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ABSTRACT
OF THE 'THESIS OF

Christina Renee Katbe for Master of Science
Major: Chemistry

Title: Synthesis and Application of Photo-luminescent Lanthanide Doped Lantha-
num Oxide Micro-spheres Using the Reaction Diffusion Framework (RDF)

Self-organization is the spontaneous process whereby some form of overall spatiotem-
poral order arises from synergies between parts of an initially disordered system. It
occurs in open systems driven away from thermal equilibrium. Liesegang banding is
a type of far-from-equilibrium self-organizing phenomenon that emerges due to the
coupling of diffusion to precipitation chemical reactions[l]. We can exploit Liesegang
banding to make crystalline material via the so-called reaction-diffusion framework
(RDF); a method which allows control over the size, morphology, and composi-
tion of crystalline solids[2]. In this work, we are particularly interested in studying
the optical properties of lanthanide-doped lanthanum oxide mono-dispersed spheres
synthesized in an agar hydrogel matrix via the reaction-diffusion framework (RDF).
Having long excited state lifetimes in the millisecond range, resistance to photo-
bleaching, and low toxicity, Lanthanide-doped luminescent inorganic nanoparticles
give rise to promising possibilities for light-emitting applications, bioassays, and
bioimaging[3], [4].

First, the lanthanum hydroxide crystals (pure and doped) are precipitated by
pouring an outer electrolyte of concentrated ammonia onto agar gel containing
the lanthanide salts in given initial proportions. Macroscopically, the resulting
lanthanum hydroxide material forms a set of Liesegang bands. SEM images of
individual bands reveal a microscopic hierarchical structure of nano-platelets self-
assembling into exquisitely shaped nano- and micro- spheres[2].The average size of
the spheres depends on the selection of a specific Liesegang band and the resulting
set. As expected, RDF provides a green, fast and easy synthetic route to obtain
lanthanide-doped nanoparticles. The dopants used include erbium, samarium, eu-
ropium and terbium ions. The lanthanide doped La203:Ln3Jr (Ln = Eu, Sm, Eu,
Tb) phosphors[5] are obtained from the corresponding hydroxide by calcination.
The emission spectra of the lanthanide-doped La,O4 phosphors are found to exhibit

2



classic sharp easily recognizable inner-shell 4f-4f transitions which span both the
visible and near-infrared (NIR) ranges[1].
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CHAPTER 1

INTRODUCTION

1.1 Lanthanide Doped Lanthanum Oxide

1.1.1 Properties of Dopant Trivalent Lanthanide Ions

The intricate optical properties of the trivalent lanthanide ions Ln III originate
in the special features of the electronic [Xe]4 " configurations (n = 0-14) which
result in Lanthanide ions possessing a large number of metastable energy levels ,
as shown in figure 1.3, due to the configurations giving rise to a large number of
electronic arrangements called microstates. The number of microstates arising from
each electronic configuration can be calculated using the formula n!(llT{n) where n
refers to the number of 4f electrons. In the case of Eu(IIl) dopant, having the
electron configuration [Xe]4f° the number of microstates would be 6!(114;416)! = 3003
microstates. The microstates are characterized by three quantum numbers S, L,
and J, within the frame of Russell-Saunders spin-orbit coupling scheme, where S is
the total spin quantum number, L is the total orbital angular momentum quantum
number and J is the total angular quantum number which indicates the relative
orientation of the spin and the orbital momenta. These can be grouped into 259
25T, electronic terms for Eu(III). The number of microstates grouped within each
of the 259 electronic states is (2S+ 1) (2L + 1) or (2J 4 1). The possible values for
JareL+ S, L+S-1,L+S-2,...|L-S|[0]

Considering the lanthanide-doped luminescent nanoparticles feature octahedrally
coordinated dopants, the degeneracy of the energy states generated by the 4" con-
figurations is partly or totally lifted by crystal field effects that arise due to inter-
actions between the lanthanide dopants and the ligands as shown in figure 1.1. The
energies of these levels are well-defined due to the shielding of the 4f orbitals by
the filled 555 p° subshells which makes lanthanide luminescence highly insensitive
to the chemical environment[5], [7]. As a result, inner shell 4f-4f transitions which
span the visible and near-infrared (NIR) ranges are sharp and easily recognizable as
shown in figure 1.2. For example, Eu®" luminescence is characterized by emissions at
590 nm, 610 nm, and 720 nm, Th*" luminescence is characterized by line-like emis-
sions at 490 nm, 540 nm, and 580 nm, Er®" luminescence is characterized by line-like
emissions at 543 nm, 552 nm, and 650 nm, and Sm®" luminescence is characterized

14
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Figure 1.1: Partial Energy Diagram of Eu*" showing the magnitude of the inter-
electronic repulsion (terms), spin-orbit coupling (levels), and crystal feild effects
(sublevels). Adapted from [(].

by line-like emissions at 564 nm, 600 nm, 650 nm, and 713 nm[3]-[10].

When discussing light emission by Lanthanide dopant ions, the term ”lumi-
nescence” is used as opposed to "fluorescence” or "phosphorescence”. The terms
fluorescence and phosphorescence are commonly used to describe light emission
by organic molecules. These terms also incorporate information on the emission
mechanism; fluorescence referring to spin allowed singlet to singlet emission, and
phosphorescence referring to spin forbidden triplet to singlet emission. In the case
of Lanthanide ions, emissions are due to intraconfigurational transitions within the
4f sub-shell. Once excited, the Lanthanide ion undergoes a radiative transition to
a lower 4f state by characteristic line-like photo-luminescence. Luminescence refers
to all radiative transitions from excited states and comprises a broader set of tran-
sitions than fluorescence or phosphorescence. Luminescence by a Lanthanide ion is
only possible from certain levels termed resonance levels. In the case of Eu*, 5D0 is
the main resonance level. If the Ln®" is excited to a certain non-emitting level, the
excitation energy is dissipated via non-radiative processes until a resonance level is
reached[7], [11].

Upon direct excitation, Ln(III) ions display a negligible Stokes’ shift; however,
when the Ln(III) ions are used as dopants, ligand excitation leading to dopant
excitation results in large pseudo Stokes’ shifts which allow the easy distinction be-
tween emission and absorption bands. This permits easy spectral discrimination of
their emission bands in the visible and NIR ranges|6], [13]. When the lanthanide
dopants occupy octahedral sites, non-centrosymmetric interactions allow the mix-
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Figure 1.2: Emission Spectra of selected trivalent Lanthanide Ions. Adapted from
[12).
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up to 40,000 cm~t. Adapted from [12].
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ing of electronic states of opposite parity into the 4f wave functions. As a result,
electric dipole 4f—4f transitions which are originally parity forbidden become partly
allowed and result in photoluminescence. These transitions are known as forced
electric dipole transitions. Because these transitions are formally parity forbidden,
the lifetimes of the excited states are long and extend to the millisecond range, thus
allowing the use of the doped lanthanides in time resolved detection[], [13], [14].

Concentration quenching represents a major obstacle toward constructing effi-
cient Ln** doped Oxides and Fluorides when it comes to luminescence efficiency.
An elevated concentration of dopant ions leads to higher luminescence intensity
due to the presence of a higher density of optical centers which collect and sus-
tain the excitation energy. However, when the % dopant exceeds a certain system
dependant threshold, the reduced inter-dopant distance resulting from the higher
% Ln*" dopant enhances interactions of optical centers. These deleterious interac-
tions which include localized cross-relaxation, phonon-assisted energy transfer, and
long-distance energy migration to lattice/surface defects diminish the luminescence
intensity of the system due to the depopulation of the excited states[!5]. Energy
gain resulting from light absorption increases with dopant concentration according
to the Lambert-Beer Law [10]:

Eg = 1Iy(1 —e™)

where I, is the incident light intensity, a is a constant related to the absorptivety of
the dopant, and C is the dopant concentration.

Energy loss (E;) is dictated by Forster resonance energy transfer in relation to
the quantity of quenching centers through [17]:

E; = kC?

where k is a constant affected by the quenching process and C is the dopant concen-
tration. Based on the latter equations, concentration quenching can be mitigated by
an increase of excitation intensity and/or suppression of energy trapping by quench-
ing sites[15].

1.1.2 Synthesis Methods

Due to their exquisite optical properties, a variety of chemical synthetic approaches
have been adopted to synthesize lanthanide-doped luminescent nanoparticles, such
as Lanthanide doped Lanthanum Oxide, with controlled morphology, monodisper-
sity, and high crystallinity. The most representative methods include thermal decom-
position[3], [18], [19], high temperature coprecipitation[20], and hydro(solvo)thermal
synthesis[3], [19], [21]. Formation of Lanthanide-doped luminescent nanoparticles
specifically Ln®** doped La,O; is discussed below.

1.1.2.1 Thermal Decomposition

Using thermal decomposition to prepare high quality Ln*" doped luminescent nano-
particles involves the formation of the doped species from organometallic compounds
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such as metal trifluoroacetate La(CF;COQO), placed at high temperatures in a high
boiling point organic solvent such as 1-octadecene(ODE). Surfactants such as oleic
acid or oleylamine which typically contain a functional capping group to coordinate
the metallic elements and a long hydrocarbon chain to prevent nano-particle aggre-
gation are also added[22]. By optimizing the use of different variables such as the
type of solvent, concentration of the metal precursor, reaction temperature and time,
one can obtain high quality mono-dispersed nano-particles with good crystallinity.
The main drawback regarding this synthesis method is the need to use expensive,
air-sensitive, highly toxic Ln*" trifluoroacetate precursors as well as the formation
of hazardous by-products such as HF[3]. Nucleation and growth processes using
this method are also very fast. This increases the amount of defects in the formed
crystals and leads to a lower up-conversion quantum yield[19], [22]. Decomposition
method has has enabled the synthesis of many RE fluorides, oxides, and oxyfluorides
such as LaF;[23], NaYF,[21], [25], LiYF,[26], MF, (M = Mg, Ca, and Sr)[27].

1.1.2.2  Hydro(solvo)thermal Synthesis

Hydro-thermal synthesis involves a chemical reaction taking place in a closed vessel
at high temperatures above the critical point of the solvent, and at high pressures.
The vessel is used to provide a high pressure high temperature sealed environment
to promote reactions between solid precursors and form highly crystalline nano-
materials. The pressure temperature conditions facilitate the dissolution of the
chemical reagents and the production of products by crystallization. In a typical pro-
cedure of hydro(solvo)thermal synthesis, appropriate reaction precursors, solvents,
and surfactants with functional groups are mixed and then heated in the specialized
reaction vessel. Surfactants like polyethylenimine (PEI)[28],ethylenediaminetetraacetic
acid (EDTA)[29], cetyltrimethylammonium bromide (CTAB)[30],and OA[31] pro-
vide chelating ability with cationic dopant ions to regulate their reacting concentra-
tion and attain control over the crystalline phases, sizes, morphologies, and surface
functional groups. Once cooled to room temperature, the products are washed,
centrifuged and dried[3], [32]. A variety of lanthanide-doped UCNPs with well-
controlled crystal phase, size, and shape have been synthesized via this method
including NaYF,[33], NaLaF,[31], NaLuF,[31], BaGdF;[35], KMnF,[36]. The main
drawback of this synthesis method is the impracticality of needing specialized reac-
tion vessels (autoclaves), and the inability to watch the particles as they grow[19].

1.1.2.3 High Temperature Co-precipitation

High temperature co-precipitation depends on Ostwald ripening, the process where
larger particles with smaller surface-to-volume ratios are favored over energetically
less stable smaller particles, resulting in the growth of larger particles at the ex-
pense of smaller ones[37]. High temperature co-precipitation bypasses the need to
use organic solvents and provides a cost-effective way to synthesize highly crystalline
luminescent nano-particles doped with Ln®' emitters at a high yield. This method
is more favorable in terms of its milder reaction conditions, low cost for required
equipment and short reaction time. Nucleation occurs when concentrations of the
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mixed species reaches critical super-saturation and growth of the nuclei occurs via
diffusion of the solutes to the surface of the crystal. Adopting this synthesis method
is problematic due to the broad size distribution, ill-defined shapes, and low lu-
minescence efficiency of the final products. To achieve mono-dispersity, nucleation
and growth should ideally be separated. This is achieved by coating the nanoparti-
cles with carboxylate surfactant during the nucleation process at room temperature
followed by dispersion of the nanoparticles in an organic medium during growth
at high temperature[3], [19]. Hexagonal phase NaYF,:Yb** /Er*"(or Tm?®") UC-
NPs are synthesized via this method using OA as the capping ligand and ODE as
the high boiling point solvent. In this case, NaYF, coprecipitates at room tem-
perature followed by the growth of the nano-particles using the Ostwald ripening
process at elevated temperatures (300 °C)[38]-[10].Controlling the ripening process
by regulating temperature and reaction time allows one to produce hexagonal phase,
mono-dispersed nano-particles, with narrow size distribution[22].

1.1.2.4 Solution Combustion

Solution combustion involves a self-sustained reaction in a homogeneous solution of
different oxidizers (e.g., metal nitrates) and fuels (e.g., urea, glycine, hydrazides).
Synthesizing La,O; could be accomplished by mixing La(NO,); with acetamide.
The solution is placed in the furnace at 600 °C for a few hours, then cooled for 4-5

hours [3], [19], [22], [41].

1.1.2.5 Sol Gel

A sample procedure for Sol Gel synthesis of La,O4 includes forming a sol consisting
of La(OH), dispersed in 40 ml of deionized water. 0.1 M NaOH solution is added
to the La(OH)4 solution and stirred using a magnetic stirrer to adjust the pH of the
solution to about 10-11. 10 vol% TEOS tetraethoxysilane controlled with methanol
is added drop-wise with continuous stirring. The solution is heated in an oil bath
at 40°C for 2 hours. The gel is later dried at 120°C and calcined at 800°C for 2
hours(3], [19], [22].

