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ABSTRACT

Exploring the Luminescence Dynamics of Lantharilsged Nanoparticles: Exploiting the

Temporal Dimension for Divers&pplications

Steven Maurizio, PhD.
Concordia University, 2024

Lanthanide luminescence at the nanoscale has garnered considerable attention over the last
few decades, with research on ternary fluoride nanoparticles focusing heavily on upconversion and
to a lesser extenbn radioluminescence. Howevethese nanomaterialeave not yetbeen
implementedcommercially This is likely, in part, due to the overwhelming emphasis on
demonstrating potential applicatiomather than understanding the fundamental mechanisms that
drive these luminescence phenomena. As a resulfpthe&lden nature of the lanthanide-4if

transitions has hindered tinédespreadmplementation of such nanoparticles.

To shed light on the complex nature of lantharddped upconverting nanoparticles,
studies on caloped YB* and Tni* nanoparticles were completed with varying host composition
(including LiYF4, NaGdR, and BaYFk) and activator dopant concentration (ranging from 0.1 to
2.0 mol%). The interionic spacing and site symmetry of the lanthanide ions was deemed to play
an integral role in theelative intensity of each Tih emission, indicating that different
combinations are optimal for different applications. With the addition of an active shell doped with
Tb%*, the energy transfer across the core/shell interface was evaluated next, establishing that a

radiative energy transfer mechanism frombgexcited state of TAT was most prominent.

Influences known to affect the upconversion efficiency of nanomaterials were then
evaluated on LiLUEEU*" radioluminescent nanoparticles. The results herein indicated that a
greater material density and effective atomic number improved the efficiency of the
radioluminescence process, while varying the dopant concentration was not as inflwaetal,
compared to direct ultraviolet excitation. Furthermore, the addition 8f &la sensitizer or

employing core/shell structures did not prove advantagedhe t@adioluminescence intensity.

While luminescence lifetimes are measured to evaluate nonradiative energy transfer

efficiencies between spectroscopically active species, qpfecdncepts herein demonstrate that



they can also be employed to add a temporal component to various applications. These include
upconversion nanothermometry, particle velocimetry, and covert information storage, all taking

advantage of the lorlived excited state decay times of varioughamide ions.
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Chapter 1. Introduction

1.1.Lanthanides

The lanthanidseriesconsiss of fourteen elements from cerium to lutetium, so named due
to their similar physical and chemical properties to lanthanum. Derived from the ancient Greek
il ant hwhick riougldy translates tdit o e s ¢ a ghe lamhanidesveseoinitially
discoveredil 794 when Johan Gawhiohlcantaineth snixturadf lanthanidg t t r | a
oxides! With the final discovery of lutetiumin 1907and Henry Mosel eyds st
numbers in 1913he full lanthanide seriesasrealized.The inclusion of scandium, yttrium, and
lanthanum constitutes the wdédin o w n -efarr gRE)@ements, despite th@omparablaatural
abundance to other common elemehts. exampletheterrestrialabundancef ceriumis similar
to nickel or copperandeven the raredRE elements (thulium and lutetium) are stiliders of
magnitude greatén abundance than gofdt is likely that this misleading nomenclature is owed
to their late discovery and difficult separation, since isolating each element is resource intensive.
RegardlessRE elements have foundidespread usdaa many industriesncluding catalysis, car
manufacturingand telecommunication®wing to their unique chemical, magnetic, and optical

properties’

The general electronic configuration of the lanthanides in their elemental form is
[Xe]6s?5d 4%, wherex follows the series from 1 for cerium to 14 for luteti§ridlowever, the
lanthanides are generally found and mined in their trivalent oxidation state, with an electronic
configuration of [Xe]4¥, since the lowest ionization energies correspond to ¢hextrons in the
outermost 6s and 5d orbitals. Some of the lanthanideslsaexist in other oxidations states, such
as Cé*, which possesses no valence electrons, 6, Evhich configures as [Xe]4f In all
instances, a unigue property amongst the lanthanides is the shadldalgnce electrorfsom the
outer, fully occupied 5s and 5p orbitals, which overwhelmingly minisezéernal influences on
the 4f electron$. This implies that certain aspects of the lanthanides, such as their optical

properties, are minimally affected by the environment, and are characteresich element.



1.1.1.4f Electronic States

Unlike p or d orbitals, which are degenerate before external electric forces act on them, the
f orbitals in a given lanthanide have different energies, even when considering a fres ion
depicted inFigure 1.18° The primary force that dictate the energy of different electron
configurationsare Coulombic interactions between the electrons and the nucleus of the ion. This
is because of how close thegtbitalsareto the nucleusresulting in spectroscopic terms that are
generally separated by 46mt.1%11 Secondly spin-orbit coupling between the angular momenta
of an electron and its orhdlictate the position of spectroscopic levels within a term, which can
influence the position of level by up to #10° cm®. These influences result in series of
characteristic electronic ground and excited states that are unique to each landegmnided in

Appendix1.

E Free lon Electric Field
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;
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Figure 1.1 Energy level diagram depicting the Coulombic interactions (Terms);ospit coupling (Levels) ar
crystal field effect§Sublevels) that dictate the position of lanthanide excited states.

In order to make sense of the different 4f electronic excited states, the F8amsadlers
coupling scheme is used to label each 4f level wftti*h; term symbol:*2 The2S+1term is the
spin multiplicity and is obtained frorthe sum of all electron spins (£1/2 each). Theéerm is
determined using the sum of thagular momentum quantum numbers of dbeupied orbitals,

whichis thencorrelated ta letter following the same convention (0=S, 1=P, 2=D, 3=F, 4n6



so on). Finally, thel term describes the sporbit coupling of a givestate ands obtained from
the previous termsS¢L, S + L JSI+ 2T 5T L

Interestingly while the previously discussed shielding from the 5s and 5p orbitals prevents
drastic changes ithe energy of 4électroniclevels there is still a observe®starkeffect that can
dictatethe position ofindividual subleveldy 410 cm™.2 This process is not characteristic of the
ion, but rather its environmenthen a lanthanideis usedas a metal center of a complexar
dopant in amaterial. The number and magnitude of these sublevela aomsequencef the

symmetryand polarizabilityo f t he i onds coordination sphere.

1.1.2.Electronic Transitions and SelectionRules

Lanthanide luminescence stems from electronic transitions that originate from the valence
electrons of the ions. This can either be intraconfiguratiordd gansitions, which occur between
4f electronic states, as mentioned above, or from interconfigneh 4f5d transitions.The
probability of such transitions, however, are not devoid of the selection rulegotrexhother
luminescent molecules, complexes, and matetidfrstly, the spin selection rule states that an
electronic transition may not undergo a change in spin multiplicity, meaning no electron in the
configuration maychangespin. Secondly, the Laporte selection rule states that an electronic
transition may not take place between two states of equal parity, meaning the orbitals responsible
for the transition must originate from differemtz i mut hal quantum numbers
f Y d, etc.).

It is apparent that the lanthanide4ftransitions are forbidden by the Laporte selection
rule, and in mnyinstanceshe spin selection rule.divever, they are still observedth relative
ease in many systemsAs mentioned previouslyyhen an electric field acts on the lanthanide
ions,a Stark effect is observed to generate sublevels of different 4f electronic statestimty,
the ligand or crystal field thalrivesthis processs also responsible for a phenomenon known as
j-mixing, where the electric field acts on the empty 5d orbitals of the lanthanid¥ ifimis causes
distortions in thebd wavefunctionwhich in turn mixeswith the internal 4f wavefunctiorand
gives the 4f orbitals some 5d character, thus alleviating the Laporte selectiohramgitions

facilitated through this mechanism are known as induced electric dipole transitions,andich



subject todifferent restrictionsthan traditional electric dipole transitions, @sangedn Table
1.1.15,16

In some instances, lanthanide transitions originate from magnetic dipole transitions, which
are weaker in intensity, but are subject to more lenient selection rules than electric dipole
transitions. One such example is #® Y F1 emission of E&f, which occurswith a transition
probability thatis ndependent of tYineontrastthie stereonfiguratiomat4he nt .
5d transitions are highly dependent on the environment of thé this is because they involve
the population of the 5d orbitals, which are highly influenced by the electric field surrounding the
ion. Examples include theltraviolet (UV) emissions from C& or the broaespanning visible

emission from Etf. 1920

Table 1.1 SLJ selection rules for lanthanide electronic transitions

Dipole Transition S L J
Electric 33 1 S, T
, TP, 9w * 1P * eem
, @enP |, m *eenmP * T
Induced Electric 33 1 S O 'S 0
, TC®,s chip * mCwg's chip
, @enCe,s chlp * eenCss chly
Magnetic 33 T 3 T
* 1P * eem
*eemP *om

1.2.Luminescence

Since anthanide luminescenaequires a radiativeelaxationof an ion from ahigher
energy excited state to a lower energy statground statea sufficient source of energy is required
to populate these excited stateBor example, cathodoluminescendrvolves electron
bombardmenbn a substrate that generates light, and was commonly used industrially in red
emitting, Ed'-based cathode ray tubed. More recently photonsersitized lanthanide



luminescencéas becomenore commonplacas it is considerably more practical, having uses in

anti-counterfeiting, telecommunication, and medical imaging applicatfons.

There are two independent properties that influence the capabilities of lanthanide
luminescence: the absorption creestion andhe quantum vyield (QY) othe system. When
exposed to a source of photons with an energy resonant with the initial excitation, the absorption
of a photonis the first step, the efficiency of which is conventionally reported as the absorption
crosssection, in units of ciion.?> Once an ion is in an excited state, there are multiple relaxation
pathways that it may followncluding both radiative and nonradiativiéhis percentage of excited
ions that relax radiatively is reportedths luminescence QYi(), as described iEquation 1.$#*

g DOGOBNGOERED0 G 0D
00G&GwING 0o Ed®Di €1 888

(1.1)

1.2.1.Photoluminescence

Fluorescence from organic molecules the most commdy encounteredform of
photoluminescence, where higher eneiggdiation is convered to lower energy emissiors.
However, fluorescenceelies onallowed singletsinglet transitiondetweenmolecular orbitals
while photoluminescencedm lanthanidesccur fromtransitions betweethe intrinsic orbitals of
the ion.Photoluminescent lanthanide ions are excited usigher energyight to directly populate
the excited states, followed by an internal conversion to the emitting level. This internal conversion
is typically achieved througiphononassisted relaxatiorwhere the vibrational modes frotine
ionds environment br i digjaexdtddetataorthe rmitingstat@®d f r o m
Finally, the ion relaxesadiatively,to a lower energy state or the ground stgémeratinga photon
(Figure 1.2).

An industrial example of lanthanide photoluminescence is in modstical
telecommunicationswhich have improved considerably in recent yeas EpOs-doped optical
fibers are now the standard in signal amplification. Exploitingthe Y “l1s> emission of Et'
at 1550 nm, which can be excited using 980 nm irradiatisneasinfrared (NIR) emissiobband
enables the necessary amplification to transmit information signalsdthe planet’? As a
more tangible exampleuropiumdoped materials, such as oxides and oxysulfides, are commonly

employed by governments and differémdustries as antiounterfeiting toolg?2° By printing

5



these materials in patterns only visilla photoluminescence under UV excitation, distinguishing

realvscounterfeit goodscurrencies, and documergsmuch easier.
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1.2.2.UpconversionLuminescence

First postulated by Bloembergen in 1958 and studied by Auzel in the 1@8@sversion
is a nonlinear luminescence process where multiple excitation photons can sequentially populate
higher excited states of a luminescent ion, resulting in emissions of higher energy than the incident
excitation sourcé®! In contrast to photoluminescence, this is facilitated through intermediate
excited states with relatively long lifetimelsuhdredsof microsecondgo millisecond$, which
stems from the low transition probabilities due to the forbidden nature of lanthanitle 4f
transitions. Thisllows the absorption of another photon, rather thediative relaxatiofback to
the ground stat@ he result is the population of higher energy states that can then relax radiatively
to generate photons that are of higher energy than the incident pbeiogsabsorbed/hile
many different upconversion mechanisms are observed, the phenomena mentioned derein ar

those pertinent to the research in this thesis.



The simplest upconversion mechanigrground/excited state absorption (GSA/ESA),
where a single ion (known as an activator) completes the entire absorption and emissior’process.
This is achievabl e whenmkthe exctiit\wat ct aiters hdasa
viathe absorption of photons of the same wavelength, as depidtegune 1.3. The efficiency of
GSA/ESA is dependent on the absorption ciesdion of each absorption transition involved, as
well as the lifetime of each intermediate excistate, since the sequential absorption steps must
be more probable than the relaxation of the ion back to the ground?state.mostcommon
example of lanthanide GSA/ESA is from®*Erwhere sequential absorptions of 976 nm photons

can produce emissions in the green and red regions oflight.

Ey

NS

E0 : -
Activator

Figure 1.3 Energy level diagram depicting upconversion luminesceieground and excited state absorption.

When multiple activator ions are in close proximity to each other, there is the potential for
energy transfefET) betweenthemin amanner that is destructive to the luminescence efficiency,
known as concentration quenching. This, consequently, limits the efficiency of GSA/ESA since
activator ions must bsufficiently spaced to avoid ETo circumvent this limitation, a second ion
that has an excited st at e -likeelewasnsaniraducedwhibhist he a
the basidor energy transfer upconversion (ET85*This sensitizer iofisometimes referred to as
the donor ion) whichdeally hasa higher absorption crosection than the activator, can absorb
the incident excitation photons and transfer that energy nonradiatively to the activdtaftaan
referred to as the acceptor ion), as depictddgare 1.4. When thisET process occurs more than
once, between one or more sensitizers to a single activator, ETU is achieved, with improved

upconversion luminositthanGSA/ESA by more than an order of magnitude.
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Figure 1.4 Energy level diagram depicting upconversion luminesceizcenergy transfer upconversion

The most common sensitizer in lanthanide ETU i"YWhich has the highest absorption
crosssection in the NIR regigmt 976 nmfrom the?Fs. Y 2F72transition When this ion ipaired
with Er¥*, Tm®*, or HG®" as the activator igrupconversioduminescence in the UV, visible, or
higherenergy NIR regions is observéd.

Cooperative upconversianechanismbavealsobeen studietb a lesseextent, whichare
more complex and therefore less efficient tharaditional GSA/ESA and ETU.Cooperative
luminescence from Ydj is themost rudimentargxample, which involves the dimerization of two
ions, as depicted iRigure 15.3%37 Uponthe coupling of their angular momenta, tesulting
dimer possesses multiple excited states and resembles allkddsructure that can undergo
GSA/ESA. Similarly, if a third YB" ion is incloseproximity, ETU between this monomer and a

neighboring dimer is also possible.

