

the free hydroxy groups of the cellulose film with the 5 and/or 5’ carboxylic acids of the

ligand (Scheme 3.4) in an attempt to prevent leaching of the ligand from the film.!
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Scheme 3.4: Steglich esterification of L7 and 2-HEC



The L7 ligand was chosen to replace L3 for 2 reasons; 1. The extended conjugation of the
backbone and 2. Elimination of the possible tautomer between the cyclic imine and
hydroxyl group of the 2-quinoxalinol backbone. This elimination is important because it
allows esterification to only take place in a more uniform matter, only at the 5 and 5’
positions of the ligands with free hydroxyl groups of the cellulose. Resembling the L3
ligand, L7 exhibited spectral differentiation between uranyl and copper (Figure 3.14). The
L7 ligand exhibited 2 peaks at 411 nm and 431 nm with a small shoulder at 519 nm. Upon
the addition of copper, a hypsochromic shift to 448 nm was observed, while a small
bathochromic shift to 405 nm was observed with the addition of uranyl. Similar to L3, L7
exhibits quenching of fluorescence upon the addition of the copper solution. However,
unlike L3, L7 exhibits an increase in fluorescence as the uranyl salt was titrated with the
free base. This increase in fluorescence is possibly due to the formation of aggregates

within the solution.
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With the covalently linked cellulose-L.7 unit in hand, the films were made using the
aforementioned method utilizing citric acid and glutaraldehyde as cross-linkers.

The Cell-6 film (cellulose MW = 90,000 g/mol and crosslinker = glutaraldehyde)
exhibited great potential as a uranyl extractor over the period of 3 days. As depicted in
Figure 3.15a and 3.15b, over the duration of the extraction a decrease in the absorbance
peak at 651 nm was observed indicating a decrease in uranyl solution concentration.
Within 10 minutes the ligand extracted about 10 % of the uranyl in the sample (Figure
3.15¢), and within an hour it removed about 25 % of the uranyl in the solution. After about
5 hours the extraction increased to about 50 % and slowly increasing to 60 % after 10 hours.
The extraction began to level off to around 65-70 % over the final hours. In comparison,
the film without the ligand only removed 11 % of the uranyl over the 72-h period,
reaffirming the importance of the presence of the ligand. Fluorescence data of the Cell-6
film, with an excitation at 411 nm, correlates with the data observed for the salen ligand

(L3) in solution phase, where the chelation of uranyl inside the pocket of the ligand
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quenches the fluorescence (Figure 3.15d) but not with the L7 ligand where an increase in
intensity is observed upon the chelation of uranyl within the pocket, which suggest possible

leaching of the ligand from the film.
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Figure 3.15: Uranyl extraction analysis of Cell-6 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-6 (D)
Fluorescence of Cell-6 film over extraction period showing a decrease in intensity.
Similar to previous films tested, Cell-7 film (cellulose MW = 1,300,000 g/mol and
crosslinker = glutaraldehyde) exhibited potential as a uranyl extractor over the period of 3

days. As depicted in Figure 3.16a and 3.16b, decreasing in the absorbance peak at 651 nm

was observed correlating to a decrease in uranyl solution concentration. Extraction of
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uranyl started off very slowly, extracting barely 1 % in 10 minutes and about 10 % in 30
minutes (Figure 3.16c¢). After about 5 hours it increased about 30 % and slowly increased
to 36 % after 10 hours then began to level off afterwards to around 41-43 % over the final
hours. For the film without the ligand present, 46 % of the uranyl was removed over the
72-h period. Similar to the fluorescence data of the Cell-6 film, the fluorescence data of

Cell-7 suggest possible leaching of the ligand from the film (Figure 3.16d).
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Figure 3.16: Uranyl extraction analysis of Cell-7 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-7 (D)
Fluorescence of Cell-7 film over extraction period showing a decrease in intensity.

As previously stated, the ligand’s chelation ability, as well as the molecular weight
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of the cellulose units utilized influences the amount of uranyl extracted, which is evident
in the extraction abilities of Cell-6 and Cell-7. Cell-6 extracted an overall ~ 65 % while
Cell-7 extracted ~ 42 %. These differences could be attributed to the molecular weight of

the cellulose used to make the films as well as the chelation ability of the ligand.

Cell-8 film (cellulose MW = 90,000 g/mol and crosslinker = citric acid) was then
explored for its ability to extract uranyl from aqueous media over a period of 3 days. As
depicted in Figure 3.17a and 3.17b, over the duration of the extraction a decrease in the
absorbance peak at 651 nm was observed, corresponding to a decrease in the uranyl
solution concentration. After the 10 minutes of extraction only 8 % of the uranyl in the
sample was removed (Figure 3.17¢), within an hour the amount of uranyl extracted barely
increased (9 %). After about 5 hours the amount extracted continued to linger around 9 %
and then slowly increased to an overall removal of 40 % over the duration of the extraction
period. The film without the ligand present only removed 26 % of the uranyl over the 72-
h period, indicating that the salen ligand present enhances the films’ ability to remove the
uranyl ions via chelation in with the Schiff base. This data was in accordance with the
previous fluorescence data observed for the salen ligand (L3) in solution phase, where the
chelation of uranyl inside the pocket of the ligand quenches the fluorescence (Figure
3.17d) but not with the L7 ligand which experience an increase in intensity, suggesting

leaching of the ligand from the film.
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Figure 3.17: Uranyl extraction analysis of Cell-8 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-8 (D)
Fluorescence of Cell-8 film over extraction period showing a decrease in intensity

Cell-9 film (cellulose MW = 1,300,000 g/mol and crosslinker = citric acid) was
then investigated for its ability to extract uranyl from aqueous media over 3 days. As
illustrated in Figure 3.18a and 3.18b, a decrease in the uranyl complexation peak at 651
nm was observed consistently as the uranyl concentration decreased. Similar to Cell-8,
extraction began at a very slow pace, extracting only 1-2 % after 30 minutes (Figure 3.18¢)
with a slow increase to 5-7 % within 5 hours, followed by a gradual increase to an overall

removal of 27 % over the duration of the extraction period. The film without the ligand

present only removed 14 % of the uranyl over the 72-h period, indicating that the salen
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ligand present enhances the films’ ability to remove the uranyl ions via chelation inside the
tetradentate pocket. As with the previous films, Cell-9 fluorescence data, exhibited
quenching of the ligand upon chelation, indicating the possibility of leaching. (Figure

3.184).
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Figure 3.18: Uranyl extraction analysis of Cell-9 (A) showing a decrease in 1:1 metal to
ligand complex at 651 nm UV-Vis spectrum (B) decrease of metal complexation at 651
nm (C) Percent uranyl extracted and remaining after 1 hour of extraction using Cell-9 (D)
Fluorescence of Cell-9 film over extraction period showing a decrease in intensity.

The most notable difference about the two films (Cell-8 and Cell-9), is their ability

to swell in aqueous media. Cell-9 swelled extensively when placed in water which in turn

compromised the integrity of the film but also allowed less uranyl ions to become
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efficiently trapped in the pocket of the salen ligand.

3. 2. 10 Leaching Test

Similar to the ligand-trapped films, Cell-2 through Cell-5, the covalently linked films are
subject to leaching, therefore they were examined for possible leaching over a 1-week
period in basic, neutral, and acidic media. Unfortunately, these films too, were plagued by
leaching as well though with a significantly less amount of leaching taking place, compared
to the ligand-trapped films. Similar to the ligand-trapped films, a neutral environment was
the optimal condition for the films while the basic environment was the most detrimental.

(see Appendix for UV-Vis spectra for each film)

3.3 Conclusions:

In conclusion, cellulose serves as a green, efficient, and viable solid support for the
extraction of uranyl from aqueous media. Absorption of the salen ligand onto the surface
of the cellulose film resulted in the extraction of more than 36 % uranyl in as little as 5
minutes using the L3 ligand; unfortunately, this method resulted in rapid leaching of the
salen ligand into the aqueous media, thus consequentially yielding an inefficient method
for uranyl extraction.

To overcome the leaching, Cell-2 through Cell-5 were synthesized. Like the
aforementioned Salen-absorped films, these films also utilized L3 as the ligand for
chelation due to its ability to distinguish between the false positive, copper ion, as well as
the exhibition of selectivity towards the uranyl ions. The Cell-2 through 5 films, though

slower were able to extract 27-70 % uranyl over the 72-h extraction period, with Cell-3
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extracting the most, 70 %, uranyl. However, these films too were plagued with leaching,
due to some of the ligands not efficiently being trapped within the film’s matrix.