1.1.2.6 Sonochemical Synthesis

Sonochemical synthesis of Lanthanum oxide involves a 2 step synthesis where Lan-
thanum carbonate is generated from a Lanthanum acetate precursor coated with
PEG (polyethylene glycol) surfactant. The lanthanum carbonate nanoparticles are
then calcined at 600°C for 2 hours to synthesize lanthanum oxide nanoparticles.
Sonolysis of the weak metal carbon bonds in Lanthanum acetate inside collapsing
bubbles allows diffusion into the bulk liquid to form functional nanomaterials. The
extreme, transient conditions produced during acoustic cavitation, allow a reaction
that would otherwise require high temperature, high pressures, and long reaction
times|[19], [12].
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1.1.2.7 Reflux

Formation of La,O4 by reflux involves a 2 step synthesis where a precursor solution of
La(NO;), - 6 H,O and urea is maintained in a round bottom flask at a temperature
of 120°C for 24 h. Prepared nanoparticles are then calcined at 500°C for 1 h[19].

1.1.2.8 Spray Pyrolysis

Forming La,O; via spray pyrolysis is obtained when a solution containing a LaCl; - 7H,O
precursor is sprayed with H,O, in the furnace, leading to the decomposition of the
precursor to form the final desired material on the substrate. The nanostructure
parameters of the formed La,Oj including particle size, shape, and thickness are
controlled by controlling the spray energy, the droplet size of the precursors, the
duration of the spray, the distance between the spray gun and the substrate, and

the temperature of the furnace and substrate[19], [13].

1.1.3 Applications

Having low toxicity, long-lived luminescence, sharp easily recognizable emission
bands and large anti-Stokes shift that allow for spectral and time discrimination
of sharp f-f transitions, lanthanide doped nanoparticles have become top candidates
for light emitting and biological applications that exploit their luminescence lifetime
in the millisecond range as well as their viability for up-conversion applications[/],
[14]. Lanthanide doped nanoparticles are well suited for theranostics due the effi-
ciency of their implementation in imaging, drug delivery, bio-sensing, and bio-assays.
Lanthanide dopant ions can produce visible emissions when excited by IR light or by
UV light. Excitation of Lanthanide doped nano-particles using IR, long wavelength
light, as opposed to short wavelength light for imaging makes them particularly
appealing because imaging can be accomplished free from background noise of bio-
logical samples which are excited by short wavelength UV light. Ln** doped La,O,
imaging agents can therefore operate within the optical transparency window of
living cells (700-1100 nm). Traditional photoluminescence imaging agents such as
heavy metal-based quantum dots exhibit low signal-to-background ratio (SBR) due
to unwanted auto-fluorescence and strong light scattering of biological tissues when
short wavelength excitations are applied[3], [13], [22], [11]. Even if UV light is used
for excitation of Ln®*" doped material, interference of background noise of biological
tissues doesn’t pose a problem considering the background noise generated by auto-
fluorescence of biological samples has lifetimes in the nanosecond range while the
photoluminescence lifetime of the doped nanoparticles is in the millisecond range. In
this case, time resolved photoluminescence (TRPL) can be used to detect and quan-
tify analyte without the interference of short-lived background noise of biological
samples[!]. In addition to traditional photoluminescence imaging agents producing
low signal to background ratio, these agents risk potential DNA damage and cell
death due to exposing the human body to short wavelength UV excitation for long
periods of time and due to being toxic themselves in some instances. For exam-
ple, heavy metal-based quantum dots for bio-imaging contain toxic elements such as
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cadmium, mercury, and lead|[3], [13], [22], [44]. Ln*" doped nanoparticles provide an
excellent alternative to traditional imaging agents considering they produce a high
signal to background ratio when imaging biological samples regardless of whether
IR or UV light is used for excitation, and they are not toxic.

Due to the lanthanide dopants having a large number of meta-stable energy
levels, lanthanide doped materials are an excellent means for achieving photon up-
conversion; a process where low energy near infrared (NIR) photons are converted to
high energy ultraviolet or visible photons via an energy transfer between the closely
spaced energy levels of the dopants[5]. Ln®** doped La,O, are used to facilitate two
main upconversion processes including Excited State Absorption and Energy Trans-
fer Upconversion. Excited State absorption (ESA) as shown in figure 1.4a is the
simplest upconversion process where an ion absorbs a photon whose energy matches
that of an excited state E1, and moves from the ground state G to excited state E1.
The ion is subsequently excited by another matching photon to the excited state
E2. When the ion decays from excited state E2 to the ground state, upconverted
light is emitted. ESA is achieved when Ln*" dopant ions have a ladder-like arrange-
ment of energy levels such that the excitation wavelength of these dopants matches
the output of commercially available diode lasers. Lanthanide ions matching this
description include Er**,Ho®" , Tm®" ,and Nd**[22], [45]. Energy transfer upconver-
sion (ETU) as shown in figure 1.4b utilizes two or more lanthanide dopants, where
one dopant, termed the sensitizer, absorbs light and acts as a donor, and the other
Lanthanide dopant, termed the activator, accepts and emmits the light originally
absorbed by the sensitizer. The first step of this process includes the sensitizer
absorbing a photon and being promoted from it’s ground state to it’s first excited
state, and transferring the absorbed energy to the acceptor. Ion 2 is then excited
to its intermediate excited state and further excited from the intermediate state to
the excited state E2 upon absorbing another photon. When ion 2 decays from E2
to the ground state, it emits upconverted light. The most common pairs of dopants
used to achieve ETU include Er** /Yb*' or Tm®** /Yb?' where Yb*' is a conve-
nient sensitizer due it having only one excited state thus preventing risk of cross
relaxation[22], [15].

1.1.3.1 Biological Assays

Developing non-intrusive nontoxic methods for analysis of diverse bio-molecules par-
ticularly cancerous bio-markers in human fluid samples is critical for early cancer
theranostics, and for increasing patient survival. Lanthanide doped nanoparticles
such as Lanthanide doped Lanthanum Oxide micro-spheres have provided a means
to achieve two main efficient bio-assay methods including heterogeneous sandwich-
type photoluminescence (PL) assays and homogeneous LRET assay techniques|[1(],
[17]; the distinguishing factor between the two groups being their signal detection
formats[15].

Heterogeneous assays are used for detection of trace amounts of analyte an-
chored on a solid substrate via capture molecules. The high binding affinity be-
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Figure 1.5: Schematic illustration of typical heterogeneous assays based on Ln**
doped nanoprobes. Adapted from [3].

tween these target analytes and capture molecules allows for the quantification of
trace amounts of analyte[19]. In a noncompetitive heterogeneous assay, the ana-
lyte that needs to be quantified is immobilized on a solid phase. The Ln** doped
nanoparticle labelled capture molecule which binds to the analyte is then added.
After excess capture molecules are washed off, photoluminescence measurements of
the lanthanide doped luminescent nanoparticles are taken. Since the intensity of the
emission is directly proportional to the amount of analyte, the amount of analyte
can be determined as shown in figurel.5a. In a competitive heterogeneous assay,
nano-particle labelled analyte instead of nano-particle labelled capture molecule is
added to compete with free analyte to bind to the capture molecule as shown in
figurel.bb. In this case, the photoluminescence intensity is inversely proportional
to the amount of free analyte[3]. If the bio-assays are carried out using a UV ex-
citation light source, unwanted interference of scattered light and auto-fluorescence
from cells and tissues are minimized by employing time resolved photoluminescence
detection techniques (TRPL). By setting the appropriate delay time and gate time,
higher detection sensitivity with better signal to noise ratio is obtained. When
NIR light is used for excitation of upconverting Lanthanide doped nanoparticles to
achieve visible emissions, no auto-fluorescence from biological cells and tissues is
obtained[3]. This has lead to significantly improved LOD in heterogeneous assays
over conventional assays. Heterogeneous bioassays based on UC particles were re-
ported for the detection of numerous bio-markers including prostate-specific antigen
(PSA) in human prostate tissue[50], human chorionic gonadotropin[51], levels of
drug abuse[52], DNA[53], [74], bacterial pathogens (Streptococcus pneumoniae)|[55],
and nucleic acids[>0].

Homogeneous LRET assays is another technique for bio-molecule identification
where biochemical recognition is transduced to an optical signal given by UCNPs
such as Lanthanide doped Lanthanum Oxide. The transduction is implemented by
an LRET mechanism where UCNPS act as energy donors. Homogeneous assays are
less labor intensive than heterogeneous bioassays which require tedious separation
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and washing steps. LRET involves the detection of biomolecules in solution due a
distance dependent energy transfer between an excited donor and a nearby acceptor
in close proximity. The emission of the lanthanide doped luminescent nanoparticles
and the absorbance of the acceptor overlap, therefore based on the frequency of
the emitted light, one can distinguish whether light was emitted from the acceptor
in close proximity to the donor or simply from the donor[3]. This process is also
achieved by labelling a Lanthanide doped UCNP and an acceptor molecule with
the capture molecule that can specifically seize the analyte. When the capture
molecule labeled UCNPs and the capture-molecule-labeled acceptor molecules are
far from each other in the solution, no detectable signal is produced. The presence
of analytes (bio-molecules we are interested in detecting) can bring the UCNPs and
the acceptor molecules into close proximity to establish an LRET process as shown
in figure 1.7[19], [57], [58]. If UV light is used for excitation instead of IR light and
TR-LRET (time resolved luminescence resonance energy transfer) is applied, the
long luminescence lifetime of the dopants can clear background noise resulting from
emissions of biological molecules whose emissions have short lifetimes[3], [13], [11],

59].

Among the bio-markers detected using LRET is biotin, which was detected
at Aegeitation= 980 nm using streptavidin-conjugated Er®* Yb*T-doped UPC phos-
phor as a donor and bio-tinylated phycobiliprotein as an acceptor|[60]. Another in-
stance includes identifying target-DNA with a LOD of 1.3 nm using oligonucleotide-
modified UCNPs. Here, a short oligonucleotides is covalently bound to the photon
upconverting particle, while another oligonucleotide is labeled with a fluorophore
whose excitation spectrum overlaps with the emission spectrum of the upconverting
particle. In the presence of the target oligonucleotide, the fluorophore is brought
close to the UCNP, and energy transfer takes place, leading to the light emission from
the fluorophore as shown in figure 1.6[01]. Besides organic dyes, metallic nanoparti-
cles like gold nanoparticles have also been investigated as superior quenchers of UC
donors in homogeneous assays. An example includes the detection goat antihuman
immunoglobulin G (IgG) using LRET where NIR. UCNPs NaYF,:Yb*t Er** act
as energy donors and gold nanopaticles act as energy acceptors in a sandwich-type
LRET-based immunoassay for the detection of goat antihuman immunoglobulin G
(IG)[62], [63]-

In addition to biomolecule detection, LRET can also be used for the detection
of metal ions and gas molecules. Metal ions including cyanide CN~ and mercuric
ions Hg®" are extremely toxic to mammals. UCNPs can be used for the detection of
these ions in an LRET process where the UCNPs serve as energy donors and organic
dyes with a recognition capacity for the ions of interest are energy acceptors. The
biochemical recognition between the organic indicator and ion of interest will then
modulate the luminescence intensity, displaying a colorimetric change. Hg®"T can
be detected in an aqueous media using NaYF,:Yb** /Tm*" as an energy donor and
SYBR green, a DNA intercalating dye, as an energy acceptor. By monitoring the ra-
tio of acceptor emission to donor emission, the amount of Hg*" can be quantitatively
detected in solution[22], [64]-[67]. CN,a toxic anion which can strongly interact
with the active site of cytochrome a; and inhibit cellular respiration in mammalian
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Figure 1.6: LRET based Nucleotide Sensor Diagram. Adapted from [(1].

Figure 1.7: Homogenous LRET Biological Assay based on distance-dependent en-
ergy transfer between an energy donor (UCNPs) and a nearby acceptor molecule
through long-range dipole-dipole interactions to detect analytes in the solution.
Adapted from [22].

cells[68], can be detected using hydrophobic oleic acid (OA)-coated NaYF,: 20%
Yb**, 2% Ho*" upconversion nanophosphor as an energy donor and a CN ™ reactive
Iridium(III) complex ([(ppy),lr(dmpp)|PFy) as an energy acceptor. Upon excita-
tion Acpeitation= 980 nm, the absorbance of the Iridium complex overlaps with the
emission band of the UCNPs at 540 nm, whereby an LRET process between them
will quench the green emission of the UCNPs. After CN ™ is added to the medium,
the absorbance intensity of the Iridium complex bleaches dramatically due to the
reaction of the complex with CN . This causes the LRET to be less effective and
recovers the green emission of the UCNPs[09]. Determination of the concentration of
gas molecules such as oxygen, carbon dioxide, and ammonia is of very high priority
especially when monitoring biochemical reactions in the human body[70]-[72]. One
of the first Oxygen sensors using UCNPs involved using the NaYF,:Yb*" /Tm*" as
an energy donor and an Iridium complex [Ir(CS),(acac)| as an energy acceptor; both
of which were incorporated into an ethyl cellulose thin film. Upon laser excitation
at A= 980 nm, the blue emission of the UCNPs photo-excites the iridium complex
dissolved in ethyl cellulose which emits green light. This green emission is reversibly
quenched by the presence of molecular Oxygen, thus detection of Oxygen can be
accomplished by monitoring the extent of quenching[22], [73], [7].
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1.1.3.2 DBiosensing

Temperature Sensing is an extremely valuable tool especially for monitoring
reactions within living systems. Developing a suitable bio-compatible temperature
probe having minimal interactions with the cellular constituents has been highly
sought after because it would allow the study of the effects of temperature on tem-

perature sensitive reactions in vitro[75]. This can actually be accomplished via
photo-luminescent Lanthanide doped Lanthanum Oxide UCNPs which can be used
as versatile optical nanothermometers|76]-[78]. An excellent candidate for tempera-

ture sensing is Er*" doped La,O,. This is because the photo-luminescence emission
intensity ratio of Er** ions at 520 nm from the 2H11/2 — 4115/2 and at 550 nm from
the *S3/2 — *I15 transition is very sensitive to temperature. The populations of
2Hi, /2 and 48, /2 follow the Boltzmann Distribution Law under steady-state excita-
tions; therefore, the ratio of the two intensities for the mentioned transitions I,
and I.;, can be related to the temperature through the following equation:

[520) —AFE ( 1 )
In = — | +in(A
([550 Ky, \T (4)

where K is the Boltzmann constant, AF is the energy gap between the two ex-
cited levels, and A is a constant depending on the lifetimes of the 2 levels[22], [75],
[79]. This reveals that the ratio I5s/I550 will increase as the temperature increases.