Other lanthanide ions thato not possess resonant excited states, and therefore cannot
achieve conventional upconversiganstill undergocooperative sensitizatiphowever there are
several possible mechanisms that drive this proBasgrization between Yy and T8* has been
observed, shown ifrigure 1.6a, following a similar approach to Y¥bdimers that undergo
GSA/ESA38 Simultaneous energy transfer from two’Ytons to either T# or EL** has also been
observed, shown iRigure 1.6b.3%40The distinction betweewhich mechanisnprevailsis likely

dependent on the host composition #relinteronic spacing
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Figure 1.6 Energy level diagram depicting upconversion luminesceteeooperativesensitization either (gyom
the dimerization of Y& and Ti8* ions or (b) through simultaneous enetggnsfer from multiple Y# ions to a sing|

activator ion.
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1.2.3.Radioluminescence

While upconversion uses lower energy excitation to generate higher energy emissions,
some materials and molecules luminaggenexcitation with highenergyionizing radiationThe
irradiation consists aitherhigh-energyphotongX-ray or gamma) or othgrarticleswith enough
energy to ionize atomand the nature of the interaction is dependent on the energy of the incident
particles*!#2 Scintillators,which area specific branch of radioluminescent materials that rely on
bandgap or allowed transitions, have found widespread industrial use in radiation detectors and
medical imagind3#*However, more recently, radioluminescence ffonbidden 4£4f lanthanide
transitions has been studied in more detail, showing promising results for usaymm¢diated
photodynamic therapy and biomedical imagtfgo this end, ér the sake of brevity, tHellowing

discussion focusson X-ray-sensitizedadiduminescene materials

Generally speakiXwmags (p folseverat hundred keV) gnter@uatith
materialspredominantly through the photoelectric effect, where atoms will eject inner shell
electronsupon irradiatiorf? This process can lead to various secondary effects, since the newly
generatecklectronvacancy needs to be filledthich occurghrough thegeneration of secondary
X-rays or Auger electronsesulting in a propagation of energy through the mateétiahys with
energies between 0.5 and 5 MeV interdaatCompton scattering, where the photons collide and
release valence shell electrdfiSimilar to the photoelectric effethevacancy can then propagate
through a given material. Finally, for high energy Xay s (O 1 Olighivheaite) interacttore
occurs via pair production,where the photoris absorbed by a nucleus and generates an
electron/positron pair that propagatéhrough a material, dissipating the energy through
Coulombic interactions with neighbouring nuclei and electrons. In many instances of all three
effects, the energy provided by one singkea¥ photon exceeds the enejfythe transition, thus
the interactiosareinelastic, andh cascad@f processesccus until all the energy is deposited.

The attenuationof ionizing radiation by a materialspecifically in relation to the
photoelectric effect, can be quantified usiadinear attenuation coefficient), depictedin
Equation 12

‘ _ (1.2

11



Wherethedensity of the materig) ) andits effective atomic numbeEésx) improvethe attenuation

as they increase, wherdaasreasinghe energy of the incident-Kays(E) and the atomic mass of
the material(A) decreasethe probability for photoeletric attenuation of a materil. This
influence on incident Xays can be described usiag modi f i ed v er Bquasion o f
1.3):

0 "0Q (1.3)

Wherelo and| are theinitial andfinal X-ray intensitiesand x is the thickness of the

material*®

Once the energy from-xay irradiation isattenuatedy a material, luminescee
may followif the conditions are appropriaté/ith specific interest invide bandgap materialghe

overall radioluminescence efficienay) (canbe quantified usingquation 14:

- 1Y 0mi AW p (1.4)

Which is a product ofhe efficiency ofeachindividual stagethat convers the absorbed

energy into emitted photons by the matewal illustrated ifFigure 1.7.4°

Firstly, the conversion efficiencybf describeghe conversion of the absorbed energy
bandgap transitionswhere electrons agromotdfrom the valence band to the conduction band
of a crystal leaving a hole in its placd heseelectronhole pairs carthenpropagate througiut

the lattice otthe material.This stage is dependent on the baag energy of the material, where

smaller banejaps (such as those in semiconductor materials) can generate more electron/hole

pairs per absorbed -Kay photon, while insulators with larger bam@ps generate fewer
electron/hole pairs per absorbeeray photon of the same ener@econdly, these electron/hole
pairs can recombine on luminescent centecerporatedthroughout the lattice of a material,
transferring the energy and ultimat@lgpulatingtheir respectiveexcited states. This is refed to

asthe energy transfer efficienc$)( and thenechanism through which this process occurs is still
poorly understood, with speculation that it follows a charge transfer or dipole coupling, as

described irSection 1.3Finally, with theexcitation ofluminescent centergheactivatorquantum

12



efficiency (Q) determinegshe number of emitted photons, following the principle described in
Section 1.2

( PB. Excitation of Material )

B[ e ] Lattice
1 absorption to
electron/hole
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Figure 1.7 Schematic representation of the three procesgesS( and Q) that dictate the efficiency
radioluminescence in wide baigép materials.
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When considering radioluminescent materials for study, with the intent on a particular
application, there are other properties that researchers need to cthaideminescent center
that produces emissions at the desired wavelength, with maximal light yield (typically described
as number of emitted photons per MeV of energy absorbed), are primary considerations. For
repeated and longerm use, the material in gst@on must be chemically stable and posegh
resistance to radiation damage. For applications where the radioluminescence emissions are meant
to detectionizing radiation, the decay time of the material must be fast, as to give temporal
resolutiontot he measur ement . Finally, given the <cli

produce this material must be low enough that the problem being solved esfeosve.

Commonly used radioluminescent materials that emptwalent lanthanide ions as
luminescent centers includy,Gdx0s:EL®" or GaO,S:PPF*,Ce*,F as computed tomography
detectors, and (Y,Lg$iOs:Ce* to improve the temporal resolution of positron emission

tomography?>? Outside of themedical field, radioluminescent materials used in electron
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microscopy detectors (G@.S:TB** or Y3Als012:Ce**) and in gamma ray spectroscopy to study
the atmospheric composition of distant planets and star sy@@=phsY Cls:Ce** or Srb:EU*) are

now the industrial standard>3>*
1.3.Energy Transfer

As mentioned briefly in the previous sectiolasithanide luminescencgoftendependent
on the transfer of energy from one ion to another, or in the instance of radioluminescence, from
the host materlao a luminescent center. This E&n occur through a few different phenomena,

as illustrated irFigure 1.8.
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Figure 1.8 Energy level diagrasmdepicting energy transfetia (a) reabsorption of light, (b) FRET, and (c) De
energy transfer.

The simplest approach BT is the reabsorption of light emitted from one ion by another
sometimes referred to as radiative energy tran$fexinitially excited ion emits independently,
and those emitted photons may be absorbed by an adjacent ion. Because thisnpaleesthe
emission of a photay the sensitizan any directionit is widely seen adetrimentato improving
lanthanide luminescencEor example, in ETU, the sensitizer absorbs the excitation light and must
transfer that energy to the activator ion. However, if the sensitizer ei@photoluminescence
instead, and that energy isabsorbed by the activator, the overall procesessdfficient than
the activator absorbing the incident photdm®ugh GSA/ESA, since there are fewer steps in the
mechanismThe sole advantage to radiatikZd is the independece to atomic distance between
the two ions involvedsince the emission from the sensitizer and the absorption from the activator

are separate everts.
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The more soughafter ET mechanism in lanthanideminescence is Forster Resonance
Energy Transfer (FRET) between the sensitizer and activatotdtiribe twoions are sufficiently
close together, theindividual Coulombic interactions can facilitate a coupling of their angular
momenta, leading to dipel#ipole interactions thaesult innonradiativeET between them. The
Forster distanceRp, Equation 15) between any two spectroscopically active species (ions,
fluorescent molecules, complexes, etc.) is used to quantify the efficiency of this perubss

considered the distance at which FRET is 50% efficient

oF dL®
Y EErere— (15
™ € Daaw
Where i s the r educlpigtheRxcited stake lifetime of the sertsitizeis the

speed of lightJ(W)is the spectral overlaptegralbetween the emissidrandof the sensitizer and
the absorptiorbandof the acceptor n is the refractive index of the mediuMd,d s Avogadr od
number in molecules/mmoyndWoi s t he energy of the doAsor 6s t
expected, the greater the spectral overlap between the two species, the more ERIETwWill
be. Similarly, the longer the donmemainsin its excited state, the more probable FR&$ince
the donor is less likely toelax This is why FRET between the metastable excited states of
lanthanide ions iso prevalentin a practical sensée FRET efficiencyHrrer) canbe determined
usingEquation 16:

0 i (1.6)
Wherer is the distance between the donor and acceptor. Thismxtlr distance dependence is
seen as the primary limiting factor in FRET, sitieedonor and acceptor species will likely have
relatively long distances between them. These can either be ions in a crystalline material or

molecules dispersed in a solvent or other medium.

The Dexter energy transfer model is the other mechathisough whichluminescent
species may transfer energy between electronic statesontrast to FRET, which still involves
the electronic transitions (excitation and relaxation) of the component species, Dexter energy
transfer describes an el ectron transfer fro

configuration.For charge compensation, an electron from the ground state configuration of the
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acceptor is transferred back to the donor ion, restoring its ground state configBiatenthis
mechanism involves physical interaction between the two species, the distance dependency is

exponentiglas observed in Equation/1.

o Y
Q 6 ancu— (1.7)

Where ket is the rate of Dexter energy transféris the normalized spectral overlap integral
between the emission band of the donor and the absorbance band of the aBsgpsothe
distance between the donor and acceptwd|- is the sum of the donor and acceptor van der Waals
radii.>® This exponential dependence distance coupled with the previously discussed shielding
effects on the valence 4f electrons of the lanthanide am@swhelmindy minimizes any Dexter

energy transfer from occurring.

1.3.1.Lanthanide Energy Transfer Mechanisms

As mentioned previously, the lodiged 4f-4f excited state lifetimes of the lanthanides
make them highly susceptible to nonradiative ET, and the many states that most of them possess
enablenumerous possible mechanisfsgure 1.9). Most commonlyand efficiently when the
energy gaps between the donor and acceptor are resBitazan occur. A common example of
this is the first ETU step between ¥tand E?F*, asdiscussed in Section 1.2.2, whéhe YR
2Fsp Y 2Frzand EF 4112 Y 4lisptransitions are almost perfectly resonzrilowever, there are
many instances where the donor and acceptor have slightiyatched energies, and are reliant
on fiphesbrtedd energy transfer. This empl oys
that be from the solvent, ligands, lattices, etc., to bridge the energy difference and facilftte ET.

A known example is the first ETU step betweertY¥dand Tni*, where the Y#": 2Fs2 Y 2F7z2and
Tm3*: 3Hs Y 3He transitions differ in energy by approximately50 cmt, which still occurs

through phonorassisted EP!

When multiple of the same icarepresent in proximity, there is also the possibility that
energy from one may transfer to another. If this ET occurs from the same states of both the donor
and acceptor ions, it is referremlas energy migration (EM¥.This processs very efficient, since
the same states from the same ion have truly perfect resonandigendccurs multiple times,

essentially migrating the initilgd absorbedenergy throughout the mediuith.two identicalions
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are in differentexcitedstates, ET between theran occur if resonant states are present. iBhis

appropriatelynamed crosselaxation (CR sinceit involves populating an excited state of one ion

while relaxing aneighboring ion to a lower energyate. A example of this between Erions

involves the*F72 Y “Forz and*Foz Y “l1172 transitions, which results inoth ions populatinghe

red-emitting *For2 level 83
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Figure 1.9 Energy level diagrams depicting energy transfer mechanitan®) ideal energy transfer, (b) phon
assisted energy transfer, (c) energy migration, and (d)-ocetesation.

1.4.Nanoscience

As the name suggests, nanoscience is the study of all etitlgsnanoscale, whether that

be intermolecularor interatomicforces physicochemical and optical properties of inorganic

nanonaterials, or subcellular interactions, to name a few of the many topics currently being

studied®¥®® While it is generally confined to moleculasaterialsor other forms of matter with

at least one spatial dimensi@h00 nm, this definition is more of a suggestionreality it is as

dynamic and adaptable as the field its@lfiginally conceptualized in 1959 by Richard Feynman,
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who envisioned an entire field of research driven by the manipulation of individual atoms and
molecules, it was not until the |at®70s andL980s that nanoscience was populariZed:*8New
obstaclesind considerationsaveemerged as nanoscienmantinues to expanahd developsuch

asthe increased dominancerafn-covalent interactions between molecules and forces that would
otherwise be negligibléelherefore, comparing sgle crystal and bulk materials b@anomaterials

has beelntegralto lanthanidedoped nanoparticles

One prncipal characteristic of anoparticless their high surface areto-volume ratios,
which imparts them with unique propertiesich as colloidal stability. Moreover, nanopatrticles
can contaimtoms situated on the surface withoccupied valence orbitalsesulting in partial
charges that increase their reactiitifhese, or other functional grougpsordinatedo the surface,
have enabled nanoparticle usea myriad of applications, includirffgeterogeneous catalgsand
drug delivey.®®’° Furthermore, luminescent nanoparticles can even be used as imaging probes,

exploiting their functional surface for targeting of specific cellular regions or organ systems

To this end, the cprecipitation nanoparticle synthesigechnique is one of the most
implemented protocol€ This methodrelies on the nucleation of the nanoparticlesing
lanthanide halidesaltsin nonpolar solventsslightly elevating the temperature to dissociate the
reagents, followed by cooling the solution, which promotesidhe&e bonding that forms the
nanoparticle.”® Further elevating the soloti to temperatures exceeding 28D allows for
Ostwald ripening that tunes their size, morphology, and crystal strdétir®imilarly, thermal
decomposition protocols have been studied, which exploit lanthanide reagents that decompose at
temperatures above 280 °C, leaving free ions in solution that then form ionic ‘Bdidher
synthesis methodsuch as solvo/hydrothermal orore elaboratéonic liquid-basedtechniques

have also been explorduutto a lesser extent.

1.4.1.Photoluminescentand Upconverting Lanthanide-doped Nanomaterials

As mentionedin Section 1.1.2the induced electric dipole transition®bserved in
lanthanide ionsieed a crystal or ligand field to distort the empty 5d orbifatslitating them
despite their forbidden nature. Tliectric field is most often introduced by doping the lanthanides
in inorganic crystalline material§raditionally, doping is defined as the addition of an impurity

to a material to induce a change in the properties of that mdfetidlherefore, the addition of
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lanthanide ions to something otherwise spectroscopically silent imbues them with luminescence
properties Lanthanidedoped glasses are the perfect exampfesuch materialsincluding Er**

green upconversionin xP b @#Si0;, EW* photoluminescence in M(PR, or N&* NIR
upconversion ixAlFsA-xMF2 (where M are alkatie earth metals’® &

The mat commonly studiedanthanidedoped materials involveubstitutinghost atoms
with the Adopant ocrystallinesitg with itshncgrresdpdnding syenmedry and
coordinationnumber It can be argued that this does not constitute a doped material, but rather a
new composition entirely, since the lanthanide ions are not impurities distorting the crystalline
lattice Figure 1.10). However, since they still introduce new properties to the material, the term
fidopan® is used. The most common examples include lanthamtdeed oxides (¥Os),
oxysulfides (%02S),and fluoridegYFs or AYFx, where A is an alkali or alkaline earth meta).