The covalently linked films, though initially slower at extracting the uranyl ion,
exhibited promising characteristics as uranyl extractants. The films successfully extracted
27-65 % uranyl over the 72-h extraction period, with Cell-6 extracting the most, 65 %,
uranyl. Similar to some of the in-trapped films, these films maintained their structural
integrity over the 3-day extraction period as well as withstood the basic (pH = 10.62) and
acid (pH = 4.17) environments.

It is important to note the effects the crosslinkers played on the extracting properties
of'the film; overall the films utilizing glutaraldehyde as the cross-linker outperformed those
prepared using citric acid as a cross-linker. When the films with citric acid, as the cross-
linker were placed in aqueous media they swelled nearly 3x in size, in comparison to the
glutaraldehyde films, it was initially believed that the swelling to promote the intake of
uranyl ions. Unfortunately, instead it facilitated the leaching of the ligand out of the film,

which in return caused less uranyl to be extracted from the samples.

3.4 Experimental:
Caution! The uranium metal salts — UO2(NO3)2:6H20 — used in this study contained
depleted uranium, standard precautions for handling radioactive materials, such as uranyl

nitrate, were followed.

Reagents

The reagents THF (Macron), ethyl acetate (Macron), ethanol (200 proof, PharmCo-Aaper),
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methanol (HPLC grade, EMD Millipore) and hexanes (ACS grade, EMD Millipore), N’N’-
dimethyl formamide (Fisher Scientific) NaOH (EMD Millipore), MCC (Alfa Aesar),
glycerol (99 %, Pure synthetic, Alfa Aesar) urea (98 %, Aldrich), 2-hydroxyethyl cellulose
(MW = 1,300,000 g/mol, and 90,000 g/mol, Sigma-Aldrich) and regenerated cellulose film
(0.021 mm thickness, Sigma-Aldrich), epichlorohydrin (Fluka), glutaraldehyde (Fluka),
hydrochloric acid (Fisher Scientific), citric acid (Acros Organics), uranium nitrate
hexahydrate (Fisher Scientific), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

(Thermo Scientific), 4-dimethylaminopyridine (Acros Organics)

Metal Adsorption Method

The cellulose film was cut into four 2 x 3 cm rectangles, which were each coated with 2.0
mL of ligand solution 75 ppm in ethanol. The solvent was allowed to evaporate at room
temperature then cured in an oven at 110 °C for 2 h. The 12 di-, tri-, and tetravalent metals
of interest; copper(Il) chloride dihydrate, manganese(Il) chloride, vanadyl acetacetonate,
cobalt(II) chloride, nickel(Il) chloride octahydrate, zinc(II) chloride, cerium(III) chloride
heptahydrate, dysprosium(IIl) acetate, ytterbium(III) acetate, and thorium(IV) nitrate,
samples were prepared in 40-ppm solutions in water. Then 2 mL of each sample were
pipetted into 12 individual test tubes. The initial concentrations of the samples were
determined; then film pieces of equal size were placed into the test tubes. The test tubes
were placed on a shaker and agitated for 5 min. The film was removed and then the
concentration of the remaining aqueous solution was analyzed using ICP-OES to determine

the concentration of metal ions was removed.
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Using ICP-OES to analyze metal concentration

All metals concentrations were analyzed using Inductively Coupled Plasma with Optical
Emission Spectroscopy (Perkin Elmer Optima 7100 DV). A standard solution consisting
of the 12 metals of interest (copper(Il) chloride dihydrate, manganese(1I) chloride,
vanadyl acetacetonate, cobalt(Il) chloride, nickel(II) chloride octahydrate, zinc(II)
chloride, cerium(IIl) chloride heptahydrate, dysprosium(IIl) acetate, ytterbium(III)
acetate, and thorium(IV) nitrate) at a 50 ppm concentration was made in 2 % nitric acid.
This standard was used to standardize the instrument for looking at the various metals.

The initial and final metal concentrations per extraction were determined using ICP-OES.

Leaching Test

Samples were prepared using 1 cm x 1 cm square pieces of film and 10 ppm uranyl aqueous
solutions at the following pHs: neutral (pH = 7), basic (pH =8, 12, and 14), and acidic (pH
=0, 3, and 5). To increase the pH a 50 % NaOH solution was used while 1 M nitric acid
was used to reduce the pH. The UV-Vis absorbance of the samples was analyzed after 0
min, 15 min, and 30 min to determine if any leaching have occurred. After 30 min the

leaching study was terminated due to leaching occurring over the short period of time.

Synthesis of NC film from MCC> 6 %%

5 g of MCC was added into a 100 mL solution of 7 % NaOH and 12 % urea. The
solution was stirred at room temperature for 30 min then kept static for 16 h at -20 °C. The
mixture was thawed, and the cellulose was regenerated by adding 10 times v/v of deionized

water. The regenerated cellulose (RC), was precipitated and separated via centrifugation at
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5000 revolutions per minute (rpm), the precipitate was washed several times with deionized
water to remove remnants of NaOH and urea. The RC was preserved at4 °C as a 2 % slurry
(in deionized water) until further use.

From the stock of RC, several solutions containing various concentrations of
cellulose was prepared in deionized water. The solutions with the known concentrations
were then ultrasonicated for 2 min using a 2 mm probe at 75 % amplitude. The pH of the
solution was measured before and after sonication to ensure it was around 8 if not, a
solution of 1 M NaOH or HCI was used to adjust it.

Free standing films of RC were prepared by pouring the dispersed cellulose (10
mL) in a glass Petri dish (~ 100 mm diameter), the solvent was allowed to slowly evaporate
at room temperature, placed in an oven at 70 °C for 2 h, and then peeled off slowly with
forceps. Ligand in-trapped films of RC was prepared using the aforementioned procedure,
however 5 mL of 1000 ppm L3 in DMF was added to the dispersed cellulose prior to

solvent evaporation.

Synthesis of Sodium Carboxymethyl Cellulose (CMC) film?% 3% 3°

3 2(2 % w/v) of CMC, 0.9 g of glycerol (or 30 % of CMC weight), and 150 mL of
distilled water was heated at 90 °C for 20 min or until the CMC was fully dissolved. The
solution was then poured into a glass mold and allowed to dry at room temperature. Once
all the solvent was evaporated, the film was dried in an oven for 2 h at 40 °C.

Ligand-trapped films of CMC film was prepared using the aforementioned procedure,
however 5 mL of 1000 ppm L3 in DMF was added to the dissolved CMC and glycerol

solution prior to solvent evaporation.
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Synthesis of Cellulose Film using epichlorohydrin as a Cross-linker’!(Cell-1)

A modified procedure was adopted from Yan 20133! published method. Free
standing film was made by dissolving 0.5625 g of 2-hydroxyethyl cellulose (HEC) (MW
=1.30 x 10° g/mol) in 100 mL of water and heated at 40 °C until the solution was
transparent. The solution was then allowed to cool to room temperature. Next 0.50 mL of
epichlorohydrin (3 wt %) was added to the solution under stirring to obtain a
homogeneous solution (20-45 min). After the solution had become homogeneous, it was
poured into a Petri dish where the solvent was allowed to evaporate (~3-5 days), the film
was then washed with 5% acetic acid and deionized water, then dried in an oven at 40 °C

for 2 h.

Synthesis of Cellulose Film using glutaraldehyde as a Cross-linker (Cell-2)
Methodologies were adopted from Mills 2006 publication.?? 0.8102 g of HEC (MW
= 90,000 g/mol) was dissolved in 12 mL of water and heated at 40 °C, the solution was
then allowed to cool to room temperature, then 0.75 mL of a 1 % glutaraldehyde solution
was added and stirred for 5 min, followed by the addition of 0.75 mL of a 0.5 M HCl
solution and allowed to stir for 30 s. The solution was then poured into a glass mold and
allowed to air dry for 2-3 days. Ligand-trapped film was prepared using the aforementioned
procedure, however 10 mL of the 1000 ppm L3 (in DMF) solution was added to the
cellulose mixture and vigorously stirred (~ 900 -1000 rpms) for 5 min, before pouring into
the glass mold. Once dried the film was washed with methanol and water. For Cell 5, the

aforementioned procedure was completed as stated, however using the equivalent amount
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of 1 % citric acid in place of the 1 % glutaraldehyde, as the crosslinker.