In (%) will also vary linearly with the inverse of the temperature[30].

An NaYF4:Er‘(\)’+Yb3Jr nanothermometer has been reported as a thermal nanoprobe
for temperature sensing in liquids and HeLa cervical cancer cells[22], [75], [79]. In
this case, the Fluoride matrix is co-doped with Yb®" which acts as a sensitizer and
Er®" which acts as an emitter in an energy transfer upconversion process used to
emit visible light in response to excitations at Aex.= 920 nm. The Yb*" has one
excited state 2Fy), that is resonant with the %1115 state of Er*". The Er*" ion is
excited to its *Fy/, state via two successive energy transfers from Yb** promoting
it from it’s ground state I, /2 to the intermediate 1, /2 and subsequently to the
excited state 4F7/2 as shown in figure 1.8a. Temperature sensitive green emissions
consists of bands centered at 525 nm and 545 nm due to the transitions 2H11/2
— 4115/2, and 453/2 — 4115/2 respectively. As the temperature increases, the ratio
I595/ Is45 increases[30]; therefore, a thermometric scale for the temperature-sensitive
water-dispersible nanoparticles can be obtained as shown in figure 1.8b. Given the
fact that NaYF:Er*", Yb*" nanoparticles can be efficiently internalized by Hela
cervical cancer cells, their thermal sensitivity can be exploited to create a nanoth-
ermometer capable of measuring the internal temperature of a living cancer cell[$1].
In this case, the Er®" doped nanoparticles function as nanothermometers for moni-
toring intracellular conditions. The mode of functioning consists of using the change
in the I595/ 1545 intensity ratio in response to an applied voltage to measure the in-
ternal temperature of the illuminated HelLa cells at each corresponding voltage. The
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Figure 1.8: Correlation between intensity ratio of the temperature sensitive emis-
sions (I5y5/I55) and Temperature (K—'). Adapted from [75].

cellular changes occurring as a result of external heating are monitored by means
of transmission optical images of the illuminated cells at different temperatures as
shown in figure 1.9. At room temperature 25 °C, the cancer cells show their char-
acteristic irregular shape. Increasing the temperature to 35 °C does not produce
any relevant changes in morphology. At 45 °C, cell death is detected due to the
appearance of a small membrane fragment[75].

pH Sensing Photo-luminescent optical sensors for pH have attracted attention
over the years considering they possess certain advantages over electrodes in that
they do not require reference elements, they can be small, they enable contactless
sensing and imaging, and they can be manufactured at reasonable costs. Using
long wave pH sensors such as Lanthanide doped Lanthanum Oxide nanoparticles
is of particular interest due to their functioning within the optical transparency
window of biological tissues which exhibit strong intrinsic background luminescence
in the UV and shortwave visible. One of the first reported instances of pH sensing
using UCNPs includes NaYF ;:Er*" Yb** upconversion nanorods which emit green
and red emissions. The UCNPs are paired with a long wave absorbing pH probe
(Bromothymol blue; BTB) that causes a pH-dependent inner filter effect. The
UCNPs have a luminescence intensity that is independent of pH in the range from
2 to 11. When pairing the UCNPs with BTB, the emission of the UCNPS and
the absorbance of BTB overlap; thus, depending on the pH dependant absorbance

27



w
o
—
\
1

N
o
S
-0
\
1

0 5 10 15 20
Applied Voltage (V)

Figure 1.9: Optical transmission images of an individual Hela cell at 3 inner tem-
peratures.(Bottom) Temperature of the Hela cell determined by the Er* ion fluo-
rescence in the NaYF :Er*", Yb*" nanoparticles as a function of the applied voltage.
Adapted from [75].
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of BTB, the emission intensity of the UCNPs is altered. The pH probe generally
undergoes a large spectral shift and distinct colour change with pH where it’s color
changes from yellow at pH=6 to blue at pH=8. When light is emitted by UCNPs, it
is screened by a pH sensitive film made of BTB whose color depends on pH. When
the dye is in it’s blue base form, the absorbance of the film between 510 and 700 nm is
strong, and the emission of the UCNPs is filtered off as shown in figure 1.10. At low
pH, the absorbance of the film between 510 and 700 nm is weak and most of the light
emitted by the UCNPs is detected [$2]-[37]. This is the first optical pH sensor based
on upconversion luminescence. Similar sensors can be employed in the detection of
acidic gases such as CO, or basic gases such as NH; considering these gases can
be quantified based on the pH of the medium. A CO, optical sensor utilizing the
NaYF,:Yb*" /Er*t UCNPs, that can be excited with 980 nm laser light to give green
and red luminescence, in combination with a long wavelength absorption pH probe
bromothymol blue (BTB) can be used for CO, detection with a LOD of about 0.11
% CO,. The higher acidity of the medium which signifies a higher level of dissolved
CO, corresponds to a higher signal intensity by the UCNPs due the lower absorbance
of BTB in more acidic media[3%]-[91]. Similarly, NaYF,:Yb** /Er** UCNPs, excited
with a 980 nm laser, used in combination with the pH probe phenol red immobilized
in a polystyrene matrix can be used to detect ammonia. The presence of Ammonia,
which is the equivalent of saying:”the higher the pH”, causes a strong increase in the
560 nm absorption of the pH probe which, in turn, causes the green emission of the
UCNPs to be screened off as shown in figure 1.11. The red emission of the UCNPs,
in contrast, remains unaffected by ammonia and can serve as a reference signal[92],
[93]. Optical pH sensors can also be used as enzymatic biosensors to monitor proton
consumption in urease or proton production in glucose oxidase[91].

1.1.3.3 High Contrast Bio-imaging

Functioning within the optical transparency window of biological tissues (750-1100
nm) and having low cytotoxicity, Lanthanide doped materials are excellent candi-
dates for imaging considering they allow for deeper light penetration, lower auto-
fluorescence, and reduced light scattering compared to traditional imaging tech-
niques.

Low cytotoxicity of Lanthanide doped nanoparticles is demonstrated in
several cases including in-vivo toxicity in mice[95]-[97], worms[98]-[100], and zee-
brafish embryos[101]. The results of these studies all indicate no obvious toxicity
of UCNPs. In one instance, NIR emitting NaYF,:Yb*" /Tm*" UCNPS coated with
either polyethylene glycol (PEG) or polyacrylic acid (PAA) were intravenously in-
jected into mice. Blood levels of UCNPs were measured, and Yttrium levels in
various organs were measured to determine the bio-distribution of the UCNPs over
3 months. In this toxicology study, no noticeable toxic side effect was noticed for
either UCNP-PAA or UCNP-PEG, despite the long-term retention of those nanopar-
ticles in the reticulo-endothelial systems including the liver and spleen of mice. The
results of this study and similar studies encourage future exploration of UCNPs for
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Figure 1.10: Absorption Spectra of BTB in aqueous solutions of pH 5,7,9, respec-
tively (a,b,c); and luminescence emission (red and green) of the NaYF ,:Er®", Yb**
nanorods in cyclohexane solution following photoexcitation with a 980-nm laser.
Adapted from [82].
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Figure 1.11: A, B, C: Absorption spectra of phenol red in aqueous solutions of pH
5, 7, and 9, respectively. D, E; F: Luminescence emission (green and red) of the
upconverting nanoparticles in aqueous solution following 980 nm laser excitation.
Adapted from [92].
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in vivo biomedical applications.

High contrast Cellular imaging using NIR-to-visible (blue, green, red) and
NIR-to-NIR UCNP has been an area of increasing interest in recent years. Non-
functionalized UCNPs have been utilized to image a variety of cell lines through
cellular endocytosis including breast cancer cells such as SK-BR-3 and MCF-7[102],

HeLa cells[21], [103]-[106], NIH 3T3 mouse embryonic fibroblasts[93], ovarian cancer
cells[107], AB12 mouse mesothelioma cells[108], Huh-7 liver cancer cells[109], MB49
bladder cancer cell lines[110], and Panc 1 cells[l | 1]. Several instances of targeted

imaging of tumor cells using UCNPs fictionalized with bio-molecular recognition
moieties are also reported. For example, polyethyleneimine-coated NaYF ,:Yb*" Er**
UCNPs conjugated with folic acid were used to target human HT29 adenocarcinoma
cells and human OVCARS ovarian carcinoma cells that have high levels of folate re-
ceptors on their cell surface[l12]. In this case, the recognition moiety folic acid is
used for for targeting folate receptors. UCNPs can also be conjugated with an-
tibodies for targeting specific antigens. For instance, rabbit anti-CEAS8 antibodies
are conjugated with UCNPs for targeting carcinoembryonic antigen (CEA) on HeLa
cells[113].

Passive Imaging using UCNPs under NIR laser diode excitations has enabled
lymphatic imaging, high-resolution vascular imaging, multiplexed imaging, and real-
time cellular trafficking. Local lymphatic drainage is an important route for the
metastasis of cancer cells. This makes the identification and study of the sen-
tinel lymph nodes important for cancer diagnostics and therapy. In one case,
NaYF,:Yb*", Tm®*" UCNPs were successfully utilized for two-color imaging of mouse
lymph nodes without going through any extensive post processing of the images[!11].
In addition to lymphatic imaging, vascular imaging is extremely important consid-
ering changes in vascularization and vascular malfunction are associated with many
diseases including cardiovascular and kidney diseases as well as various types of can-
cers. Vascular imaging allows the determination of the number and configurations
of vessels, their permeability, and any functional abnormalities of the vessels. Lan-
thanide doped UCNPs Y,0,:Yb*", Er** coated with PEG polymer that minimizes
nonspecific tissue binding and prolongs the circulation half-lives of the particles in
the blood can be used for in vivo vascular imaging of nude mice[l15] as shown in
figure 1.12.

1.2 Reaction Diffusion Framework

Self organization is defined as the appearance of an array of organized structures re-
peated with defined or undefined symmetries that arise far from equilibrium without
the intervention of external conditions|l 16]. Regulatory processes in cells, including
cellular respiration, feedback loops, and other biochemical pathways, which govern
the functioning of living beings are a product of self organization. Self organization
is also seen in the nonlinear coupling between reaction and diffusion which induces
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Figure 1.12: Upconversion image of Y,0;:Yb*", Er** nanoparticles in blood vessels
in the mouse ear following tail vein injection at Aczeitation= 980 nm and laser power
density of 550 mW - cm 2. Adapted from [115].

chemical oscillations in space and time. Common structures originating from reac-
tion diffusion include the iris banding of agate, the structure of cave stalactites, and
the formation of dendritic structures on limestone[l 17].

The reaction-diffusion framework (RDF) is a system where an outer electrolyte
is poured on top of an inner electrolyte embedded in a gel matrix. RDF starts
with the conversion of the components via a chemical reaction and ends with their
transportation in space via diffusion. The difference in the concentrations of the
inner and outer electrolytes establishes a concentration gradient across the system.
As the outer electrolyte diffuses through the gel, the reactants react to form a pre-
cipitate. Near the interface, supersaturation is highest and nucleation dominates.
Further down the tube, supersaturation is lower and growth dominates. The nonlin-
ear interaction of the diffusing supersaturation gradient with nucleation and crystal
growth results in Liesegang instability where the resulting product organizes into a
banding pattern of macroscopic periodic precipitation. Each band contains particles
of uniform size and morphology|115].

1.2.1 Theories governing the Liesegang banding phenomenon

Two theories are mainly used to explain Liesegang banding, the pre-nucleation
theory, based on the Ostwald’s supersaturation theory [119]-[121], and the post-
nucleation theory based on the Ostwald’s ripening[122].

1.2.1.1 Ostwald’s supersaturation theory

The Ostwald supersaturation-nucleation-depletion cycle explains periodic precipi-
tation as a non-equilibrium process. The first precipitation bands do not appear
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immediately upon the diffusion of the outer electrolyte into the gel, rather they
appear after the supersaturation of the solution. The cycle begins with nucleation
and growth of the particles in a specific region being accompanied by depletion of
the electrolytes in the surrounding region. Consequently, the solubility product of
the inner and outer electrolytes in the surrounding region decreases and nucleation
is inhibited there. Diffusion of the outer electrolyte continues until supersaturation
occurs again, thus allowing the formation of a new band. The repetition of this
cycle leads to an alternative precipitation of filled and void domains[l23].

1.2.1.2  Ostwald’s ripening

Ostwald ripening theory is based on the formation of the product after a competition
between particles of different sizes occurs. In order to decrease the energy of the
system, smaller particles are dissolved and bigger particles are formed. The periodic
precipitation is explained as a mechanism of the aggregation of big particles, leaving
depleted clear zones of smaller particles in the surrounding regions[124], [125].