84 1n all instances, the lanthanidssbstituteY3* ions in the lattice of the materiaind in many
casexompletelyreplae Y3, such as in G&D,S or Na.uF4.8># Since the lanthanide ions occupy
known crystalline sites within the material, the spectroscopic propargemoreoredictable and
reproducible than amorphous or impure materilss makedt easier to study, optimize, and

implementupconverting nanoparticlésr long-term, industrial use

Doped Material “Doped” Material

Figure 1.10 Schenatic representation of a doped matenwehere (left) the impurity occupies interstitial space
thus distorts the crystallinityr (right) the impurity is incorporated within the lattice with minimal distortions
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As mentioned previously, the benefit to nanomaterials is their adaptability to different
applicationsotherwise unfeasible with bulcale materialsHowever, th& nanoscale sizkeads
to new hindrancesin the luminescencefficiency of the lanthaniddopants Most nanoparticles
are synthesized using botteup approaches, which caauselefect formation near the surface of
the nanoparticles, either throughe introduction ofvacancies in the unit cells or hydroxyl
functional groups occupying anion sité$’ The latter introduces high energy phonons (exceeding
3000 cmt) which can bridge the energy gap and quench the excited states lahthanids,
greatly limiting their efficiency® Efforts have been made to minimize such quenching effects
through core/shell architectures or functionalizing the nanoparticle surface, but these only curtail

effectsthat areotherwise nonexistent at the bidkale®%%°

1.4.2.Nanoscintillators and Radioluminescent Nanomaterials

Conventional lanthanide luminescence at the nanoscale, either through photoluminescence
or upconversionsuffers primarilyfrom increasechonradiativerelaxation of their excited states
when compared to bulgcale materialsHowever, under ionizing irradiatiorstudying the
excitation of the lanthanide luminescent centers is further compliaated nanoscal&ince the
principal interactions between-pay photons and matter are inelastic, it can be assumed that a
single Xray photonwould deposit energy to multiple nanoparticles before dissipating. This
means, in colloidal nanoparticle dispersions, the changes in radioluminescence would not be linear
with changing concentratio&imilarly, the subsequeirtteractions from ejectedluger electrons
and secondary Xays would also change as a function of nanoparticle concentration, further
complicating their studgnd potential us& Moreover, fter the absorption of ionizing radiation,
the generated electron/hole pairs can propagate fieelyghout a nanoparticlélowever this
distance can also exceed the length of a nanoparticle, as it has been approximated that the diffusion
of hotelectrons across an ionic crystal is about 100%ifinis means that excitons may propagate
to the surface of the nanoparticle and recombine without transferring energy to a luminescent
center, or maybe ejeced from the nanoparticle entirely, dissipating the energy into the

environment

A study comparinghe relative efficiency oknown scintillaors at the bulk and nanoscale
demonstratedxactly this concerf? For example, the commonly employed®&0;2 scintillator

performs better at the nanoscale than a series®*6dBped %AlsO12, while the latteperform
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better as single crystals, and the reason for this is still not fully under3toiedmplies that well
documentedbulk materialswith weakradioluminescece may not translate to nanoscintillators or
radioluminescenmhananaterials.Similarly, strondy emitting radioluminescent materiatsay not
carry over thesameefficiencyat thenanoscale anohustbe evaluated accordingly when choosing

a material composition fomg given application.
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Chapter 2. Statement of the Problem

2.1.Academic Research o.anthanide-dopedLuminescentNanoparticles

Sincetheturn of themillennium, lanthanideloped upconverting nanoparticles (UCNPSs)
have gained considerable attention riiathe scientific communitypwing to the versatility of
upconversion luminescence and the functionality that comes from nanopar8ties. the
luminescence from UCNPs originate from inorganic crystalline materials, thegsstant to
photobleaching and photoblinkingvhile also possessinigigh chemical stabilityand minimal
toxicity.* This is paramount to their implication in biomedical applications, whisfe haen at
the forefront of UCNP researéhResearch in solar energy conversion, information storage, and
nanothermometry using UCNPs has also shown promise for future implemepfi&fi@espite
their potentialin these different areas of studyet major limitation is the inherently weak
luminescence frorthe forbiddemf-4f electronic transitioncoupled with the low quantum yields
that arise from upconversion, since multiple excitation photons are required to generate one
emitted photon. Therefore, whiteanystudies focus on their potential uses, attention has also been

placedonimproving the luminescence efficiency of UCNPs.

Upconversion research at the nanoscale has been overwhelmingly focused on fluoride host
nanoparticle$2°°10This is due to their generally simplistic synthesis protocols that generate
reproducible, monodisperse, crystalline UCNPs with high functionalizing capabilities, colloidal
stability and low phonon energies (<400 HmMore specifically JCNPs most often studied by
researchers are comprised of tkearyNaYF; or NaGdk host compositiondoped with YB* as
the sensitizer, and either’Eor Tn?* as the activator ion. According to Google Scholar, over
third of the 3500 publications on UCNPs in 2022 makention othese hoss, emphasizing its
prominence in the fieldAs mentioned previously, ETU between3landEr* converts 976 nm
light into emissions in the green and red regiohlight, as illustrated irFigure 2.11°1 ETU
between YB" and H3" has also been studiéar its green and red emissions as wa#l depicted
in Figure 2.2, althoughit is considerably less efficient than®ErETU between Y® and Tni* is
particularly unique, since it converts NIR light to higher energy NIR, red, &hgteUV emissions,

as illustrated irFigure 2.3.
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Figure 2.3 Energy level diagram depicting ETU betweer?YandTms*,

As mentionedn Section 1.4.1phonon quenching of the lanthanide excited states by the
environment is one of the biggest challenges impeding the efficiency of UCNPs. To prevent the
interaction between colloidaHgtispersed UCNPs and solvent molecules, the use of core/shell
nanoparties has been adopted. The simplest core/shell structure incorporates the sensitizer and
activator ionsn the core, with an inert shell to physically separate the lanthanide dopants from the
vibrational modes of solvent molees|, such as Na¥iFYb®*",Er*/NaYF..1%2In certain studies, the
adoption of active shells has also proven effective at enhancing upconversion luminescence
further, through the incorporation of ¥dons in the shell. This allows for improved absorption

of the incident 96 nm photons before energy transfer to the activator ions in thé%ore.
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Excitation at 976 nmwhich lies on the fringe of the second biological windo®¥QO0T
1500 nm, as depicted iigure 2.4), has enabled the use of UCNPs for studsaimousbiomedical
applications since incident light can penetrate tissues to greater depths than UV or visible
light.®>193For this reason, bioimaging using UCNPs has been stadiedusearyin bothin vitro
andin vivosettings, with emphasis on evaluating where nanoparticles accumulate subcellularly or
how to target particular orgarfSor exampleNaYF4:Yb3*, Tm** nanoparticles have demonstrated
use as bioimaging probes, due to the characteristic emission band frsmatT800 nm {Ha Y
3He), which lies in the first biological windo¥* Photodynamidherapy using UCNPs has proven
advantageus compared to traditional approaches, where the nanoparticespleyed in tandem
with a photosensitizer to enable the production of reactive oxygen species under NIR irradiation.
Photosensitizers such ReseBengal, which has an absorption band that overlaps with the green
emissions of B, and riboflavin, which absorbs between 30600 nm, overlapping with the
emission bands of T have demonstrated reactive oxygen species generation under NIR
irradiation, courtesy daéensitization fromthe UCNPS.%>1%Photeassisted drug delivery has also
been demonstrated through the coordination dfug-derivativeto the surface of UCNPs, with
the intention of only releasing the drug in a target region that is exposed to NIR irradtation
example, the UV emissions from LiYFb® Tm®* can cleave doxorubicin derivates

electrostatically linked to the nanoparticle surféte
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Figure 2.4 Absorption spectra of relevant biological tisswend media illustrating the three optical windov
Reproduced from Refenced5 with permission from the Royal Society of Chemistry
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While 976 nm irradiation does lie on the edge of a biological windol¢al absorption
maximum of water exists at this wavelength, resulting in adverse heating effects that limit the
viability of UCNPsexcited at this waveleng#i® To circumvent this problem, researchers have
elected to use Nidas a cedopant, which absorbs 800 nm irradiation and transfers this energy to
Yb?*, as depicted iffigure 2.5.1%° Since this wavelength lies in the middle of the first biological
window, there isminimal heatingof aqueous environments, thus increasing the feasibility of
UCNPs in biological settinggélowever, with the addition of another ET step in the upconversion
process, the nanoparticles are less efficient, which introduces new limitations in their use.
Similarly, the use of NIR dyes that absorb 800 nm light has been explored, since they rely on
fluorescent molecules with higher absorption cresstions than Nd.*° However, undethe
conventionalhigh excitationpowers used for upconversion luminesceat@anomaterialsthe
photostability of these dyas compromised, which prevents their use in amplication that

requires prolonged irradiation (exceeding thirty minutes)stable emission intensitiés
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Figure 2.5 Energy level diagram depictirenergy transfebetweerNd®** andYb®*, to further sensitize ETU.

The versatility of UCNPs extends beyond biological applicationstheesindustrialuses
are also being explored. For example, by incorporating UCNPs in sbi@eed solar cells, NIR
light emitted by the sun can be absorlvédupconversion to visible ligt¥#1*? This capacity to
absorb approximately0% of the solar spectrum that is otherwise ign@iaas to improve energy
harvesting capabilities and thirscreasingthe effectiveness of solar celf$. Since lanthanide

activator ions can range in emission wavelength across the entire visible spectrum, UCNPs have
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beenstudiedextensivelyfor information storage and artounterfeiting applicationd heir use in
Quick Response (QR) codektes back to 2012, where Merugh al. printed overlapping
nanoparticlecompositions with Bt and Tn#* as activators. This displayed different information
simultaneouslyin green and blue light, respectively, that could fifeered and observed
individually.*'* Since thep many advancements have been explored to refine and sophisticate
overlapping patterns with different emission colors that could be isolated individually using

different banepass filters or color channefs:11®

Another interesting feature of lanthanide luminescence is the slew of radiative transitions
that originate from each ipmany of which lie close together in energy. As a result, there are some
excited statefor a given iorthat are thermallgoupled which means their relative population is
dependent on the temperature of the nanoparticle. This allows for a direct correlation between the
ratio of the radiative transitions from thos
environment, allowindor spectroscopic temperature evaluations with high spatial resolution using
UCNPs! This is particularly impressive with nanoparticles doped witfi, Bince theéH11/2 and
S excited states responsible for the emissions at 525 and 545 nm, respectively, are only
separated by a few hundred wavenumbers. Since this energy gap is easily \aqdezhons,
which are temperature dependent, the emission ratio from these two states are an indication of the
temperature of the UCNPE

Over the lastoupledecads, the radioluminescence propertsa®l population mechanisms
of lanthanidedoped binary and ternary fluoride nanoparticles have also been expforé@These
radioluminescent nanoparticles (RLNR®nefit from the previously discussed functionality of
fluoride nanoparticleswith wide bandgaps(exceeding 10 elMthat canfacilitate higher energy
lanthanide transition$! The latter property has begregral to the implementation of¥sdoped
NaLuF nanopatrticles for X¥ay mediated photodynamic therapy, which relies on a radiative
transition at 405 nm originating from tH& excited staté® This emission overlaps witthe
absorption band ainendogenouphotosensitizemprotoporphyrin IX that accumulates in cancer
cells, thus proving an effective enhancement over conventional radiotherapy ¥loag.
bioimagingusing Ed*-doped BassY 0372 nanoparticles has also proven effectiveonjunction
with imageguided radiotherapydue to theunlimited depttpenetration of ionizing radiation, and
the characteristic red emissions fron?Bunhich lie on the edge of the first biological windéts.
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Relying on the heavier Bacation allows for efficient Xay attenuatiorvia the photoelectric

effect improving the signalo-noise of the resulting images.

Radioluminescent NaLuFnanoparticlesdoped with TB* have seen potential use as
nanoscale storage phosphors, which can be implemented as a safetyaiationdosimety.t?3
Similarly, in radiation detection, where fast decay times are necessary tdigaviemporal
resolution, the implementation ofaterials like LaECe** have beenexplored due to the allowed

4f-5d interconfigurational transitianof Cé*.1%4

2.2.Research Project Objectives

Bulk-scale &nthanidedoped phosphors ammmmoninmany ar eas of -t oday¢
driven economyincluding lighting devices, radiation detectolasers,anticounterfeiting tools
and telecommunication fiber®. However, thepivot from bulkscale to nanomaterials in
biomedical or otheindustrialapplicationshas been lacklustewith no company or organization
explicitly implementing lanthaniddoped luminescent nanoparticleso commercial products
This begs the question of why, after two decades of study and thousands of research papers, has

there been no commercial sector thatddsptedhese nanomaterials?

The greatestlisadvantage ofanthanide luminescence is the weak emissions from the
forbidden 4f4f transitions, whiclihinders any application that requires strong emission intensities.
This problem is further exacerbated with upconversion, since each step in the upconversion
process has individual losses in efficiency. Furthermore, at the nanoscale, the prevaleraeeof surf
guenching is naturally greater with an increase in surfacetenedume ratio. With these
debilitating factors in mind, it becomeclear why limitations in the luminosity of UCNPs or
RLNPs have inhibited their implementatidtecently researchers have focused their attention on
putting lanthanideloped nanoparticle® work ratherthan understandinon greater detaihow
they work which is to some extentyhat has hindered thamtegrationinto everyday society

The research presented heraims to take a step back and study the fundamental
mechanisms through whidanthanide luminescence occumsnanomaterialswith the intent on
improving their efficiencies by understanding the population and relaxation processes. This
includesconsiderations thatome from their nanoscale size and any consequence that stems from

the synthesis of the nanopatrticles.
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While the choiceto employ theNaREFR host compositionappearstrivial, given its
overwhelming usethroughout the literature, the effectetthost composition has on the
upconversion efficiency is not fuliynderstoodTherefore, studies on NaG4REiYF4, and BaYE
nanoparticles doped with Yband Tn¥* were carried out, to evaluate the relative and absolute
upconversion intensities with varying crystalline site symmetry, coordination number, and
interionic spacing. The T#fi activator ion, which emits in the UV, visible, and NIR regions, is
susceptible to many different ET mechanisms, and is thus a good choice to probe the
aforementionedvariables Similarly, the activator dopant concentration was also evaldat
(ranging from 0.1 to 2 mol% TH), to observe changes in the absolute and relative upconversion

intensities with changing interionic spacing betweerf'Tionswithin a nanopatrticle lattice.

With greater understanding on the ET mechanisms andEthefficiencies between
lanthanidesn UCNPs, the effect of core/shell structures were investigated. However, rather than
the conventional inert or sensitizéoped shell, m activeshell doped with activator ions was
studied, to evaluate ET from the corefte shell. This was completed using NaGa&noparticles
doped with YB* and Tni* in the core, and T doped in the shelMechanisms that drive Tth
Y  PYET werestudiedusing the characteristic green emissions &f Tdoprovide insight on the

interactions across the UCNP core/shell interface.

With a greater understandinfjupconversion luminescenaéthe nanoscale, attention was
also put into evaluating how the luminescence dynamics could be implenreaggalications of
these nanoparticlesRather than using lifetime measurements exclusively to study ET,
upconversion and photoluminescence decay times were used to measure temperature, evaluate the
velocity of nanoparticles in a microfluidic flow, and temporally encrypt printed informatteeser
studies aim to demonstrate that the forbiddaiure of lanthanide luminescence is not exclusively
a limitation, but rather can be exploited to the benefit of various techniques, both academically and

commercially.

With decades of research on lanthanide luminescence at the nanoscasotinees and
devotionto upconversiorhave eclipsed the attention placed BbNPs This is likelydue in part,
to the inherent danger of ionizing radiation, but afise complexityand ambiguitybehind
radioluminescence mechanisms, which limit their implementation in biological applications.

Therefore, t@ain a betteunderstanthg of radioluminescence at the nanosceadgiables that are
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known toaffect bulk-scale materials were assessalyell as commonly explored variables that
influence the efficiency ofianomaterialsto see if their influence is consistent in RLNPs. These
variables include material density, the dopant concentration of the luminescent center, the addition
of a possible sensitizer ion, and the effect of core/shell struct@e¥-doped LIiREE
nanoparticles were used throughout these experiments due to the efficient visible

photoluminescence from Eu

The multifaceted work presented in this thesis ainadi@ancehe current understanding
of lanthanide luminescence at the nanosaddejpconversion and radioluminescentmamprove
the overall efficiencyf these material®r future implementation. By considering variables that
are overlookedat times considerable improvements can be made witlvoat/olutedmaterial
functionalization or manipulatioMoreover, a new approach to various techniques can irspire
future pathin exploiting the forbiddenature of lanthanidé-ansitions rather than solely looking

to overcome jtandtaking advantage of the temporal domain
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Chapter 3. Experimental Methods

3.1.Reagents

Rareearth oxides were purchased of highest available purity from Alfa Aes@r:(99.99%,

Tmz0s: 99.997%, and Y4Ds: 99.998%), Sigma Aldrich (S#@3: 99.99%, HaOs: 99.999%, and

ErOs: 099.99%), or ChQ@:99.9%a0ds;: 99.999%, Dy®y: 99.99%( aad

Lu20s: 99.999%) Hexahydratedare-earth chlorides were purchasedm SigmaAldrich at the

highest available purity (YGA 6,8: 99.999%, GAGA 6.8: 99.999%, TbGA 6.8: 99.999%,

TmCLA 6,8: 99.99%, and YbGA 6.8: 99.998%). Trifluoroacetic acid (99%), sodium
trifluoroacetate (98%), sodium hydroxide (99.99%), ammonium fluoride (99.99%), barium
acetyl acet omar gga n(e(s1e0(01%)), acet ate tetrahydrate
( 098. 0 %) wer e pur chasietdhifurmont rSifd naand &dsigneit al e
carbonate (99.9%) were purchased from Alfa Aesar. Techni@mlegoleic acid (90%), -1
octadecene (90%), ol eyl amine (70%), met hyl be
ethylene glycol (99.8%) were purchased from Sigma Aldrich. Glacial acetic acid (99.7%) was
purchased from ACP Chemicals. Trisodium citratetdy dr at e ( 099 . 0 %) was

BioShop Life Science Products.