Synthesis of Cellulose Film using Citric acid as a Cross-linker (Cell 3)

Methodologies were adopted from Mills 2006 publication.?? 0.8102 g of HEC (MW
=1,300,000 g/mol) was dissolved in 100 mL of water and heated at 55 °C, the solution was
then allowed to cool to room temperature, then 9.0 mL of a 1 % glutaraldehyde solution
was added and stirred for 5 min, followed by the addition of 1.5 mL ofa 0.5 M HCl solution
and allowed to stir for 30 s. The solution was then poured into a glass mold and allowed to
air dry for 2-3 days. Ligand-trapped film was prepared using the aforementioned
procedure, however 10 mL of the 1000 ppm L3 (in DMF) solution was added to the
cellulose mixture and vigorously stirred (~ 900 -1000 rpms) for 5 min, before pouring into
the glass mold. Once dried the film was washed with methanol and water. For Cell 4, the
aforementioned procedure was completed as stated, however using the equivalent amount

of 1 % citric acid in place of the 1 % glutaraldehyde, as the crosslinker.

Synthesis of Covalently linked L7-cellulose Film using glutaraldehyde as a Cross-linker
(Cell 6)

Modified methodologies were adapted using Wu' and Mills publications® 0.1 g
of 2-HEC (MW = 1,300,000 g/mol) was dissolved in 100 mL of DMF. 40 mg of L7 was
then added followed by 2.2 molar equivalents of 4-dimethyl-aminopyridine (DMAP) and
2.2 equivalents N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide (EDC). The reaction
was allowed to proceed at room temperature for 3 days. Once complete the reaction was

placed in a freezer at -80° C for 12 h, then placed on the lyophilizer. Once removed the
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solution was stored in a -15° C freezer until ready for use. 0.8102 g of HEC (MW = 90,000)
was dissolved in 100 mL of water and heated at 55 °C, the solution was then allowed to
cool to room temperature, then 9.0 mL of a 1 % glutaraldehyde solution was added and
stirred for 5 min, followed by the addition of 1.5 mL ofa 0.5 M HCI solution and allowed
to stir for 30 s followed by the addition of 10 mL of the concentrated covalently linked L7-
cellulose solution (in DMF) and vigorously stirred (~ 900 -1000 rpms) for 5 min, before
pouring into the glass mold. Once dried the film was washed with methanol and water. The
solution was then poured into a glass mold and allowed to air dry for 2-3 days. For Cell 8,
the aforementioned procedure was completed as stated, however using the equivalent
amount of 1 % citric acid in place of the 1 % glutaraldehyde, as the crosslinker. For Cell 7
and Cell 9, the aforementioned procedure was used, using the 1,300,000 g/mol 2-HEC in
place of the 90, 000 g/mol and using glutaraldehyde and citric acid respectively as cross-
linkers.

Determination of thickness of films
The thickness of the films was measured using an iGAGING® electronic micrometer. The
films were cut in to 2.5 cm x 5 cm rectangles. 5 measurements were recorded using the

micrometer at the locations depicted in Figure 3.19 for an average thickness (Table 3.1)

of the films.

X1 X2

X3

X4 Xs

Figure 3.19 Points of measurements for determination of film thickness
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Table 3.1: Measurements (in mm) and averages of thickness of films

X4 Xs Average + Standard

(mm) Deviation
Cell-2 0.053  0.057 0.057  0.061 0.076 0.061 £ 0.008
Cell-2 (blank) | 0.047 = 0.056 0.061 = 0.056 0.056 0.055 £ 0.005
Cell-3 0.040  0.045 0.054  0.030 0.041 0.042 + 0.009
Cell-3 (blank) | 0.024 = 0.032 0.034 | 0.030 @ 0.041 0.032 + 0.006
Cell-4 0.043  0.075 0.072  0.041 0.070 0.060 £ 0.017
Cell-4 (blank) = 0.041 = 0.034 0.035 = 0.037 0.044 0.038 £ 0.004
Cell-5 0.086  0.039 0.059  0.031 0.034 0.050 £ 0.023
Cell-5 (blank) | 0.043 = 0.047 0.044 | 0.041 @ 0.041 0.050 £ 0.023
Covalently linked Films
Cell-6 0.052 = 0.049 0.051 = 0.067 @ 0.049 0.054 £ 0.007
Cell-7 0.092  0.047 0.033  0.076  0.031 0.056 +£0.027
Cell-8 0.083 = 0.083 0.066 = 0.082  0.069 0.077 £ 0.009
Cell-9 0.172  0.133 0.119  0.108 0.106 0.128+0.027

Determination of uranyl using the Arsenazo Il method*> 3*

The Arsenazo III method was adapted by the Khan et al 2006 publication.’* A
standard solution of the disodium salt of the 2,7-bis (2-arsenophenylazo)-1,8-
dihydroxynaphthalene-3,6-disulfonic acid (commonly referred to as Arsenazo III) was
prepared by dissolving 11.66 mg of the Arsenazo III salt into a 1 L volumetric flask and
diluting it with of 3 M HClOu4 to the 1-L marker on the flask. 1 mL of the standard uranyl
stock solution, each varying in concentration (1-1000 ppm) of uranyl in D. 1. water, was
mixed with 4 mL of the standard Arsenazo III solution. The absorbance was measured from
600-700 nm with a Cary 50 spectrophotometer. A correlation curve between uranium
concentration (ppm) and absorbance at 651 nm was plotted to determine the remaining
uranium concentration of the samples after extraction with the functionalized cellulose

film.
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15 mL of an aqueous 10 ppm solution of uranyl was poured into a vial. The
functionalized cellulose film was added to the solution and agitated for various amounts of
time (10 min, 30 min, 1 h, 5 h, 10 h, and 24 h). The film was removed, and the remaining
uranyl solutions were concentrated to near dryness via rotary evaporation and taken up to
I mL using HClOa. The solution was then diluted up to 10 mL with D. I. water and analyzed

using the aforementioned Arsenazo I1I method.

Leaching Test

Samples were prepared using 1 cm x 1 cm square pieces of film and 10 ppm uranyl aqueous
solutions at the following pHs: neutral (pH = 7.492), basic (pH = 10.619), and acidic (pH
=4.170). To increase the pH a 50 % NaOH solution was used while 1 M nitric acid was
used to reduce the pH. The UV-Vis absorbance of the samples were measured after 30 min,

1h,5h,12h,24 h,48 h, 72h, 96 h, 120 h, 144 h, and 168 h.
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Chapter 4
Application I: Using Functionalized Cellulose Films for Uranyl

Extraction from Sea Water

4.1 Introduction

Nuclear power is crucial for a greener future of less greenhouse gas emission, a low carbon
footprint, and renewable energy source. There is an increase in research towards the development
of adsorbent materials that efficiently sequester uranium from seawater, a truly inexhaustible
alternative to the traditional mining of uranium ore.!> 2 Seawater contains almost 4.5 billion metric
tons of uranium, which is significantly more than the identified and economically recoverable 4.7
million tons found in terrestrial sources.? Unfortunately three major challenges plague extracting
uranium from the ocean, the low concentrations of uranium in the ocean ( 3.3 ppb), extracting
uranium from the stable tris- and biscarbonato species, [(UO2)(CO3)3]* and [(UO2)(CO3)2]*
respectively, and also developing an economically feasible process.?*

Dating back to the 1960s, research conducted on extracting uranium from the ocean
focused on using ion-exchange resins and processes similar to the PUREX process, and then later
turned to sorbent materials.>® In 2011, the U. S. Department of Energy established a research
program to develop a cost effective and efficient method for uranium extraction from seawater,
and successfully managed to increase the adsorbent material capacity for uranium from ~1.5 g to
over 6 g for each kg of absorbent used.!%!2 Presently the most common functional group found on
polymer sorbents are amidoximes (Figure 4.1), due to their high affinity and selectivity for uranyl

iOl’lS.z’ 6,8, 13
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Figure 4.1 Structure of general Bis-amidoxime polymer sorbent, with
amidoxime units highlighted in red.'*

Reported herein is the use of the cellulose films that were the most effective at extracting
uranyl; ligand-trapped cellulose film, Cell-3, and the covalently linked cellulose film, Cell-6, as
sorbent materials to extract uranium from sea water (structural details for films are highlighted in
Chapter 3).