1.3 Aim of our Work

Synthesis of lanthanide doped materials via the most common routes posed draw-
backs in terms of practicality, cost, and final product characteristics. Ideally, a
convenient synthetic method should be adopted to synthesize lanthanide doped
nanoparticles with controlled morphology, mono-dispersity, high crystallinity, and
high photoluminescence efficiency. In our study we aim to synthesize lanthanide
doped lanthanum oxide microspheres using the reaction diffusion framework (RDF)
in order to obtain mono-dispersed crystalline micro particles and to bypass the need
for high temperature, high pressure, toxic byproducts, and organic solvents|[3]. The
first step of the synthesis involves production of lanthanide doped lanthanum hy-
droxide microspheres by self-assembly in RDF which consists of diffusing an outer
ammonia solution into a hydrogel matrix containing lanthanum ions as well as small
percentages of lanthanide dopants such as europium, erbium, samarium, or ter-
bium. The diffusion controlled reaction results in the formation of solid-containing
lanthanum hydroxide bands. Because the reacting components are initially sepa-
rated and poured one on top of the other, a gradient of supersaturation is obtained
starting at the gel-solution interface and extending down the tube. Near the in-
terface, supersaturation is high and nucleation dominates; this translates to having
smaller particles. Down the tube, the gradient decreases and growth dominates.
This translates to spheres increasing in size as we move away from the interface[l],
[2]. As a result, each region of the tube will display a particular size range for the
doped lanthanides, and thus the gradient of supersaturation translates to a gradient
of sizes.

Following the synthesis of lanthanide doped lanthanum hydroxide microspheres,
lanthanide doped lanthanum oxide microspheres are obtained by oxidizing the hy-
droxides in a furnace oven. Ln®* doped La(OH), microspheres undergo the following
calcination reaction[20]:
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La(OH); — LaOOH + H,O

2LaOOH — La,0O4

In order to precipitate La(OH), micro-spheres, the RDF system is left to run for
4-5 days. During this time the radial size of the spheres in each region of the tube
gradually increases while the outer ammonia solution is still diffusing through the
tube. To better understand the growth mechanism of the spheres, growth of the
spheres in different regions of the tube is measured under optical microscope, and
radial size as a function of time is studied.

In the next part of our study, we aim to use synthesized Er** doped La,O, for
thermometry considering the photo-luminescence emission intensity ratio of Er®™
ions at 523 nm from the 2H11/2 — 4115/2 transition and at 546 nm from the 453/2
— 45 /2 transition is very sensitive to temperature. As the temperature increases
from 22°C to 60°C, the intensity ratio % also increases. ln(%) varies linearly as
a function of T !, thus a thermometric scale capable of evaluating temperature in
an aqueous medium is obtained.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Lanthanum Nitrate Hexahydrate (La(NO;); - 6 H,O, 99%) was purchased from BDH
and from Baker Chemical Co, Europium Nitrate (Eu(NO,),, 5N), and Erbium Ni-
trate (Er(NOsy)s, 3N) from Chemicals 101 Corp, Lanthanum Chloride Heptahy-
drate (LaCly - 7TH,0, 98%) and Samarium Chloride Trihydrate (SmCl; - 3 H,0)
from BDH, Terbium Nitrate Hexahydrate (Tb(NO,), - 6 H,O, 99.9%) from Thermo
Scientific, Ammonium Hydroxide Solution (25%NHj;) from sigma-aldrich, and Bacto
agar gel from BD Chemicals.

2.2 Preparation of Ln®** Doped Lanthanum Oxide using a
Reaction Diffusion Framework (RDF)

The reaction diffusion framework (RDF) synthesis of Ln** doped La,O, has en-
abled the synthesis of spherical, monodispered, crystalline microparticles with high
photoluminescence efficiency. Our optimized synthesis procedure is based on the
diffusion of a basic outer electrolyte 14 M Ammonia solution into a gel matrix con-
taining 50 mM Ln(NO;), or LnCl; (where Ln= La*", Eu**, Er**, Sm®t, or Th**)
which constitute the inner electrolyte as shown in figure 2.1. Using a 50 mM inner
electrolyte, 14 M outer electrolyte came after a series of optimization trials which
allowed us to identify which conditions enabled the synthesis of the most functional
products. In order to allow diffusion, the concentration of the outer electrolyte is
significantly greater than that of the inner electrolyte. After the precipitation of
spherical La(OH); micro-particles, different regions along the tube are extracted,
washed, and centrifuged. The powder is then dried overnight in the vacuum oven
and placed in the furnace at 800°C for 3 hours to oxidize the Ln** doped La(OH),
to Ln*" doped La,O,. The newly formed powder is pure La,O;. In order to prevent
the La,O4 powder from reverting back to La(OH);, the La,O; must be kept under
inert atmosphere.
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— Outer Electrolyte:
- 14 M NH;

— Ln(OH); bands

- Inner Electrolyte:

| 50 mM Ln(NOs); or LnCl; in
] 1% Agar

Figure 2.1: Reaction Diffusion Framework setup used to synthesize La(OH), doped
with Eu®", Er*"T, Sm®", Tb*", or a mixture of Tb®" and Eu®'. Preparation in-
cluded pouring a 14 M outer electrolyte onto a 50mM inner Electrolyte comprising
Ln(NO,); or LnCl, (where Ln= La®*", Eu**, Er**, Sm*", or Tb*"). The inner elec-
trolyte is embedded in a 1 % agar gelatin matrix.
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2.2.1 Samples prepared with 50 mM optimized inner electrolyte con-
centration

All samples discussed below are prepared using the same procedure. The only
distinguishing factor is the inner electrolyte added.

2.21.1 La,O,4 Control

A 1% agar solution is prepared by weighing out 0.02g of Agar and pouring them into
20 ml of double distilled water. The solution is placed in the microwave for 30-40
seconds for the agar to dissolve in the water. Proper dissolution is achieved when
the color of the solution is translucent. 0.433 g of La(NO,), - 6 H,O powder are also
weighed and added to the 20 ml solution to generate a 50 mM La(NOs;), solution
embedded in a 1% agar matrix. After proper mixing of solution, the homogeneous
solution is transferred into a Pyrex test tube and kept at room temperature until
gelation. Once gelation has taken place, 14M NH; is added on the top of the gel and
left to allow the precipitation coupled with the diffusion. After 5 days of diffusion,
white bands of pure La(OH), are formed. The precipitate is extracted with a spatula,
washed in double distilled at high temperature to remove the gel, and then dried for
at least 10 hours in a 50 °C vacuum oven. The newly washed La(OH), is transferred
to a glass ceramic and placed in a furnace where it’s temperature is brought from
25 °C to 800°C over a period of 5 hours. The powder is kept at 800°C for 3 hours,
and then brought back to room temperature over a period of 5 hours.

Sample calculation for the mass (g) of La(NO,), - 6 H,O inner electrolyte added
to the 1% agar gel (V is the volume of the solution in liters, M is the molar mass in
g/mol):

m(g) = [La(NO3)s|(M) - V(1) M(La(NO3)3)(g/mol)

m(g) = 0.05(M)-0.02(]) - 433.02(g/mol) = 0.433g

2.2.1.2 Eu®*" doped La,O,

Eu®" doped La,Og is prepared similarly to the control La,O, with the same outer
solution of Ammonia; however, the 50 mM inner electrolyte solution consists of
Eu(NO,),; and La(NO,);. The masses that should be added of each substituent
depend on the final inner electrolyte composition needed as shown in table 2.1.
The solution initially prepared with 2% Eu(NO;), and 98% La(NO;), consists of 1
mM Eu(NO;); and 49 mM La(NOs;),. After the agar is fully dissolved in double
distilled water, 0.0086 g of Eu(NO;)5 and 0.424 g of La(NO,), are added to the 20
ml solution. After gelation, the 14M NH; solution is left to diffuse through the tube
for 5 days. The resulting Eu®*™ doped La(OH), precipitate is washed, oxidized, and
used for further characterization.

2.2.1.3 Er*" doped La,O,

Er** Doped La,O, is prepared similarly to the control La,O, with the same outer
solution of Ammonia. The inner electrolyte powder samples used to create inner

37



Inner Electrolyte m(g) La(NO;), m(g) Eu(NO;),
composition
98% La(NOs;)s, 2% 0.424 0.0086
Eu(NO;),
94% La(NOsg)s, 6% 0.407 0.0257
Eu(NO;),

Table 2.1: 50 mM inner electrolyte compositions for Eu®™ doped La(OH),4 synthesis.

Inner Electrolyte m(g) La(NOy), m(g) Er(NO,),
composition
96% La(NO,),, 4% 0.416 0.0177
Er(NO,),
94% La(NOy)s, 6% 0.407 0.0266
Er(NO;),

Table 2.2: 50 mM inner electrolyte compositions for Er’* doped La(OH), synthesis

electrolytes having different compositions, as shown in table 2.2, are each added to
the agar solution before gelation.

2.2.1.4 Sm*" doped La,O,

Sm*" doped La,O, synthesis follows the same procedure. The inner electrolyte
powder samples used to create inner electrolytes having different compositions, as
shown in table 2.3, are each added to the agar solution before gelation.

2.2.1.5 Tb*" doped La,O,

Tb** doped La,O, is initially prepared with an inner electrolyte composed of 4%
TbCl; and 96% La(NO,),. 0.0149 g of TbCl; and 0.416 g of La(NO;), are weighed
and added to the 20 ml 1% agar solution.

2.2.1.6 Eu®",Tb*" co-doped La,O,

La,O,: Eu*" Tb*" is prepared using the same procedure. The first trial included an

Inner Electrolyte m(g) LaCl, m(g) SmCl,
composition
98% LaCl,, 2% SmCl, 0.364 0.0062
95% LaCl;, 5% SmCl, 0.353 0.0155
92.5% LaCly, 7.5% 0.344 0.0233
SmCl,

Table 2.3: 50 mM inner electrolyte compositions for Sm®* doped La(OH), synthesis.
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Inner Electrolyte m(g) La(NO;), m(g)ThCl, m(g) Eu(NO;),
composition
96% La(NOsy)s,, 0.416 0.0075 0.0086
2% TbCls, 2%
Eu(NO;)s
95% La(NOsy)s,, 0.411 0.0075 0.0128
2% TbCl;, 3%
Eu(NO,),4
04% La(NO,)s, 0.407 0.0149 0.0128
4% TbCly, 3%
Eu(NO,),
01% La(NO,),, 0.394 0.0224 0.0128
6% ThCl,, 3%
Eu(NO;);
03% La(NO,)s, 0.403 0.0075 0.0214
2% ThCl,, 5%
Eu(NO;);
91% La(NOsy)s,, 0.394 0.0149 0.0214
4% TbCls, 5%
Eu(NO,),4
80% La(NO,)s, 0.385 0.0224 0.0214
6% ThCl,, 5%
Eu(NO,),

Table 2.4: 50 mM inner electrolyte compositions for Th*", Eu*" codoped La(OH),4
synthesis.

inner electrolyte composed of 2% TbCl,, 2% Eu(NO,), and 96% La(NO,),. 0.0075
g of TbCly, 0.0086 g of Eu(NO;), and 0.416 g of La(NO,), are weighed and added to
the 20 ml 1% agar solution. Afterwards, several trials were done to optimize the inner
electrolyte solution composition to give microspheres with optimum luminescence
intensity. Different inner electrolyte solution compositions used in each trial are
shown in table 2.4.

2.2.2 Optimization

Deciding to use a 50 mM inner electrolyte, 14 M NH, outer electrolyte came after
a set of trial experiments. The purpose of the trials was to get Ln** doped La,O,
with spherical morphology and optimum luminescence efficiency. The optimization
steps taken are discussed below.

2.2.2.1 200 mM Inner Electrolyte

The first attempt at using RDF to synthesize the La,O4 phosphors included using
an inner electrolyte concentration of 200 mM Ln(NO,); where Ln*"= La*" Eu** or
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Inner Electrolyte
composition

m(g) La(NO;);

m(g) Ln(NO;),

100% La(NO,),4 1.73 0
99.5% La(NOj)4, 0.5% 1.72 0.0086
Eu(NOg)s
99% La(NOs)s, 1% 1.71 0.017
Eu(NOg)s
98% La(NOsg)s, 2% 1.70 0.034
Eu(NOg)s
96% La(NOs;)s, 4% 1.66 0.068
Eu(NO;)s
94% La(NOy)s, 6% 1.63 0.103
Eu(NO;)s
92% La(NOy)s, 8% 1.59 0.137
Eu(NO;)s
98% La(NOs;)s, 2% 1.70 0.035
Er(NOy),
96% La(NOs;)s, 4% 1.66 0.071
Er(NOy),
94% La(NOy)s, 6% 1.63 0.106
Er(NOy),
92% La(NOy)s, 8% 1.59 0.142
Er(NOg),

Table 2.5: 200 mM inner electrolyte compositions for Eu** or Er*" doped La(OH),
synthesis.

Er*". The different inner electrolyte compositions are tabulated in 2.5. During this
attempt, Leisegang banding was very pronounced macroscopically as shown in 2.2.
The spacing between the bands decreased and the bands became more more ordered
as % dopant increased. The main drawback of this condition is the morphology of
the La(OH), precipitate produced was not spherical as % dopant added exceeded
1%; instead the particles resembled platelets. The luminescence intensity for the
Eu®" doped samples increased as the %Eu®" increased; however, the luminescence
intensity for the Er*" doped samples was extremely low when using a 200 mM inner
electrolyte. Further optimization was required to increase luminescence intensity
of the final product while maintaining the spherical morphology of the Ln*" doped
La(OH), particles.

2.2.2.2 3.5 M Outer Electrolyte

40

During the second attempt to synthesize La,O4 phosphors using RDF, a 3.5 M NH;,
outer electrolyte was added to a 200 mM inner electrolyte. The compositions of the
inner electrolyte solutions was 100% La(NO,), in the first tube or 98% La(NO,),,
2% Eu(NO,), in the second tube. The final Ln*" doped La,O, product did not show




(a) LayO5 prepared with a 200 mM inner electrolyte
consisting of Ln(NO3); where Ln3" = La?" and Eu®"

6% Er3*

(b) LayO4 prepared with a 200 mM inner electrolyte
consisting of Ln(NOj); where Ln3" = La%" and Er*"

Figure 2.2: Macroscopic Leisegang Banding pattern in samples prepared with a
200mM Ln(NO,), inner electrolyte.
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Inner Electrolyte composition Results
100% Eu(NO,)4 no new precipitate formed
100% Er(NO,), no new precipitate formed
100% La(NO;), La(OH), microspheres formed
94% La(NO;)5, 6% Eu(NO;), Eu’" doped La(OH), microspheres
formed
94% La(NOsy)5, 6% Er(NO;), Er’" doped La(OH), microspheres
formed

Table 2.6: 50 mM inner electrolyte compositions for the 1st trial.

any significant improvement compared to the products obtained from the first trial.
The main result of this trial was that decreasing outer electrolyte concentration
leads to the formation of larger spheres with lower luminescence intensity than the
first trial.