3.2.Nanoparticle Synthesis

3.2.1.LIREF4

LiYF4 nanoparticles studied throughout this work were synthesized using a previously
established onpot thermal decomposition meth&din a 100 mL threaeck rounebottom flask,
1.25 mmol ofrareearth oxides (REDs) was added to 10 mL of 50% v/v aqueous trifluoroacetic
acid, and refluxed for 16 h, dissolving the oxides and generating theamdhetrifluoroacetate
precursors. The precursors were then dnetie reaction flask at 60 °C by removing the stoppers
and reflux condenser, followed by the additio2d mmol of lithium trifluoroacetate in 20 mL
of oleic acid and 20 mL of-bctadecene. This mixture was degassed for 30 min at 120 °C, under
vacuum at approximately 10 mbar and stirring at 350 rpm. The vacasnthen substituted for

an argon atmosphere, and the solution temperature was raised to 315 °C at a rate of 10 °C/min,
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where it remained for 1 h. Once the reaction was complete, the solution was cooled to room
temperature under ambient conditions and separated into two centrifuge tubes. 25 mL of ethanol
was added to each tube to precipitate the nanoparticles, and thensoldre centrifuged at 4000

rpm for 15 min. The supernatants were discarded, and the pelleted nanoparticles were washed by
dispersing them in 10 mL hexanes. Afteprecipitatingthe samples in 35 mL of ethanol, the
samples were centrifuged at 4000 rpar 5 min. This was repeated twice more, and the

completed nanoparticle samples were stored as a solid pellet with an ethanol blanket.

In Chapter4, Y»0s, Yb,Os, and TmOs were used to synthesize Li¥F¥b®*Tm®*
nanoparticles. In Chapt&; Y03, EwOs, Yb20O3 ErOs, and/or HeOs were used to synthesize
LiYF4EW, LiYF4 YD ,Er, and LiYR:Yb®* Ho®*" nanoparticles. Similarly, in ChaptérLiLuF4
nanoparticles doped with Eyu Gd**, Sn?* or Dy** were synthesized using £@s instead of ¥Os,
with EwOs, GbOs, SmOs3, or DyOs to achieve the reported dopants and concentrations.

In Chapter7, LiLuF4 core/shell nanoparticles were studied, following a modified shell
growth procedure similar to the ceoaly nanoparticle$?® 0.5 mmol of REOs (consisting of
Lu20Os, Y203, and/or EwO3) was dissolved in 10 mL of 50% v/v aqueous trifluoroacetic acid,
refluxed for 16 h. The resulting trifluoroacetate precursors were dried and mixed with 1 mmol of
lithium trifluoroacetate in 15 mL of oleic acid and 15 mL ebdtadecene. The solutiomas
degassed at 120 °C for 30 min, under vacuum at approximately 10 mbar and stirred at 350 rpm.
Once complete, the vacuum was substituted for an argon atmosphere, and the solution temperature
was raisd to 300 °C for 1 h. The reaction solution was then cooled to room temperature under
ambient conditions, separated into two centrifuge tubes and each mixed with 30 mL of ethanol to
precipitate the nanopatrticles. The solutions were then centrifuged atpfd@or 15 min and the
supernatants were discarded. Each sample was washed by dispersing them in 10 mL of hexanes,
reprecipitating them in 35 mL ethanol, and centrifuging at 4000 rpm for 15 min. Once repeated
twice more, the synthesized core/shell nanagas were stored as a solid pellet under an ethanol
blanket.

3.2.2.NaREF4

The NaGdE core/shell nanoparticletudied inChapted4 and Chapteb weresynthesized
using a hybrid procedure. To synthesize the core nanoparticles, a previously reperted co
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precipitation method was usé&d.1 mmol of RECIA 6,8, consisting of GdGJ YbCls, and TmCY

in their intended molar ratios, was mixed in 6 mL of oleic acid and 15 mtoetddecene in a

100 mL threeneck rounebottom flask. This solution was degassed at 160 °C for 30 min, under
vacuum and stirring at 350 rpm. The reaction was then cooled*@,%vitched from a vacuum

to an argon atmosphere, followed by the addition of a 10 mL solution of 2.5 mmol NaOH and 4
mmol NHsF in methanol, at a rate of 1 mL/min. Stirring at 50 °C continue@@anin, followed

by elevating the temperature to 68 °C and restoring the vacuum to evaporate the methanol. The
temperature was further elevated to 90 °C for 10 min and 120 °C for 10 min to fully evaporate any
residual methanol. The vacuum was once agabstguted for an argon atmosphere, and the
temperature was raised to 300 °C at a rate of 10 °C/min, where it remained for 2 h. The solution
wascooled to room temperature under ambient conditions and washed following the same protocol
described in Sectiod.2.1.

To grow the shell, 1 mmol of RE€] 628, consisting of GdGland TbC} in their intended
molar ratios, were combined in 6 mL of oleic acid and 8 ndcthdecene in a 50 mL threeck
roundbottom flask. This solution was degassed at 160 °C for 40 min, under vacuum and stirring
at 350 rpm. The solution was cooled to 80 °dpfeed by the addition of 1.25 mmol of sodium
trifluoroacetate, and constant stirring for 5 min. The solution was then elevated to 100 °C, followed
by the addition of 25 mg of core narasficles in 1 mL of hexanes. The solution was left at this
temperature for 10 min to evaporate the hexanes, followed by an increase to 280 °C for 80 min, at
a rate of 10 °C/min. Once complete, the solution was cooled to room temperature under ambient
conditions andwashed using the same protocol described in Section 3.2.1cdrhpleted

core/shell nanoparticles were stored as a solid pellet under an ethanol blanket.

In Sectiord.4, core/shelhanoparticles of NaYFwere studied, synthesized using a hybrid
co-precipitation/thermal decomposition technique as ¥Wéilo synthesize the core nanoparticles,
1 mmol REC4A 6,8, consisting of YG, YbCls, and TmC4 in their respective molar ratios, was
dissolved in 7 mL of oleic acid and 15 mL ebttadecene in a 100 mL thraeck rounebottom
flask. This solution was degassed at 160 °C for 1 h, under argon atmosphere and stirring at 350
rom. The solution was therooled to room temperature, followed by the addition of a solution
consisting of 2.5 mmol NaOH and 4 mmol MHdissolved in 10 mL of methanol. This solution

was sirred for 30 min at room temperature before elevating the temperature to 100 °C to evaporate

33



the methanol. The solution was further raised to 300 °C for 1 h, at a rate of 10 °C/min. Once
complete, the solution was cooled to room temperature under ambient conditions, precipitated

using ethanol and isolateth centrifugation at 6000 rpm.

To grow the inert shell, 0.25 mmol o>®; was added to 10 mL of a 50% v/v aqueous
solution of trifluoroacetic acid, which was allowed to react under reflux for 16 h. Once complete
and dried, the trifluoroacetate precursors were combined with 1 mmol of sodium trifluoroacetate,
10 mL of oleic acid,10 mL of octadecene, and half the batch of previously synthesized core
nanoparticles. This solution was degassed at 120 °C for 30 min under an argon atmosphere,
followed by elevating the temperature to 320 °€ 30 min. Once complete, the solution was
cooled to room temperature under ambient conditions, precipitated with ethanol, and 18alated
centrifugation at 6000 rpm. To render the nanopatrticles colloidally stable in aqueous solutions, a
10 mL dispersion of asynthesized oleateapped nanoparticles in hexanes was mixed with 10 mL
of water at pH 2 using HCI. The solution was stirred vigdsotes protonate the oleate ligands,

rendering the nanoparticles oleditee, which were dispersible in wateé?f.
3.2.3.BaixRExF2+x

The BaxREF2+x nanoparticles studied Sectiond.2were synthesized using a previously
established thermal decomposition technitfdén a 100 mL threeeck rounebottom flask, 1.25
mmol REOs (comprising %03, Y03, TnpO3, and/or EwOs) was dissolved in 10 mL of a 50%
v/v solution of aqueous trifluoroacetic acid under reflux for 16 h. Once dried, barium
acetylacetonate (Ba(aca®H.0) was added in varying quantities to achieve the desired
Ba?":RE3* molar ratio. These reagents were mixed in 20 mL of oleic acid and 20 mt of 1
octadecene, and degassed at 120 °C for 30 min under vacuum and stirring at 350 rpm. Once
complete, the vacuum was replaced with an argon atmosphere, and the solution tenvpasature
increased to 300 °C at a rate of 10 °C/min. The solution was left to react for 1 h, and then cooled
to room temperature under ambient conditions. The solution was separated into two centrifuge
tubes, and the nanoparticles were precipitated by addingil3%f ethanol to each. After
centrifugation at 4000 rpm for 15 min, the nanoparticle samples were washed using the protocol
described in Section 3.2.1.

34



3.2.4.CsMnCl3

Nanoparticles of CsMn@lstudied inChapter6 were synthesized using a previously
reported solvothermal injection technigii€ An excess of cesium carbonate was dissolved in
glacial acetic acid, producing cesium acetate. In a 25 mL-tleele rounebottom flask, 1 mmol
of this precursor was combined with 1 mmol of manganese(ll) acetate tetrahydrate, in 2.5 mL of
oleic acid, 10 mlof 1-octadecene, 0.5 mL of oleylamine, and 0.5 mL of acetic acid. This solution
was degassed at 120 °C for 30 mins, under vacuum of approximately 10 mbar, and constant stirring
at 350 rpm. The vacuum was then substituted for an argon atmosphere, amdutioa s
temperature was increased to 200 °C. 400 pL of chlorotrimethylsilane was quickly added to the
solution, and the reaction was allowed to proceed for 10 s. Once complete, the reaction vessel was
submerged in an ice bath to halt the reaction, ansidlaéion was transferred to a single centrifuge
tube. The solution was centrifuged at 10000 rpm for 10 min, and the supernatants was discarded.
To wash the nanoparticles, samples were dispersed in 10 mL of hexanes, followed by
centrifugation at 10000 rpnoff 10 min. This process was repeated twice more, and the samples

were stored as a solid pellet covered in ethanol.

3.3.Physical Characterization

3.3.1.Powder X-ray Diffraction

As-synthesizedpleatecapped nanoparticle samples were fully dried in preparation for
powder Xray diffraction (PXRD).

In Chaptedd, samples of LiYEknanoparticles were mounted on silica wafer sample stages,
and the diffractograms were recorded using a Bruker D2 Phaser equipped with a LynxEye detector
and a Cu source at a generation power of 30 kV and 10 mA. Measurements rangedif@bh 10
2 d, wesdution af 0.01° and an integration time of 2 s. Samples pf\B&2+x and NaGdk
nanoparticles (corenly and core/shell, including those studied in Chapteveremounted on
guartz plate sample holders, and diffractograms were recorded using tagSXiDS2000
diffractometer equipped with a Si(Li) Pelteooled solidstate detector, a Cu source with a
generator power of 45 kV and 40 mA, divergent slits (2 mm and 4 mm), and receiving slits (0.5

mm and 0.2 mm). Measurements ranged froni 0 A  Bhda, resalution of 0.02° and an
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integration time of 2 s. Samples to measure dn@golution diffractograms of BaY xF2+x
nanoparticles were loaded onto zeeflection quartz sample holders and recorded using a STOE
Stadi P powder diffractometer equipped with a silicon strip detector and monochromator, and a
Cu source with a generator power of 40 kV and 40 mA. Measuremagnged from 10 9 0 A 2 d
with a resolution of 0.01°. Diffractograms of Nax®anoparticles were recorded using a Rigaku
Ultima IV equipped with a Cu source operatirigid kV and 40 mA, from 106 0 A 2 d .

For LiYF4 and CsMn{ nanoparticlestudied in Chapte8, samples were loaded onto
silicon wafer sample stages, and diffractograms were recorded using a Rigaku Miniflex, equipped
with a Cusource operating at 40 kV and 15 mA. Measurements ranged froiml@10 A 2 d wi t h
resolution of 0.02°. Nanoparticle samples of LiREtdied in Chapterf were loaded onto quartz
plates and measured using a Scintag XID80 equipped as stated abofrem 10i 8 0 A 2d an d
step size of 0.02°.

Unit cell parameters throughout this research were calculated using the experimentally
recorded PXRD diffractograms processed throug

algorithm?3!

Zett valuesin Chapter7 were calculated using the AuBesrr software developed by the

Medical Radiation Physics Research Group at RMIT Univet&ity.

3.3.2.Transmission Electron Microscopy

As-synthesized oleateapped nanoparticles were dispersed in hexanes or toluene at a
concentration of 1 or 0.5 mg/mL, and dropped onto formvar/carbon film supported copper grids
(300 mesh, 3 mm diameter) in preparationtransmission electron microscopy (TEM) analysis
Micrographs of LiYhR, NaGdR, and BaxY xF2+x nanoparticles studied Chapte#d were recorded
using a JEOLIEM-2100F electron microscope operating at 200 kV, equipped with a Gatan
chargecoupled device camera. Micrographs of Na¥iknoparticles were recorded using a JEOL
2010 electron microscope, operating at 200 kV, coupled to a Gatan-cloanged device camera.

To evaluate the core/shell NaGdRanoparticles studied in Chaptgr scanning transmission
electron microscopy (STEM) micrographs were recorded usingdngle annular darkeld
imagng (HAADF) from an FEI Titan 8300 HB electron microscope. TEM micrographs
presented in Chaptérand Chapter weretaken using a Talos L120C STEM operating at 120 kV.
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3.3.3.Inductively Coupled Plasmai Mass Spectrometry

Nanoparticle compositioanalysis in Chaptet wascompletedusing inductively coupled
plasmai mass spectrometry (IGMS), from 1 mg/mL solutions of nanoparticleshexanes or
toluene. 100 pL of this solution was mixed with 1 mL of concentrated HCI and 100 pdOgfiid
150 mm test tubes. Tubes were covered and heated to 115 °C under reflux for 16 h. Once digested,
samples were dried and dissolved in enough 5% aqueous téNDtain approximately 5 ppm
solutions. These samples were processed throughgdéenfA7500ce ICRMS, equipped with a
guartz Scottype spray chamber, efixis Omega lens ion focus, and an octupole reaction system

with a quadrupole mass spectrometer analyzer operating at 3 MHz.
3.3.4.Zeta Potential

Citratecapped nanopatrticles studied Chapter6 were dispersed in 70% v/v ethylene
glycol in water at a concentration of 10 mg/mL. Zeta potential was recorded using a Malvern
Zetasizer Nano ZSP at 25 °C.

3.4.Spectroscopic Characterization

3.4.1.Absorption Spectroscopy

Absorption spectrain Section 4.1.1, on 4.3 x 1¢ M solutions of 3(4-
phenylazophenoxy)propanol in toluene, were recous#ag an Agilent Technologies Cary 5000
Series UWVis-NIR spectrophotometer, operating at a scan speed of 600 nm/s and a resolution of

1nm.