4.2 Results

The films were cut into 2 x 3 cm rectangles and placed in 12.5 mL of spiked (~3.5 ppm)
seawater from four different beaches around the States; Orange Beach, Al, Tybee Island, Ga,
Clearwater Beach, FI, and Dockweiler State Beach, Ca. Performing uranyl extraction on
environmental samples typically gives an indication of how the films will perform in a non-
standardized environment, in particular how the films will perform in the presence of competing
metal ions within the pH range of 6.8-7.9 and with uranium concentrations of 0.025-0.032 ppm
(concentrated control samples)

As reported in Table 4.1, Cell-3 extracted a significantly lower amount of uranyl from

seawater than in the controlled environment, a maximum of 28 % versus 70 %, respectively. These
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results indicate the influence of competing ions for the Schiff base, specifically competition from
the common false-positive, copper. Over the 3-h extraction period, the amount of copper present
in the natural sample decreased by more than 51 % in some samples and as much as 94 % in others,
suggesting that the ligand is more selective for copper. Recovering the uranium from Cell-3 via
partially digesting the film in a 1M nitric acid solution, allowing for hydrolyzation of the Schiff
base to release the uranium extracted, resulted in a very promising green approach to harvesting
the uranium removed from the sea. Unlike most sorbent material, that are digested when placed in
the acidic media, Cell-3 remained intact suggesting the possibility of recycling the film. Under
acidic conditions, over 80 % of uranium was successfully recovered from Cell-3 in as little as 20
minutes.

Table 4.1: Uranyl analysis of environmental samples using Cell-3 highlighting the amount of

uranyl extracted over the 3 h extraction period and the amount of uranyl recovered with 20 min.
Location where water pH Uranyl extracted Uranyl Recovered
samples were collected of sample ) )

Orange Beach, Al 7.90 16.29 £ 0.01 80.45
Tybee Island, Ga* 7.14 10.69 + 0.01 99.92
Clearwater Beach, Fl1 6.84 28.20 £0.08 81. 36
Dockweiler State Beach, Ca 7.90 18.44 £0.11 98.37

*Data collected after 1 h

Table 4.2 highlights the results from the extraction performed with Cell-6; similar to Cell-
3 the amount of uranyl extracted was significantly lower than in the controlled environment, a
maximum of 42 % versus 65 %, respectively. These results indicate the influence of competing
metal ions with the Schiff base, probably competition from the common false-positive, copper.
Over the 3-h extraction period, the amount of copper present in the natural sample decreased by

more than 22 % in some samples and as much as 65 % in others, suggesting more selectivity
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towards uranium than Cell-3 but with some competition for copper. Recovering the uranium from
Cell-6 resulted in a bit of misfortune, contrary to its ability to remain intact during the leaching
study and previous extracting experiments, the films’ structural integrity was severely
compromised with the agitation (150 rpm), thus resulting the inability to recover the uranium from

the film.

Table 4.2: Uranyl analysis of environmental samples using Cell-6 highlighting the amount of
uranyl extracted over the 3 h extraction period and the amount of uranyl recovered with 20 min.

Location where water pH Uranyl extracted Uranyl Recovered
samples were collected of sample %
Orange Beach, Al 7.898 42.95 +0.039 -
Tybee Island, Ga 7.144 34.70+0.242 -
Clearwater Beach, Fl 6.839 32.64 £ 0.036 =
Dockweiler State Beach, Ca 7.902 17.79 £ 0.047 -

4.3 Conclusion

In conclusion, Cell-3 and Cell-6 films were used to extract uranium from four different
spiked environmental samples. Overall both films succeeded at extracting uranium from the
environmental samples but exhibited some setbacks. Though Cell-3 remained intact and
exhibited promising recycling capabilities, it was beset by the competition with other trace
metals presented in the samples, resulting in significantly lower amount of uranium being
extracted. In contrast, Cell-6 managed to extract more uranium from the samples than Cell-3, a
maximum of 28 % versus 42 %, but did not weather the agitation well, which could possibly be

overcome by decreasing the revolutions per minute.
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4.4 Experimental

Caution! The uranium metal salts — UO2(NO3)2:6H20 — used in this study contained depleted
uranium, standard precautions for handling radioactive materials, such as uranyl nitrate, were
followed.

4. 4. 1. Determination of pH of environmental samples

Upon filtration, the pH of the environmental samples was determined using Fisher Scientific AR15
pH meter. The pH meter was calibrated using standardized buffer samples at pH of 4, 7, and 10.
The pH of the samples were determined by placing the glass electrode in the solution and recording
the pH value upon stabilization. The electrode was then washed with distilled water into a waste

beaker and wiped dry with a Chemwipe before measuring other samples.

4. 4. 2. Uranyl Extraction of spiked environmental samples using ICP-OES

Natural water samples collected were prepared using the previously published method by Jauberty
et al.!> Each sample was subjected to vacuum filtrations to remove any stray solids like sand,
seaweed, seashell pieces, etc. Once filtered, 100 mL of the sample was concentrated near dryness
using a rotary evaporator and taken up to 1 mL in 1 M HNOs3. The sample was then spiked (~3.5
ppm using uranium nitrate) and further diluted up to 25 mL with distilled water. Uranium
determination was performed using agitation (Barnstead Lab-Line: Max? 3000 at 150 rpm), which
mimics that of the ocean and ICP-OES ( Perkin Elmer Optima 7100 DV ) over a period of 3 hour,
collecting analysis after 30 min, 1 h, 2 h, and 3 h. Uranium was recovered by mildly digesting the
film in a 1 M HNO3 solution with agitations over a 20 min period. The standard/controlled

solutions were prepared using the aforementioned process but were not spiked with uranium.
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4. 4. 3. Determination of concentration of copper in environmental samples using ICP-OES

Natural water samples collected were prepared using the previously published method by Jauberty
et al.!> Each sample was subjected to vacuum filtrations to remove any stray solids like sand,
seaweed, seashell pieces, etc. Once filtered, 100 mL of the sample was concentrated near dryness
using a rotary evaporator and taken up to 1 mL in 1 M HNOas. The sample was then spiked (~3.5
ppm using uranium nitrate) and further diluted up to 25 mL with distilled water. Copper
determination was performed using agitation (Barnstead Lab-Line: Max? 3000 at 150 rpm), which
mimics that of the ocean and ICP-OES (Perkin Elmer Optima 7100 DV) over a period of 3 hour,
where the concentration of copper was measured before the extraction period and after 30 min, 1

h, 2 h, and 3 h periods of extraction.
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Chapter 5
Application II: Arsenazo IlI-trapped Cellulose Film for Uranyl

Sensing

5.1 Introduction

Extensive research has been conducted on the chromogenic bis-azo dye, arsenazo III
(Figure 5.1), due to its high selectivity, high sensitivity, and its ability to form stable metal
complexes over a broad pH range. Arsenazo III has demonstrated 1:1 metal complexation with
lanthanides'* and actinides®>’ at a low pH range (~1-4) and both 1:1 and 2:1 dye to calcium ions®
complexation at the physiological pH range (6.56-7.82). It is considered an octa-protic weak acid,
HsA, having pKa values ranging from ~ -2.5-12.4, thus making it an effective metal complexing

agent over a wide pH range.”!!

N N
HO4S SO5H

Figure 5.1: Structure of Arsenazo III

Arsenazo III has found use in a large variety of applications, including for determining the
uranium concentration in water, ores, and plant samples.!?1¢ Tt has been used as a colorimetric
uranyl sensor to detect uranium on the Plexiglass, glass, and steel surfaces of buildings.!” Arsenazo

IIT has been paired with several solid supports including; functionalized magnetic carbon
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composites (FesO4@C@ASA)'® and scintillating resin'® for the extraction of uranyl in aqueous
media. It has also been used to remove uranyl from aqueous solutions via the complexation with
the uranyl ion being accelerated by ultrasonicated-assisted adsorption onto Au-NPs supported
carbon nanotubes.?’ Herein, we describe the use of Arsenazo III-chemisorbed cellulose films for

sensing uranyl in aqueous media.