2.2.2.3 50 mM Inner Electrolyte/ 14 M Outer Electrolyte

The best morphology and luminescence efficiency for the Ln*" doped La,O, micro-
particles was obtained using a 50 mM inner electrolyte solution Ln(NO;); where
Ln®*T= La*", Eu®", Er®", Sm®*", or Tb*". Macroscopically, banding is not always
visible using a 50 mM inner electrolyte; however, regions of spherical luminescent
micro-particles are obtained under this condition. Different regions of each tube
comprise monodisperesed spheres of a specific size with smaller spheres closer to
the interface where nucleation dominates, and larger spheres farther away from the
interface where growth dominates. Using a 50 mM inner electrolyte concentration
instead of 200 mM leads to the overall production of smaller spheres in the RDF.
This is a great advantage considering the decrease in final La, O product size is much
more suitable for biological applications which require particles to be scaled in the
nm range[22]. The first trial using a 50 mM inner electrolyte involved preparing 5
tubes with different inner electrolytes embedded in 1% agar as shown in figure 2.3.
The results, tabulated in 2.6, lead all future study to be conducted on 50 mM inner
electrolyte RDF's as shown in figure 2.4.

2.2.3 300 mM Inner Electrolyte: Samples for growth experiment

In order to study the growth of the spherical microparticles obtained using RDF,
samples having 300 mM inner electrolyte concentration are prepared and left to
run in a 1D glass tube shown in figure 2.5 for 2-3 days. The composition of the
different inner electrolyte solutions are tabulated in 2.7. Considering the inner
electrolyte concentration (300 mM) is higher than previous trials, the size of the
spheres obtained is large enough for the growing spheres to be visible under an
optical microscope at 10x10 magnification.

42



Figure 2.3: Trial 1: Samples prepared using a 50mM inner electrolyte.

Control

2% Eu®*

4% Er3*
5% Sm3*

Figure 2.4: Ln*" doped La(OH), synthesized using a 50 mM Ln(NO,), inner elec-
trolyte solution where Ln*T= La*", Eu®", Er**, Sm*", or TH*".

Inner Electrolyte
composition

m(g) La(NO;);

m(g) Er(NO;),

100% La(NO;),

2.60

0

96% La(NO,),, 4%
Er(NO,),

1.66

0.0709

Table 2.7: 300 mM inner electrolyte compositions for growth study.
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100% La%*
6% Er3*

Figure 2.5: La(OH), synthesis in a 1D tube using 300mM inner electrolyte.

2.3 Characterization of Lanthanide Doped lanthanum Ox-
ide Microspheres

2.3.1 Powder X-Ray diffraction (PXRD)

Powder X-Ray diffraction (PXRD) allows for the identification of a powder sam-
ple characterized by a unique PXRD pattern. XRD enables crystalline phases to
be identified,quantified, and their atomic structure determined— all with very little
sample preparation. This prevents the risk of destroying the phases and/or modi-
fying the characteristics of the sample. Powder X-Ray diffraction (PXRD) patterns
are recorded on a Bruker D8 advance XRD diffractometer using CuKa radiation
(A=1.5406A) at 40 kV and 40 mA, with 26 ranging between 10° and 80°. The
monochromator used is Johansson Type. The step size is 0.02 s and the scan rate
is 20 s per step.

2.3.2  Scanning Electron Microscopy Analysis (SEM)

The morphology and the size of the particles in different regions of the tube are
investigated using a scanning electron microscope (Tescan MIRA3 LMH Schottky
FE-SEM), operating at 5 kV; and equipped with Oxford detector for energy dis-
persive X-ray (EDX) characterization at 15 kV. The EDX is used as a qualitative
determinant for the presence of certain elements in our sample. The samples are
coated with a 20 nm layer of gold prior to SEM using the sputtering machine Q150T
PLUS Turbomolecular Pumped Coater.

44



2.3.3 Brunauer-Emmett-Teller (BET) surface area analysis

In order to analyze the surface area of the of the Ln*" doped La(OH); and La,O,
micropheres, nitrogen isotherms are carried on using a Micromeritics 3Flex Surface
Characterization Analyzer. The BET surface area is calculated using NOVA 2200e
surface area analyzer after degassing the samples for 6 hours at 80 °C under vacuum.

2.3.4 Fourier Transform Infrared Spectroscopy FTIR

The chemical structures of some products are characterized by FTIR spectroscopy.
A Thermo Nicolet 4700 Fourier Transform Infrared Spectrometer equipped with a
Class 1 Laser is used for this purpose. The KBr pellet technique is applied to perform
the transmission experiments in the range between 4000 and 400 cm . Raman
spectra are recorded using a confocal micro-Raman spectrometer (Horiba Jobin
Yvon/Labram Aramis) with an excitation wavelength of 473 nm. The experiments

are carried out in the range between 100 and 1200 cm!. .

2.3.5 DLS Dynamic Light Scattering

The colloidal stability of Ln*" doped La(OH), and La,O, micropheres is assessed by
conducting zeta potential measurements using the Nanoplus HD zeta/nano particule
analyzer (Particulate Systems). The NanoPlus also has the capability of measuring
the zeta potential of sample suspensions in the -200 mV to +200 mV range with
concentrations from 0.001% to 40%.

2.3.6 Fluorometer

Fluorescence measurements are performed on a 2-D slide containing the desired
Lanthanide doped Lanthanum Oxide powder using Cary Eclipse Varian fluorescence
spectrophotometer. The slide is placed vertically and the fluorescence emission
spectrum is recorded in front surface or right angle geometry. The steadystate
fluorescence emission measurements are documented with resolution increment 1 nm,
slit 5 nm using a Jobin-Yvon-Horiba Fluorolog IIT fluorometer and the FluorEssence
software. The excitation source is a 100 W Xenon lamp, and the detector used is
the R-928 operating at a voltage of 950 V. In all the emission spectra collected,
Aezcitation= 386 nm was applied. To observe the effect of temperature on the emission
intensity of Er®" doped samples, a circulator bath allows temperature regulation of
the area surrounding a cuvette containing the powder sample immersed in liquid.

2.3.7 Fluorescent Microscope

Doped La,O5 Microspheres are observed using a DM6 B Microscope (Leica Mi-
crosystems) which allows the view of the photoluminescence of our samples using
an RGB filter at A = 390 - 410nm.

excitation —
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CHAPTER 3

SYNTHESIS AND
CHARACTERIZATION OF
LANTHANUM OXIDE
PHOSPHORS

3.1 Introduction

Due to their wide array of applications in sensing and imaging, synthesizing Ln**
doped oxides and fluorides have captured massive attention over the years. Nu-
merous attempts have been made to achieve a cost effective practical synthesis
method for Ln*" doped particles having controlled morphology, mono-dispersity,
high crystallinity, and high photoluminescence efficiency; the most representative
methods being thermal decomposition, high temperature coprecipitation, and hy-
dro(solvo)thermal synthesis. The reaction diffusion framework (RDF) has actually
made such a synthesis procedure possible considering photoluminescent, highly crys-
talline, monodispered Ln** doped La, O, microparticles are synthesized primarily
at room temperature and pressure via a simple procedure that only requires 10-15
minutes of hands-on work. In the upcoming section, characterization of the La,O4
final product, synthesized using RDF, will be discussed using data collected from the
scanning electron microscope (SEM), X-ray Diffractometer (XRD), Fourier Trans-
form Infrared Spectrometer (FTIR), Brunauer-Emmett-Teller (BET) surface area
analyzer, Dynamic Light Scattering (DLS), luminescence spectrometer, and Fluo-
rescence microscope. Furthermore, anaylysis of the growth mechanism of the Ln®*
doped La(OH), used to produce Ln*" doped La,O4 phosphors is carried out under
optical microscope to display radial growth as a function of time in different regions
of the RDF system.
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3.2 Results and Discussion
3.2.1 Characterization of samples prepared with 50 mM optimized in-
ner electrolyte concentration

3.2.1.1 Powder X-Ray Diffraction of Lanthanide Doped Lanthanum Hydroxide and
Lanthanide Doped Lanthanum Oxide Micro-spheres

The PXRD patterns of the obtained crystals before calcination (Ln** doped La(OH),)
and after calcination (Ln®*" doped La,O;) are recorded and compared to the simu-

lated pattern of pure La,(OH), in figure 3.1 and pure La, O, in figure 3.2 respectively.

The sharp peaks observed in the PXRD patterns of the collected white La(OH), and

La,O, powder samples synthesized via RDF perfectly match the main peaks of the

simulated pattern of pure hexagonal La(OH);[126] and pure hexagonal La,O4[127]

respectively and no additional peaks are observed. This indicates the synthesized

crystals are highly crystalline and pure.

3.2.1.2  Scanning Electron Microscopy Analysis

A tube of inner electrolyte [Ln(NO;)s] = 50 mM or [LnCl;]=50mM embedded in 1%
agar and outer electrolyte 14 M NH, is used to precipitate Ln*" doped La(OH),.
The system is kept at room temperature (25°C) throughout the precipitation pro-
cess. Scanning Electron Microscopy is used to examine the particle morphology
of Ln** doped La(OH), powder sample produced in several regions of each tube.
SEM images of Ln®' doped La(OH), reveal that the particles are platelets in re-
gions closer to the interface. At around 3.5 cm from the interface, particles begin to
exhibit spherical morphology. An increase in the size of the spheres is observed as
we move farther away from the interface which is expected considering nucleation
dominates closer to the interface leading to the production of smaller particles, and
growth dominates farther away from the interface leading to the production of larger
particles. Ln*" doped La(OH); powder sample is collected from the tube, washed
and oxidized to La,O4 using the furnace at 800°C for 3 hours. SEM images of the
oxidized samples reveal that particles retain their spherical morphology after oxida-
tion. SEM images of samples prepared with different inner electrolyte compositions
before and after calcination are represented below.

La(OH); and La,O; Control: The inner electrolyte of the control consists of
50 mM La(NO;), embedded in 1% agar solution. La(OH), sample is collected from
5 different regions of the tube and observed using SEM as shown in figure 3.3. SEM
images of the Oxide sample obtained after calcination are also taken. They show
the spherical morphology of the La(OH), crystals is retained after calcination as
shown in 3.3.

Eu®t doped La(OH); and La,O;: The same precipitation, oxidation proce-
dure was carried out on a tube containing an inner electrolyte composition of 2%
Eu(NO,); and 98% La(NO;);. Eu*" doped La(OH); sample is collected from 5
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Figure 3.1: PXRD patterns of simulated La(OH);, crystals and Eu*" doped La(OH),,
prepared with inner electrolyte 2% Eu(NO,); 98% La(NO,),, synthesized via RDF.
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Figure 3.2: PXRD patterns of simulated La,O, crystals and Ln®** doped La,O,
(Ln*t= Eu*", Er*, Sm*", Th*") synthesized via RDF using a 50 mM inner elec-

trolyte.
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Figure 3.3: RDF used to synthesize La(OH), microspheres using 50 mM La(NO,),
embedded in 1% agar and 14M NH; outer electrolyte. (Bottom right) La,O4 micro-
spheres obtained after calcination.

different regions of the tube and observed using SEM. SEMs of the corresponding
spherical Eu*" doped La,O, were taken as shown in figure 3.4.

Er®t doped La(OH); and La,0O;: The same precipitation, oxidation proce-
dure was carried out on a tube containing an inner electrolyte composition of 4%
Er(NO,), and 96% La(NO,);. Er*™ doped La(OH), sample is collected from 5 dif-
ferent regions of the tube and observed using SEM. SEMs of the corresponding Er®*
doped La,O; microspheres are also taken as shown in figure 3.5.

Sm®* doped La(OH), and La,O,: The same precipitation, oxidation procedure
was carried out on a tube containing an inner electrolyte composition of 5% SmCl,
and 95% LaCl,. Sm** doped La(OH), sample is collected from 8 different regions of
the tube and observed using SEM as shown in figure 3.6. SEMs of the corresponding
Sm*" doped La,O5 microspheres were taken as shown in figure 3.7.

Tb?*t doped La(OH),; and La,0,: The same precipitation, oxidation procedure
was carried out on a tube containing an inner electrolyte composition of 4% TbCl,
and 96% La(NO,),. Th*" doped La(OH), sample is collected from 5 different regions
of the tube and observed using SEM. SEMs of the corresponding Th*" doped La,O,
microspheres were taken as well as shown in figure 3.8.
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Figure 3.4: RDF used to synthesize Eu*" doped La(OH), microspheres using an
inner electrolyte composition of 98% (49 mM) La(NO;), and 2% (1 mM) Eu(NO;),
embedded in 1% agar and 14M NH, outer electrolyte. (Bottom right) Eu®*" doped
La, O, microspheres obtained after calcination.
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Figure 3.5: RDF used to synthesize Er’t doped La(OH); microspheres using an
inner electrolyte composition of 96% (48 mM) La(NO;); and 4% (2 mM) Er(NO,),4
embedded in 1% agar and 14M NH; outer electrolyte. (Bottom right) Er*"T doped
La,O4 microspheres obtained after calcination.
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Figure 3.6: Sm®" doped La(OH), microspheres obtained via RDF using an inner
electrolyte composition of 95% (47.5 mM) LaCl; and 5% (2.5 mM) SmCl; embedded
in 1% agar and 14M NH; outer electrolyte.