3.4.2.Excitation Spectroscopy

Excitation spectra of powder samples of Ba&e** nanoparticles presented in Section
4.2 were recorded using a Horiba Jobin Yvon FluoroleZ3spectrometeequipped with a 450
W xenon lamp dispersed using a double monochromator blazed at 330 nm (1200 grooves/mm) as
the excitation source. The Euemission at 591 nm was isolated using a single monochromator
(500 nm blaze, 1200 grooves/mm) and measured using a cooled Hamamatsu R928P

photomultiplier tube. Spectra were plotted with a 0.5 nm step size amtiegyation time.
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Powder samples of core/shell NaGa#b>*, Tm**/NaGdR:Th®* nanoparticles in Chaptér
were excited using a 150 W Xenon Arc lamp dispersed using an O&07@.125 m
monochromator (2400 grooves/mm). The resulting emissions were collected JsingliAsh
CzernyTurner 25102 1 m double monochromator (1180 grooves/mm) coupled to a cooled
Hamamatsu R9482 photomultiplier tube, and processed using an SR400 Stanford Research

Systems gated photon counter.

3.4.3.Emission Spectroscopy

NIR emissionspectra of 1 mg/mL LiYEYb3 Tm*" nanoparticle solutions in toluene
presentedn Chapter4 were recorded under 976 nm irradiation using a Cohergin @Gber
coupled F6 series laser diode operating at 42.9 W/Emissions were dispersed using a Spectral
Products DK240 monochromator (600 grooves/mm) and detected using a Spectral Products AD
131 InGaAs detector. Photoluminescence spectra of powder samples studied in €lhapter
Chapter7 (LIREFs and CsMnQ) were recorded under 355 nm irradiation usarf§pectra Physics
QuantaRay INDI Nd:YAG laser operating at 760 mW/¢and pulsed at a frequency of 10 Hz.
Emissions were filtered through a Thorlabs FESHO750 visible bandpass filter and collected using
a Princeton Instruments FERGIE BRR UV-NIR spectrograph fitted with a 1200 grooves/mm
grating blazed at 290 nm.

Upconversion emission spectma Chapter4 and Chapter5 (1 mg/mL nanoparticle
solutions in toluene of LiYE NaGdR, or Ba.xYxF2+x) were recorded under 976 nm irradiation
from aCoherent &in fibercoupled F6 series laser diode operating at 42.9 W/Zisible/NIR
emissions (425 850 nm) were dispersed using a Jarfadh CzernyTurner 25102 1 m double
monochromator (1180 grooves/mm) and collected using a ‘watéed Hamamatsu R94R
photomultiplier tube. UV emissions (27500 nm) were dispersesing an Oriel 77250 0.125 m
monochromator (2400 grooves/mm) and detected with a Hamamatsu R4632 photomultiplier tube.
Signals were processed through an SR440 Stanford ResearansSygstamplifier and converted
to quantifiable values using an SR400 Stanford Research Systems gated photon counter.
Upconversion emission spectra of Li¥anoparticle powdesamples in Chapté&were recorded
under the same irradiation source and conditions, but emissions were collected using a Princeton
Instruments FERGIE BRX/R UV-NIR spectrograph fitted with a 1200 grooves/mm grating
blazed at 290 nm.
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Radioluminescence spectra of LiREfanoparticles in Chapt@&mwererecorded on powder
samples irradiated with an Amptek MiKiuncollimated, unfiltered Xay source fitted with a gold
target, operating at 50 kV and 80 pA. Emission spectra were recorded using a Princeton
Instruments FERGIE BRX/R UV-NIR spectrograph fit@with a 295 grooves/mm grating blazed
at 550 nm.

3.4.4.Luminescence Lifetimes

Samples for photoluminescence lifetimes were irradiated using a Spectra Physics Quanta
Ray INDI Nd:YAG laser operating at 760 mW/€and pulsed at a frequency of 10 Hz. Samples
for upconversion luminescence lifetimes were irradiated using a Cohepenfiber-coupled F6
series laser diode, operating at pulse widths and power densities preserdbtei.1 Power
densities were calculated by measuring the laser spot size using a modified Logitech C920x HD
Pro Webcam, and the laser power was measured asimhorlabs PM100D Power meter fitted
with an S405C Thermal Power He&abr UV and visible lifetimes, emissions were isolated using
an Oriel 77250 0.125 m monochromator (2400 grooves/mm) and detected with a Hamamatsu
R4632 photomultiplier tube. For 800 nm luminescence lifetimes, emissions were isolated using a
JarreltAsh Czeny-Turner 25102 1 m double monochromator (1180 grooves/mm) and collected

using a watecooled Hamamatsu R94® photomultiplier tube.

Table 3.1 Measured power densities with varying pulse width.
Pulse Width (ms) 0.2 0.5 1 2 3 4

Power Density (W/cn¥) 1 1.5 4 7 10 14

3.4.5.Upconversion Quantum Yields

QY measurements on solid samplesupiconverting BaYEYb®", Tm** nanoparticles
studiedin Section4.2 were irradiated under the same continuous wave 976 nm irradiation
conditions described in Section 3.4.3, wilik exception of varying power densities fromio48
W/cm?. Emissions were collected using a modified Avantes AvaSgB®REFL integrating
sphere that was fibaoupled to a Thorlabs FOFMS/MV Filter Mount, fitted to an Avantes

AvaSpeeULS2048L spectrometer. Recorded emission spectra were intensity calibsatgdau
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CAL-ISP30 NIST calibrated lamp, converting arb.u. to W. Values were then converted to number

of photons using the photon energy equation presenteguation 3.1.:

0 ¢ (3.1)

g,

WhereE is the energy of a photon,is the number of photonh,is the Planck constant,is the

speed of light, aneks the wavelength of light. Using an undoped Bas&mple as a reference to
evaluate scattering, the upconversion spectra and laser line were compared to calculate the number
of photons emitted and absorbed, respectively. Using Equatiothédsk values are converted to

a Qy.

3.5. Proof-of-Concepts

3.5.1.NIR-triggered photoisomerization

3-(4-phenylazophenoxy)propanol was synthesized using a previously reported ptétocol.
10 mmol 4phenylazophenol was combined with 12 mmol dfr8mopropanol in DMF at 75 °C
for 6 h. The product was isolated in cold water and chloroform, washed with 1 M HCI and a
saturated aqueous NacCl solution, and purified by silica column chromatogrsipgya 1:6 ethyl

acetate:dichloromethane solution as the mobile phase.

Solutions of 1 mg/mL LiYEYb® Tm** nanoparticles and 4.3 x #0M 3-(4-
phenylazophenoxy)propanol were prepared in hexanes, and irradiated using thd &6 satup

described in Section 3.4.3. Absorption spectra were recorded in 30 min intervals.

3.5.2.Upconversion Lifetime Nanothermometry

Upconversion luminescence lifetimes were recorded using the same setup described in
Section 3.4.4. for800 nm emissions. In a quartz cuvette, 1 mL of aqueous
NaYF.:Yb3 Tm**/NaYF, nanoparticle solutions (7 mg/mL) were positioned on a modified-Glas
Col heating mantle, controlled using-&«HBM Scientific Model 210 temperature controller, with
an uncertainty of £ 1 °C.
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3.5.3.Particle Velocimetry

To observe the luminescence profiles of upconverting Na®oF, Tm**/NaGdR:Tb>*
core/shell nanopatrticles i€hapter5, Molex TSP series Polymicro Flexible Fused Silica
Capillaries with 75, 100, and 150 pum internal diameters were used, with a Cohererito@r-
coupled F6 series |*“\Vice’randhibeam diameter pf 85 pan) positigneda t &
perpendicular to the capillaries at the beginning of the flow path. Nanoparticle solutions in toluene
were passed through the capillaries using a&tdrApparatus 11 Plus syringe pump and observed
using an AO Instrument Company Series 60 light microscope focused with a viewing diameter of
1.5 mm. Blue or green upconverted emissions were isolated using a Thorlabs FB450 or a Thorlabs
FES0600%chott OG51%andpass filter and recorded using the digital camera of a Google Pixel 3
smartphone. Once recorded, the images were processed using ImageJ, where a rectangular area in
the center of each capillary/emission was plotted using the Plot Profile tool. ibhislgs a
guantifiable intensity as a function of distar

length.

To measure the lifetimes of the NaGdEore/shell nanoparticles for velocimetry
calculations, an Oriel 77250 photomultiplier tube was positioned at the eyepiece of the optical
microscope. Using the same setup descriime&ection 3.4.4., and the blue or green filters
described above, the blue or green emission intensities as a function of time could be recorded
from inside the capillaries.

3.5.4.Covert Information Storage

Ink solutions of U\sensitized nanoparticles in Sectiér2.1 were produced using a
previously reported formulation, slightly modifié¥f. Oleatecapped CsMnGlor LiYF4#EW*
nanoparticles were dispersed in 10% v/v methyl benzoate in toluene at a concentration of 10
mg/mL. To generate the prints, packing tape was cut into the intended pattern on borosilicate glass
slides, followed by drojasting the pattern ink solution ovp and allowing the toluene to
evaporate. This was followed by removing the packing tape anecdstimg the mask ink solution

on top, covering the entire print area.

For NIR-sensitized UCNPs in Section 6.2.23;synthesized oleateapped upconverting

nanoparticles were rendered hydrophilic using a previaeglgrted ligand exchange protocol to
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citrate’®> 100 mg of oleat€apped nanoparticles were dispersed in 10 mL of hexanes and 10 mL
of pH 2 water, resulting in a phase separation. After stirring at 1500 rpm for 1 h, the translucent
organic phase became transparent, while the transparent aqueous phamsedpaque, indicative

of a phase transition. The aqueous phase was then isolated and centrifuged at 13300 rpm for 5 min,
the supernatant was discarded, and the nanoparticles were dispersed in 2 mL of water. After a
second centrifugation, the nanopartsoleere dispersed in 4 mL of 0.1 M sodium citrate and stirred

at 1000 rpm for 2 h. Samples were centrifuged again at 13300 rpm and washed/centrifuged in 2
mL of water, twice. Citrateoated nanoparticles were stored in water until needed. To formulate
inks, 50 mg of citratecoated nanoparticles were dispersed in 1 mL of 70% v/v ethylene glycol in
water. Solutions were loaded into a CanonrZ® ink cartridge, which was installed into a Canon
PIXMA MG3620 printer. The pattern (two layers) and the mask (twert) were printed onto
Domtar First Choice ColorPrint 28 Ib. paper, which appeared transparent and otherwise clean once

complete.

UV-sensitized prints were excited using a Spectra Physics QRaptdNDI Nd:YAG
laser (operating at 760 mW/énand pulsed at a frequency of 10 Hz), while Mi&nsitized
upconverting prints were excited using a 976 nm CNWE80-80W diode laser fitted with a
collimator to spread the emission beam (operating at a power density of 4.8 &t pulse
width of 500 €s controlled using a Koolertron
using the digital camera of a Samsung Galaxy S20 FE set Rydhraode with a shutter speed of
1 ms. Slow motion videos were recorded using the same setup, with the camera set to the Super

Slow-Mo mode.
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Chapter 4. Tm3*-doped Upconverting Nanopatrticles

The wideselectiorof emission wavelengtlisom Tm** hasgarnereatonsiderable attention
for the study of potential UCNP applicatioi$ese include emissions in the UV (290, 345, and
360 nm from théPo Y °He,*F4, and!D, Y 3Hs transitions, respectively), blue (450 and 475 nm
from the'D2 Y 3Fs and'Gs Y 3He transitions, respectively), red (650 nm from & Y 3F4
transition) and higher energy NIR (800 nm fromHe Y 3He transition) spectral regions. When
in combination with YB" as a sensitizer, these emissions can be sensitized using two to five
incident 976 nmphotonsvia ETU. Yb*, Tm** co-doped UCNPs have demonstrated uses in
bioimagingusingthe NIR emission at 800 nm, photodynamic therapy using the blue emissions,
and photocatalysis using the UV emissions, each with varying sut¥$8>’ The major
limitations, howeverlie in the inefficiency of the upconversion process, idygartto the slightly
mismatchedesonance between tien®* excited states with Y, as well as the many different

possible CR mechanisms in ¥howing toitsma ny il ialdel®@rex.ci ted st ates

The trivial nature in choosing a host material has portrayed NaRrdtfoparticles as the
A o ssieefits-al | 0 composition t hr ough o théinfllehceofHostt er at 1
compositioron the Tni* upconvertegmission intensities and ratiddoreover, Tni* is sensitive
to many ET mechanisms, and thus its concentration within a nanoparticle composition is
important. However, the commonly used activator dopant concentrations, which range f&m 0.5
mol% in fluoride nanoparticles, are explored with no realtsty into the effect of minor changes
in this variable (x 0.1%)Therefore, the ensuing studies focus primarilyLo¥iF4 and BaYFs
UCNPs as alternativéiost material. The effect of the T#i dopar concentrationon the
upconversion emission intensitiess evaluated in each host individually, followed by a relative

comparison between hosts, including NagdF
4.1.Effect of Activator Concentration on LiYF 4:Yb3*, Tm3* UCNPs

Sinceits first reportedsynthesis in 2009, the Livihanoparticle host proved a promising
alternative to the sodium terndtyoride compositions?® Using a ongpot thermal decomposition
method, LiYR:Yb®", Tm** UCNPs have demonstrated uses in drug delivery and photodynamic
therapy, owing taheir strong UV emissions that camducereactions under NIR irradiatiofi>*3®
Ther square bipyramidal morphology with eightes of equal surface enerals in consistent
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functionalization,further facilitating its potential usesiNhile this initial study introduced an

activator concentration of 0.5% TPmand wasproven effective, the effect of activator
concentratiorhasnot beenexaminedurtherin LiYF4 UCNPs. The YB" dopant concentration of
25% was optimized to generate the strongest upconversion luminefcendle higher energy

Tm?3* excited states'D, and*Po) with minimal quenchingia energy migratiort?®

Therefore, ® evaluate the effect of activator concentration on LiYB**, Tm** UCNPs,
nanoparticles were synthesized with a range of*Hopantconcentrationsyominally from0. 17
0.5 mol% with a constant Y& concentration of 25 mol%° Since the narrow range of P
concentrations varied by only 0.1%, IKBFS was completed tdeterminghe experimental dopant
concentrations, shown ifable 4.1 and the subsequent analysis uses these values instead of their

nominal concentrations.