5.2 Results

Through the modification of the Cell-1 film, a dye-trapped porous, water-swelling cellulose
film has been used to successfully sense uranyl in aqueous environments. The idea of making a
real-time colorimetric uranyl sensor has been of interest for decades. However, finding a ligand
with high selectivity towards actinides, in particular uranium, and pronounced chromogenic
properties have been challenging. By immobilizing the Arsenazo III into the modified cellulose
film, a rapid, efficient, colorimetric sensor for uranyl was created. Taking advantage of the
properties of the di-azo dye, chromogenic, rapid 1:1 metal to ligand complexation (Figure 5.2),
high metal sensitivity and low selectivity, and pairing it with the porous cellulose film allowed for

the synthesis of a real-time portable colorimetric uranyl sensor.

T
0,S SO,

Figure 5.2: 1:1 Uranyl metal complex with the Arsenazo III dye
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Increasing the amount of cellulose (400 % increase), enabled preparation of more rigid
and porous films, with abilities to withstand the acidic media better than the aforementioned films,
which simply decomposed into jelly-like substances upon being placed in the acidic solution of
the Arsenazo-III dye (10 mL). Increasing the amount of cellulose also allowed the film to be more
porous, thus causing it to swell extensively in aqueous media, which proves to be an effective
method for determining the concentration of uranyl in a solution.

As depicted in Figure 5.3 the modified Cell -1 film containing the trapped Arsenazo III
dye appeared as a bright magenta colored film. The uranyl solution began to penetrate the edges
of the film and then moving towards the center causing it to go from bright magenta to a turquoise
blue. The complete transition was accomplished in less than one minute, due to the rapid chelation
of the uranyl to the dye, thus making it a rapid and effective method for uranyl sensing. Repeating
the process with varying concentrations of uranyl allowed for a colorimetric scale to be made

(Figure 5.4) which aids in estimating the concentration of uranyl in unknown solutions.

Figure 5.3: Images of the Arsenazo 3-trapped film (pink) (A) Arsenazo 3-trapped film after
reacting with 1000 ppm uranyl solution (teal) (B) highlighting the colorimetric properties of dye
(~45 s time-lapse between A and B)
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Figure 5.4: Colorimetric Uranyl Concentration Scale (in ppm)

Though the Arsenazo IlI-trapped film proves to be a fast and reliable method for sensing
uranyl, it has several disadvantages. One drawback of this method is that the response of the di-
azo dye is pH dependent for actinides, only able to sense them in acidic media (pH of 4 and below).
Unfortunately, the cellulose films are acid-sensitive and begin to break down at low pH levels.
Though the amount of cellulose was increased for the films in this study, they still experienced
slight decomposition from being in the acid, films left in the acidic dye solution for more than 5
min. experienced significant decomposition while those left in the dye for over 10 min, completely
decomposed into a jelly-like substance. Another drawback is the toxic nature of the dye,!? since
the cellulose films begin to decompose in the acidic solution, it can lead to the possibility of the
dye contaminating wastewater. However, this can be reduced by simply removing and testing
small samples instead of placing the film directly into the spill or wastewater of interest.

To determine the efficiency and selectivity of the of the dye, serial titrations with

uranyl (UO2%"), ytterbium (Yb*"), and copper (Cu?") were performed at 3 different pH conditions;
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acidic (pH =0), neutral (pH = 7.483), and basic (pH =11.165). For simplicity, only the metal to
ligand ratio of 1.2 :1 is displayed in each UV-Vis spectrum; the complete spectra of individual
titrations can be found in the Appendix. Figure 6.5a depicts that in acidic media the dye selectively
chelated with uranyl to form a 1:1 metal complex as evident by the new peak centered at 651 nm.
At neutral pH, Figure 6.5b shows evidence of a small bathochromic shift from 585 nm to 577 nm
in the presence of copper, but no significant spectral shifts were observed for the actinide or
lanthanide. Under basic conditions, see Figure 6.5¢, there were no major spectroscopic shifts for
any of the metal ions examined. Results from these titrations indicate that the dye is only effective
at chelating uranyl under acidic conditions, with and shows little to no selectivity for transition
metals like copper of lanthanides like ytterbium. (See Appendix for UV-Vis spectra for each

individual metal titration at the various pH)
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Figure 5.5: Absorbance spectra of results of serial titration of Arsenazo III dye with copper, uranyl,
and ytterbium at 1.2 : 1 metal to ligand molar ratio depicting the selectivity and pH dependence of
the Arsenazo III dye at (a.) pH = 0 (b.) pH = 7.483 and (c.) 11.165. (Dye concentration: 11.66
ppm)

5.3 Conclusions

In conclusion, extensive research has been performed on the chromogenic bis-azo dye to study its
binding properties with calcium, actinides and lanthanides. With its pronounced and rapid

colorimetric properties and high selectivity, Arsenazo III exhibits all the qualities desired for use
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as a successful sensor. Without interference from the common false positive, copper, or other
lanthanide at low pH levels, makes the Arsenazo III dye considered to be one of the best and most
efficient way for sensing uranium. Unfortunately, most studies use the dye to perform
spectrophotometric studies on the metal complex in order to quantify, thus usually requiring some
form of UV-vis spectrophotometer which can range from being inexpensive to very costly.
Reported here, Arsenazo Ill-trapped film was used to create an efficient real-time colorimetric
sensor for uranyl in aqueous media. By in-trapping the chromophoric dye inside biodegradable
cellulose, we are able to create a simple, eco-friendly, rapid, and portable way to detect and
quantify uranyl in aqueous media. This method is efficient and cost-effective since there is not a

need for instrumentation to analyze the sample.

5.4 Experimental
Caution! The uranium metal salts — UO2(NO3)2:6H20 — used in this study contained depleted
uranium, standard precautions for handling radioactive materials, such as uranyl nitrate, were

followed.

5. 4. 1. Towards the Synthesis of Arsenazo Ill-trapped Cellulose Film

Modified Cell-1 film was prepared using the procedure as described in Chapter 3 (vide supra).
Cell-1 film used in this experiment was prepared using the same procedure discussed in previously;
however, the amount of cellulose was increased from 0.281 grams to 1.125 and the amount of
epichlorohydrin was increased proportionally, resulting in a 3 wt % epichlorohydrin. Modified
Cell-1 was then placed into a 5 mL solution of Arsenazo III in 3 M perchloric acid, and the solution

was allowed to fully penetrate the film for 1-2 min. The film was then removed and rinsed with
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methanol and de-ionized water to remove excess acid. The film was then placed in 10 mL of
aqueous uranyl standard solutions with concentrations ranging from 0-1000 ppm and allowed to
react for ~30 s. The film was then used to create a real-time colorimetric sensor for uranyl, by

creating a color-coded scale displaying colors correlating to concentration ranges of uranyl (in

ppm).

5. 4. 2. Serial Titration

A standard solution (11.66 ppm) of the disodium salt of the 2,7-bis (2-arsenophenylazo)-1,8-
dihydroxynaphthalene-3,6-disulfonic acid (commonly referred to as Arsenazo III) was prepared
by dissolving 11.66 mg of the Arsenazo III salt into a 1 L volumetric flask and diluting it with 3
M HClOs4to the 1-L marker on the flask. Three 10-mL samples of the dye solution were adjusted
to the following pH levels; acidic (pH = 0, standard), neutral (pH = 7.483), and basic (pH =
11.165). A 3 M phosphoric acid solution and 50 % NaOH solution were added dropwise (~20 pL)
to adjust the pH of the neutral and basic solutions.

The metal salt solutions (200 ppm) were made from the following metal salts; copper(II) chloride
dihydrate, ytterbium(III) acetate, and uranyl nitrate hexahydrate. 5 mg of each metal salt was
placed into different 25 mL volumetric flask, the salts were dissolved in methanol and diluted up
to the 25-mL marker on the flask.

For the serial titration, 2 mL of the dye was placed in 1 cm quartz curvetted and fifteen 10-pL
(metal to ligand ratios of 0.08-1.2 : 1) aliquot additions of the metal solution was added, with 5-

seconds of swirling between each measure collected.