Figure 3.7: Sm®* doped La,O,, synthesized using inner electrolyte composition 95%
LaCl; and 5% SmCl;, obtained after calcination.
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Figure 3.8: RDF used to synthesize Th*" doped La(OH), microspheres using an
inner electrolyte composition of 96% (48 mM) La(NO,); and 4% TbCl; (2 mM)
TbCl, embedded in 1% agar and 14M NH; outer electrolyte. (Bottom right) Th**
doped La, O3 microspheres obtained after calcination.

Tb?*t, Eu®* co-doped La(OH), and La,O;: The same precipitation, oxidation
procedure was carried out on a tube containing an inner electrolyte composition
of 2% TbCl,, 2% Eu(NO,),, and 96% La(NO,);. Th*", Eu®t co-doped La(OH),
sample is collected from 5 different regions of the tube and observed using SEM.
SEMs of the corresponding Th*", Eu*" co-doped La,O4 micropsheres were also
taken as shown in figure 3.9.

EDX measurements were initially conducted on samples during the 1st men-
tioned trial where 200 mM inner electrolyte was used. EDX served as a qualitative
determinant of the presence of small percentages of lanthanide dopants in the final
products. The overall trend observed from the EDX measurements is % dopant
in the final product is less than the amount of dopant initially incorporated. For
instance, samples synthesized with 2% Eu(NO,),, 48% La(NOs;), inner electrolyte
composition will have a final %Eu®t < 2 %. In some cases, % dopant is seen to be
higher near the interface, however; no conclusive statements can be made due to the
large error on the values obtained using EDX.

Effect of % dopant on particle morphology As % dopant increases, the re-
current trend indicates that the spherical morphology of the Ln*" doped La(OH),
is destroyed; the morphology is rod-like instead. This shift is very apparent with
Sm*" doped La(OH), prepared with an inner electrolyte composition of 7.5% SmCl,
and 92.5% LaCl; embedded in 1% agar. At the region 4 cm from the interface, the
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Figure 3.9: RDF used to synthesize Eu®", Th*" co-doped La(OH), microspheres
using an inner electrolyte composition of 96% (48 mM) La(NO,),, 2% (1 mM) TbCl,,
and 2% (1 mM) Eu(NO,); embedded in 1% agar and 14M NH; outer electrolyte.
(Bottom right) Eu®*, Th** co-doped La,O, microspheres obtained after calcination.

morphology shifts from spheres to platelets as shown in figure 3.10. When % SmCl,
is lower, in the tube prepared with an inner electrolyte of 5% SmCl; and 95% LaCl,
for example, the La(OH); particles are spherical throughout the tube as shown in
figure 3.6.

3.2.1.3 Luminesence Spectroscopy

In order to check the luminescence of the Ln*" doped La,O, microspheres, dif-
ferent powder samples are placed in the fluorometer to obtain their luminescence
emission spectrum. The narrow sharp well defined characteristic peaks of the Lan-
thanide dopants are clearly visible, thus confirming the success of this novel synthesis
method for Ln®* doped La,O, microparticle synthesis. In order to see if concentra-
tion quenching occurs when using different dopants, luminescence intensity for each
transition is plotted as a function of % Ln®*". It should be noted that luminescence
efficiency is subject to change depending on the concentration of inner electrolyte.
Some samples were luminescent when using a 50 mM inner electrolyte and not lumi-
nescent when using a 200 mM inner electrolyte solution with the same constituent
proportions. Optimization is key while finding the correct synthesis procedure.

Eu®' doped La,0g: Eu®" luminescence, characterized by emissions at 590 nm,
610 nm, and 720 nm, is evident in Eu*" doped La,O,, synthesized with an inner
electrolyte composition of 2% or 6% Eu(NO;),, as shown in figure 3.11 (a). When

o4



R3

R4

RS EEEmEEES
Ré EEmEE RS
R7 EEEEERS

R8 EEEmEES

Rg EEEmEES

Rlo EEEEEND

Figure 3.10: Sm*" doped La(OH); obtained via RDF using an inner electrolyte
composition of 92.5% (46.25 mM) LaCl; and 7.5% (3.75 mM) SmCl; embedded in
1% agar and 14M NH;, outer electrolyte. There is a shift in morphology from spheres
to rods 4 cm from the interface in R5.
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Figure 3.11: (a) Luminescence emission spectrum of Eu*t doped La,O,, prepared
with inner electrolyte solution containing 2% or 6% Eu(NO;),, obtained at \., =
386 nm. (b) Intensity as a function of % Eu®" in the inner electrolyte solution.

plotting the intensity for each transition as a function of % Eu®" in the inner elec-
trolyte, the intensity increases as % Eu®* increases as shown in figure 3.11 (b). This
trend is also seen in samples during the first trial using 200 mM inner electrolyte.
This proves that no concentration quenching is occurring when using % Eu®*™ < 6%
in the 50 mM inner electrolyte solution.

In order to determine whether luminescence intensity is uniform in Eu*" doped
La,O, samples prepared from different regions of the RDF, the luminescence emis-
sion spectrum of oxide samples originating from different regions of a tube prepared
with inner electrolyte composition 3% Eu(NO,),, 98% La(NO;), was obtained. No
significant difference in the luminescence intensity of these samples was observed
as shown in figure 3.12. This proves that the Eu*t dopants are evenly distributed
throughout the tube when doping using RDF. Lifetime measurements were con-
ducted on the same samples. 2 measurements for the lifetime of oxide sample orig-
inating from each region of the tube was taken as shown in table 3.1 and figure
3.13. Both measurements for each region were in good agreement, and the excited
state lifetimes for samples originating from different regions of the tube were also in
good agreement. As expected, the luminescence lifetime of the Eu®* doped La,O,
samples was in the millisecond range. This is one of the primary characteristics of
Lanthanide doped oxides that makes them excellent candidates for time resolved
luminescence used in imaging and bio-sensing.

Er®*t doped La,O,: Er*" luminescence, characterized by emissions at 543 nm,
552 nm, and 650 nm, is evident in Er** doped La,Og, synthesized with an inner
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Figure 3.12: Luminescence emission spectra of Eu®* doped La,O; prepared using
different regions of a 3% Eu(NO,); RDF obtained at A., = 395 nm.

Sample 71 (ms) Ty (ms)
F 0.4326 £0.0028 0.8322 £0.0203
G 0.4686 £0.0053 0.8918 £0.0316
H 0.4219 £0.0040 0.7510 £0.0183
I 0.4709 £0.0034 0.8735 £0.0314

Table 3.1: Luminescence excited state lifetime measurements for Eu®* doped La,O,
samples prepared using samples extracted from different regions of a RDF tube with
initial inner electrolyte composition 3% Eu(NOy);, 97% La(NO;)s.
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Figure 3.13: Luminescence excited state lifetime measurements for Eu®*" doped
La,O, samples prepared using samples extracted from different regions of a RDF
tube with initial inner electrolyte composition 3% Eu(NO,),, 97% La(NO;),.
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Figure 3.14: (a) Luminescence emission spectrum of Er** doped La,O,, prepared
with inner electrolyte solution containing 4% or 6% Er(NO;);, obtained at A.,.=
386 nm. (b) Intensity as a function of % Er*' in the inner electrolyte solution.

electrolyte composition of 4% or 6% Eu(NO,),, as shown in figure 3.14 (a). When
plotting the intensity for each transition as a function of % Er*" in the inner elec-
trolyte, the intensity decreases as % Er*" increases as shown in figure 3.14 (b). This
proves concentration quenching does occur when Er®" is used as a dopant. Synthe-
sis of Er’t doped La,O, using RDF requires Er*" to be properly dispersed in the
crystal matrix to overcome interactions that lead to nonradiative emissions.

Sm®*t doped La,0;: Sm®' luminescence, characterized by line-like emissions at
564 nm, 600 nm, 650 nm, and 713 nm, is evident in Sm*" doped La,O, which
is synthesized with an inner electrolyte composition of 2%, 5%, or 7.5% SmCl,
as shown in figure 3.15 (a). When plotting the intensity for each transition as a
function of % Sm®" in the inner electrolyte, the intensity first increases between 2%
and 5% SmCl,, then decreases as % SmCl, in the inner electrolyte increases to 7.5%
as shown in figure 3.15 (b). This proves concentration quenching does occur when
%Sm®" in the inner exceeds 5%. Synthesis of Sm®** doped La, O, using RDF requires
optimization to work within the window where there is enough dopant to produce
a legible luminescence spectrum, but not too much dopant leading to nonradiative
emissions.

In order to determine whether luminescence intensity is uniform in Sm*" doped
La,O, samples prepared from different regions of the RDF, the luminescence emis-
sion spectrum of oxide samples originating from different regions of a tube prepared
with inner electrolyte composition 5% SmCl,, 95% LaCl; was obtained. No signifi-
cant difference in the luminescence intensity of these samples was observed as shown
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Figure 3.15: (a) Luminescence emission spectrum of Sm** doped La,O;, prepared

with inner electrolyte solution containing 2%, 5% or 7.5% Er(NO,),, obtained at
Aez.= 386 nm. (b) Intensity as a function of % Sm** in the inner electrolyte solution.

Sample 71 (ms) Ty (ms) 73 (ms)
O 0.0945 £0.0048 0.3403 £0.0108 0.9505 £0.0147
P 0.0583 £0.0050 0.2970 £0.0072 0.8636 £0.0065
Q 0.1446 £0.0063 0.5361 £0.0184 1.0868 £0.0169
R 0.1697 £0.0078 0.5602 £0.0278 1.0878 £0.0212

Table 3.2: Luminescence excited state lifetime measurements for Sm** doped La,O,
samples prepared using samples extracted from different regions of a RDF tube with
initial inner electrolyte composition 5% SmCl,, 95% LaCl,.

in figure 3.16. This proves that the Sm*" dopants are evenly distributed throughout
the tube when doping using RDF.

Lifetime measurements were conducted on oxide samples originating from an
RDF with 5% SmCl,, 95% LaCl, inner electrolyte. 3 measurements for the lifetime
of oxide sample originating from each region of the tube was taken as shown in
figure 3.17 and in table 3.2. Measurements for each region were in good agreement,
and the excited state lifetimes for samples originating from different regions of the
tube were also in good agreement. As expected, the luminescence lifetime of the
Sm** doped La,O, samples was in the millisecond range which further validates the
credibility of Ln*" doping using RDF.

Tb?*t, Eu®" co-doped La,0;: Tb*" luminescence, characterized by line-like
emissions at 490 nm, 540 nm, and 580 nm, is evident in Th*" doped La,O,, synthe-
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Figure 3.16: Luminescence emission spectra of Sm®", doped La,O, prepared from
different regions of an RDF with inner electrolyte 5% SmCl;, 95% La(NO,)4 obtained

at Aoy = 408 nm.
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Figure 3.17: Luminescence excited state lifetime measurements for Sm®*" doped
La,O, samples prepared using samples extracted from different regions of a RDF
tube with initial inner electrolyte composition 5% SmCl,, 95% LaCl,.
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Figure 3.18: Luminescence emission spectra of Eu*", Th*", or Eu** and Th*" doped
La,O,, prepared with inner electrolyte solution containing 2% Eu*", 4% Tb**, or
2% Eu®" and 2% Tb>' respectively, obtained at Ao, = 386 nm.

sized with an inner electrolyte composition of 4% TbCl, as shown in figure 3.18. A
co-doping experiment using RDF was attempted to synthesize La,O,: Eu*" Th**
using an inner electrolyte solution of 2% TbCls, 2% Eu(NO,),, and 96% La(NO,)s;.
The luminescence emission spectrum of the co-doped sample displayed peaks char-
acteristic of both Eu®", and Th*" as shown in figure 3.18. The main concern while
working with Th*" as a dopant is whether it is being oxidized to Th*" after heat
treatment in the furnace.

In order to determine whether luminescence intensity is uniform in Ln*" doped
La,O, samples prepared from different regions of the RDF, the luminescence emis-
sion spectrum of oxide samples originating from different regions of a tube prepared
with inner electrolyte composition 2% TbCly, 2% Eu(NO,),, and 96% La(NO;); was
obtained as shown in figure 3.19. No significant difference in the luminescence in-
tensity of these samples was obtained. This proves that the Eu*" and Th®" dopants
are evenly distributed throughout the tube when doping using RDF. Furthermore,
it proves that the luminescence intensity of oxide samples originating from different
regions of the tube is somewhat even.

As shown in figure 3.18, the luminescence intensity of the codoped sample is
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Figure 3.19: Luminescence emission spectra of Eu**, Th*" co-doped La,Og prepared
different regions of the RDF obtained at A., = 386 nm.

64



lower than the luminescence intensity for a sample prepared with Eu®*t or Th?"
alone. The next step in the synthesis process of the codoped sample includes find-
ing the optimum inner electrolyte concentration for the co-doped La,O; Eu®t, Th**
where the spherical morphology of the phosphors is retained and the luminescence
intensity is highest. In order to do this, 6 RDF tubes with different inner electrolyte
compositions were prepared as shown in figure 3.20 and the morphology and lumi-
nescence intensity of the samples was explored to determine which inner electrolyte
composition would lead to the synthesis of microspheres with the highest lumines-
cence intensity. The first 3 tubes consisted of an inner electrolyte composition of
3% Eu(NO;);, and 2%, 4%, or 6% TbCl;. The second 3 tubes consisted of an inner
electrolyte composition of 5% Eu(NO,),, and 2%, 4%, or 6% TbCl;. From the tubes
containing 5% Eu(NO,); and different amounts of TbCl,, no microspheres were ob-
tained; the morphology of the doped La(OH), was mostly needle-like. The tube
containing 5% Eu(NO;), and 4% TbCl; showed the highest luminescence intensity
for each transition. Concentration quenching did take place in the tube containing
5% Eu(NO,); and 6% TbCl; which did have a significantly lower luminescence in-
tensity for each transition. These trends can be seen in figure 3.21 and in figure
3.22 (b). The increased amount of dopant did lead to visible banding in these tubes
3.20, a trend mentioned earlier when working with 200 mM inner electrolyte doped
with Eu(NO;); or Er(NO,),. From the tubes containing 3% Eu(NO,),; and differ-
ent amounts of ThCl;, microspheres were obtained in all three tubes. The tube
prepared with 3% Eu(NO;); and 2% TbCl; showed the highest net luminescence
intensity among samples collected from these three tubes as shown in figure 3.21
and in figure 3.22 (a). The morphology of the La(OH); microspheres codoped with
Eu?" and Th?* and the luminescence emission spectrum of the La,O,: Eu®t, Th**,
both synthesized with optimum inner electrolyte composition of 3% Eu*, and 2%
Th** can be seen in figure 3.23 (a), and figure 3.23 (b) respectively.