Table 4.1 ICP-MS results for the experimental dopant concentrations éf afid Tn¥*in LiYF4 UCNPs.

lon 0.1% Tms3* 0.2% Tm3* 0.4% Tm?3* 0.5% Tm3*
Y3+ 71.1 £+ 3.55% 72.2 £ 3.60% 71.7 £3.58% 73.8 £ 3.72%
Tm3* 0.08 £ 0.004% 0.24 £ 0.012% 0.46 £ 0.023% 0.55+£0.027%
Yb3* 28.8 £1.44% 27.6 £1.38% 27.9 £1.40% 25.7 £ 1.44%

TEM micrographs of the four synthesized compositions are showgure 4.1ad,
depicting the expected square bipyramidal morphology and similar size distribuFignse(
4.19, ranging from 87.5 to 95.7 nm across the long axis. These similarities are necessary to asse
that any changes in the upconversion luminescence are solely a consequence of the vairying Tm
concentration. PXRD was completed as well, showfrigure 4.1f to confirm the expected

tetragonal crystal phase with the/Bispace group, consistent across all samples stiftfied.
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Figure 4.1 TEM micrographs of LiYE25%YbB*,x%Tnr*, where x is (g/) 0.08, (hy) 0.24, (gy) 0.46, and (&)
0.55, with (e) the corresponding particle silistributions and (f) PXRD diffractogranisompared to the referer
patternPDF#/7-0816for tetragonal LiYE). Adaptedfrom Rekrence 13%ith permission from the Royal Society
Chemistry

The upconversion emission spectra under 976 nm irradiation are presefiguaré4.2
with the expected bands in the UV, visible, and NIR regions (recall the energy level diagram in
Figure 2.3). It is immediately apparent that the emissions change relative intensity, with the UV
and visible emissions decreasing while the NIR emission increases as a function of increasing
Tm?3* concentration. Moreover, the maximum luminescence intensity in the UV and visible region
is observed at 0.24% T which is aboutseven times brighter than the established 0.5%

(experimentally 0.55%). This contrasts previous investigations into NEZINPs thatonclude
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the optimal concentratiofor the UV and visible emissioris 0.5 mol%.14! This discrepancy is
justified by comparing the unit cells of Li¥Fand NaYk (Appendix 3 where the average
interionic Y3*-Y3* distance for LiYE is approximately 5.16 A, while in Na¥Rhis distance is

6.15 Al*2143This means, when the dopant concentrations are the samejohsiin the LiYR

lattice are closer together and more likely to interact through CR mechanisms that nonradiatively
depopulate the higher excited stat# and'D>) in favor of the NIR emittingHa state. Thus, to
specifically maximize the emission intensity of the UV and visible emissions, a lower
concentration is necessarythe LiYF host However, decreasing the dopant concentration too
much (0.08 mol%) results in too few Fhions in the nanoparticle lattice and all the luminescence

intensities decrease considerably.
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Figure 4.2 Upconversion emission spectra of Li¥YE5%Yb* x%Tn*, where x is () 0.08, §) 0.24, {/) 0.46, an
(Y) 0.55 under 976 nm excitatiorReproducedrom Rekrence 139ith permission from the Royal Society
Chemistry

Since the emission spectra clearly shibat the differentadiative transitions afm*" have
maximal intensitiest different activator concentrations, the mechanisms that poanateelax
the various excited states need to be examined further. When normalizing the emission spectra to

the transitions from théG, excited state (responsible for the emissions at 475 and 650 nm), a
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drastic change in emission intensity is observed between the 0.08%cd@mposition and the
others, as shown Figure 4.3a In particular, the emission intensities from tBe and®P, excited
states decrease by over 80%, which suggests that the popofaii@iD, excited stateloes not
stem from ETU, but ratheria constructive CR mechanisms. This is consistent with previous
reports that establish CR mechanisms betweehGhstateand other excited states to populate
thelD; state, as illustrated Figure 4.3b44145Therefore, a dopant concentration of 0.08% spaces
the Tn?* ions too far apart, preventing senecessary mechanisms that are responsible for the
strong UV and blue emissions.

In contrast to the population of thB. state, which rééson constructiveCR mechanisms
between Tr#" ions, the®Po excited state (responsible for the emissions at 288 and 34%nm)
known tobepopulate almost exclusively through ETU with Y from the'D; excited staté*6:14/
Therefore, when normalizing the emission spectra to'Ehetransitions (at 360 and 450 nm,
presented irfFigure 4.49), the emission intensities from tPig excited state should be consistent
across all concentratioffsCR is not occurringHowever, this is not the casesteadtherelative
intensity of the emissions from tAB, excited state decrease with increasing*Tooncentration,
indicating nonradiative depopulation of this excited staéean undiscovered CR mechanism
Since the emission intensity of tAids Y 3He transition at 800 nm also increases considerably
between the 0.08% and 0.24% TICNPs, it appears that a mechanism including the population
of the D, and®H, states at the expense of fiRs excited stat&an be minimizedt these lower
Tm?®* concentrations. The proposed mechanigepicting®Po + 3F4 Y D2 + 3Ha in Figure 4.4h,
is prominent above the 0.24% Ththreshold, due to the high resonance between the excited states,
resulting in considerable quenching of the 288 and 345 nm upconverted emissions with increasing

Tme®* concentration.
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To further elucidate these mechanisms, luminescence lifetimes of the UCNPs With Tm
concentrations from 0.240.55% were measured, showrHigure 4.5 with their corresponding
decay times (fitted to a single exponential)Tiable 4.2 As expected, with increasing P
concentration, the decay timshorten indicating more efficient nonradiative energy transfer
betweenactivatorions. From 0.24% to 0.55% T#i, the ®Po and D2 excited state decay times
shortened by 48.6% and 44.4%spectively, whilghe 'G, and ®H4 excited state decay times
shortened bynly 38.6% and 32.9%, respectively. The greater decrease in decay time fifn the
excited state indicates the high susceptibility of this state to quenching, despite having the fastest
excited state lifetime overalMoreover, since théP, excited state is populated solel ETU
from the!D; state, this greater decrease in fRe excited state decay time relative to e

excited state indicates an increase in probability fotl@Rquenches th# level to the'D: level.
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Figure 4.5 Upconversion lifetime profiles of LiYE25%Yb*,x%Tme*, where x is (a) 0.24, (b) 0.46, and (c) O
under pulsed 976 nm excitatiohdaptedfrom Rekrence 13%ith permission from the Royal Society of Chemis

50



Table 4.2 Single exponential fitting of the decay componentSigure 4.5

Decay Time (1s)

Transition 0.24% Tm3* 0.46% Tm3* 0.55% Tm3*
PoY 3F4 619 387 318
D2 Y 3He 689 462 383
1G4Y SHs 1136 851 700
SH4Y S3Hs 1665 1223 1116

NIR emission spectra were recorded as well, to corroborate the results from the
upconversion emission spectra and lifetimes, shoviigiare 4.6. The emissions at 1485 niiHg
Y 3Fs) and 1730 nm®E4 Y 3He) increase with increasing Finconcentration, matching the trend
observed for the 800 nm transition Fiigure 4.2 As expected, théHs Y 3F. emission trend
matches the trend of th#ds Y 3Hs transition with changing T# concentration, since they
originate from the same excited state. Interestingly ratio between thievo NIR emissions also
appears to change, with the emission at 1730 nm increasing relative to the emission at 1485 nm.
This correlation is justified by a previously reported CR mechanism that favors the population of
the °F4 excited state at the expense of thia state tHa + *Hs Y °F4 + °F4).2%° Therefore, with
increasing Tr" concentration, the observed combination of CR mechanisms results in
nonradiative depopulation of Rl excited state to ultimately populate fife excited state, which

manifests in weaker UV emissions and stronger NIR emissions.

Overall, due to the complexity of T which hasmany resonant excited states, the
population dynamics responsible for the emissions in the UV, visible, and NIR regions are not
fully understood, and maximizing the emission bands in any spectral region requires considerable
attention and studyl.he work hereirhelps elucidatéhe (de)populatiomechanismsf the higher
energy excited states, demonstrating theatreasing the T#hconcentration from the established
0.5% to 0.24% (nominally 0.2%nproves the emission intensities from fife and'D, excited
state transitions. In the Liifhanoparticle host, this resultedtire emission intensities in the UV
and bluespectrategions incredang by a factor of sewe making the resulting UCNPs considerably

brighter and more viable applications wherthese wavelengthare desired
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Figure 4.6 NIR emission spectrum of LiY/25%Y b x%Tm?*, where x isy) 0.08, {) 0.24, () 0. 46,
under 976 nm excitation. Spectra are normalized to thé éfhission from théFs, Y 2F; transition at 1030 nr
indicated by an asterisReproducedrom Rekrence 13%ith permission from the Royal Society of Chemistry

4.1.1.Proof-of-Concept: NIR-Triggered Photoisomerization

With the newly optimized TAf concentration for maximal UV emissions, the difference
in  upconversion intensities was evaluatedia a photeatalysis experiment.
LiYF4:25%YB**,0.55%Tni" and LiYR:25%YB**,0.24%Tni" UCNPs were employed to
upconvert 976 nm irradiation to UV light, which could then indutrams-cis photoisomerization
of 3-(4-phenylazophenoxy)propanol (azoprop(igure 4.78. Due to its potential changes in
shape, solubility and absorption properties, this azobenzene derivative has been demonstrated in
drug delivery system under UV irradiation, or NIR irradiatiomwhen in conjunction with
LiYF4:25%YB**,0.5%Tnt* UCNPs'3148While thetransi s omer has a strong
band in the UV region, centered around 342 nm¢ihisomerhasmn Y ~ * absimr pti on
the blue spectral regipms observed in the absorption spectr&igure 4.7b. This means that,
while the UV bands from T#i will enable thetrans-cis isomerization, the blue emission bands
may induce an isomerization back to trensisomer. Since the U¥lue emission intensity ratio
doubleswhen the Trid" dopant concentration is reduced from 0.55% to 0.24%hift in the

equilibrium in favor of theisisomer is expectedpon irradiation
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By evalwuating the decrease in the ° Y
irradiation, when the UCNPs are dispersed in solution with azopropOH, the difference in
effectiveness can be observed. As showifrigure 4.8 after 210min of irradiation, there is
negligible photoisomerization from tHaYF 4:25%Yb**,0.55%Tni* nanoparticles, whereas the
LiYF4:25%YB**,0.24%Tni" composition inducg a 20% conversion from theeans to the cis
isomer.Since this observed photoisomerization is occurring when the UCNPs and azopropOH are
simply dispersed in the same solution, it is expected to be greater in a system that functionalizes
the nanoparticles with an azobenzene derivalités improvement in azobenzene isomerization
capabilities emphasizes the importance of properly understanding the population dynamics of
Yb3/Tm*" co-doped UCNPs, hopefully highlighting the potential benefits in future studies on

upconversion at the nanoscale.
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Figure 4.8 Absorption spectrum otransazopropOH after continuous 976 nm irradiation, in solution
LiYF 4:25%YB** x%Tm?* UCNPs, where x is (a) 0.55 and (b) 0.R&producedrom Rekrence 13%vith permissio
from the Royal Society of Chemistry

4.2.Effect of Activator Concentration on Bas 1 XxF2+x: YD 3", Tm3* UCNPs

The observations isection 4.lindicate that a shorter interionic distance between rare
earth sites in UCNPs can aid in populatspecific Tm®* excited states. This appears to be a
consequence diigher Yb3* dopant concentrations (exceeding 20 mol¥hich harvests more
incident photons and shifts the equilibrium of states to the UV emitting levels. However, as a trade
off, closer spacing between Tth ions facilitates greater concentration quenching CR
mechanisms, thus requiring a lower dopant concentration to maximize the intensities of the UV
and visible emissions. Texplore this relationship furthethe Ba i ¥xF2+x host composition, with

larger interionic spacing, was explored n&xt.

Thebariumternary fluoride hosts are scarce in the literature on UCNPs, likely due to the
plethora of possible crystal phases and great uncertainty in nanoparticle morphidieyy
complicates their study and the reliability in their spectroscopic propewlls respect to the
former concern, different synthesis conditions can crystallize this material into tetragona| BaYF
orthorhombic BaYF-, trigonal BaYsFi7, monoclinic Ba¥Fs, or cubic Ba 1 YxFoy 129150152
Nevertheless, barium host UCNPs doped wit#*¥dnd Tn#* have demonstrated uses in NIR

imaging, due to the strong emission band at 800%3m.
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Following a previously established epet thermal decomposition method, with a 1:1
molar ratio of B4":Y3*, the synthesized barium yttrium fluoride nanopartitiage arirregular
morphology and arpolydisperseaveraging around 15 nm, as observed in the TEM micrograph
in Figure 4.912% This inconsistency in morphology is likely due to increaagdationin the
reaction solution. Above 280 °C, when the trifluoroacetate precursors begin to decompose, the
bariumacetylacetonate ligands protonate to form acetylacetone, which boils at 140 °C and causes

the observed disruptions in the reaction solutin.

k|

L

%

Figure 4.9 TEM micrograph osynthesizedbarium yttrium fluoride nanoparticleScale bar is set to 50 nReprintet
with permission from Reference 149. Copyright 2021 American Chemical Society.

Given the slew of potential crystal structures, and the polydispersity obssav€EM,
high resolution PXRD was measured, showrFigure 4.1Q The resulting diffractogram was
compared to the theoretical or reference patterns of cubicBaenal BaY sFi7, and tetragonal
BaYFs, all of which have similar diffraction patterns to the experimental reSdis’ Attempting
to refine the diffractogram to the trigonal crystal phase was not possible, and extra signals present
in the tetragonal reference pattern excludes this structure as well. Refinement of the diffractogram
reflections to the cubic phase, with t@ace group F8m, resulted in a lattice parameteraot
5.9073(3) A. This confirmed that the synthesized nanoparticles possessed a cubicripatéF

structure.
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Figure 4.10 PXRD diffractogram of synthesized barium yttrium fluoride nanoparticles, as compared to the th
patterns of cubic BaYdand trigonal BaY sF17, and reference pattern of tetragonal BafffDF#6-0039. Reprintel
with permission from Reference 149. Copyright 2021 American Chemical Society.

Previous reports on the BaFFz system observe that the Ba¢xF2+x cubic structure is

only possible when x < 0.36, transitioning to the trigonal phase at higheatios® Since this

is inconsistent with the results her@ivhere x = 0.50), a serie$ manoparticleompositionsvere
synthesized, varying the Bay3* ratio from x = 0.33 to 0.80 (confirmeda ICP-MS in Table

4.3). PXRD measurements completed on these compositions are presemfigdren 4.113

depicting

due to the larger unit cell edge length as*Bacreasingly replaceY 3*.
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Whereais the Xray wavelength (1.540598 A for a CwKource, d is the interatomic lattice

spacingd is the reflection angle observeth PXRD, a is the unit cell edge length for a cubic

crystal phase material, ah#tl are Miller indices fothe specific reflection. Thiprovided a range

of lattice parameter values from 5.766(2) to 5.96(1) A as the valualeéreased, following a

linear trend observed fRigure 4.11hconsi st ent
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Table 4.3 ICP-MS results depicting the experimental ?B¥3* ratio to determine x in synthesized 1B¥ xFax
nanoparticles.

Nominal x Value Y 3* (mol) Ba?* (mol) Experimental x Value
0.80 4.62x10° + 9.45x10®  1.87x10° + 2.42x10° 0.71£0.12
0.67 6.03x10° + 6.55x10°  3.71x10° + 5.23x10’ 0.62 £0.15
0.50 5.73x10° + 6.03x10°  5.34x10° + 6.40x1C° 0.52 +£0.10
0.33 2.66x10° + 2.48x10°  6.10x10° + 3.84x1C° 0.30 £ 0.08
0.20 1.48x10° + 2.72x10®8  7.97x10° + 4.55x10° 0.16 £ 0.07

These crystallography results reinfotbe cubic phase UCNPs synthesizetthe thermal
decompositiomprotocol contradicting previous investigations inte thak-YFz compositionThe
synthesis herein is completed at 300 °C, whereas the prergposted phase diagrams are
obtained from melts above 800 °C. Therefore, it is likely that this ssisthpproach does not
provide sufficient energy to the system to order the cations towards the trigonal phase, as is

reported. Rather the kinetically favored cubic phase remains, regardless:¥fBatio.