5. 4. 3. Determination of pH of metal solutions
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The pH of metal solutions was determined using a Fisher Scientific AR15 pH meter. The pH meter
was calibrated using standardized buffer samples at pH of 4, 7, and 10. The pH of the samples
were determined by placing the glass electrode in the solution and recording the pH value upon
stabilization. The electrode was then washed with distilled water into a waste beaker and wiped

dry with a Chemwipe before measuring other samples.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In conclusion, six Schiff base salen ligands were synthesized, each containing a different
electronic group, to determine the effect electronics have on the ligand’s chelation ability for
various metal ions. Using L4 (H in 5-position) as a reference ligand, it was determined that the
ligands containing electron withdrawing groups, such as a halogen (L5) greatly affected the
chelating properties of the ligand, while the ligands containing carbonyl groups, L2 and L3, were
able to chelate several metal ions due to resonance stabilization. The ligands containing electron
donating groups, L1 and L6, were able to effectively chelate both transition metals and actinides,
due to their ability to donate electron density to the tetradentate pocket of the ligand. Though the
electron donating ligands were more successful at chelating metal ions, L3 was the only ligand
able to differentiate between copper, a common false-positive, and uranyl, thus it was further
probed for use as a uranyl chemosensor.

Cellulose serves as a green, efficient, and viable solid support for the extraction of uranyl
from aqueous media. Absorption of the salen ligand onto the surface of the cellulose film resulted
in the extraction of more than 36 % uranyl in as little as 5 minutes but was plagued by leaching of
the ligand into the solutions. To overcome this, ligand in-trapped films (Cell-2 through Cell-5)
were synthesized. The Cell-2 through 5 films, though slower were able to extract 27-70 % uranyl
over the 72-h extraction period, with Cell-3 extracting the most, 70 %, uranyl. However, these
films too were plagued with leaching, due to the remaining ligands that weren’t efficiently trapped
within the film’s matrix leaching out into the aqueous media. To overcome the leaching problem,

covalently-linked ligand-films (Cell-6 through Cell 9) were synthesized. They extracted 27-65 %

122



uranyl over 72-h, with Cell-6 extracting the most, 65 %, uranyl. Similar to some of the in-trapped
films, these films maintained their structural integrity over the 3-day extraction period and were
able to withstand the basic (pH = 10.62) and acidic (pH = 4.17) environments with minimum
leaching in neutral conditions. It is important to note the effects the crosslinkers have on the
extracting ability of the films: generally, the films utilizing glutaraldehyde as the cross-linker
outperformed the films cross-linked with citric acid. This is influenced by the number of oxygens
presented in each linkage, 5 for citric acid versus 2 for glutaraldehyde.

The cellulose films used in this research were then used in two applications; for the
extraction of uranyl from spiked sea water and the colorimetric sensing of Arsenazo III dye in-
trapped cellulose film. Cell-3 and Cell-6 films were used to extract uranium from four different
spiked environmental samples, where they succeeded at extracting uranium from the samples,
extracting a maximum of 28 % and 42 %, respectively, in the presence of competitive trace metals.
Taking advantage of the rapid chromogenic properties of the Arsenzo III and eco-friendly cellulose

film yielded the development of a real-time colorimetric scale for uranyl sensing.

6.2 Future Work

6. 2. 1. Ligand Design

Since the early 60’s extensive research on uranyl chelation with amidoxime ligands had been
conducted. 2 Amidoxime ligands consist of an enamine bidentate chelating pocket (Figure 6.1),
which has a shown strong affinity towards uranyl.> * Beginning in the early 80’s these ligands
were incorporated into resins and used for the extraction of the tri-carbonate uranyl complexes

found in seawater.> ¢ Since then they have become the focus of research at many national labs,”-!!
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including Oak Ridge National Laboratory and Pacific Northwest National Laboratory, as well as

around the world!?!5 for the extraction of uranium from seawater.

N

1

OH

NH,

Figure 6.1 General structure of amidoxime

As depicted in Figure 6.2 the cyclic and open chain ligands exhibit several binding motifs for
uranyl binding including; monodentate via the oxime, bidentate, tridentate (cyclic imide

dioximes)"

R H R N-O
R ! / 9]
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Figure 6.2 Binding motifs of uranyl with amidoxime ligands

Incorporating the amidoxime binding pocket and a highly conjugated backbone, similar to that of
2-quinoxalinol, would yield a highly selective uranyl ligand. Incorporation of aromatic rings not
only enhances the stability of the amidoxime ligands under strongly acidic media, but would allow

for high signal to noise ratios, high extinction coefficients, and pronounced spectroscopic shifts.
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Starting with the commercially available 1,3-dichloroisoquinone, a bis-amidoxime ligand could

be synthesized in four simple steps, exhibiting a high affinity for uranyl (Scheme 6.1).'116-17
NH,
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Scheme 6.1 Proposed synthesis of bis-amidoxime ligand

The electronic effects on the ligand’s selectivity could be studied by adding different electron

donating or withdrawing groups to the 6-position.

6. 2. 2. Solid-supports

Hydrogels are a class of materials that are composed of three-dimensional hydrophilic polymer
networks, high water content, and excellent water retention.!®!® The networks are generally
composed of either synthetic or natural polymers that are cross-linked physically or chemically

and exhibit chemical interactions such as covalent bonds, hydrogen bonds, ionic bonds and van
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der Waals forces to prevent dissolution into the aqueous phase.!'®!® Hydrogels’ popularity has
increased due to their wide applicability in fields including; drug delivery, tissue engineering,
artificial organs, sorbents, (bio)sensors, contact lenses, and purification." 2032 As depicted in

Figure 6.3, hydrogels have the ability to swell extensively in aqueous media, thus making them

28-32

viable options for uranyl extraction in aqueous media.

Figure 6.3: Images of (a) freshly prepared hydrogel (4 wt % cellulose and 5% ECH) and
(b) swollen hydrogel*

By incorporating the highly fluorescencent 2-quinoxalinol salen ligands or highly selective
amidoxime ligands into hydrogels via crosslinking could make for efficient, convenient, and

possibly luminescent uranyl sensors (Figure 6.4).
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Figure 6.4 Images of cellulose-quantum dots hydrogel (a) under visible
light and (b) under UV lamp (302 nm)?*
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Appendix

A.1  Chapter 2: Ligand Design: Electronic Effects on Metal Chelation of Schiff-
based Salen Ligands
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A.2.1 L1 (DMF) titration with Vanadyl (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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1.62 1.71 1.8 1.89 198 =207 -—216 2.25

A.2.37 L4 (DMF) titration with Vanadyl (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Absorbance

280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 e——(0.54 e—0.63 e—-_0.72
0.81 0.9 0.99 1.08 =—1.17 1.26 135 =144 =153
1.62 1.71 1.8 189 =198 =207 =216 2.25

A.2.38 L4 (DMF) titration with Chromium (MeOH) (Shown at metal to ligand
molar ratios of 0.09-2.25: 1)

Absorbance

280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 e=————(0.54 e——0.63 =—0.72
0.81 0.9 099 =108 =—1.17 1.26 135 =144 =153
1.62 1.71 1.8 —1.89 ——198 =—207 =—2.16 2.25

A.2.39 L4 (DMF) titration with Manganese (MeOH) (Shown at metal to ligand
molar ratios of 0.09-2.25: 1)
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> K

280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)

Absorbance

Ligand 0.09 0.18 027 -—-—036 ——045 =054 —=——063 —0.72

0.81 0.9 0.99 1.08 —1.17 1.26 135 -———144 —153

1.62 1.71 1.8 189 —=——198 =207 -—216 2.25

A.2.40 L4 (DMF) titration with Iron (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

0.9

Absorbance

360 380 400
Wavelength (nm)

Ligand 0.09 0.18 027 -—-—036 -——045 =054 —=——0.63 —0.72
0.81 0.9 0.99 1.08 —1.17 1.26 135 —144 ——153
1.62 1.71 1.8 189 =——198 =207 -——216 2.25

A.2.41 L4 (DMF) titration with Cobalt (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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0.9
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1.62

N~

340 360 380 400 420 440 460 480
Wavelength (nm)

0.18 0.27 =036 -——0.45 0.54 0.63 0.72
099 —=—108 -—1.17 1.26 135 ——144 ——153
1.8 —189 —=—=——198 ——207 -——216 2.25

A.2.42 L4 (DMF) titration with Nickel (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