3.2.1.4 Fluorescence Microscope

Photoluminescence of the spherical doped La,O, final product is also clearly visi-
ble using a fluorescence microscope. Real Camera shots of luminescent Ln** doped
La,0, where Ln*t= Eu*", Er’**, or Sm®' are obtained at A\, ;ui0n=390—410 nm
using an RGB filter. The oxide samples seen are prepared from La(OH), samples
extracted approximately 5 cm from the interface of tubes with original inner elec-
trolyte composition 2% Eu(NO,),, 98% La(NO,), as shown in figure 3.24 (a), 4%
Er(NO,);, 96% La(NO,), as shown in figure 3.24 (b), and 5% SmCls;, 95% LaCl, as
shown in figure 3.24 (c).

3.2.1.5 UV lamp

Luminescence of Ln*" doped La,O; where Ln*"= Eu*", Er*", Sm®*, Tb*" or Th**
and Eu*" is shown in figures 3.25 and 3.26 using a UV lamp. The inner elec-
trolyte compositions used to synthesize the displayed samples in figure 3.25 are

2% Eu(NOj);, 98% La(NO,); for sample (a), 2% TbCl,, 98% La(NO,), for sam-
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Figure 3.20: La(OH); micro-spheres co-doped with 50 mM inner electrolyte solutions
which contain different amounts Eu(NO,),, and ThCl,.

ple (b), 2% TbCls, 2% Eu(NO,);, 98% La(NO,), for sample (c), 4% Er(NO,)s,
96% La(NOy)4 for sample (d), 5% SmCl,, 95% LaCl, for sample (e). The inner
electrolyte compositions used to synthesize the displayed samples in figure 3.26 are
100% La(NOy); for sample (a), 5% SmCl;, 95% LaCl, for sample (b), 4% Er(NO,);,
96% La(NOsy)4 for sample (c), 2% Eu(NO,),, 98% La(NO,), for sample (d).

3.2.1.6 BET Surface Area Measurements

Surface area analysis using Brunauer-Emmett-Teller BET is performed on a La(OH),
control synthesized using a 50 mM La(NO;); inner electrolyte, and it’s correspond-
ing oxide obtained after calcination. The La(OH), isotherm shown in figure 3.27(a)
is a type IV isotherm characterized by an inflection point where the first monolayer
almost completes formation followed by a low slope region where pore condensation
takes place. A typical feature of Type IV isotherms, found in figure 3.27(a), is a final
saturation plateau of variable length which in our case is reduced to a mere inflection
point. Having a type IV isotherm, La(OH), is mesoporous (pore diameter 2-50 nm).
It has a surface area of 11 m?g ' and pore volume 0.06 cm®g ' as shown in table
3.3. Since capillary condensation is accompanied by a hysteresis loop, La(OH)4 has
a type I'Va isotherm. A hysteresis, which is associated with capillary condensation
taking place in mesopores, is seen when the pore width exceeds a certain critical
width determined by the adsorption system and the temperature[l128]. The La,O4
isotherm shown in figure 3.27(b) can also be seen as a type IV isotherm although the
hysteresis is not as obvious. The inflection point indicates the approximate location
of monolayer formation, and the low slope region in middle of the isotherm indicates
where the first few multilayers are formed. Since La,O4 has a type IV isotherm, it
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Figure 3.21: La,O5: Eu®t, Th*" luminescence emission spectra for samples prepared
with different inner electrolyte compositions. Each spectrum shows 3 peaks; the first
at 545 nm, the second at 589 nm, and the third at 626 nm.

67



@ | | (b)

'+545 nm
~—=—589 nm
“ 626 nm
= 3|
2z X
=1 =
= e
= =
I g
= £
2 3 4 5 6 2 3 4 5 6
% Tb>* % Th3*

Figure 3.22: (a) Intensity for each transition of La,O,: Eu*", Th** as a function
of % Th*" for samples prepared with 3% Eu®". (b) Intensity for each transition of
La,0,: Eu*", Th*" as a function of % Th** for samples prepared with 5% Eu’".
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Figure 3.23: (a) La(OH); microspheres codoped with Eu*" and Th** synthesized
using optimum inner electrolyte composition 3% Eu(NO;);, 2% TbCl,, and 95%
La(NO;);. (b) Luminescence emission spectrum of La,O,: Eu*" Th*" synthesized
using optimum inner electrolyte composition 3% Eu(NO;),, 2% TbCl,, and 95%
La(NOy);.
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Figure 3.24: Real Camera shots of (a) Eu®", (b) Er*", (c) Sm*" doped La,O,
obtained at A, =390—410 nm using an RGB filter using a fluorescence microscope.

Figure 3.25: Real camera shots using a UV lamp of (a) Eu®*, (b) Tb*", (c) Eu**
and Th*" doped La,O, obtained at A, =386 nm and of (e) Er*", (f) Sm** doped
La,O; obtained at A\, =256 nm.
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Aex = 256 nm Aexy = 386 nm

Figure 3.26: Real camera shots using a UV lamp of (a) control, (b) Sm®*", (c) Er**,
(d) Eu*" doped La,Oj in visible light and UV light at A =256 nm and \_ =386
nm.

Sample Surface Area (m?g ') Pore Volume (cm’g ")
La(OH), 11 0.06
La,O, 8 0.03

Table 3.3: BET Surface Area and Pore Volume Measurements

is also mesoporous [129]. It has a similarly low surface area to La(OH); and a simi-
larly low pore volume as tabulated in 1.5. It’s surface area is 8 m?g ! and it’s pore
volume 0.03 cm®g . The slight difference in porosity between La(OH), and La,O,
is indicative of underlying differences in their crystal structure.

3.2.1.7 Zeta Potantial Measurements

Zeta potential measurements are conducted for doped La,O4 samples. In the tube
containing La(OH), prepared with 4% Erbium, oxide prepared from hydroxide sam-
ple extracted 5.5 cm from the interface exhibits a negative zeta potential of -7.69
mV at neutral pH. In the tube containing La(OH), prepared with 2% Europium,
oxide prepared from hydroxide extracted 1 cm from the interface, has a negative
zeta potential of -5.89 mv at neutral pH. In the tube prepared from 2% Samarium,
oxide prepared from precipitate 1ecm from the interface, has a negative zeta potential
of -0.89 mv at neutral pH. The somewhat low values of zeta potential indicate the
particles’ tendency to agglomerate in solution at neutral pH.

3.2.1.8 FTIR

Once synthesized, the Ln*" doped La,O, final product is very sensitive to moisture
in the air. The XRD in figure 3.2 proved that upon removal of the Ln** doped La,O,
from the furnace, it was pure Lanthanum Oxide; however, FTIR analysis shown in
figure 3.28 performed on Lanthanum Oxide samples exposed to the atmosphere for
several months indicated that the oxides revert back to hydroxides upon exposure
to moisture in the air. Fourier transform infrared spectroscopy (FTIR) is performed
to asses the vibrational modes of the final product functional groups. The prod-
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Figure 3.27: Adsorption desorption isotherm for (a) La(OH),, (b)La,O; samples
prepared using an initial inner electrolyte composition of 50mM La(NO,).

ucts tested included a La(OH), control sample prepared using a 50 mM La(NO;)4
inner electrolyte solution, a supposed La,O, control sample, which had been ex-
posed to the atmosphere for several months, prepared using a 50 mM La(NO;),
inner electrolyte solution, a supposed Eu*" doped La, O, sample, also exposed to
the atmosphere for several months, collected from the upper portion (0-3.5 cm from
the interface) of an RDF with inner electrolyte composition 2% Eu(NO,),, 48%
La(NO;),, and a sample from the latter tube collected from the lower portion of
the RDF (3.5-8 cm from the interface). As mentioned earlier in figure 3.4, samples
collected from the upper portion of the tube have a platelet morphology while sam-
ples collected from the lower portion of the tube have a spherical morphology. All
FTIR spectra obtained were identical, thus indicating that the 4 samples had the
same functional groups. Each spectrum shows at 3400cm ' a characteristic peak
of the stretching mode of hydroxyl groups, and a distinct sharp peak at 3400cm
that is assigned to the stretching mode of the hydroxyl group of free La—OH groups.
The band centered at 1634 cm ! corresponds to the deformation vibration of wa-
ter molecules. The bands in the region between 800 cm ' and 1700 cm ! can be
attributed to carbonate ions resulting from the water dissolution of carbon dioxide
present in air at high pH. As for that band at 640 cm ', it can be assigned to the
bending mode of the La—O bond of lanthanum hydroxide crystals [130]. Therefore,
FTIR confirms that the products being tested are La(OH),;. Once the La,O; is
freshly prepared, it should be kept under vacuum to prevent reduction to La(OH),
and to maintain optimum luminescence capacity.
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Figure 3.28: FTIR Spectra of La(OH), and supposed La,O; samples exposed to the
atmosphere for several months.
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3.2.2 Growth mechanism studied on samples prepared with 300 mM
inner electrolyte

The growth mechanism of the La(OH); microspheres within the RDF is studied
using samples prepared with a 300mM inner electrolyte concentration. The growth
study is conducted under an optical microscope where real camera shots of the
growing spheres are periodically taken every hour. The radial size of the spheres is
plotted as a function of time. SEM images of the fully grown spheres are also taken.
Results of this study emphasize the difference in growth kinetics in different regions
of the RDF as well as the difference in growth patterns between a control sample
and a sample doped with Er3".

3.2.2.1 Growth of La(OH), (control) precipitate in RDF

To study the radial growth of La(OH), spheres in a control tube, 14 M NH, solution
is poured onto a 300 mM La(NOsy), inner electrolyte. Camera shots of the growing
spheres being formed are taken 4 cm and 5.5 cm from the interface. The radial size
of 2 spheres in R1, 4 cm from the interface, is plotted as a function of time in figure
3.29 (a). From the graph, it is apparent that the radius of the first sphere increases
from 5 um to 25 wm in 36 hours. The radius of the second sphere increases from 5
pm to around 29 um in 36 hours. The growing spheres under optical microscope at
time T= 7 h when their radius ~ 10 um are shown in figure 3.29 (c). An SEM image
of the fully grown spheres having radius ~ 25 pm is shown in figure 3.29 (b). The
same measurements are taken for 2 spheres in R2, 5.5 cm from the interface. Their
radial growth is also plotted as a function of time in figure 3.30 (a). The radius of
the first sphere increases from 5 pm to around 23 um and reaches a plateau after 73
hours. The radius of the second sphere increases from 5 um to around 30 wm and
also reaches a plateau after 73 hours. The growing spheres under optical microscope
at time T= 7 h when their radius ~ 10 pm are shown in figure 3.30 (c). An SEM
image of the fully grown spheres having radius ~ 30 pm is shown in figure 3.30 (b).

3.2.2.2  Growth of Er*' doped La(OH), precipitate in RDF

To study the radial growth of Er** doped La(OH), spheres in a 1D tube, 14 M NH,
solution is poured onto a 300 mM Ln(NO,), inner electrolyte solution composed of
6% Er(NOj);, 94% La(NO,),. Camera shots of the growing spheres being formed
are taken 4 cm and 5.5 cm from the interface. The radial size of 2 spheres in R1, 4
cm from the interface, is plotted as a function of time in figure 3.31 (a). From the
graph, it is apparent that the radii of the first and second sphere increase from 3 pm
to 12 um in 14 hours. At T= 14 hours, a plateau is obtained. The growing spheres
under optical microscope at time T= 7 h when their radius ~ 10 pum are shown in
figure 3.29 (c). An SEM image of crushed spheres obtained 4 ¢cm from the interface
are shown in figure 3.29 (b). The same measurements are taken for 2 spheres in R2,
5.5 cm from the interface. Their radial growth is also plotted as a function of time
in figure 3.32 (a). The radius of the first sphere increases from 5 pm to around 13
um and reaches a plateau after 9 hours. The radius of the second sphere increases
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Figure 3.29: Radial growth study for La(OH),; micro-spheres, synthesized using a
300 mM La(NO,), inner electrolyte, 4 cm from the RDF interface using (a) Radial
growth (pm) as a function of time (h), (b) SEM image of the fully grown micro-
spheres, (¢) Image under optical microscope of the growing sphere at T= 7h.
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Figure 3.30: Radial growth study for La(OH); micro-spheres, synthesized using a
300 mM La(NO,), inner electrolyte, 5.5 cm from the RDF interface using (a) Radial
growth (um) as a function of time (h), (b) SEM image of the fully grown micro-
spheres, (¢) Image under optical microscope of the growing sphere at T= 7h.

75



14
§ o
' £ 3 12 s = : :
g 2 " - -
B =Y .
e
® 8
3
R1 [ NN -—
rg; E
Rz-L-"'Q-" 2
H 4
‘ /
2 . . .
0 5 10 15
Time (h)

Figure 3.31: Radial growth study of Er*" doped La(OH), micro- spheres, synthesized
using a 300 mM inner electrolyte with 96% La(NO;), and 4% Er(NOs)s, 4 cm from
the RDF interface using (a) Radial growth (um) as a function of time (h), (b)
SEM image of the broken micro-spheres, (¢) Image under optical microscope of the
growing sphere at T= 7h.

from 5 um to around 15 um and also reaches a plateau after 9 hours. The growing
spheres under optical microscope at time T= 7 h when their radius ~ 12 pm are
shown in figure 3.32 (c). An SEM image of the broken spheres extracted from R2 is
shown in figure 3.30 (b).