With this information confirmed, luminescent Ba&;xF2+x nanoparticlesvere synthesized
with a 1:1 ratio of B&:Y3* (x = 0.5), which had the highesynthesisyield and crystallinity
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amongst the series. To probe the 1@aeth site symmetry, Ba¥A5%EG* nanoparticles were
synthesized, and the excitation and emission spectra were recorded, shbigaorén4.12a
Emission bands in the visible region from tBg,0Y ’F;were observed upon 355 nm irradiation,

to induce theD4 Y "Fo absorption. The magnetic dipoiBo Y 7Fy transition at 591 nm is of
particular interest, owing to its largely independent transition probability with respect to the
electric field acting on the Btiion.® In contrast, the hypersensitive electric dipelle Y F2
transition, which i sOcwliaway)ais highly irdldencédbythercnystal o n | y
field. Therefore, the ratio between these two transitions can provide information on the symmetry
of the Ed"* site, with a largePDo Y ’F1:°Do Y ’F: ratio characteristic of a high symmetry site,
while a smaller ratio would be indicative of a low symmetry site. From the emission spectrum, the
Eu** ions appear to be occupying a high symmetry environment, which corroborates the
conclusions obtaineda PXRD, since the cubic Ba¥[Erystal structure contains,Gite symmetry

for the cation sites. If theanoparticles possessed the trigonalYBRi- crystal structure, where

the Ed* ions would occupy a site withy@ymmetry, the emission from tBo Y ‘F» transition

would have been more intensdative to theDo Y ’F1 transition®®
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Figure 4.12 (a) Excitation éem: 612 nm) and emissiorad: 355 nm) spectra of Ba¥R0%EW* nanoparticles. (I
Luminescence lifetimes of Ba¥A5%ELW* nanoparticles from emissions(aty5p3 nm D1 Y F,), (Y) 591 nm Do
Y 7Fy), and(y) 578 nm {D: Y “Fs). Reprinted with permission from Reference 149. Copyright 2021 Amt
Chemical Society.

An emission band appears at 578 nm, which could either be attributec®a the'Fs or

the °Do Y ’Fo transition, the latter of which could only be present in very low symmetry
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environments (& Cny, or G).° Should the observed emission be fromeY ’Fo transition,
the site occupied by the Euions would be mordlifficult to determine To alleviate this
uncertainty, luminescence lifetimes of this emission were recorded and compared to the known
D1 Y ‘F2 (553 nm) andDo Y ’F1 (591 nm)radiative transitionsshown inFigure 4.12h Since
the decay time profile of the emission band at 578 nm overlaps with the RB@emission band,
it can be concluded that this unknown emission originates frofDih& ’Fs transition, which

corroborateshe Q, rare-earth site symmetry.

Normally, @, symmetry is disadvantageous to lanthanide luminescence, owing to the
centrosymmetric nature of the cation site that would miniminéjng. However, in the BaYdF
host, the aliovalent substitution of the’Baations with ¥* cationsgivesrise to interstitial anions
required to compensate the charge imbalance, thus distorting the lattice of the host and lowering
the site symmetry from nativen®@ymmetry. The unit cell for Ba¥sHllustrates this phenomenon,

as observeth Appendix 2 by all the potential Fsites within the seemingly simple cubic structure.

With a proper understanding the BaYFs crystallography, UCNPs were synthesized with
Yb3* and Tni* as cedopants. Similar to the study in Section 4.1, ¢bacentration of Trif was
varied from 0.5 2.0%, with a constant 25% Y% to elucidate any relative changes in emission
intensity. Upon 976 nm irradiation, the upconversion emission spedtigure 4.13possess all
the expected TAi emission bands, including the less frequently obsetvedY 3He transition.
The BaYR:25%Yb*",1.5%Tn?* UCNPs appear brightest for all the upconverted emissions, with
all the compositions showing the strongest emission band at 8G8ia fHe), and substantially

weakermelativeemissionintensitiesfrom the!D, and®P, transitions.

Interestingly, the relative emission intensities from the different excited states are not
consistent with varying activator concentration, as observ&ijimre 4.14 Firstly, as therm®*
concentration increases, the relative intensity ofHaeY *F4 emission decreases relative to the
D, Y 3He emission. This can be justified using the CR mechasistablished in Section 4.3,
+3F, Y 1Dz +°%Hs, labelled CR1 imable 4.4 As the concentration of THhincreases and the ions
get closer together, this mechanism becomes more prevalent and quenéResxtited state in
favor of the'D- excited state, resulting in the observed trenBigure 4.14a Similarly, thel (1G4
Y 3He) / I(PHa Y °He) ratio decreases with increasing ¥montent, observed iRigure 4.14h

This can be rationalized through a series of previously reported CR mechanismERZR2
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Table 4.4 whichall depopulate théG, state in favor of théHa state, increasing in probability as

theactivatorinterionic spacinghortens 161
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Figure 4.13 Upconversion emission spectra of BaYB%Y " x%Tm®*, under 976 nm excitation, where x va
from 0.2 to 2.0Reprinted with permission from Reference 149. Copyright 2021 American Chemical Society

Thel(®D2 Y 3F4) / 1(!Gs Y °He) ratio follows a different trend entirely, as observed in
Figure 4.14c This ratio increases as the Tnsoncentration increases from 0.2 to 1.3%, but then
decreases as the Throncentration increases further. The initial increase is likely due to the two
CR mechanisms described $ection 4.1(CR 8 and CR9 inTable 4.4 recall Figure 4.3b),
increasing in probability as the Pidistance shorten with increasing concentratif These
mechanisms favor the population of i@ excited state at the expense of i3 excited state,
thus increasing thE'D2 Y 3F4) / 1(!:G4 Y 3He) ratio. However, since this occurs simultaneously
with the previously discussed depopulation of 1Ge state in favor of the lower energy states
(recallFigure 4.14b), the population of th&D, state becomes less probable between 0.7 and 1.3%
Tm?3*, as observed by the change in slope. Beyond 1.3%6, Tne depopulation of thtD, state
likely occursvia CR10, favoring the lower energy excited stafésSince CR10 requires ions in
the !D, excitedstateto begin with which is not likely at the lower dopant concentrations (as
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observed by the wealD, emissions), this mechanism only becomes relevant when t& Tm

concentration exceeds 1%.

Q

I3P,—%F,) / ("D, —3Hy)

00 02 04 06 08 10 12 14 16 18 20 22

o

I('G,—Hg) / I(3H,—Hy)

— T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22

(@]

1('D,—%F,) 1 1('G,;—>Hg)

00 02 04 06 08 10 1.2 14 16 18 2.0 2.2
Tm®* Concentration (mol%)

Figure 4.14 Ratios of integrated emission intensitfesm Figure 4.13as a function of TRt concentrationto infel
their relative populatian(a)*Po : 1D, (b) *G4 : *Ha, and(c) D : 'Ga. Reprinted with permission from Reference :
Copyright 2021 American Chemical Society.
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Table 4.4 Reported CR mechanisms between®Tions in nanoparticles.

Number CR Mechanism Reference
CR1 3Po+3F1Y D2+ 3Hs 139
CR2 1G4 +3Hs Y 3Hs+3Ha 160
CR3 1G4 +3Hs Y 3Fos+°Fs 160
CR4 1G4 +3HsY 3Fos+ 323 161
CR5 1G4 +3F4Y PHa+3F23 161
CR6 1G4 +3Hs Y 3Ha+3Hs 161
CRY7 1G4 +3Hs Y 3Fa+3F23 161
CRS8 1G4 +3HaY D2+ 34 145
CR9 1G4 +1G4 Y D2+ 3F3 145
CR10 1Dy +3Hs Y *Ha+°Fs 162

All the discussed CR mechanisms are facilitated=RET, which is why shortening the
interionic spacing between Frions improve their probability. Additionally, the intrinsic decay
time of an excited state involved in a CR mechanism also contributee ERETefficiency>®
This means Tri excited states with longer decay times are more susceptible to CR. To illustrate
this, upconversion decay times of the most intense emissiondGthé 3He and®Hs Y °Hs
transitions at 475 and 802 nm, respectively, were recorded and plofeagline 4.15 with the
corresponding single exponential decay times reportedainle 4.5 At the lowest dopant
concentration studied (0.2% Pt the excited state lifetime of th&, level is considerably longer
than the®H, level, alluding to théG, excitedstate having the longer intrinsic decay time. As the
concentration of TAT increases to Mol%, the decay time of thk, excited state shortens by
about 49%, while théH, excited state lifetime only shortens by about 16%. This suggests that the
1G4 excited state is far more sensitive to CR, in part due to its longer intrinsic lifetiviot
improves FRET efficiencies from this states wdl as theslew ofpossible mechanisms through
which it may ET. This enhanced nonradiative relaxation of‘@estate may contribute to the

population of the lower energy excited states, thus enabling stronger NIR emissions.
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Figure 4.15 Upconversion lifetimes of the (&4 Y °He transition at 475 nm and (Bj4 Y 3He transition at 802 n

from BaYFs:25%YL** x%Tm®*, under pulsed 976 nm excitation, where x varies from 0.2 toR&rinted witl
permission from Reference 149. Copyright 2021 American Chemical Society.
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Table 4.5 Single exponential decay times from the curvelSigure 4.15

Decay Time (1)

% Tm?3* 1G4 Y 3Hs SH4Y S3He
0.2 528 + 10 256 + 2
0.4 495+ 6 267 2
0.5 449 + 5 263 £ 2
0.7 423+ 6 266 £ 2
1.0 384 +4 260 + 2
1.3 326 £4 2381
15 2934 218+ 1
1.7 2854 213+1
2.0 267 £ 3 215+ 1

To assess the efficiency of theghtestBaYFs:25%YB**,1.5%Tn#* UCNP composition,
upconversion QY measurements were completed as a function of excitation power density,
focusing on the most intend6s Y 3He and®Hs Y 3He transitions, shown ifFigure 4.16 By
focusing on excitation power densities from 0.3 to 4.8 \§/amhich are within one order of
magnitude bthe biologically acceptable 0.7 W/énthe potential implications of this composition
on bioimaging applications can be consideéfdds expected, théHs Y 3He emission at 802 nm
has a higher QY than th&, Y 3He transition at 475 nm, sometimes exceeding two orders of
magnitude. However, the sensitivity ppwer density appears to be greater inBe Y 3He
transition, which can be explained through the exponential relationship between upconversion

efficiency and excitation power, as generalized by Equation 4.3:

GV (4.3)

Wherel is the upconversion intensitl, is the excitation power density, ands the number of
incident photons required to populate the excited state responsible for that tranSitioa
populating théH, and'G, excited states require two and three incident photons, respectively, the
emissions that originate from th&4 excited state will vary to a greater extent with changing

excitation power densities.
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QYs for the 802 nm emission range from 0.08188%, which is comparable to other
studied UCNP compositions in the literattit€1%’ Given that these nanoparticles are smaller and
lack additional functionalization (such as a core/shell structure) to improve the upconversion
efficiency, this composition is proven as a potential alternative when the NIR emission is of
interest. Interestigly, while the QY of the blue emission at 475 nm is lackluster at lower power
densities (3.4x160% at 0.3 W/crf), the QY at higher power densities (1.8¥¥0 at 4.8 W/crf)
exceed previously reported values for this emis¥ibH® This is likely due to the reduced
efficiency of CR8 and CR9 in this host, whisluld populate théD; excited state at the expense
of thelG, state Preventing these mechanisaibws more absorbed NIR photons to contribute to
the emission at 475 nm, rather than upconvert further and populate the UV emitting levels; useful

for applications that require this blue emission.
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Figure 4.16 Upconversion QYs of thg/) G, Y °Hs transition at 475 nm an@) ®Hs Y 3Hs transition at 82 nm
from BaYF:25%Yb**,1.5%Tn?*, under 976 nm excitatioReprinted with permission from Reference 149. Copy
2021 American Chemical Society.
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4.3. Effect of Host Composition on YB*, Tm3* UCNPs

Under the same irradiation and detection conditions, relative upconversion intensities from
nanoparticles of LiYE25%YB**,0.2%Tn?", NaGdRm:20%Yb",1%Tn?*/NaGdR, and
BaYFs:25%Yb**,1.5%Tnt* were compared, shown Figure 4.17. The dopant concentrations
were chosen based on their establ i sfocesedoni deal
relative intensities, due to differences in UCNP size and architecture.
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Figure 4.17 Upconversion emission spectra(g) BaYFs, (Y) NaGdR, and §) LiYF, UCNPsdoped with Y&* anc
Tmd*, under 976 nm excitation. The NIR spectral region is scaled by xR@efinted with permission from Refere
149. Copyright 2021 American Chemical Society.

The observed differences in splitting for each transdi@a consequence of the lanthanide
site symmetry and coordinatidihe highest symmetry ¢Din the BaYk UCNPs results in the
least splitting. The lower symmetrysiCsites in the NaGdfFhost results in a few split bands,
whereas the lowesuSite symmetry in the LiYFhost results in a considerable numbedistrete

bands for eaciim?* transition©8-19
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Focusing on the relative intensities between different compositions, the primary difference
lies in the relatively weak emissions from #i and P transitions in BaYF, as compared to
NaGdR and LiYFR. As discussed previously, since the interionic spacing between cation sites is
longestin the BaYF host, the potential constructive CR mechanisms that populat®le&cited
state are minimized. This manifests in stronger emissions from the lower &Beagy®H, levels.

In contrast, destructive CR rteganisms that quench the higher energy excited states are minimized

in the LiYF: UCNPSs, thus providing stronger emissions in the UV and visible spectral regions.

From this comparison, it becomes evident that one composition should not be considered
universally optimal for any one application. For applications requiring strong UV emissions, the
LiYF 4 host composition appears superior based on the UCNPs studied herein. On a similar note,
applications that exploit blue emissions should focus on the Nal@df, and applications that

require NIR emissions should rely on the BaYibst.
4.4.Proof-of-Concept: NIR Nanothermometry Using Upconversion Lifetimes

Over the last decade, the lanthanide luminescence community has started to focus on the
study of nanothermometry applications usimgronverting nanoparticlég®!’* With excitation
and emission bands in the NIR biological windows, nanoparticles doped with certain lanthanides
(or combinations thereof) can noninvasively measuegemperature of a local environment with
high spatial resolution. This technique relies on changes in the rate of phonons with varying
temperatures, sinceibrational modes are Boltzmannian in nature and thus change with

temperature, as calculated using Equatiort%.4:

- p
— 4.4
0 5T 5 (4.4)

Wheredsdis the rate of phonons;sis the energy of the phondkis the Boltzmann constant, and
T is temperature. This manifests in changes in the rami$son bands from different excited
states that can be bridgada phonons. When correlated back to a calibration curve, the

temperature can be calculated.

The main limitationin such a technique is the uncertainty that arises when comparing the
measurement to the calibration cut&!’* Scattering from larger biomolecules anelrtain

absorption bands (such as those of hemoglobin) can inadvertently change emission intensity ratios,
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thus the observed spectra may not solely change as a function of temperature, but also as a function
of environment® Observing the lifetime of a single emission band mitigates this uncertainty,
since the measurement would rely on the relative intensity of one transition and would not be
affected by the fluctuation in transmittance with changingronments. This is facilitated by the

changes in excited state decay rates with temperature, depicted in Equatién 4.5:

p
N 0 Vs 5 Qg 3

(4.5)

Where the decay time of an excited stélg.4) is inverselyproportional to the radiative relaxation
rate (), the rate of nonradiative energy transferrfr), and the rate of relaxationa host and
solvent phononskgph. and kspn, respectively). Since phonons are temperature dependent, as
described in Equation 4.4, the excited state lifetiamges with temperature. Previous studies with
lanthanidedopedphotoluminescent nanothermometers with NIR emissions have illustrated the

capabilities of such a techniqté:*"’

From the results in Section 4.3, NIR upconversion luminescence fromsB&?PETm3*
would be optimal to demonstrate this technique with UCNPs. However, there are still concerns
that must be addressed before tisayp be properly employed. The polydisperse nature of the
synthesized nanoparticles hinders both their physical and spectroscopic propeitiesieed to
be precise and reproducible to measure temperature with minimal errors. Therefore, the synthesis
of BaYFs nanoparticles needs be refined to obtain reliable, monodisperse UCHRs$ can be
employed in such a techniquestead core/shell NaYEYb®* Tm**/NaYF, nanoparticles were
synthesized’® NaYF4 has very similar physical and spectroscopic properties to Na@d# the
addition of an inert shell aimed to minimize solvent quenching to enhance the upconversion
luminescence intensity. To probe the influences that may affect the 800 nm upconversion emission
lifetime with varying temperature, Trhdopant concentrations of 1% and 2% were studied (with
a constant 20% Y¥). Relatively high Tm" concentrations enable greater population of*Hhe
excitedstate andshould therefore improve the 800 nm enussintensity. Additionally, 976 nm
laser pulse widths of 200 ps, 500 us, and 1 ms were used to ascertain differences in decay time
with varying excitation irradiancé.is well documented that increasing the power of the excitation
source, either directly or by prolonging the excitation pulse width, results in shorter upconversion

decay times/®80 This is effectively because greater excitation irradiance allows the ions to
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achieve an equilibrium that favors the higher energy states, which is necessary for upconversion.
Thus, when the excitation source ceases, the ions can emit. Under lower excitation powers, where
the equilibrium favors lower energy excited states, ETU roostinue to populate the emitting

level even after the excitatiaource is turned off, consequently extending the observed lifetime.
Finally, the UCNPs were dispersed in dimethylformamide (DMF)watr, two polar solvents

with very different phonon energies, as observed by their infrared absorption speét\aater

has a strong, broad absorption band at approximately 358Qkanacteristic of OH stretching
vibrations, whereas the strongest vibrational absorption of DMF stems from the carbonyl stretch
at about 1700 crh Each variable: activator concentration, excitation pulse width, and solvent, are
expected to influence the decay times, and therefore the thermal sensitivities, of the ensuring

measurements.