Absorbance

280

330 380 430 480 530 580
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 0.45 0.54
0.63 0.72 0.81 0.9 0.99 1.08 1.17
1.26 1.35 1.44 1.53 1.62 1.71 1.8
1.89 1.98 2.07 2.16 2.25

A.2.43 L4 (DMF) titration with Copper (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Absorbance

280
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—0.81

—1.62

300

0.09

—0.9
—_—1.71

320 340 360 380 400 420 440 460 480

Wavelength (nm)
e (0,18 0.27 0.36 045 e——(0.54 e—0.63 e—0.72
—0099 =108 =117 1.26 135 =144 -———153
—_—1.8 —1.89 =198 =207 -—2.16 2.25

A.2.44 L4 (DMF) titration with Zinc (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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0 ===
280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 e————0.54 ==—0.63 =—0.72
0.81 0.9 099 =108 =——1.17 1.26 135 =144 ——153
1.62 1.71 1.8 —1.89 —198 =—207 ——2.16 2.25

A.2.45 L4 (DMF) titration with Dysprosium (MeOH) (Shown at metal to ligand
molar ratios of 0.09-2.25: 1)
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o
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0 —_—
280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)
e Ligand 0.09 ==——0.18 0.27 e———0.36 =—0.45 0.54 0.63 0.72
—0.81 =—0.9 —099 =108 =——1.17 1.26 135 =144 ————153
—162 —17] —1.8 —— 1,89 —198 —2(07 =—216 2.25

A.2.46 L4 (DMF) titration with Ytterbium (MeOH) (Shown at metal to ligand
molar ratios of 0.09-2.25: 1)
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o
205
2
o 04
<
0.3
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0.1
0 —
280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 o054 e=——(0.63 =—0.72
0.81 0.9 0.99 1.08 =—1.17 1.26 135 =144 ——1.53
1.62 1.71 1.8 1.89 =198 =207 —2.16 2.25

A.2.47 L4 (DMF) titration with Thorium (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

154



0.9
0.8
0.7
8
S 0.6
©
205
2
o 04
<
0.3
0.2
0.1
0 S
280 300 320 340 360 380 400 420 440 460 480
Wavelength (nm)
Ligand 0.09 0.18 0.27 e=———0.36 e——0.45 0.54 0.63 0.72
0.81 0.9 099 =108 =117 1.26 135 =144 =153
1.62 1.71 1.8 —189 e——198 =—207 ——2.16 2.25

A.2.48 L4 (DMF) titration with Uranyl (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

N
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Absorbance

280 330 380 430 480 530 580
Wavelength (nm)

Ligand 0.09 0.18 027 -=—-—036 -=——045 e=——054 =——063 —0.72

0.81 0.9 0.99 1.08 1.17 1.26 135 —=——144 ——1.53

1.62 1.71 1.8 1.89 198 =207 -——216 2.25

A.2.49 LS5 (DMF) titration with Vanadyl (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Absorbance

580

280 330 380 430 480 530
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 e=———054 e=—=——0.63 =—0.72
0.81 0.9 0.99 1.08 —1.17 1.26 135 —144 ——153
1.62 171 18 189 ——198 ——207 ——2.16 2.25
A.2.50 L5 (DMF) titration with Chromium (MeOH) (Shown at metal to ligand
molar ratios of 0.09-2.25: 1)
1
8
C
@
2
(e}
4
<
280 330 380 430 480 530 580
Wavelength (nm)
Ligand 0.09 0.18 027 -—-—036 -——045 -——054 ——063 —0.72
0.81 0.9 099 ——1.08 -—1.17 1.26 135 —=—144 ——1.53
162 171 18 ——189 ——198 ——207 ——2.16 2.25

A.2.51 L5 (DMF) titration with Manganese (MeOH) (Shown at metal to ligand

molar ratios of 0.09-2.25: 1)
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280 330 380 430 480 530 580
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 e=———0.54 —=——0.63 =—0.72
0.81 0.9 099 =108 =——1.17 1.26 135 =144 =153
1.62 1.71 1.8 1,89  e——1]98 —2(07 —2.16 2.25

A.2.52 L5 (DMF) titration with Iron (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

Absorbance

280 330 380 430 480 530 580
Wavelength (nm)

Ligand 0.09 0.18 0.27 0.36 045 =054 e=——0(0.63 =——0.72

0.81 0.9 0.99 1.08 =—1.17 1.26 135 =144 =153

1.62 1.71 1.8 1.89 =198 =207 =216 2.25

A.2.53 L5 (DMF) titration with Cobalt (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Absorbance

280 330 380
Ligand 0.09 0.18 0.27
0.81 0.9 0.99 1.08
1.62 1.71 1.8 1.89

430 480
Wavelength (nm)

-—0.36 ——045 —054
—1.17 1.26 1.35
—198 —=——2.07 -——216

—0.63 =—0.72
144 ——153

2.25

A.2.54 L5 (DMF) titration with Nickel (MeOH) (Shown at metal to ligand molar

ratios of 0.09-2.25: 1)

Absorbance

280 330

Ligand 0.09 0.18
0.81 0.9 0.99
1.62 1.71 1.8

380

0.27
—1.08

—1.89

530 580

430 480
Wavelength (nm)
———(0.36 =045 e=——(054 =——0.63 =—0.72
—1.17 1.26 135 =144 =153
—198 =207 -——2.16 2.25

A.2.55 L5 (DMF) titration with Copper (MeOH) (Shown at metal to ligand molar

ratios of 0.09-2.25: 1)
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Absorbance

280 300 320 340 360 380 400 420 440 460
Wavelength (nm)

Ligand 0.09 0.18 0.27 0.36 045 e——(0.54  e—o0.63

0.81 0.9 099 =108 =——1.17 1.26 135 —=——1.44

1.62 1.71 1.8 —189 =198 =207 -——2.16 2.25

A.2.56 L5 (DMF) titration with Zinc (MeOH) (Shown at metal to ligand molar

ratios of 0.09-2.25: 1)

Absorbance

480

—_—0.72
—1.53

280 330 380 430 480 530 580
Wavelength (nm)

Ligand 0.09 0.18 0.27 =036 =045 =054 e=——(0.63 =—0.72

0.81 0.9 0.99 1.08 =—1.17 1.26 135 =144 =153

1.62 1.71 1.8 189 =198 =207 -—216 2.25

A.2.57 LS5 (DMF) titration with Dysprosium (MeOH) (Shown at metal to ligand

molar ratios of 0.09-2.25: 1)
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Absorbance

280 330 380
Ligand 0.09 0.18 0.27
0.81 0.9 099 =—1.08
1.62 1.71 1.8 e 1.89

A.2.58 L5 (DMF) titration with Ytterbium (MeOH) (Shown at metal to ligand

molar ratios of 0.09-2.25: 1)
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Absorbance

280 330 380

0.09 0.18 0.27

Ligand

0.99 1.08

0.81 0.9

1.62 1.71 1.8 1.89

430 480 530 580
Wavelength (nm)

0.36 045 =054 e=——0.63 =—0.72
e 1,17 1.26 135 144 ———1.53
—198 =—207 =—2.16 2.25

430 480 530 580

Wavelength (nm)

0.36 045 o054 e=—0.63 =—0.72
—1.17 1.26 135 =144 =153
—198 —207 ——2.16 2.25

A.2.59 L5 (DMF) titration with Thorium (MeOH) (Shown at metal to ligand molar

ratios of 0.09-2.25: 1)
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0.9

Absorbance

280 330 380 430 480 530 580
Wavelength (nm)

Ligand 0.09 0.18 027 -—=—036 -—045 =054 —063 —0.72
0.81 0.9 099 —=——1.08 -——1.17 1.26 135 ——144 ——153
1.62 1.71 1.8 -—189 =198 —=——2.07 -—216 2.25

A.2.60 L5 (DMF) titration with Uranyl (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.2
0.1 \\\
0 - —

280 330 380 430 480 530 580 630
Wavelength (nm)

Absorbance

Ligand 0.09 0.18 0.27 --—036 -——045 -=——054 -—=——063 —0.72
0.81 0.9 0.99 1.08 1.17 1.26 135 —=——144 ——153

1.62 1.71 1.8 1.89 1.98 207 =216 2.25

A.2.61 L6 (DMF) titration with Vanadyl (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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o