3.2.2.3 Observations

The doped spheres, which reach a final radius of ~ 14 um, appear to have half the
radius of the control spheres which reach a final radius of ~ 30 um. The doped
spheres also reach a plateau faster than the control (10 h vs. 60 h).
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Figure 3.32: Radial growth study of Er*" doped La(OH) 3 micro-spheres, synthesized
using a 300 mM inner electrolyte with 96% La(NO;), and 4% Er(NO;)s, 5.5 cm
from the RDF interface using (a) Radial growth (um) as a function of time (h), (b)
SEM image of the broken micro-spheres, (c¢) Image under optical microscope of the
growing sphere at T= Th.
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CHAPTER 4

PRIMARY THERMOMETRY

4.1 Introduction

Ln*" doped materials are excellent candidates for luminescent thermometry. Since
Ln*" jons work in the spectral ranges where biological tissue has minimal absorption
and negligible auto-fluorescence, luminescent thermometers based on Ln*T doped
materials have been widely employed in intra-cellular measurements|131], [132] and
tumor temperature mapping during thermal therapies|[75], [133].

Er*T doped materials are widely used for thermometric purposes due to their
2Hi1j9 —* Ii5/2 and *S3/9 —* I15/2 transitions shown in figure 4.1. The populations
of 2Hy, /2 and 48, /2 are thermally coupled; in other words, even though the levels are
spectrally separated, they are not far away enough for the exponential temperature
decay rate to be small. The population distribution of thermally coupled levels
follows Boltzmann statistics; therefore, the intensity ratio of these two transitions is
temperature dependant.

Ny and Ny are related by [134]:

v (@) ()
Ny 9 b kT
Iy Ny
LN
where kg is the Boltzmann constant, g; and g, are the degeneracies of the two
levels, AFE the energy difference between the barycenters, B is the pre-exponential
factor dependent on the degeneracies, branching ratios, spontaneous absorption co-
efficients, and frequencies of the 2Hyy /5 —* 152 and *Ss/2 —* I35 transitions.
Performance of ratio-metric luminescent thermometers should be quantified. To
evaluate the performance of a luminescent thermometer, the relative thermal sensi-
tivity, S, , and the minimum temperature uncertainty, 67", are determined.
The conversion of integrated intensity in temperature is made through the ther-
mometric parameter A. In case of the single-center ratio-metric thermometer Er®™
doped La,O3, A is defined as [134]-[130]:
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Figure 4.1: Er’t temperature sensitive transitions, adapted from [75].
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]546 kBT

where I,; and I; 4 are the integrated intensities of two transitions ? Hyy /2 —4 15 /2
and %S5 /2 —4 15 /2 Tespectively.

The relative thermal sensitivity S, indicates the relative change of A per degree
of temperature change and is deﬁned by [134]-[136]:

If B is temperature dependant[134],

o 1 ‘83 ( AE) 5 O ( AE)‘ 10B  AE
= exp| ——= | — exp | ———= ——— -
Beap (—25) 197 P\ThsT) ™ T kT )| T | BOT T kpT?

Assuming B is temperature independent

AT g (—AE)

AE
kgT?
The temperature uncertainty (or temperature resolution) T describes the small-
est temperature resolvable by the thermometer which is dependent on the material

used and on the experimental setup. An estimate for the temperature uncertainty
is given by [134]:

S, =

0T = ——
Sy A
In this section, Er** doped La,O5 micro-spheres synthesized using RDF will
be used as a luminescent primary thermometer. The performance of this primary
thermometer will be evaluated by calculating thermal sensitivity and minimum tem-
perature uncertainty.

4.2 Results and Discussion

4.2.1 Calibration Curve

A small amount of the Er** doped La,O4 powder sample obtained prior using a
50mM inner electrolyte composed of 4% Er(NO;);, 96% La(NO,), is immersed in
methanol inside a quartz cuvette. The emission spectrum of the sample is recorded
at different temperatures ranging between 25-60°C after an excitation of A\., = 386
nm is applied. The fluorometer is connected to a circulator bath which allows the
temperature regulation of the oxide sample in the cuvette. Before each spectrum
is collected, the cuvette is placed in the 25°C sonicator for 20 seconds, and then
left to equilibrate with the temperature of the fluorometer for 60 seconds before
an excitation is applied. 3 trials were performed. The conditions of each trial are
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Trial Emission spectra Amount of time sample
collected at each is subjected to each
temperature temperature (min)
A 1 2
B 2 4
C 5 10-15

Table 4.1: Er*" doped La,O, temperature sensing under different conditions.
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Figure 4.2: Emission spectra of Er*" doped La,O, obtained at different tempera-
tures, A, = 386nm.

tabulated in 4.1. Emission spectra obtained for the sample at each temperature in
trial A are shown in figure 4.2. The intensity for each transition as a function of
temperature in trial C is shown in figure 4.3. The common trend seen in all three
trials is a slight increase in intensity for each transition followed by a decrease as the
temperature increases. When plotting A (ratio of the Intensities of 2 Hy; /2 —4 15 /2
to 4S5 /2 —4 15 /2) as a function of temperature, A increases as the temperature
increases which is expected for 2 thermally coupled levels. A calibration curve
showing variation of A as a function of T(°C) for trial C is shown in figure 4.4. The
linear fit to the data has the equation y=0.005x-1.0716 and 1?=0.99.

4.2.2 Performance of ratio-metric luminescent thermometer

Since ?Hy1 5 and *S3)5 are thermally coupled, the intensity ratio of >Hiy /o —* I15
to 49, /2 —4 15 /2 1s temperature-dependent according to Boltzmann statistics. The
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Figure 4.3: Intensity of ?Hy1/o —* I15/2 and *S3/5 —* I15/2 transitions as a function
of Temperature(°C).
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Figure 4.4: Calibration curve showing variation of A as a function of T°C.
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relationship between the intensity ratio and temperature is given by [135]:

[523 (—AE)
A = = Bex
Lo P\ kT

1523> —AFE < )

In = +InB

<I546 kg \T

A plot of In(A) as a function of <T(°C)) for trial C is shown in figure 4.5. A

linear plot is obtained of equation y = —1022x 4 2.5246 and r*=0.9908. This further
validates the functionality of the Er*" doped La,O, as a primary thermometer.

AE is evaluated by deconvoluting the emission spectra at room temperature by
a set of Gaussian peaks and evaluating the position of the 2Hyy o —* 155 and
4532 —* I15 transitions’ barycenter[135], [135]. The barycenter of 2Hyy o —* I15/2
is found at 523 nm and that of *S3/5 —* I 52 is found at 546 nm, therefore:

AE =1.601-10"%j = 805.4cm™*

This value is in good agreement with those reported in the literature[l35].

AE 1601107

KT 13s.10-@ 00
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The value % = 1160 is in good agreement with the value of % = 1022 obtained
from the negative of the slope of figure 4.5. Determining the AE parameter from
the emission spectra is the preferred method[l34].

A plot of the thermal sensitivity, for trial C, assuming parameter B is tempera-
ture independent, is shown in figure 4.6. The S, of 1 is within the commonly reported
range for Er*" based thermometers (~ 0.2-1 % K~1)[135]. A plot for temperature
uncertainty for trial C is shown in figure 4.7. 07" depends on the SNR of the mea-
surement, and is strongly affected by the type and performance of the detector and
experimental conditions, such as luminescent material quantity, acquisition time,
and background noise, thus precluding a fair comparison with reported values in
the literature[135], [139]. However, typical portable detection systems have a 07
that ranges between 0.01-0.1K[136]. The reason trial C exhibits larger 7" values
specially at higher temperatures could result from several factors. To begin with,
trial C consists of taking only 5 emission spectra at each temperature. Typically,
these measurements are conducted after a larger amount of spectra are collected
(e.g. 150 emission spectra collected in [135]). The large 67" at higher temperatures
is also because of the nature of the experiment conducted in trial C. The sample is
left at each temperatures for 10-15 minutes which may not be required in typical
applications. This is problematic at temperatures above 323K because the inten-
sity of each transition drops the more the sample is exposed to higher temperatures
despite A increasing as the temperature increases; therefore, dA is larger at higher
temperatures. Since 07 heavily depends on dA, 07 is large at higher temperatures.
This effect is very pronounced starting at 318 K where there’s a sharp rise in the
0T in figure 4.7. This sharp rise is because, among the 5 emission spectra col-
lected, the intensities of the transitions are dropping as the sample is kept longer
at higher temperature and thus A is increasing. These results are due to the fact
that all transitions suffer thermal quenching upon temperature increase. Thermal
quenching in micro-sized particles is due to multi-phonon non-radiative relaxation
mechanisms, resulting in higher decay probabilities[135], [140], [141]. Lower values
of 6T are expected when the liquid sample is left at each temperature for a shorter
period of time as seen in trials A and B.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

In this work we report a new two step synthesis method for Ln®*" doped La,O4
using RDF'. This method surpasses other methods due to it’s practicality and final
product characteristics, for it has allowed the synthesis of mono-dispersed, spheri-
cal, luminescent Ln®*" doped La,O4 via a short procedure that primarily takes place
at room temperature and pressure. In the first step, Ln*" doped La,(OH), micro-
spheres are synthesized using an RDF framework with a 50 mM inner electrolyte
Ln(NO,); where Ln*t= La*", Er*" Eu", Tb*" or Sm*" embedded in 1% agar
gel and 14 M NH; outer electrolyte. The outer electrolyte is poured onto the inner
electrolyte embedded in agar, and it’s left to diffuse through the gel for 5 days.
The resulting precipitate is identified by PXRD to be Ln*T doped La(OH);. The
spherical morphology of the La(OH); is shown using SEM where each region of the
tube is confirmed to have monodisperesed Ln*" doped La(OH); micro-spheres. The
gradient in supersaturation in the RDF is translated to a gradient in size of the final
product, where smaller spheres are formed closer to the interface, and a progressive
increase in the size of the spheres is observed away from the interface. Afterwards,
the precipitate is washed, dried in the vacuum oven for 1 day, and oxidized in the fur-
nace at 800°C for 3 hours. The PXRD pattern of the final product confirms it to be
pure La,O,. SEM images of the final product show the spherical morphology of the
Ln** doped La(OH), precipitate obtained via RDF is retained after calcination to
La,O,. Characterization of Ln** doped La(OH), and Ln*" doped La,O, is achieved
via PXRD, SEM, FTIR, BET, DLS, and Fluorescence spectroscopy. Optimization
of the Ln*" doped La,O, final product includes varying the amount of dopant in
the initial inner electrolyte solution and monitoring the intensities of each transi-
tion in the luminescence emission spectra in order to find which inner electrolyte
composition will lead to a final product with optimum luminescence intensity.
Er*t doped La,O4 micro-spheres obtained via RDF are used for primary ther-
mometry. The emission spectrum for Er*t doped La,O5 immersed in methanol is
recorded at different temperatures ranging from 295K till 333K. As the tempera-
ture increases, the intensity ratio of the thermally coupled levels 2H; /2 —4 15 /2 to
48, /2 —4 15 /2 increases. A calibration curve showing the variation of A as a func-
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tion of T exhibits a linear relationship between the 2 variables having 72 = 0.99.
Considering the populations of both levels follow Boltzmann statistics, In(A) vs T
also exhibits linear behaviour. The sensitivity of the thermometer is in agreement
with the commonly reported range for Er*™ based thermometers, thus confirming
the functionality of Er*" based thermometer synthesized using RDF.

5.2 Future Work

5.2.1 RDF

Considering the fact that Ln*" doped La,O, scale in the nano-meter range when
being used for biological applications including sensing and imaging, optimization
of a synthesis procedure for nano-meter sized Ln** doped La,O, using a lower inner
electrolyte concentration should be the next step[22]. Knowing that luminescence
intensity varies depending on inner electrolyte concentration, and on % dopant inte-
grated in the inner electrolyte, and knowing how morphology can shift from spherical
to rod-like if too much dopant is added, an optimization procedure to get nano-meter
sized Ln*" doped La,O, should be executed bearing all factors in mind.

5.2.2 Thermometry

Getting an Ln*" doped La,O, thermometer with higher sensitivity is also a promis-
ing future endeavor. The sensitivity of single center thermometers using Ln** doped
La,O, are limited to values of the order 1.0%.K ~[135]. Multicenter upconversion
thermometry, on the other hand, exploits the different thermal dependence of the
intensity of two lines generated in distinct Ln®*" ions, thus achieving higher sensi-
tivity. Secondary thermometers can render values of S, > 3%.K . Co-doping using
RDF should also be used to create a secondary thermometer. For instance, previous
reports of co-doping an KLuWO, oxide matrix with Tm*" and Ho*" can be used to
create a secondary thermometer where the intensity ratio of the Tm?" 3F2,3 —3 Hy
at 696 nm and that of Ho®>"™ 5,5 Fy —5 I, at 755 nm can be used to create a ther-
mometer with sensitivity 2.8%.K ! and 67 = 0.2K at 300 K[134]. Since secondary
thermometers require new calibration every time they operate in a distinct medium,
double thermometers should also be explored. Double thermometers include sec-
ondary thermometers combined with primary thermometers in a single device to
attain a thermometer with higher sensitivity while avoiding calibration in different
media. An example includes Yb*'/Er*T and Yb*'/Th*" doped UCNPs of dis-
tinct sizes embedding in poly(methyl methacrylate) films to fabricate self calibrated
double luminescent thermometers. In this case, the primary thermal probe oper-
ates based on the ratio of the 2Hyy o —* Ij5/2 and 4S3/5 —* Ij5/2 Er®* transitions
and the secondary thermometer uses the ratio between integrated intensities of the
1G, —3 Hg transition of Tm*" and the S5/5 —* I152 of Er*' transitions. In this
case the primary thermometer can be used to calibrate the secondary thermometer,
avoiding calibration procedures whenever the system operates in new experimental
conditions[!38].
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