TEM micrographs of the synthesized core/shell nanoparticles are preseriagliia
4.18aandb, illustrating the similar size distributions and the slightly varying contrast between the
core and shell. The emission spectra are showngre 4.18¢ centered on the emission at 800
nm, indicating an increased rate of concentration quenching that reduces the emission intensity for
the UCNPs doped with 2% T
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Figure 4.18 (a,b) TEM micrographs and (c) upconversion emission spectrum, under 976 nm excitatare/she
NaYF4:20%YE* x%Tne/NaYF, where x is {) 1 and {) 2. Reprinted with permission from Reference :
Copyright 2021 American Chemical Society.
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Upon pulsed 976 nm excitation, lifetimes of both compositions were recorded and shown
in Figure 4.19 varying the solution temperature from G0 °C. This temperature range only
slightly extendsbeyondwhat is biologically relevant’® The fastest 200 ps pulse width did not
provide sufficient excitation energy to generate strong emissions, except for the *t%doped
UCNPs in water. Regardless, in all the measurements, there is a clear decrease in lifetime of the

800 nm emission as the temperature of the solution is increased.

To analyze this change in lifetime, the decay portion of the lifetime profiles were fitted to
a single exponential and plotted as a function of temperatiiguime 4.2Q At first glance, it is
possible to assume a linear trend, which leads to the initial thermal sensitivities rep®abtein
4.6. However, since thelectronicrelaxation of an ion is considered to follow traditional rate laws,
the change imlecay time with temperature should also hold true to an Arrhéypesfitting, as

expressed in Heation 4.6183184

T t7Tp 6Q T (4.6)

WhereUis the observedifetime, {§ is the theoretical lifetime at 0 kG is the quenching rate
constant, andp Hs the energygapbetween the emitting level and the closest lolyieig energy
level (which 8 most likely to be populateda phonon quenching). From this fitting, thermal

sensitivity &) couldbe calculatedising Equation 4.7:

i 6 30
Y t—Q 7

T Y 4.7)

The values o&s are similar to théhermalsensitivities calculated using a linear fit, indicating that

the temperature range studied does in fact follow a linear trend.
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Figure 4.19 Upconversion lifetime profiles of Na¥R0%Y**,x%Tm**/NaYF, under pulsed 976 nm excitati
where x is (a,¢) 1 and (b,d) 2, dispersed in (a,b) water and (c,d) RéffFinted with permission from Reference :
Copyright 2021 American Chemical Society.
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Figure 4.20 Single exponential decay timpfotted as a function of temperature in (a) water and (b) DMF, fro
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with permission fronReference 178. Copyright 2021 American Chemical Society.

Table 4.6 Linear and Arrhenius fitting from the trends obserire&igure 4.20

Max Thermal Sensitivity (%/K)

Solvent Composition  Pulse Width Linear Fit Arrhenius Fit

200us 0.9 0.9
1% Tm?3* 500us 0.4 0.5
H20 1ms 04 0.4
500pus 0.4 0.4

2% Tm3*
1ms 0.2 0.2
500us 0.5 0.5

1% Tm?3*
1ms 0.4 0.3

DMF

500pus 0.3 0.4

2% Tm?3*
1ms 0.2 0.3
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By observing the lifetimes in different solvents, the intention was to examine the role that
solvent phonons play on thermal sensitivity. However, there is no apparent trend when comparing
the temperature dependent decay times in water and DMF. The pumzgstainty here lies in
the presence of an inert shell that, while beneficial to the upconversion luminescence intensity,
physically separates the Thions from the solating shell thus preventing solvent phonon
guenching. This also suggests thia observed changes in decay time from the UCNPs as a

function of temperature are more likely caused by phonon energies of the host lattice.

Since the UCNPs with 2% Tihare subject to greater concentratiprenching, the decay
times are generally faster than the samples containing 1% Asimentioned in Section 1.3, the
longer the donor lifetime, the greater potential for nonradiative relaxeioanergy transfer,
which includes phonon related quenching pathways. This is further proven here, where the longer
decay times from the 1% Trdoped UCNPs make them more susceptible to phonon quenching,
and thus change with a greater magnituda &snction of temperature. This indicates that the
NaYF1:20%YE*,1%Tm*/NaYF: UCNPs are superior in both luminescence intensity as well as

thermal sensitivity, owing to less concentration quenching.

By irradiating the UCNPs with different pulse widthse éixpected trend is observed where
shorter pulse widths generate longer excited state lifetimes. However, with lower excitation
powers, the upconversion efficiency is also weaker (recall the power dependence in Equation 4.3),
which results in lower signdb-noise ratios. This tradeff is observed clearly ifrigure 4.2Q
where the measurements with thasiest lifetime profiles, and therefore the highest uncertainty
(fitting error), are the measurements with the greatest thermal sensitivity (greatest slope).

While the proofof-concept herein demonstrates that upconversion lifetimes can be used as
alternatives in nanothermometry, the thermal sensitivities are lackluster in comparison to
traditional ratiometric techniques, by about one order of magnifdddowever, properly
understanding the variables that influence this nanothermometric probe can lead to potential

improvements.
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Chapter 5. Tm3* and Th** co-doped Upconverting
Nanoparticles

With the myriad of Trd* emissions that can be sensitizagd ETU with Yb**, there are

many possibilitieswhere they can be employed. One syxhspectis to incorporate other

luminescent ions and engineer multicedmnitting UCNPs for applications including multiplexed

imaging and information storag&:'8>188By coupling Tni*, which can emit UV light, with other

lanthanides that are sensitized with UV light, thesa/ly introduced iongan beexcitedand

generatedditionalemissions under NIR excitatio®ne exampl@f an ionwith excitation bands

between 350 and 360 nm is®Tjwith relatively
bright greenemissionsafter excitation intdhe

°L; excited states, depicted Figure 5.1187 As
discussed in Section 1.2.2, cooperative
sensitization mechanisms can be achieved with
Yb3" and Tb**, however their efficiencies are
considerably lower than ETU. Therefore,
sensitization through the UV emitting levels of

Tm3* can enhance the emission intensities of™~

Th®" under NIR irradiation. 5

g

Previous investigations on tripljoped  x

NaYF: microparticles with YB', Tn?*, and &

[}

Tb®* have shown the characteristic green S
emissions of TH under NIR excitation,
demonstrating the potential of such a syst&m.

However, as established in Chapter 4, if the
excitation of TB* is achieved througthe UV
emissions of Trf, the LiYF: host composition
would prove bettefor sensitizing TB". When
adding 15% Tb**, which is reported as the

optimal dopant concentration in NaXFto

LiYF4:25%YE*,0.2%Tn?* UCNPs, an almostgig,re 5.1 Th**
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completequenching of the TAf upconverted emissions is obsenat no TB* emissions are

presentas shown ifrigure 5.2a.
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Figure 5.2 Upconversion emissiorspectra, under 976 nm excitation, of) (LiYF4:25%YE*,0.2%Tn?",
(V) LiYF425%YbB*,0.2%Tn¥*,15%Tb%*, and {/) LiYF425%Yb**,15%Th%" nanoparticles at (a) full scale or
zoomed in along the intensity axis. Spectra are not intensity calibrated as a function of wavelength.

As shown inFigure 5.2b, which zooms in on the intensity axis Bfgure 5.2a, Tb**
emissions are present between 475 and 650 nm, characteristiéf YhéF; radiative transitions
(Figure 5.1). Moreover, the Tr#f emissions are observed as well, albeit 99% weaker than the
UCNPs without TB". Unexpectedly, however, these emissions are weaker thansLiYF
nanoparticles doped with only ¥band TI*. This indicates that the luminescence observed from
the LiYF4:25%YDB**,15%TI* UCNPs isfacilitatedvia cooperative sensitizatioand theaddition
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of Tm** quencheshe emission intensitigsther than sensitizes them furth&This combination

of results indicates that This quenching Trf, and Tni* is quenching T#.

A previously reportedET mechanisnfrom the TB* emitting state to TR{ (Th3*:°D4 +
Tm*3He Y TP'b'Fo+ Tm**:3Fs) may explain the observed quenching of thé& Emissions with
the addition of Tri".1**However, f this quenching mechanism was present, it would be observed
regardless of the Pbexcitation pathway, whether that fiia cooperative sensitization or direct
excitation.Instead this decrease in intensity is not observed under 355 nm irradiation, as shown
in Figure 5.3, where the emissions from Tbare the same intensity regardless of*TnThis
means the addition of Tthis notquenchingthe radiative relaxation ofhe °D4 state, but rather
preventinghe population of theD, state. This likely means that the greater ET efficiency between
Yb3* and Tni* is preventing the cooperative sensitization of*Tlnd thus the decreasethe

Tb®* emission intensigésis observed.

Intensity (arb.u.)

300 350 400 450 500 550 600 650 700 750 800
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Figure 5.3 Photoluminescence emission spectra, under 355 nm excitatiof), laiF 4:25%Yb**,0.2%Tn¥*,15%Th3*
and (/) LiYF425%Yb**,15%Tbh** nanoparticlesSpectra are not intensity calibrated as a function of waveleTigé
excitation source at 355 nm and the second order at 710 nm have been removed.
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To justify the observed quenching of Tnby the addition of T#, the NIR emission
spectra were recordeshder 976 nm excitatioras shown ifFigure 54a. A decrease in intensity
ofthe®F4Y *Hee mi ssi on at &1700 3frismddedswhizchislikely duet ETwh e n
from the®F. excited state of TA1 to the’Fo state of TB*, asdepictedn Figure 5.4b.188 Since this
almost completely quenches the population offaestate of Trm*, which is the first step in the
ETU process, subsequent ET to populate the higher energy levels cannot occur, which in turn

prevents all the upconvertdan®* emissions.
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Figure 5.4 (a) NIR Luminescence spectra, under 976 nm excitation,ydfL{YF425%YB**,0.2%Tn#* anc
(V) LiYF425%YEB**,0.2%Tnt*,15%Th®* nanoparticles. (b) Energy level diagram depicting the ET process
excited YB3* to the lower excited states of b

Since the observaatocessebetween YB', Tm**, and TB* appear to inadvertently prevent
any efficient upconversion luminescence, the sensitization &f ¥la Tm3* upconversion
luminescence needs to be addressed differently. Architecturally, by synthesizing core/shell
nanoparticles, with Y8 and Tni* doped in the core to facilitate upconversion and*Tib the
shell to absorb the outgoing UV emissions, the intended system may still be realized. However,
due to the limitations in core/shell synthesid.of F4 nanopatrticles at the time of this research,
NaGdR UCNPs were synthesized in its place, trading upconversion efficiency for reproducible

and monodisperse core/shell nanoparti¢lés.
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5.1.Tm3Y  T3HET Across Core/Shell Interface in NaGdk UCNPs

To evaluate the ET efficiency across the core/shell interface in NaBdRPs, several
dopant concentrations of Ttin the shell were studie®y segregating the upconverting ¥land
Tm3* ions in the core, and the Thons in the shell, destructive ET mechanisnasy be mitigated
in such a way that the sensitization of'Tstill occurs through Trif. TEM micrographs of core
NaGdR:49%YB*,1%Tm* and core/shell NaGdE9%Yb*, 1%Tnt/NaGdR:x%Th** are
presented ifrigure 55a-d, where x is 0, 10, arD. A constant dopant concentration of 4996*Yb
was used, owing to previous reports of improved relative intensities 4Dihmnsitions'** The
particle size distributions were calculated using these micrographs and are preséinjedein
55e. The core nanoparticles were consistently 8.9 + 1.1 nm, with a 8hekness of
approximatelyé nm across all compositions. IS measurements were completed to confirm
the consistent dopant concentrations of*yand Tn?#* in the core and linear trend of b
concentration in the shell, shownTable 5.1 These consistencies in UCNP size and composition
were imperative to accurately study the’Topulation dynamics under NIR irradiation.

Table 5.1 ICP-MS results for the experimental composition of the NafdiFe/shell UCNPs studied.

lon 0% Th3* 10% Th3* 20% Th3*
Gd3 87.50 + 0.47% 81.06+ 5.76% 73.79 + 3.98%
Th3* 0.09 + 0.02% 8.10 + 0.60% 15.97 £ 0.94%
Tm3* 0.26 + 0.02% 0.25 +0.02% 0.24 + 0.03%
Y b3+ 12.15+ 1.46% 10.59 £ 0.92% 10.01 £ 0.62%
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e NaGdF,:49%Yb3*, 1%Tm3*
/NaGdF,

/NaGdF,:10%Tb3*
/NaGdF,:20%Tb3*

5 10 15 20 25
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Figure 55 TEM micrographs ofnanoparticles comprisinga)) coreonly NaGdR:49%YEB**,1% T, (by)
core/shell NaGdFE49%Yb*,1%Tnv*/NaGdR, (cy) core/shell NaGdE49%Yb*,1%Tnt/NaGdR:10%TE*, anc
(d.y) core/shell NaGdE49%Yb*,1%Tn*/NaGdR:20%Tk**, with (e) the corresponding particle size distributi
Scale bars are set to 20 nm.

NaGdFR nanoparticles can crystallize in multiple phases, the two most common being the
cubic and hexagonal structuré<Of these two phases, it is well established that the hexagonal

structure facilitates more efficient lanthanide luminescence, due in part to its lower RE site
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symmetry.To distinguish which crystal phases were synthesized herein, PXRD diffractograms
were recorded, presentedhkigure 5.6a, which depict reflectiomconsistent with the hexagonal
phase However, the low signetb-noise ratio raises uncertainty in the crystalline quality of the
samplesThis was attributed to the small sample quantity and the relatively small UCNP size that
resulted in poor experimental reflection intensiti#bus, HAADF STEM micrographs were
obtained shown inFigure 5.6b andc. These highresolution images confirra highdegree of
crystallinity in the synthesized nanoparticles, including along the fringe of the core where the shell
begins. Moreover, the individual lanthide positions can be observed and identified using the
superimposed theoretical@crystal structure overtop the micrographrigure 5.6¢, confirming

the hexagonal phas&

Figure 5.6 (a) PXRD diffractograms of core/shell UCNPs comprisiyy NaGdR:49%Yb*,1%Tn¥*/NaGdh, (Y)
NaGdR:49%Yb**, 1% T /NaGdR:10%TE*, and ¢) NaGdR:49%Yb**,1%Tn?*/NaGdR:20%Tb**, compared 1
the reference pattern for hexagonal phase NaG#PDF#7-0699. (b,c) HAADF STEM micrographs
NaGdR:49%Yb*,1%Tn?/NaGdR:20%Tb** UCNPs, overlapping the theoretical lattice structure of hexa
NaGdFR with space group-8.
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