280 330 380 430 480 530
Wavelength (nm)

e Ligand

0.09 ——0.18 0.27 -=—036 -——045 =054 —=——0.63 —0.72

—0.81 —0.9 -——099 —1.08 -——1.17 1.26 135 —=——144 ——153

—_—162 ——171 —138 -—189 —=——198 ——207 -——216

A.2.62 L6 (DMF) titration with Chromium (MeOH) (Shown at metal to ligand

molar ratios of 0.09-2.25: 1)

Absorbance

280 330 380 430 480 530

Wavelength (nm)

Ligand 0.09 0.18 0.27 -=—036 -=——045 —0.54
0.81 0.9 099 —=——1.08 -——117 1.26 1.35
1.62 1.71 1.8 -—189 =198 ——207 -——216

A.2.63 L6 (DMF) titration with Manganese (MeOH) (Shown at metal to ligand

molar ratios of 0.09-2.25: 1)
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280 330 380
Ligand 0.09 0.18
0.81 0.9 0.99
1.62 1.71 1.8

0.27
1.08

430 480 530 580 630
Wavelength (nm)
-—0.36 ——045 =054 ——0.63 —0.72
—1.17 1.26 135 =144 =153
—198 —207 ——2.16 2.25

1.89

A.2.64 L6 (DMF) titration with Iron (MeOH) (Shown at metal to ligand molar

ratios of 0.09-2.25: 1)

1 -
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©
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275 325 375 425 475 525 575 625
Wavelength (nm)

e Ligand 0.09 0.18 0.27 0.36 — (.45 —(0.54 — .63 — (.72
(.81 — (0.9 0.99 1.08 1.17 —1.26 1.35 — .44 —1.53
—1.62 1.71 1.8 1.89 1,98 e 2.07 2.16 2.25

A.2.65 L6 (DMF) titration with Cobalt (MeOH) (Shown at metal to ligand molar

ratios of 0.09-2.25: 1)
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Absorbance

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

350 400 450 500 550 600 650
Wavelength (nm)

—Lig —0.09 -—0.18 0.27 =036 -—045 0.54 0.63 0.72
—0.81 =—09 -—099 ——108 -—1.17 1.26 135 ——144 ——153
—_—162 —171 —138 -—189 =198 =——207 -——216 2.25

A.2.66 L6 (DMF) titration with Nickel (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

Absorbance

0.9
0.8
0.7

280 330 380 430 480 530 580
Wavelength (nm)

——Ligand 0.09 -~——0.18 0.27 --—036 -——045 —=——054 =——063 -—0.72
—0.81 =—0.9 -—099 —1.08 -—1.17 1.26 135 ——144 ——153
—_—162 —171 —138 —189 =198 —207 -——2.16 2.25

A.2.67 L6 (DMF) titration with Copper (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Absorbance

280 330 380 430 480 530 580 630
Wavelength (nm)
Ligand 0.09 0.18 0.27 0.36 045 —=———0.54 —=——0.63 =—0.72
0.81 0.9 0.99 1.08 =—1.17 1.26 135 =144 =153
1.62 1.71 1.8 189 =198 =207 =—2.16 2.25

A.2.68 L6 (DMF) titration with Zinc (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)

Absorbance

280

330 380 430 480 530 580 630

Wavelength (nm)

Ligand 0.09 0.18 0.27 0.36 0.45 0.54
0.63 0.72 0.81 0.9 0.99 1.08 1.17
1.26 1.35 1.44 1.53 1.62 1.71 1.8
1.89 1.98 2.07 2.16 2.25

A.2.69 L6 (DMF) titration with Dysprosium (MeOH) (Shown at metal to molar
ligand ratios of 0.09-2.25: 1)
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Wavelength (nm)
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0.63 0.72 0.81 0.9 0.99 1.08 1.17
1.26 1.35 1.44 1.53 1.62 1.71 1.8
1.89 1.98 2.07 2.16 2.25

A.2.70 L6 (DMF) titration with Ytterbium (MeOH) (Shown at metal to molar
ligand ratios of 0.09-2.25: 1)
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280 330 380 430 480 530 580 630
Wavelength (nm)

Absorbance

Ligand 0.09 0.18 0.27 0.36 0.45 0.54
0.63 0.72 0.81 0.9 0.99 1.08 1.17
1.26 1.35 1.44 1.53 1.62 1.71 1.8
1.89 1.98 2.07 2.16 2.25

A.2.71 L6 (DMF) titration with Thorium (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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280 330 380 430 480 530 580 630
Wavelength (nm)
Ligand 0.09 0.18 0.27 e=———0.36 =——=0.45 e—0.54 e—0.63 e=—2_0.72
0.81 0.9 0.99 1.08 1.17 1.26 135 =144 ———153
1.62 1.71 1.8 1.89 1.98 207 ——2.16 2.25

A.2.72 L6 (DMF) titration with Uranium (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Chapter 3. Incorporation of Schiff-Based Salen Ligand into Cellulose film for
Uranyl Extraction
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A.3.1 Glutaraldehyde cross-linked ligand-trapped films (Highlighting increase in
OH character)
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A.3.2 Citric acid cross-linked ligand-trapped films (Highlighting new ester peak)
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A.3.3 Glutaraldehyde cross-linked covalently bond ligand films (Highlighting
increase in OH character)
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A.3.4 Citric acid cross-linked covalently bond ligand films. (Highlighting new
ester peak)
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Absorbance

350 400 450 500 550 600 650
Wavelength (nm)

Ligand 0.09 0.18 027 -—036 -——045 =054 —063 —0.72
0.81 0.9 0.99 1.08 —1.17 1.26 135 =144 ——153
1.62 1.71 1.8 189 =——198 =207 -——216 2.25

A.3.5 L7 (DMF) titration with Uranium (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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Wavelength (nm)

Ligand 0.09 0.18 0.27 --—036 -——045 =054 ——063 —0.72

0.81 0.9 0.99 1.08 ——1.17 1.26 135 ——144 ——153

1.62 1.71 1.8 189 =198 —=——207 -——216 2.25

A.3.5 L7 (DMF) titration with Copper (MeOH) (Shown at metal to ligand molar
ratios of 0.09-2.25: 1)
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A.3.6 Leaching study of Cell-2 film: basic (top left) neutral (top right) acidic
(bottom) media
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A.3.7 Leaching study of Cell-3 film:
(bottom) media

basic (top left) neutral (top right) acidic
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A.3.8 Leaching study of Cell-4 film: basic (top left) neutral (top right) acidic
(bottom) media
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Chapter 5: Application II: Using Arseanzo IlI-trapped Cellulose film for Uranyl
Sensing
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A.5.1 Uranyl titration with Arsenazo III dye (pH = 0) (Shown at metal to ligand
ratios of 0.08-1.2: 1)
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A.5.2 Ytterbium titration with Arsenazo III dye (pH = 0) (Shown at metal to ligand
ratios of 0.08-1.2: 1)

35000

30000

1emd)

M
N
(")
o
S
=

20000

= =
o wv
o o
o o
o o

Extinction Coefficient (

5000

250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Dye 0.08 0.16 0.24 0.32 0.4 0.48 0.56

0.64 0.72 0.8 0.88 0.96 1.04 1.12 1.2

A.5.3 Copper titration with Arsenazo III dye (pH = 0) (Shown at metal to ligand
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A.5.6 Copper titration with Arsenazo III dye (pH = 7) (Shown at metal to ligand
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A.5.8 Ytterbium titration with Arsenazo III dye (pH = 11) (Shown at metal to
ligand ratios of 0.08-1.2: 1)

35000

30000

25000

= N
[ o
o o
o o
o o

10000

5000

Extinction Coefficient (M cm)

250 300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Dye 0.08 0.16 0.24 0.32 0.4 0.48 0.56

0.64 0.72 0.8 0.88 0.96 1.04 1.12 1.2

A.5.9 Copper titration with Arsenazo III dye (pH = 11) (Shown at metal to ligand
ratios of 0.08-1.2: 1)
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	Figure 2.2: Spectra of results of serial titration of L1 with metals of interest at 2.3: 1 metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and fluorescence data depicting quenching upon the addition of metals (excitation at 383 nm) (R)....
	Figure 2.7: Spectra of results of serial titration of L4 with metals of interest at 2.3: 1 metal to ligand ratio: UV-Vis highlighting spectral shifts (L) and Fluorescence data depicting quenching upon the addition of metals (excitation at 383 nm) (R)....

